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SUMMARY

Lidar, �rst developed in the 1960s, uses laser light to measure distance. Initially used

for range�nders and altimeters, lidar's role expanded with advancements in hardware and

real-time data processing, making it a vital tool in �elds like autonomous vehicles, archae-

ology, and forestry. Unlike radar, which generates a sparser dataset, lidar produces dense

point clouds for detailed 3D mapping. While lidar offers higher spatial resolution, it strug-

gles in adverse weather conditions.

There are different types of lidar, including pulsed, Amplitude-Modulated Continuous-

Wave (AMCW), and Frequency-Modulated Continuous-Wave (FMCW) lidar. FMCW lidar

modulates a continuous laser beam's frequency to calculate distance, offering advantages

such as simultaneous velocity and range measurements, better range resolution, and higher

immunity to ambient light.

This thesis develops a comprehensive classi�cation of FMCW lidar architectures, ana-

lyzing 186 relevant papers to address inconsistencies in naming conventions and de�nitions

within the �eld. The �ndings categorize systems by key architectural distinctions, such as

homodyne versus heterodyne con�gurations, modulation schemes (SSB vs. DSB), and de-

modulation methods (IQ vs. non-IQ). For example, heterodyne systems involve signi�cant

differences in frequency and phase between the local oscillator (LO) and received signal,

requiring an intermediate frequency, while homodyne systems have nearly identical LO

and received signals, allowing direct mixing in the baseband.

The thesis also presents a lidar simulator based on one of the most prominent FMCW

lidar architectures identi�ed in the survey, which re�ects a DSB Homodyne Non-IQ ar-

chitecture. This simulator, based on the work of Esen [1], adds realistic features such as

band-limited noise, an ampli�er, an Analog-to-Digital Converter (ADC), and most notably,

speckle noise. It evaluates simulation performance based on theoretical expectations of

metrics like probability of detection, probability of false alarm, and signal-to-noise ratio.

xxvi



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Background

Throughout history, engineering advancements have been instrumental in shaping the world.

From the invention of gunpowder weapons in 9th century China which revolutionized me-

dieval warfare, to the development of the tank in World War I which was designed to over-

come the stalemate between trenches using its ability to cross rugged terrain and withstand

small arms �re, engineers are constantly searching for ways to �ip the script. These ad-

vancements continue today, with emerging technology like arti�cial intelligence, quantum

computing, and autonomous vehicles. Autonomous vehicles, in particular, are an impres-

sive mosaic of technologies, containing sensors such as lidar, radar, and cameras, as well

as AI-driven algorithms.

This thesis speci�cally examines Light Detection and Ranging (Lidar) technology,

which �rst originated in the 1960s shortly after the invention of the laser. Using the same

methodology as radar, which has been widely used since World War II, lidar researchers

became eager to explore the potential of this shorter wavelength alternative. Lidar initially

found uses as range�nders, altimeters, and designators. For exampme, one of lidar's ear-

liest applications occurred after the Apollo 11 mission in 1969, when lidar was used to

accurately determine the distance to a retrore�ector left on the moon [2]. Lidar technology

has also contributed to laser-guided munitions, such as the Paveway series. Introduced in

1968, these semi-active laser-guided bombs signi�cantly improved targeting accuracy, reli-

ability, and cost-effectiveness compared to conventional weapons. Paveway revolutionized

tactical air-to-ground warfare during Operation Desert Fox and Operation Desert Storm.

Additionally, 1983 marked the emergence of laser radar imagery [3], expanding lidar's
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capabilities beyond distance measurement and enabling detailed imaging of terrain and

objects through lidar point clouds. Starting in the late 2010's, lidar technology began gain-

ing traction in Advanced Driver-Assisted Systems (ADAS). As a result of this commercial

interest, research in the �eld accelerated, leading to signi�cant progress in reducing hard-

ware costs, miniaturization, and real-time data processing [4]. Since then, lidar technology

has evolved signi�cantly, and has been a critical tool in various �elds such as autonomous

vehicles, archaeology, and military applications [5] [6] [7].

This thesis will �rst provide an overview of lidar technology and its various applica-

tions, followed by a discussion of different lidar systems. The focus will then shift to a

speci�c type of lidar, the Frequency-Modulated Continuous-Wave (FMCW) lidar. FMCW

lidar systems began gaining popularity in the early 2000s, primarily due to advancements

in laser technology, signal processing, and the increasing demand for high-resolution and

long-range sensing applications. Its ability to provide high-resolution range measurements

while minimizing interference and improving accuracy made it an attractive option com-

pared to traditional pulsed lidar system, particularly in areas such as autonomous vehicles,

robotics, and various industrial applications [8]. This thesis explores the key aspects of

FMCW lidar systems, comparing and contrasting them with other common lidar technolo-

gies. It then investigates FMCW lidar in depth, examining its architectures and perfor-

mance through detailed simulations.

1.2 Types of Sensors

Lidar is just one example of a broader class of sensing technologies. To fully understand

how lidar �ts within the sensor landscape, it is helpful to �rst consider the distinction

between different types of sensors and how they interact with the environment.
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1.2.1 Passivevs Active Sensors

A sensor is a device or component that detects changes in its environment and converts this

information into signals that can be measured, interpreted, or recorded. Sensors generally

fall into two broad categories: passive and active [9]. Passive sensors function by detecting

energy that is received by another source or scattered off an object, relying entirely on

external sources for their measurements. Examples of passive sensors include cameras

(without �ash) that capture visible light to produce images and thermal cameras like Mid-

Wave Infrared (MWIR) and Long-Wave Infrared (LWIR) sensors that detect heat emitted

by objects.In contrast, active sensors emit their own energy, such as radio waves or laser

energy, and then measure the return signal to gather information about their surroundings

[2]. In Figure 1.1, both passive and active sensors are represented by satellites. A passive

sensor on a satellite would observe sunlight scattered off the Earth without emitting any

signal of its own. Conversely, an active sensor on a satellite could emit its own signal and

receive the re�ection to gather data about the Earth's surface.

Figure 1.1: Passive sensors (left) capture energy from external sources while active sensors
(right) emit and capture their own energy [10].

1.2.2 Comparisonof Active SensorTechnologies

This thesis focuses on lidar, an active sensing technology that utilizes electromagnetic

waves in the visible and infrared wavelengths (see Figure 1.2). Lidar is particularly ef-

fective for creating detailed 3D maps and detecting small objects due to its high spatial
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resolution and accuracy. These capabilities make it especially valuable in the automotive

industry for ADAS, as well as in applications such as hazard assessment and land survey-

ing [11]. However, lidar performance can be compromised by adverse weather conditions,

including fog, rain, or snow, and it is generally more expensive and complex than other

sensing technologies [12].

In addition to lidar, other active sensing technologies include radar, sonar, and ultra-

sonic sensors. Each of these technologies operate using different types of energy, which

in�uence their suitability for various applications. A summary of the characteristics and

applications of each active sensor can be found in Table 1.1.

Radar operates using electromagnetic waves near the radio and microwave wavelengths

(see Figure 1.2), which are about 100,000 times longer than wavelengths in the infrared

spectrum. Longer wavelengths in radar interact with particles (like raindrops or fog) in

the atmosphere differently than shorter wavelengths. Speci�cally, longer wavelengths are

less likely to be scattered or absorbed by small particles because they are much larger

than those particles. As a result, longer wavelengths, experience less signal degradation,

allowing them to travel farther and detect objects in challenging conditions like rain, fog,

or dust, where shorter wavelengths, like infrared or visible light, are more likely to be

scattered or blocked. Although radar is generally more capable of penetrating through

adverse weather, its spatial resolution is often lower compared to optical systems such as

lidar, which can limit its ability to distinguish closely spaced objects. Radars are primarily

used for applications in air traf�c control, military surveillance, and weather forecasting

[13] [14] [15].

Sonar, another active sensing technology, is particularly effective for long-range under-

water applications due to its use of acoustic waves, which propagate ef�ciently through

water. Unlike electromagnetic waves, sound waves can propagate over long distances with

relatively low attenuation in water, especially at lower frequencies (1 kHz to 10 MHz),

making sonar ideal for navigation, object detection, and mapping in underwater environ-
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Figure 1.2: The Electromagnetic spectrum of the size of common objects compared to the
size of wavelengths [16].

ments. Although sonar has lower resolution compared to lidar and radar for detecting �ne

details and is less effective in air, its ability to penetrate water with minimal signal loss

makes it the preferred technology for underwater sensing [17].

In contrast, ultrasonic sensors also use sound waves but operate at frequencies above

the range of human hearing (ultrasound). These sensors are cost-effective and straight-

forward, making them suitable for short-range distance measurements, though they have

limited range and accuracy compared to lidar and radar. Ultrasonic sensors are particularly

useful in medical imaging, where their ability to capture internal structures without invasive

procedures is highly valued [18].

1.3 Lidar

1.3.1 Lidar or Ladar

Before continuing too far into the rest of this thesis, it is important to note the two most

common acronyms when referring to lidar: lidar and ladar. Ladar stands for Laser Radar or

Laser Detection and Ranging, which usually refers to imaging systems (1D, 2D, and 3D),

target-oriented sensors, and point sensors (velocimeters, vibration meters, multi-spectral
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Table 1.1: Comparison of Lidar, Radar, Sonar, and Ultrasonic Sensors.

Technology Type of Wave Key Strengths Typical Applications

Lidar Light waves (
193 to 500 THz
for ADAS)

High spatial resolution,
precise object identi�-
cation

ADAS, hazard assess-
ment, land surveying

Radar Radio waves (ma-
jority falling be-
tween 300 MHz
to 300 GHz)

Weather penetration,
long-range detection

ADAS, air traf�c con-
trol, military surveil-
lance, weather forecast-
ing

Sonar Sound waves (up
to 1 GHz)

Effective underwater
detection, long-range
(> 100 km)

Underwater navigation
and mapping

Ultrasonic Sound waves (20
kHz to 10 MHz,
typically used in
air)

Cost-effective and sim-
ple design

Medical imaging,
short-range distance
measurement

absorption scattering). Lidar stands for Light Detection and Ranging, which refers typi-

cally to atmospheric measurements of aerosols for global wind sensors (satellite), pollution

clouds, and �uorescence phenomena. However, in recent years, lidar has increasingly been

adopted in contexts traditionally associated with ladar, particularly in autonomous vehicle

applications [4]. Given its relevance to autonomous vehicles and its broader recognition,

this thesis will use the term lidar.

1.3.2 ConceptualDiscussionof Lidar Architecture

The block diagram in Figure 1.3, adapted from [19], illustrates the fundamental compo-

nents and �ow of a simple lidar system. The process begins with the laser, which emits

a coherent beam of light. The light then passes through an optical system, which may in-

clude lenses and mirrors to focus, collimate, or manipulate the laser beam to enhance its

performance. The optics help direct the laser beam toward the target and ensure ef�cient

transmission. The scanner, which can be mechanical or electronic, moves the laser beam

across a prede�ned area. By scanning, the lidar system captures data across a broader �eld
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of regard and from various angles, facilitating 3D mapping of the environment. As the

laser beam travels through its surroundings and interacts with different objects or surfaces,

it scatters back toward the system. These objects, referred to as targets, can vary widely and

may include anything that re�ects the laser light. The characteristics of these targets—such

as distance, texture, and material properties—affect the amount of light that is re�ected. A

more detailed discussion of this interaction and its impact on the return signal is provided

in subsection 1.4.3.

Once the light scatters off the target, it returns to the lidar system. A narrowband optical

�lter selectively allows speci�c wavelengths of light to pass through to the detector while

blocking out other wavelengths. The �lter ensures that only the desired signal, correspond-

ing to the emitted laser light, reaches the detector, improving signal quality and reducing

noise from ambient light.

The detector converts the incoming optical signal into an electrical signal. Common

detectors used in lidar include photodetectors or Avalanche Photodiodes (APDs), which

are highly sensitive to light intensity. However there are two general detection methods,

direct detection and coherent detection (see subsection 1.3.3 and subsection 1.3.4), which

refers to the way a system senses and interprets signals.

The electrical signal produced by the detector is often weak and requires ampli�cation.

The ampli�er increases the signal strength to optimize the dynamic range of the Analog-

to-Digital Converter (ADC) and/or the comparator in this case. This ampli�cation aids in

capturing �ner details and reducing error in detecting valid signals. After ampli�cation, the

signal is sent to the comparator, which assesses the ampli�ed signal against the prede�ned

threshold. The comparator determines whether the signal is strong enough to be considered

a valid detection pulse. If the signal is valid, it is sent to the range counter, which works

in conjunction with a clock, to measure the time delay between the emission of the laser

pulse and the reception of the re�ected signal. The time delay is critical for determining

the distance to the target, a process explained further insubsection 1.4.1. Although this
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Figure 1.3: Simple lidar block diagram with individual components, adapted from [19].
Red lines represent optical signals, and black lines represent electrical signals.

architecture employs a comparator for threshold-based detection, it could be replaced by

an ADC for systems that require detailed signal amplitude information.

1.3.3 DirectDetection

It is important to note that during the detection step in Figure 1.3, there are two general

detection methods that are popularly used: direct detection and coherent detection. In

direct detection, the detector directly senses the intensity of the received optical signal,

without the need for a reference signal, or local oscillator. In a direct detection system,

the photodetector measures the optical power of the received signal and converts it into an

electrical current. This conversion typically follows a square-law detection process, where

the photocurrent,I electrical, is proportional to the incident received optical power,Prx, and

responsivity,R , shown by

I electrical = RPrx : (1.1)

The power,Prx is proportional to the squared amplitude of the received electric �eld

Erx, which can be expressed as

Prx = A
jErx j2

Z0
; (1.2)
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whereA is the effective area of the photodetector, andZ0 is the impedance of free space

(approximately 377
 ) [20]. The responsivity,R , from Equation 1.1 de�nes the ef�ciency

of converting the optical power into an electrical current and can be calculated by

R =
�e�
hc

; (1.3)

where� is the quantum ef�ciency of the system,e is the elementary charge (1:602� 10� 19),

� is the wavelength of light,h is planks constant (6:626� 10� 34), andc is the speed of light

(3 � 108 m/s).

In direct detection, no mixing occurs in the optical domain. Instead, the photodetector

converts the optical signal into an electrical signal based on the intensity of the received

light. Once converted, this electrical signal undergoes ampli�cation and �ltering to extract

useful information about the target.

Direct detection is often used in pulsed lidar systems, where the system emits short

bursts of laser light and measures the intensity of the re�ected signal to determine distance

or other characteristics (but can be used in coherent systems). Since direct detection sys-

tems don't require phase information or need a reference signal, it is a relatively simple and

cost-effective method of detecting optical signals. However, since the system only relies

on the intensity of the received signal, it may suffer from lower sensitivity and bandwidth

limitations compared to other detection methods like coherent detection.

1.3.4 CoherentDetection

In contrast to direct detection, in coherent detection, the received optical signal is mixed

with a reference signal, called the Local Oscillator (LO). This mixing process takes place

before photodetection. At the detector, the incoming signal is combined through complex

interference with the re�ected optical wavefront from the LO, shown in Figure 1.4. This

mixing process creates an interference pattern that carries information about the amplitude

and phase of both signals. The resulting signal, called a beat signal, contains frequency

9



Figure 1.4: Direct detection is typically used in pulsed systems without a reference signal,
while coherent detection is typically used in continuous wave systems where a reference
signal is mixed with the received signal [24].

components that can be analyzed to extract useful data [21]. Coherent detection typically

achieves signi�cantly higher sensitivity compared to direct detection methods. This en-

hanced sensitivity arises because coherent detection leverages amplitude (and phase, see

subsection 2.5.1), allowing for better discrimination against noise and improved Signal-to-

Noise Ratio (SNR) [22] [23]. However, coherent detection systems also introduce com-

plexity into the system design and require stable and precise reference signals that may

involve additional processing steps, such as phase detection, and frequency demodulation.

1.4 Fundamental Measurements in Lidar Systems

Lidars are capable of multiple fundamental measurements, including ranging, velocity de-

termination, and intensity return. These measurements are essential for accurately detecting

and characterizing targets in various applications.
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1.4.1 RangeEquation

One of the basic functions a lidar system can perform is ranging. Ranging measures the

time of �ight of a laser pulse and can be used to measure the distance from the transmit-

ter/receiver to the target. The range of a target can be obtained by using Equation 1.4

whereR is range,c is the speed of light, and� is the round-trip time, measured by the

ranger counter in subsection 1.3.2.

R =
c�
2

(1.4)

1.4.2 Velocity Determination

Apart from ranging, lidar systems can also be utilized for velocity measurement through

the Doppler shift, which directly measures velocity based on the frequency shift of the

re�ected signal. This shift occurs regardless of the system architecture, but certain lidar

systems, particularly those using coherent detection, are speci�cally designed to measure

it with precision.

In lidar systems, the Doppler shift is used to measure the velocity of a target by an-

alyzing the frequency change in the re�ected laser light. When the target moves toward

the lidar, the frequency of the re�ected signal increases; when the target moves away, the

frequency decreases, as illustrated in Figure 1.5 [4]. This frequency shift can be expressed

using the Doppler equation in Equation 1.5, wheref D is Doppler shift,vr is the radial

velocity of the target, and� is the wavelength of the transmitted signal.

f D =
2vr

�
(1.5)

Radial velocity is calculated from the total velocity of the system,v, by using the angle,

� , that the target is moving relative to the sensor's line of sight, represented in Figure 1.5,

calculated by
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Figure 1.5: Illustration of Doppler shift effect. The blue car represents a target that is
approaching (positive velocity,vr ) which results in a positive Doppler shift,f D . The green
car represents a stationary target, and results in zero Doppler shift, and the red car represents
a receding target that will have a negative Doppler shift [1].

vr = v cos(� ): (1.6)

Coherent detection systems are typically used to measure Doppler shifts with high ac-

curacy. This capability occurs because coherent systems (explained in more detail in sub-

section 1.3.4) can measure both the phase and frequency of the re�ected signal, allowing

for precise detection of small frequency shifts caused by motion. However, some direct

detection systems are also capable of measuring Doppler shifts, though they often lack the

sensitivity of coherent systems.

1.4.3 IntensityReturn

Beyond range and velocity, another fundamental measurement made by lidar systems is the

intensity of the return signal, which reveals information about the re�ectivity of the target

surface. The laser illuminates the target area, and the power of the return signal,Prx is

12



governed by the general lidar equation (Equation 1.7). This equation accounts for multiple

factors, including atmospheric transmission� a, transmitter and receiver optical ef�ciency

(kt andkr ), the transmitted powerPtx , and receiver aperture diameterD. Additionally,

it incorporates the overlap as a function of rangeO(R), the beam pro�le functionK , the

laser beamwidth/divergence� T , the target cross section� , and the target rangeR. For this

equation to be valid, certain assumptions are made: that the target is in the far �eld of the

transmitter, the receiver is in the far �eld of the target scatterer, and the target is a point

source. In this case, a point source is de�ned as the angular extent is much smaller than the

divergence and the �eld of view. One important note is that the power falls of as a function

of R4 just like that of a radar, shown in the denominator of the Equation 1.7.

Prx =
O(R)KP tx T2� D 2ktkr

4�� 2
T R4

: (1.7)

The lidar equation simpli�es differently depending on the target laser cross sections,

represented as� in Equation 1.7. For example, there are different cross sections for when

the target is a perfectly re�ecting sphere, or when the target is smaller or larger than the

beam, or a corner cube re�ector. A visualization of these targets in found in Figure 1.6a to

Figure 1.6d, and the corresponding modi�cations to the basic lidar equation are provided

in Equation 1.8 to Equation 1.15.

1.4.3.1 Lidar Equation with Perfectly Re�ecting Sphere Targets

Figure 1.6a shows a lidar transmitter beam completely illuminating a perfectly re�ecting

sphere. This model is often used to simplify the calculation of the target's return signal,

especially in controlled environments where the re�ective properties are well de�ned. By

assuming the target is a perfectly re�ecting sphere, the lidar can focus on speci�c param-

eters, such as the shape, size, and re�ectivity of the target. Equation 1.8 represents the

laser cross-section of the perfectly re�ecting sphere, wherez is the radius of the sphere,

and � represents the target's re�ectivity, ranging from 0 (zero re�ectivity) to 1 (perfect
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(a) Perfectly Re�ecting Sphere. (b) Target Smaller Than Beam.

(c) Extended Target. (d) Corner Cube Target.

Figure 1.6: Different targets will change the target cross section,� , in the lidar range
equation Equation 1.7 [19].

re�ectivity). Equation 1.9 represents the lidar equation from Equation 1.7 with the new� .

� = ��z 2 (1.8)

Prx =
O(R)KP tx T2�z 2tD 2ktkr

4� 2
T R4

(1.9)

1.4.3.2 Lidar Equation with Target Smaller Than Beam

Figure 1.6b represents the case when the target is smaller than the beam. A target might

be smaller than the beam when the system is detecting small objects, like insects or �ne

features, but targets can also be smaller than the beam when the beam size is large. For

example, the footprint of the beam from a space based lidar, such as ICESat-2, has a a

diameter of 17 meters [25]. In this case, larger objects such as cars and airplanes, will be

considered smaller than the beam. Equation 1.11 represents the lidar equation for when the

target is smaller than the beam, where� in the termcos(� ) refers to the angle between the

incoming laser and the line of sight to the target, shown in Figure 1.6b.
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� = 4 ��z 2 cos(� ) (1.10)

Prx =
O(R)KP tx T2�z 2 cos(� )D 2ktkr

� 2
T R4

(1.11)

1.4.3.3 Lidar Equation with Extended Targets

Another scenario arises when the target is larger than the beam, commonly referred to as

an extended target, illustrated in Figure 1.6c. This situation applies to larger objects, such

as cars and airplanes, or when the beam is small relative to the object, causing the target

to extend beyond the beam's edge. Equation 1.12 represents the cross-section of a lidar

system for extended targets, a case that is particularly common in short-range, hard-target

lidars. Here,� represents the re�ectivity of the targets, and� T is the beam divergence angle,

which affects the area illuminated on the target. The lidar equation for an extended target

is shown in Equation 1.13.

� = ��� 2
T R2 (1.12)

Prx =
O(R)Ptx T2�D 2ktkr

4 R2
(1.13)

Equation 1.13 illustrates that the received power is inversely proportional to the square

of the rangeR2. The power received,Prx falling off as R2 instead ofR4 means that the

intensity for the signal decreases more slowly with distance, which allows for the lidar

system to maintain better signal levels over longer distances. This phenomenon is unique

to lidar and doesn't occur in radar [19].

1.4.3.4 Lidar Equation with Corner Cubes

For some lidar applications, corner cubes may be placed on a designated target to enhance
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Figure 1.7: Diagram of a corner cube. Regardless of where the light hits the surface, it will
be re�ected back towards the source [26].

the signal strength. This case is illustrated in Figure 1.6d. A corner cube is designed to

re�ect light back toward the source, regardless of the angle at which it strikes the surface,

shown in Figure 1.7. It contains three mutually perpendicular re�ective surfaces, so when

the light hits one of them, it re�ects off and encounters the next surface, ultimately re-

�ecting the light back toward the source. This retrore�ective property, which increases

the effective cross section, represented by Equation 1.14. An example of this application

occurred during the Apollo 11 mission in 1969, when astronauts placed corner cubes on

the moon, enabling accurate distance measurements from lidars on Earth for future experi-

ments [2]. The lidar equation when usingN number of corner cubes with lengthl in shown

in Equation 1.15.

� =
4�l 4

3� 2
(1.14)

Prx =
O(R)KP tx T2N l4

3� 2 D 2ktkr

� 2
T R4

(1.15)
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1.5 Common Lidar Architectures

Lidar systems have evolved to include various architectures, each tailored for speci�c appli-

cations and offering distinct advantages. The primary distinction among these architectures

lies in their methods for generating, processing, and interpreting laser signals for measure-

ment. This section delves into the most widely used lidar architectures, highlighting their

fundamental operating principles, advantages, and typical applications.

1.5.1 PulsedLidar

Pulsed lidar is one of the most common architectures, particularly in automotive applica-

tions, where fast and accurate distance measurement is crucial [27]. For instance, pulsed

lidar can achieve range measurements with accuracies typically within ±2 cm and can op-

erate at speeds of up to 100,000 measurements per second.

Pulsed lidar emits short laser pulses towards a target, with pulse durations typically

ranging from 5 to 20 nanoseconds. By measuring the time it takes for the light to return

to the sensor, the system can accurately determine the distance to the target. This process

is illustrated in Figure 1.8, where the emitted pulse re�ects off the target and is captured

by the lidar detector. The plot shown in Figure 1.8, shows the time delay,� between the

transmitted and re�ected pulse. The time delay,� is directly proportional to the distance

between the sensor and the object by Equation 1.16 whereR is distance to the target, andc

is the speed of light. This relationship makes pulsed lidar a simple and intuitive method, one

of the reasons why it is widely adopted. However, pulsed lidar systems face limitations in

terms of sensitivity and susceptibility to interference, particularly in outdoor environments

where ambient light can degrade performance [28].

� =
2R
c

(1.16)
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Figure 1.8: A laser pulse with a time interval of� between emissions is transmitted from
the lidar, re�ects off a target, and is received by the detector, adapted from [29].

1.5.2 FlashLidar

Flash lidar is a type of lidar system that captures an entire scene in a single shot by il-

luminating it with a laser pulse and measuring the time it takes for the light to return to

the sensor, shown in Figure 1.9. Unlike traditional pulsed lidar, which typically scans a

scene using a rotating mirror or other mechanisms, �ash lidar employs a Focal Plane Ar-

ray (FPA) to register multiple returns or ranges with a single laser pulse. This capability

is particularly useful for applications such as spacecraft landing, and autonomous vehicle

emergency braking and hazard avoidance [30] [31] [32]. The main advantage of this sys-

tem over a pulsed lidar is the ability to record full 3-D images with a single laser pulse.

In a �ash lidar, each pixel in the FPA measures the time of �ight for the re�ected lidar

pulse independently, allowing the system to capture detailed information instantly [30]. In

contrast, pulsed lidar systems generate 3-D images by sequentially scanning the laser beam

across the scene, which takes longer. Additionally, in �ash lidar systems, the Instantaneous

Field of View (IFOV) of each pixel in the FPA varies depending on its position within the

array, allowing it to capture different parts of the scene simultaneously. This uniform pixel

distribution simpli�es hazard detection algorithms and reduces the risk of false alarms.
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Figure 1.9: Flash lidar illuminates an entire scene in a single shot [33].

1.5.3 AMCW Lidar

Amplitude-Modulated Continuous Wave (AMCW) lidar is a type of lidar system that con-

tinuously emits laser light while modulating the intensity over time. Unlike pulsed lidar,

which sends discrete pulses of light, AMCW lidar uses a continuous-wave laser whose

amplitude varies in a controlled manner, typically with a sinusoidal or square waveform.

In AMCW lidar, the system measures distance by calculating the phase shift between

the emitted and re�ected laser waves. When the emitted light hits a target, it re�ects back

to the sensor, and the time delay can be inferred from the phase difference between the

outgoing and incoming waves, shown by Figure 1.10. This phase shift is directly propor-

tional to the distance to the target, with the relationship described by Equation 1.17, where

� � is the phase difference,R is the distance to the target, and� is the wavelength of the

laser light [34]. Note this phase shift is different from the coherent measurement that can

be obtained with an FMCW lidar (see subsection 1.7.1).

� � =
4�R

�
(1.17)
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AMCW lidar systems are generally recognized for their simplicity in design and cost-

effectiveness, making them suitable for short-range applications like facial recognition,

indoor robotics, and gaming systems [35] [36] [37].

Figure 1.10: Principle of AMCW Lidar. AMCW lidar systems emit laser light into a
scene, varying the intensity in a sinusoidal pattern over time. The re�ected light carries
information about the travel time, which is determined by the phase shift of the returning
modulated signal [38].

Despite its advantages, AMCW lidar is not as widely used as other lidar systems for sev-

eral reasons. One primary concern is its sensitivity to ambient light interference, which can

disrupt measurements, especially in outdoor environments. Additionally, while AMCW

systems are simpler and more cost-effective, their range is typically limited to short dis-

tances (often under 100 meters). While AMCW systems may be simpler to construct, the

implementation can become complex due to challenges such as effectively applying phase

unwrapping algorithms and managing phase ambiguities. These complexities can deter

adoption in applications requiring long-range measurements or high precision [35].

1.5.4 FMCW Lidar

Like AMCW lidar, FMCW systems continuously emit a laser beam, but the key difference

is that FMCW modulates the frequency over time, rather than the amplitude. This modu-

lation typically follows a sawtooth or triangular pattern, creating a ”chirp” in the emitted
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Figure 1.11: An FMCW lidar system emits a chirped signal,c(t), which interacts with a
target, resulting in a scattered signal,xrx . The received signal is mixed with the the local
oscillator signal,xLO , in the receiver. Adapted from [39].

signal. A local oscillator is often split from the original or chirped signal in order to serve as

a reference signal, shown in Figure 1.11. FMCW lidar offers higher sensitivity, improved

resolution, and greater immunity to interference compared to traditional pulsed lidar sys-

tems, as described in more detail in section 1.7. Due to these advantages, this thesis will

focus on FMCW lidar technology, examining its operating principles, strengths, and lim-

itations. From here on, the research will provide an in-depth look at the core elements of

FMCW systems, along with their potential applications and performance in modern lidar

technology.

1.6 Growth of FMCW lidar

Although the concept of FMCW lidar dates back to 1998, it gained signi�cant research in-

terest starting in 2017. The increase in the number of publications related to “FMCW lidar”

or “Frequency-Modulated Continuous-Wave lidar” in the Web of Science Core Collection

database is shown in Figure 1.12.

One of the largest application �elds for FMCW lidar is autonomous vehicles. Conse-

quently, the rise in FMCW lidar research most likely corresponds with the surge of interest

in autonomous vehicles, which began gaining signi�cant traction around 2017, as shown

in Figure 1.13. The chart includes the levels of automation de�ned by the Society of Au-
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Figure 1.12: Trend of FMCW lidar publications over time, based on data from the Web of
Science Core Collection [40].

tomotive Engineers (SAE) [41]. Level 1 refers to driver assistance, where the vehicle can

control either steering or acceleration/deceleration, but not both simultaneously. The driver

remains fully responsible for all other driving tasks. Features at this level include adaptive

cruise control and lane-keeping assistance [42]. Level 2 represents partial automation, in

which the vehicle can control both steering and acceleration/deceleration simultaneously.

However, the driver must always monitor the vehicle and be prepared to take over imme-

diately if needed. Examples of Level 2 systems include Tesla Autopilot and GM Super

Cruise [43] [44]. Level 3 is known as conditional automation. In this level, the vehicle can

handle all driving tasks in certain conditions, such as on highways, including environmental

detection and decision-making. However, the driver must be ready to intervene when the

system requests it. As of 2023, only Mercedes-Benz has met the requirements to deploy

Level 3 autonomous vehicles in the United States. Its Driver Pilot equipped 2024 S-Class

and EQS sedans can operate autonomously in Nevada [42].

1.7 Mathematical Foundations and Advantages of FMCW lidar

In subsection 1.5.4, the general concept of an FMCW lidar was discussed. This section

serves to uncover some of the mathematical foundations of FMCW lidar, including the
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Figure 1.13: Growth of semi-autonomous vehicle market size corresponds to the growth in
FMCW lidar [45].

beat frequency in subsection 1.7.1, bandwidth in subsection 1.7.2, and SNR calculations in

subsection 1.7.4, and how these concepts relate to various advantages inherent to FMCW

lidar systems. A summary of the advantages that are discussed in more detail throughout

the section is shown in Table 1.2.

Table 1.2: Advantages of FMCW Lidar

Advantages Sections

Real-time distance and velocity measurementsubsection 1.7.1

Better resolution for accurate target detection subsection 1.7.3

High sensitivity subsection 1.7.4

High immunity to ambient light interference,
enhancing performance outdoors

subsection 1.7.5

Eye-safe operation, reducing risk to human vi-
sion

subsection 1.7.6

1.7.1 BeatFrequencyfor RangeandVelocity Determination

The beat frequency of an FMCW lidar is the difference between the transmitted (or local

oscillator) and received signals. This relationship if shown in Figure 1.14, wheref tx (t) is

the transmitted frequency andf rx (t) is the received frequency. The beat frequency can be
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Figure 1.14: A visual depiction of the the transmitted,f tx (t), and received,f rx (t), in-
stantaneous frequencies of a sawtooth chirp. The difference between the instantaneous
transmitted frequency,f tx (t), and the instantaneous received frequency,f rx (t), is the beat
frequency,f b [1].

processed to uncover information about the range and velocity of a target. For a moving

target, a Doppler shift will be imposed on the beat frequency, which allows the calculation

of velocity.

To calculate the beat frequency, it is essential to de�ne the chirps. Chirps are typically

characterized by their start and end frequencies,f 1 andf 2, and the sweep period,T. The

frequency difference between the start and end frequencies is de�ned as� f = f 2 � f 1.

The sweep slope of a linearly modulated chirp is given bymf , de�ned as

mf =
f 2 � f 1

T
=

� f
T

: (1.18)

For any given laser frequency, the difference between the transmitted and received sig-

nals is close to baseband, while their sum approaches twice the laser frequency. Since the

receiver photodiode acts as an electrical low-pass and optical band-pass �lter, only the dif-

ference frequency near baseband is considered. Therefore, the instantaneous frequencies
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f tx andf rx for the transmitted and received waveform can be written as

f tx (t) = f 1 + mf t (1.19)

f rx (t) = f tx (t � � ) = f 1 + mf t � mf � (1.20)

wheret is time,� is the time delay, andc is the speed of light. By subtracting the transmitted

signal,f tx , from the received signal,f rx , and substituting in Equation 1.18 formf and 2R
c

for � , an equation for the beat frequency can be de�ned as

f b = f tx (t) � f rx (t) = mf � =
2R
c

mf =
2R� f

cT
: (1.21)

From Equation 1.21, the beat frequency can be used to solve for range, where

R =
f bc
2mf

=
f bcT
2� f

: (1.22)

For a moving target, the Doppler shift, denoted asf D , affects the received signalf rx .

This shift arises due to the relative motion between the target and the lidar and will either

add or subtract a frequency component to the received signal depending on the direction of

motion (explained in subsection 1.4.2). By including this Doppler shift term in the received

instantaneous frequency, Equation 1.20 can be written as

f rx (t) = f 1 + mf (t � � ) + f D : (1.23)

Therefore, the beat frequency including the effects of Doppler shift can be expressed as

f b = f tx (t) � f rx (t) = mf � � f D : (1.24)

By substituting the Doppler shift in terms of the targets radial velocityvr from Equa-
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tion 1.5,� , and� = f
c into Equation 1.24 the following relationship for the beat frequency

including Doppler shift can be achieved.

f b = mf
2R
c

�
2vr f

c
: (1.25)

As a result, the radial velocity can be obtained by rearranging the equation to solve for

vr , calculated as

vr =
2Rmf � cf b

2f
: (1.26)

However, it can be seen that within Equation 1.26 and Equation 1.25 there are still two

unknowns,f b andR. This problem can be solved through the use of both up-chirps and

down-chirps, discussed in more detail in subsection 2.3.2. This unique capability to mea-

sure the instantaneous velocity of objects, is especially valuable in dynamic environments,

like autonomous driving, making FMCW lidar one of the most promising candidates for

the �elds. However, in order to �nd the targets total velocity,v, it would be necessary to

�nd the target off-axis angle,� (see Figure 1.5), and could be calculated as

v =
vr

cos(� )
(1.27)

In practice, obtaining this angle is dif�cult but is possible through practices like beam

steering, multi-lidar setups, and with 3D point clouds which help provide enough informa-

tion to be able to infer what this angle,� , is.

1.7.2 BetterBandwidthUtilization

FMCW lidar systems achieve a higher bandwidth due their use of linear frequency modula-

tion, also known as their chirps, which provide a broad frequency range over a short period.

Bandwidth,� f , is de�ned as the difference between the maximum and minimum frequen-

cies of the chirp. For a linear frequency sweep fromf 1 = 100GHz to f 2 = 200GHz, the
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bandwidth is calculated as

� f = f 2 � f 1 = 200GHz� 100GHz = 100GHz: (1.28)

Because the emitted frequency is continuously varied over the chirp duration, FMCW

lidar can achieve a larger bandwidth within the same time frame compared to pulsed sys-

tems. In a pulsed system, the frequency remains constant during each pulse, and since

pulsed systems emit short, discrete pulses of light, the bandwidth,Bpulsed, is typically lim-

ited by the pulse duration. For example, if a pulsed system has a pulse width ofTp = 10ns,

the approximate bandwidth would be

Bpulsed �
1
Tp

=
1

10� 10� 9
= 100 MHz: (1.29)

The relationship from Equation 1.29 implies that shorter pulses yield higher band-

widths; however, practical limitations make it challenging to achieve extremely short pulse

durations, restricting the maximum achievable bandwidth for pulsed systems. In contrast,

FMCW systems achieve higher bandwidth over shorter durations by using continuous fre-

quency sweeps. It is commonly seen that pulsed lidar systems have bandwidths below 500

MHz, while FMCW lidar systems achieve bandwidths that exceed 1 GHz, which offers sev-

eral advantages to FMCW lidars such as better resolution, higher sensitivity, and a larger

dynamic range, explained in more detail in the following sections.

1.7.3 High Resolution

Due to the ability to achieve larger bandwidth utilization, as explained in subsection 1.7.2,

FMCW lidar systems can also achiever better range resolutions. Range resolution,� R, is

the ability to distinguish between two closely spaced returns from separate targets within

the �eld of view of a single detector. It is evaluated in Equation 1.30, where� f is the

bandwidth of the frequency sweep.
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� R =
c

2� f
(1.30)

From Equation 1.30, it can be seen that a higher bandwidth,� f , results in �ner range

resolution, allowing the system to distinguish between closely spaced targets. This distinc-

tion is vital for applications such as detecting objects that are either stacked one behind the

other, like branches obscuring a vehicle, or positioned side by side within the �eld of view

of a single pixel.

1.7.4 High Sensitivity

Another advantage stemming from a better bandwidth utilization is that FMCW lidar sys-

tems can achieve higher sensitivity [46]. High sensitivity refers to the system's ability to

detect weak re�ections, such as those from dark or non-re�ective surfaces, at greater dis-

tances. The sensitivity can be quantitatively characterized by the SNR, which at its simplest

form is expressed as

SNR =
Psignal

Pnoise
: (1.31)

The power of the received signal,Psignal is proportional to the square of the amplitude

of the beat frequency, which can be affected by factors such as the re�ectivity of the target,

� , and the responsivity of the detector,R , shown by

Psignal = R�
Ptx

R2
: (1.32)

whereR represents the range to the target, andPtx represents the transmitted power. The

noise power,Pnoise , which can be modeled by thermal noise in this case, is described by

Pnoise = kT� f (1.33)
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wherek is the Boltzmann constant, is the temperature in Kelvin, and� f is the bandwidth

of the system. Therefore combining the representations forPsignal andPnoise , the SNR

equation can be represented by

SNR =
R�P tx

kT� fR 2
: (1.34)

Although increasing the bandwidth� f would also increase the noise power,Pnoise ,

some FMCW lidar systems will focus on the range around the beat frequency,f b, discussed

in subsection 1.7.1. By isolating the beat frequency, FMCW lidar can focus on the relevant

frequency range where the target signal is most prominent, effectively reducing the noise

bandwidth and improving the SNR after processing, shown by

SNRef fective =
Psignal

Pnoise;f iltered
: (1.35)

Adding to this reasoning, FMCW lidar can achieve higher effective sensitivity by using

a large bandwidth to achieve �ne range resolution (see subsection 1.7.3), capturing more

detailed target information, leading to improved SNR. The combination of a higherPsignal

due to effective power collection, selective beat frequency �ltering for noise management,

and higher range resolution lead to overall improvements in the SNR.

1.7.5 DecreasedVulnerability to AmbientLight

Another critical bene�t is that FMCW lidar is inherently more immune to ambient light

interference. In outdoor environments, pulsed systems can struggle with sunlight or light

from other lidar systems, because external sources introduce noise and reduce the SNR.

This interference can lead to false detections or diminished performance. In contrast,

FMCW systems are less susceptible to this interference because they rely on the coherent

nature of the re�ected signal, which is mixed with the coherent laser source signal. Since

sunlight is incoherent by nature, it's impact on the coherent detection process of FMCW
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lidar systems is greatly reduced [47] [48].

1.7.6 FMCW Lidar for SaferEyeOperation

Another advantage of FMCW lidar is that they are typically considered more eye safe than

pulsed lidar. This safety stems from the fact that FMCW lidars operate with continuous

wave signals, rather than pulsed signals. The use of continuous waves enable FMCW

systems to spread their energy over a longer duration, resulting in a lower instantaneous

power density. This characteristic reduces the risk of harm to the eyes compared to pulsed

lidar, which operate on intense bursts of light. Adding to this, FMCW lidar systems often

operate in the Short-Wave Infrared (SWIR) spectrum typically around 1550 nm, which is

less harmful to the eyes compared to wavelengths in the visible spectrum or ultraviolet

range. While 1550 nm light can still be hazardous at high power levels, it is generally

regarded as lower-risk for retinal damage than wavelengths [49].

1.8 Motivation and Thesis Organization

Due to the increasing demand and interest in the �eld of FMCW lidar, shown from sec-

tion 1.6, and its distinct advantages—such as high resolution and the capability for simul-

taneous distance and velocity measurements—FMCW lidar is emerging as a promising

technology in �elds ranging from autonomous vehicles and drones to military applications.

This thesis aims to present a detailed analysis of FMCW lidar, clarifying the various archi-

tectural categories that are often misunderstood within the scienti�c community through a

comprehensive literature survey and simulation work.

Chapter 2 presents a systematic architecture survey of 186 key papers related to FMCW

lidar. The objective is to identify the differences and similarities among various FMCW

lidar components and to establish a clear framework for de�ning and naming these archi-

tectures.

Chapter 3 will present the �ndings of this survey, highlighting key insights and trends
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identi�ed across the literature. This analysis will be supported by charts and graphs to

visually represent the data.

Chapter 4 transitions into the simulation phase, where a lidar simulator based on one of

the prominent FMCW lidar architectures identi�ed in the survey will be introduced. This

simulator will enhance an existing framework developed from Esen [1], by incorporating

realistic features such as band-limited noise in the detector, ampli�er, and digitizer, more

realistic modeling of the ADC including quantization errors and full-scale range, as well as

the addition of simulated speckle noise using a negative binomial exponential distribution

that affects the received power of the system.

Chapter 5 will present the results of the simulations, comparing them with theoretical

models from the literature to ensure a viable FMCW lidar simulator.

Finally, Chapter 6 will conclude with discussions on the overall �ndings, implications,

and potential future research directions.
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CHAPTER 2

FMCW LIDAR ARCHITECTURE ARCHITECTURE SURVEY BACKGROUND

This chapter outlines the methodology and background for a architecture survey on FMCW

lidar, providing a comprehensive summary and analysis of existing research. The need for

this review arose from the lack of standardized naming conventions and clear de�nitions

across the FMCW lidar scienti�c community, which makes comparisons between systems

challenging. By categorizing and examining relevant publications, the aim is to clarify

prominent architectural distinctions, identify trends, and propose more consistent naming

conventions.

2.1 Methodology

This thesis is based off of the work of 186 FMCW lidar papers. Each paper was carefully

read and categorized by their architecture, collaborating closely with Zoulaiha Douda [50].

In constructing this framework, several decision points were identi�ed as de�ning char-

acteristics that helped differentiate between architectures. These de�ning characteristics

were organized into column headings, and as each paper was reviewed, a designation was

made in the corresponding column. The columns included distinctions such as whether the

system used a homodyne or heterodyne architecture, whether the local oscillator was split

from the signal before or after modulation, and whether Single Sideband (SSB) or Double

Sideband (DSB) modulation was employed, among other factors. A summary of the col-

umn headings and what they refer is to shown in Table 2.1, with links to the section that

explains them more in depth in this chapter. For reference, an excerpt of the architecture

survey is shown in Table 2.2, showcasing 12 papers from the architecture survey. Any part

of the architecture where there was not enough information to present a con�dent answer

was marked as “NS” in the column header. Key metrics such as wavelength, bandwidth,
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chirp period, etc. were also noted and performance metrics including range and velocity

resolution, precision, and accuracy were all noted as well. They are not included on the

excerpt from the architecture survey in Table 2.2 for readability purposes.

Table 2.1: Overview of Columns in FMCW Lidar Architecture Survey

Column Name Description Section

Topic Indicates the main focus of each pa-
per.

section 3.2

SSB/DSB Denotes whether the system uti-
lized Single-Sideband (SSB) or
Double-Sideband (DSB) modula-
tion.

subsection 2.3.4

Hom/Het Represents whether the system is
classi�ed as a homodyne or hetero-
dyne system.

section 2.2

LO Type Represents whether the local oscil-
lator was split from the signal be-
fore or after modulation.

subsection 2.3.4

Chirp Waveform Describes the type of waveform
used for the chirp of the system
(sawtooth, triangular, etc).

section 2.3

Laser Type Identi�es the type of laser source
employed in the system.

section 2.6

IQ/Non-IQ Demodulation Indicates whether the system uses
IQ demodulation or not.

subsection 2.5.1

Modulation Method Describes the type of modulation
applied to chirp the signal.

section 2.4

These column headers from Table 2.1, are shown in their architectural placement in

Figure 2.1, where the amplitude of the received signal is represented byErx, and the am-

plitude of the local oscillator signal is represented byELO . “SSB/DSB” and “Hom/Het”

are shown as clouds because they are not explicitly part of the architecture's physical com-

ponents. Instead, “SSB/DSB” are a direct result from the modulation method and whether

the chirp is real or complex valued, and “Hom/Het” is determined by a combination of the
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Figure 2.1: Architectural placement of column headers from the architecture survey in
FMCW lidar. “SSB/DSB” and “Hom/Het” are not associated with speci�c locations in the
architecture but are outcomes of modulation and demodulation methods.

local oscillator and demodulation approaches. These distinctions will be elaborated upon

in section 2.2 and subsection 2.3.4.

2.2 Homodyne vs Heterodyne Architectures

This section explains the distinctions between homodyne and heterodyne architectures and

the de�nitions applied in the “Hom/Het” column of the architecture survey. Although many

de�nitions already exist for homodyne and heterodyne architectures, most emphasize only

one aspect, either the local oscillator or the mixing process, as the key factor to de�ning

a system. A more complete understanding, however, requires a view of the system as a

whole. This architecture survey integrates existing de�nitions of homodyne and heterodyne

architectures with observed patterns to establish a uni�ed, comprehensive approach for

differentiating between homodyne and heterodyne architectures in FMCW lidar.
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Table 2.2: Excerpt of Architecture Survey on FMCW Lidar Architectures

Ref. Year Topic SSB/
DSB

Hom/Het LO
Type

Chirp Wave-
form

Laser Type IQ/Non-IQ
Demod

Modulation
Method

Okano [8] 2020 3D Scanning,
Linearization

SSB Homodyne Chirp Triangular Tunable
VCSEL

Non-IQ Direct Current
Modulation

He [51] 2023 3D Scanning,
4D-Lidar

SSB Homodyne Chirp Triangular NS Non-IQ Electro-Optic
Frequency
Comb

Kakuma
[52]

2016 4D-Lidar DSB Homodyne Chirp Triangular VCSEL Non-IQ Servo System

Li [53] 2022 De-aliasing,
Disambigua-
tion

DSB Heterodyne Chirp Sawtooth Single
Frequency
Laser

IQ Single MZM

Wolfe [54] 2022 Modulator De-
sign

SSB Heterodyne Laser NS Laser Non-IQ Dual MZM

Zhang [55] 2019 4D-Lidar DSB Homodyne Chirp NS Laser
Diode

Non-IQ Dual-drive
MZM

Lin [56] 2024 Post-
Processing,
Linearization

SSB Homodyne Chirp Triangular Tunable
Light
Source

Non-IQ LSTM Net-
work

Pan [57] 2024 Linearization DSB Heterodyne Chirp Sawtooth 2 Tunable
Lasers

Non-IQ Up/Down
Tunable
Lasers

Zhang [58] 2023 Phase Noise
Mitigation

SSB Homodyne Chirp NS CW Laser IQ Cascaded
MZM

Wang [59] 2023 Chip Lidar SSB Homodyne Chirp Triangular Laser Chip Non-IQ Integrated
Module

Dar [60] 2020 Analysis and
Comparison

NS Heterodyne Laser NS Non-IQ DFB NS

Tian [61] 2022 Linearization,
Chip Lidar

SSB Homodyne Chirp Triangular CW Laser Non-IQ On-chip
Frequency
Stabilizer

2.2.1 ExistingDe�nitions

To de�ne homodyne and heterodyne systems accurately, it is essential to begin with ex-

isting de�nitions on the topic. Each de�nition offers insights into speci�c aspects of these

architectures, helping to enhance understanding. The following paragraphs will summarize

key de�nitions, which will form the basis for a clear, broadly applicable de�nition for most

FMCW lidar systems. A concise representation of the following de�nitions can be found

in Table 2.3.
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Figure 2.2: The LO is a free running laser, derived from an external laser source to be
mixed with the received signal,xrx , at the photodetector.

Figure 2.3: Example where the local oscillator,xLO , is split from the signal before modu-
lation. In this case, the LO is classi�ed as the laser source, remaining unchirped.

The �rst de�nition comes from Sandborn et al., and de�nes a heterodyne system by

the local oscillator. [62]. According to them, a heterodyne system is any system that uses

a free-running laser or the unmodulated laser signal, as the LO. In this de�nition, a free-

running laser refers to an external laser that acts as the local oscillator, independent of the

transmitted signal, shown in Figure 2.2. The unmodulated laser signal, refers to LO being

split from the original laser source before undergoing any sort of modulation (which results

in a chirped waveform). An example of an LO being split from the same laser source is

shown in Figure 2.3. Sanborn et al. also de�ned a homodyne architecture as an system

where the LO is a “time-delayed version of the same chirp.” Therefore, by this de�nition,

a homodyne system occurs when the LO is split from the signal after modulation, creating

a chirped LO.

While Sandborn et al. de�ned a system by the local oscillator, McManamon offers a
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different perspective by focusing on the mixing process as the de�ning characteristic of

heterodyne systems [2]. He de�nes a heterodyne architecture as a detection system that

mixes the received signal with the LO signal to produce a difference frequency that falls

within the detector's measurable range. In this de�nition, the de�ning characteristic of a

heterodyne system is the mixing process which results in the difference frequency (also

know as the intermediate frequency).

A third de�nition from Adany, merges these two perspectives [22]. In his paper, Adany

presents an example of a heterodyne architecture where the source laser is split into two

parts: one serving as the unchirped local oscillator (as shown in Figure 2.3) and the other

fed into the electro-optic intensity modulator. In this de�nition, he agrees with Sandborn,

in that with a heterodyne system, the LO can be split from the unmodulated laser source.

However, in the same paper, he presents a de�nition for a homodyne detection system,

which starts to give a clearer picture of how the mixing process and the LO concepts can

be combined. He �rst presents an architecture representing a homodyne system, where the

local oscillator is divided after modulation, as opposed to before. Which helps the conclu-

sion that for a heterodyne system the LO is the unmodulated laser source or free-running

laser, and now for a homodyne system, the LO is split from the modulated (or chirped)

signal, shown in Figure 2.4. His de�nition of a homodyne architecture does not stop there,

but continues to include the mixing process. He states that “optical mixing at the photodi-

ode simultaneously performs both optical detection and Radio Frequency (RF) de-chirping,

which eliminates the need for additional RF signal mixing and de-chirping,” which means

that a homodyne system does not need an intermediate or difference frequency de�ned in

McManamon's explanation.

It can be concluded that from these existing de�nitions, two critical factors emerge in

distinguishing between homodyne and heterodyne architectures: the local oscillator and

the mixing process. From these exisiting de�nitions is is clear that a heterodyne architec-

ture contains a LO that is either split off from the modulated signal, or is a free-running
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Figure 2.4: Example where the local oscillator is split from the signal after modulation,
resulting in both the transmitted signal,x tx;chirped , and the local oscillator,xLO;chirped , shar-
ing a similar chirped waveform.

laser, whereas a homodyne architecture has an LO that is split from the modulated wave-

form. However, it became clear early on in the survey that these de�nitions of homodyne

and heterodyne architecture presented an anomaly. This occurs when the LO is the mod-

ulated chirped waveform, but the mixing process resulted in an intermediate frequency.

Purely de�ning this architecture based on the LO, would have it be de�ned as a homodyne

architecture, but then the presence of the intermediate frequency indicates a heterodyne

architecture. Due to this anomaly, which is discussed more in subsection 2.2.4, it was clear

that the de�nitions needed to be expanded to solve this problem. The following sections

will take a deeper dive into what homodyne and heterodyne architectures are along with

this anomaly case and how it is de�ned in this review.

2.2.2 HomodyneDe�nition

In this survey a homodyne architecture is de�ned as a system where the LO is split from

signal after modulation, referred to as a chirped LO, and where the mixing process (or

demodulation) between the LO and received signals occurs close to baseband, and does

not result in an intermediate frequency. The general architectural setup of a homodyne

system is shown in Figure 3.11b. Here, the laser signal,x is emitted from the laser, where

it undergoes modulation, and the output is the chirped laser signal,xchirped . At the beam

splitter, the LO signal,xLO;chirped is split off from the transmitted signal,x tx;chirped . The
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Table 2.3: Comparison of Heterodyne and Homodyne De�nitions from Various Sources

Source Heterodyne De�nition Homodyne De�nition

Sandborn [62] LO is a free-running or
unmodulated laser sig-
nal

LO split from mod-
ulated signal (Chirped
LO)

McManamon [2] Produces a measurable
intermediate frequency
(f if )

(Inferred) No interme-
diate frequency (f if )
produced

Adany [22] Intermediate frequency
present due to mixing

LO is chirped and no
intermediate frequency
(f if ) present

Anomaly Case: Chirped LO with an Intermediate Frequency = ?

transmitted signal undergoes ampli�cation to ensure the signal can effectively reach the

target and is sent through the telescope. After scattering of the target, the received signal,

xrx;chirped , is then recombined with the LO at the photodetector. Since in a homodyne

system, mixing occurs at baseband and no intermediate frequency is necessary, an Fast

Fourier Transform (FFT) can be applied directly to the signal to uncover information such

as the speed and velocity of the target.

Figure 2.5: A general example of a homodyne architecture, which includes a LO that is split
from the signal after modulation, indicated byxLO;chirped and no intermediate frequency
after mixing in the photodetector.
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To better understand why a homodyne system does not require an intermediate fre-

quency, the following equations illustrate the mixing process between the received signal,

xrx;chirped and the LO signal,xLO;chirped . Let Equation 2.1 represent the received sig-

nal xrx;chirped and Equation 2.2 represent the local oscillator signalxLO;chirped . In these

equations,! x and! LO denote the frequencies of the signal and LO, respectively, where

! = 2�f , andt represents time.

xrx;chirped = Erx cos(! x t); (2.1)

xLO;chirped = ELO cos(! LOt); (2.2)

In this context,Erx andELO represent the amplitudes of the received and LO signals,

respectively, and they are set to one for simplicity. During the mixing process, the received

signalxrx;chirped and the LO signalxLO;chirped are multiplied (mixed) together, which is

shown in Equation 2.3. The result is represented byI homodyne , which is the product of two

cosine functions, represented in Equation 2.4.

I homodyne(t) = xrx;chirped � xLO;chirped = cos(! x t) � cos(! LO t) (2.3)

I homodyne(t) =
1
2

f cos [(! x � ! LO )t] + cos [(! x + ! LO )t]g (2.4)

In a homodyne system, since the LO and the received signal are split from the same

chirped waveform, they are also close in frequency, which means! x - ! LO is a small value,

and the intermediate frequency! if , will be close to zero (i.e no intermediate frequency),

shown by

! if = ! x � ! LO � 0: (2.5)

40



Figure 2.6: The top plot illustrates the received signal and LO signals for a homodyne
system. Their near overlap indicates a minimal frequency difference, allowing for one-step
demodulation without the need for an intermediate frequency, as the signals mix directly at
baseband.

The other term,! x + ! LO , from Equation 2.4 represents a high-frequency component,

and is generally �ltered out using a low-pass �lter. A visual example of what it means to be

close in frequency is shown in Figure 2.6. Since these signals are so closely aligned, their

multiplication results in a signal that is close to baseband, represented by the dotted yellow

line in the bottom plot.

The low-frequency component,! x � ! LO carries the essential information regarding

the distance and velocity of the target. Since the output is already at baseband after mix-

ing and �ltering, there is no need for an intermediate frequency, simplifying the system

architecture. The resulting signal is then analyzed in the frequency domain using the Fast

Fourier Transform (FFT) to extract the relevant information about the target.

2.2.3 HeterodyneDe�nition

In contrast to the homodyne architecture, Figure 2.7 shows the conventional heterodyne

architecture, where the LO signalxLO , is split from the original laser signalx, before
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Figure 2.7: Typical heterodyne architecture where the LO is split from the signal before
modulation, and an intermediate frequencyx if is produced during demodulation.

modulation. In a conventional heterodyne system, the LO and transmitted signal undergo

different modulation processes, leading to a frequency offset between them. This frequency

difference creates an intermediate frequency signal,x if , which requires further �ltering to

uncover the distance and velocity information.

In order to demonstrate why this intermediate frequency occurs, the following equa-

tions uncover what occurs during the mixing process of a heterodyne system, wherexLO

represents the unchirped LO signal, andxrx;chirped represents the received signal, shown by

I heterodyne(t) = xrx;chirped � xLO = Erx cos(! x t) � ELO cos(! LO t) (2.6)

I heterodyne(t) =
1
2

[cos ((! x � ! LO )t) + cos ((! x + ! LO )t)] (2.7)

Up to here, the process looks similar to a homodyne system, but this is when the mixing

process produces an intermediate frequency,! if , shown in Equation 2.8.
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Figure 2.8: The top plot shows the frequency difference between the received signal and
the LO, which generates an intermediate frequency during mixing, illustrated in the bottom
plot. Because the intermediate frequency is higher than the baseband signal, further �lter-
ing is needed to extract distance and velocity information.

! if = ! x � ! LO (2.8)

This intermediate frequency arises from the frequency offset and highlights the ad-

ditional step characteristic of a heterodyne detection system, which is shown visually in

Figure 2.8. After the received signal and the LO are mixed, it can be seen that the inter-

mediate frequency signal is still substantially different than the baseband signal, requiring

additional �ltering steps in order to uncover the distance and velocity of the target.

2.2.4 Heterodynearchitecturewith achirpedlocaloscillator

This section represents the case when the anomaly (which actually occurs quite often, see

section 3.3), discussed at the end of subsection 2.2.1, occurs. This architecture, illustrated
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in Figure 2.9, arises when the LO is split from the signal after modulation. While this sce-

nario might typically suggest a homodyne con�guration according to previous de�nitions,

the signi�cant ampli�cation or modulation of the chirped waveform after the split leads to

non-identical signals during mixing. The additional modulation is represented in Figure 2.9

with the presence of an additional modulator following the beam splitter. As a result of this

additional modulator, the emitted and LO signals are no longer close in frequency and an

intermediate frequency emerges. The presence of this intermediate frequency complicates

the classi�cation of the architecture, making it incompatible with conventional de�nitions

of both homodyne (see Table 2.3) architectures. In this context, it is more appropriate to

characterize this system based on the intermediate frequency while still acknowledging that

the LO is the chirp. Therefore, this architecture can generally be categorized as a hetero-

dyne system and referred to as “heterodyne architecture with a chirped LO” for clarity.

Figure 2.9: Heterodyne architecture featuring a chirped LO. The signal is subjected to
additional modulation, as indicated by the second modulator following the beam splitter.
This modulation results in the presence of an intermediate frequency,x if , requiring an
additional �lter before FFT and analysis.

Figure 2.10 represents an organization �owchart that explains how to correctly iden-

tify a homodyne or heterodyne architecture as de�ned in this chapter. The �rst step is

to identify whether the LO is the laser before modulation, or the chirped waveform after
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Figure 2.10: Flowchart for distinguishing between homodyne and heterodyne architectures.
First, identify if the LO is the laser before modulation (heterodyne) or the chirped waveform
after modulation. If the LO is derived from the chirped signal, check for an intermediate
frequency: no intermediate frequency indicates a homodyne system, while its presence
indicates a heterodyne system.

modulation. If the LO is the laser, then it can be safely identi�ed as a heterodyne system

without the need for further steps. However if the LO is split from the chirped signal (after

modulation), then the presence of an intermediate frequency must be determined. If the

there is no intermediate frequency that arises from the mixing process, the architecture can

be categorized as a homodyne architecture, whereas if there is an intermediate frequency,

it will be a heterodyne system.

2.3 Types of Chirps

The idea of a chirp has been mentioned a few times up to this point in this thesis but not

explained fully in depth. In FMCW lidar, the laser emits a continuous wave that must be

“chirped” to obtain distance and velocity information about the target. This chirp forms

after the modulation of the laser signal, and is typically modulated in a linear fashion. This

means that the frequency of the chirp signal increases (or decreases) over time in a linear

manner, from the start frequency to the end frequency. After modulation, this chirped

waveform is directed toward the target, and the return chirp is analyzed to extract distance

and velocity data. This section explores the various types of chirps associated with FMCW

lidar including chirp waveforms, real chirps, and complex chirps.
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2.3.1 ChirpWaveforms

A speci�c column in the survey was dedicated to identifying the types of chirp waveforms

used in the system. Understanding the chirp waveform is crucial, as it provides valuable

insights into whether the waveform aligns with typical architectures, serves a speci�c pur-

pose, or affects the complexity of the system.

To clarify the concept of a chirp waveform, it is helpful to begin with a simple, single-

frequency cosine signalx, similar to Equation 2.1 and Equation 2.2, represented by

x(t) = cos (2�f (t)) ; (2.9)

wheret is time, andf (t) is the frequency. As discussed a chirp's frequency,f , varies

linearly with time, described by

f (t) = f 1 + mf t; (2.10)

wheref 1 is an arbitrary starting frequency, andmf is the sweep slope.

Chirps are often de�ned by their start and end frequencies,f 1 and f 2 respectively,

along with their sweep durations, [63]. For a linear chirp, whose instantaneous frequency

changes linearly with time, the sweep slope is given by

mf =
f 2 � f 1

T
=

� f
T

; (2.11)

where� f is the sweep bandwidth (the difference between the end and start frequencies).

The chirp waveformc(t) for a linear chirp can therefore be expressed as

c(t) = cos
�
2�

�
f 1t +

1
2

mf t2

��
: (2.12)

In contrast, a sawtooth chirp exhibits a linear increase in frequency fromf 1 to f 2, fol-
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Figure 2.11: (Top) Sawtooth Chirp (Bottom) Triangular Chirp. A sawtooth chirp increases
linearly until it reachesf 2 (in this case 1 MHz), and abruptly resets back to zero. A trian-
gular chirp consists of both an up chirp and a down chirp.

lowed by an abrupt reset back tof 1 at the end of each cycle. The frequency for a sawtooth

chirp, f saw(t), is described by

f saw(t) =

8
>>>>>><

>>>>>>:

f 1 + mf t for 0 � t < T

f 1 for t = T

f 1 + mf (t � T) for T < t < 2T:

(2.13)

Over multiple cycles,n, the frequency of a sawtooth chirp can generalize to Equa-

tion 2.14 and the chirp waveform,csaw(t) will be expressed as Equation 2.15.

f saw(t) = f 1 + mf (t � nT ) for nT � t < (n + 1) T; (2.14)

csaw(t) = cos
�
2�

�
f 1t +

1
2

mf (t � nT )2

��
: (2.15)
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For triangular chirps, which include both upchirp and downchirp components, the two-

part sweep slopemf;tri can be expressed as

mf;tri =
f 2 � f 1

T=2
=

2� f
T

; (2.16)

where T
2 denotes the time duration of either the upchirp or downchirp individually. The

frequency for a triangular chirpf tri (t) can be represented by

f tri (t) =

8
>><

>>:

f 1 + mf t; for 0 � t < T
2

f 2 � mf
�
t � T

2

�
; for T

2 � t < T:
(2.17)

In the �rst half of the period,[0; T
2 ], the frequency increases fromf 1 to f 2 with a positive

slope, and in the second half[T
2 ; T], the frequency decreases fromf 2 back tof 1 with a neg-

ative slope. Therefore, the chirp waveform for a triangular chirp,ctri (t), can be expressed

as

ctri (t) =

8
>><

>>:

cos
�
2�

�
f 1t + 1

2mf;tri t2
��

; for 0 � t < T
2

cos
h
2�

�
f 2t � 1

2mf;tri
�
t � T

2

� 2
�i

; for T
2 � t < T:

(2.18)

It is also possible to have a sinusoidal chirp, where the frequency changes in a con-

tinuous manner, creating a smooth waveform [64]. The instantaneous frequency can be

described by

f sin (t) = f 1 + � f sin
�

2�t
T

�
: (2.19)

The sweep slope for a sinusoidal chirp is not constant like in linear, sawtooth, or triangular

chirps. Instead, it varies over time due to the sinusoidal nature of the frequency modulation.

The derivative of the frequency function gives us the instantaneous sweep slopemf;sin (t),

represented by
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Figure 2.12: The instantaneous frequency of a sinusoidal chirp.

mf;sin (t) =
df sin (t)

dt
= � f

2�
T

cos
�

2�t
T

�
: (2.20)

The corresponding chirp waveformcsin (t) for a sinusoidal chirp can be expressed as

csin (t) = cos [2� (f 1t + sin( mf;sin t))] : (2.21)

An example of a sinusoidal chirp is shown in Figure 2.12.

2.3.2 TriangularChirpsfor SimultaneousDistanceandVelocity Measurements

There is one particularly important advantage to the use of a triangular chirped system,

which is the ability to simultaneously measure distance and velocity [65]. In most FMCW

lidar systems, the beat frequency consists of two components: one related to the target's

distance and the other due to the Doppler shift from the target's velocity. In a sawtooth

waveform, which is a continuous linear frequency sweep, the distance-related frequency

modulation and Doppler shift become intertwined in the singular peak of the beat fre-

quency, shown in Figure 2.13. As a result, it is dif�cult to separate the distance and velocity

components because they are not distinguishable in the frequency domain of the sawtooth

waveform [66]. However in a triangular chirped system, there is an up-chirp and a down-

chirp which results in two distinct beat frequencies, shown in Figure 2.14, and enables the

separate extraction of distance and velocity data.
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Figure 2.13: Beat frequency for a sawtooth chirp, showing only a single frequency. The
sawtooth chirp results in a single beat frequency, leading to ambiguity in distance and
velocity measurements.

Figure 2.14: Beat frequencies for a triangular chirp, showing distinct up and down chirp
frequencies. The triangular chirp generates two distinct beat frequencies—one during the
up-ramp and one during the down-ramp—enabling clear separation and accurate simulta-
neous distance and velocity measurement.
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To demonstrate this relationship of simultaneous distance and velocity measurements

with triangular and sawtooth chirps the following equations are used, starting with the beat

frequency,f b, which is represetned by

f b = f D + f rx ; (2.22)

wheref D is the Doppler frequency shift, which relates to the radial velocityvr of the target

by

f D =
2vr

�
: (2.23)

andf rx is the received frequency related to the distanceR to the target, and represented by

f rx =
2R
T

(2.24)

.

In a sawtooth waveform, the frequency linearly ramps up over a period

f b =
2R
T

+
2vr

�
: (2.25)

However, in this case, the linear sweep does not allow for a clean separation of the

distance and velocity components. Since the ramp-up and ramp-down segments do not

produce distinct beat frequencies, the componentsf d andf rx are intertwined and indistin-

guishable in the frequency domain.

In contrast, a triangular waveform consists of two distinct segments: a up-ramp and a

down-ramp segment. When using triangular modulation, the total beat frequency can be

expressed as two components during the up-ramp and down-ramp,

f b;up = f rx + f D =
2R
T

+
2vr

�
(2.26)
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f b;down = f rx � f D =
2R
T

�
2vr

�
; (2.27)

By capturing both beat frequenciesf b;up andf b;down, we can set up the following system of

equations:

f b;up =
2R
T

+
2vr

�

f b;down =
2R
T

�
2vr

�
:

(2.28)

Adding these two equations allows us to eliminatevr , shown as

f b;up + f b;down = 2 �
2R
T

) R =
T
4

(f b;up + f b;down): (2.29)

On the other hand, subtractingf b;down from f b;up isolatesvr :

f b;up � f b;down = 2 �
2vr

�
) vr =

�
4

(f b;up � f b;down): (2.30)

Using these systems of equations in conjunction with a triangular chirp allows for the

simultaneous measurement of distance and velocity, representing one of the huge advan-

tages of FMCW lidar.

2.3.3 RealChirpvs ComplexChirps

FMCW lidars can have both real and complex chirps. A real chirp is a purely real signal,

that has a frequency that increases (upchirp) or decreases (downchirp) continuously over

time. As a result, the spectrum of these chirps must obey the conjugate symmetry property,

which states that for any signalx(t) that is purely real in the time domain, its Fourier

transformX (f ) has a speci�c symmetry relationship between the positive and negative

frequencies, resulting in the double sideband spectrum seen in subsection 2.3.4. The chirp

waveforms for linear, sawtooth, triangular, and sinusoidal chirps described in the previous

section were all real-valued chirps ( Equation 2.38, Equation 2.15, Equation 2.18, and
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Equation 2.21). However, because those waveforms that were described in those equations

were all real does not mean that those chirp waveforms (linear, sawtooth, triangular, and

sinusoidal) have to always be real. In fact they each have a complex form.

Recall the chirp waveform for a linear chirp in Equation 2.38. The complex repre-

sentation for a linear chirpccomplex includes both cosine and sine components, and often

represented as a complex exponential, shown by

ccomplex (t) = ej 2� (f 1 t+ 1
2 m f t2)

= cos
�

2�
�

f 1t +
1
2

mf t2

��
+ j sin

�
2�

�
f 1t +

1
2

mf t2

��
:

(2.31)

This expansion from the complex exponential to the cosine and sine components occurs

with Euler's formula, which states

ej� = cos(� ) + j sin(� ); (2.32)

wherej represents the imaginary unit, and� is a placeholder for other variables. The cosine

and sin representation of a complex chirp helps identify the in-phase (real) component and

quadrature (complex) component of the chirp, which are used for In Phase and Quadrature

(IQ) modulation and demodulation, as discussed in subsection 2.5.1. Where the in-phase

component of a linear chirp iscos(2� (f 1t + 1
2mf t2)) and the quadrature component is

sin(2� (f 1t + 1
2mf t2). The complex representations for the other waveforms are listed as:

csaw;complex (t) = ej 2� (f 1 t+ 1
2 m f (t � nT )2)

= cos
�

2�
�

f 1t +
1
2

mf (t � nT )2

��
+ j sin

�
2�

�
f 1t +

1
2

mf (t � nT )2

��

(2.33)
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ctri;complex (t) = ej 2� (f 1 t+ 1
2 m f jt j)

= cos
�

2�
�

f 1t +
1
2

mf jt j
��

+ j sin
�

2�
�

f 1t +
1
2

mf jt j
�� (2.34)

csin;complex (t) = ej 2� (f 1 t+ 1
2 m f sin (m f t ))

= cos
�

2�
�

f 1t +
1
2

mf sin(mf t)
��

+ j sin
�

2�
�

f 1t +
1
2

sin(mf t)
��

:

(2.35)

Complex chirps, with both in-phase and quadrature components, allow the system to

fully distinguish between positive and negative frequencies in a single sweep, making it

straightforward to identify whether a target is moving toward or away from the sensor. The

term doppler shift,f D was discussed in subsection 1.4.2. When the signal is scattered off

the target and is captured by the receiver, the received frequency,f rx is affected by the

doppler shift by

f rx = f tx � f D : (2.36)

A positive doppler shift (increased frequency) occurs when the target is moving toward

the sensor, and a negative doppler shift (decreased frequency) occurs when the target is

moving away from the sensor.

For a real chirp, only the magnitude of this frequency shift can be detected, but the

direction (positive or negative frequency) is lost, making it unclear whether the target is

approaching or receding. However, with a complex chirp, both the real and imaginary parts

enable detection of the sign of the frequency shift.

The Fourier transform of the received complex signal,crx;complex , will provide more

information about the direction of target movement, represented by
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Figure 2.15: The FFT signal spectrum of a complex received chirp waveform with a doppler
shift. A target that is approaching the system will move the spectrum to more positive fre-
quencies, while a target that is receding will move the spectrum towards negative frequen-
cies.

Ff crx;complex (t)ej 2�f D tg: (2.37)

If the doppler shift is positive, the spectrum will shift towards positive frequency, and

if it is negative the spectrum will shift toward negative frequencies, represented by Fig-

ure 2.15

2.3.4 DoubleSideBandvs SingleSideBand

Another metric noted in the table was whether the FMCW lidar system employs double

side band (DSB) or single side band (SSB) modulation scheme. DSB vs SSB systems can

tell us information about the complexity and ef�ciency of the system. It can also relate

to whether a system employs a real or a complex chirp. To explain this, a real chirp, as

discussed in subsection 2.3.3 for a linear chirp is stated here again as

c(t) = cos
�
2�

�
f 1t +

1
2

mf t2

��
; (2.38)
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where the amplitude is 1 for simplicity. Using Euler's formula to represent a real chirp will

look like

c(t) =
1
2

(ej 2� (f 1+ 1
2 m f t2 ) + e� j 2� (f 1 t+ 1

2 m f t2 )): (2.39)

The signal now has two complex exponentials, one with a positive frequency compo-

nent and one with a negative frequency component. When a Fourier transform is applied to

the a real chirp, to uncover distance and velocity information, the resulting spectrum,C(f ),

will contain two symmetric peaks around� f 1, showing a double sideband spectrum, shown

by

C(f ) =
1
2

f � [f � (f 1 +
1
2

mf )] + � [f + ( f 1 +
1
2

mf )]g; (2.40)

where� f indicated peaks at bothf = f 1 and f = � f 1. These two peaks represent a

double-sideband spectrum in the Fourier domain, where the spectrum is symmetric around

the zero frequency, as shown in Figure 2.16. Each sideband carries information about the

frequency shiftf 1 and the bandwidth of the chirp signal, and in an FMCW lidar, the doppler

shift � f D would appear as a additional offset within this structure, shifting both sidebands

accordingly.

This DSB characteristic is fundamental in FMCW systems with real chirps, because

both sidebands can contain relevant information about target motion. However, using a

complex chirp would eliminate the mirrored sideband and focus the information into a

single sideband, known as SSB modulation. To show this relationship, the equation for a

complex chirp is shown again as

ccomplex (t) = ej 2� (f 1 t+ 1
2 m f t2)

= cos
�

2�
�

f 1t +
1
2

mf t2

��
+ j sin

�
2�

�
f 1t +

1
2

mf t2

��
:

(2.41)
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Figure 2.16: The Fourier transform of a real chirp will result in a symmetrical double
sideband spectrum.

The Fourier transform of a complex chirp,Ccomplex (f ), will result in a spectrum cen-

tered aroundf 1, but only on the positive side. The Fourier transform will look like

Ccomplex (f ) = � (f � (f 1 +
1
2

)): (2.42)

Comparing the Fourier transform of a complex chirp with the Fourier transform of a real

chirp in Equation 2.40, it can be seen that the a complex chirp has no negative frequency

component. The spectrum of the Fourier transform of a complex chirp is represented in

Figure 2.17.

The architecture survey results presented in section 3.5 will uncover information about

which modulation scheme is used more often, for what applications, and under which ar-

chitecture. This information provides very interesting information regarding the overall

trajectory of research for FMCW lidar and why this may be occurring.

2.4 Modulation Techniques in FMCW lidar

Another important type of an FMCW lidar architecture is the modulation scheme. In

FMCW lidar, there are two main types of modulation: direct and external modulation.
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Figure 2.17: The Fourier transform of a complex chirps results in a single sideband.

Figure 2.18: Schematic of direct modulation. The LO for a directly modulated system will
be the chirped waveform, unless a free-running laser acts as the LO [67].

In direct modulation, optical output power from a laser is controlled through electric cur-

rent fed to the lasers. The electric current is called injection current, and results in a chirped

waveform being emitted from the laser source, as illustrated in Figure 2.18. A summary of

these techniques and their advantages can be found in Table 2.4.

Systems that use direct modulation tend to be simpler, more cost-effective, and more

ef�cient at short distances. Since the signal is directly modulated at the laser source, their is

no need for external modulations like Electro Optic Modulators (EOMs) or Acousto-Optic

Modulators (AOMs), which leads to a more compact system. However, the bandwidth of a

directly modulated system is limited by the laser's relaxation oscillation frequency, making

it less suitable for high speed, long-haul transmissions [67].
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Figure 2.19: Schematic of External Modulation [67].

In contrast, during external modulation, modulators vary some parameters of unmod-

ulated continuous lightwaves, shown in Figure 2.19. Some common electro-optic mod-

ulators include MZMs and Mach Zehnder Interferometers (MZIs), as well as AOMs and

IQ Modulators (see subsection 2.5.1) [68]. External modulation can provide precise and

high-speed control of amplitude, phase, and frequency, as well as improved linearity and its

better suited for long-haul transmission systems [67]. This survey aims to take note of the

modulation techniques so that trends such as popularity, complexity, and uses can become

more clear.

Table 2.4: Comparison of Direct and External Modulation Techniques in FMCW Lidar

Modulation Type Mechanism Advantages

Direct Modulation • Injection current
• Simple, cost-effective, compact
• Ef�cient at short distances

External Modulation
• Uses EOMs, AOMs
• IQ modulators

• High-speed, precise control
• Improved linearity
• Suitable for long-haul transmission

2.5 IQ Modulation and Demodulation

2.5.1 IQ Modulation

One particularly interesting method of modulation is IQ modulation, or quadrature modu-

lation, which is a method used to encode information onto a carrier wave by modulating
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Figure 2.20: Close up example of IQ modulation using two MZMs [70].

both its amplitude and phase. This technique allows the representation of complex signals

by splitting them into two components: the in-phase (I) component and the quadrature (Q)

component, which are 90 degrees out of phase with each other. The I and Q components

modulated the same carrier frequency, but since the Q signal is phase shifted by 90 degrees,

the two components can be independently controlled. The combination of these two sig-

nals creates a vector in the complex plane, which de�nes both the amplitude and phase of

the resulting modulated signal [69]. A common method of creating an IQ modulator is by

combining two MZM modulators in a parallel structure, shown in Figure 2.20.

IQ modulation is typically paired with a complex signal, discussed in subsection 2.5.1,

in order to represent both the I and Q components. And since IQ modulation is paired with

a complex chirp, it also often results in a single sideband modulation scheme, and therefore

doubles the amount of information that can be transmitted, while still �tting within the

same bandwidth [71]. An FMCW lidar system incorporating IQ modulation, is shown in

Figure 2.21. The advantages of IQ modulation are its ef�cient use of bandwidth, improved

signal quality, and enhanced demodulation capabilities [69].

2.5.2 IQ Demodulation

IQ demodulation is a technique used in signal processing to recover information from mod-

ulated signals by extracting the I and Q components. In IQ demodulation the modulated

signal can be expressed as
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Figure 2.21: An example of FMCW lidar architecture with IQ modulation. This type of
architecture is often paired with a complex chirp and a SSB modulation scheme. This
speci�c representation would be classi�ed as a heterodyne architecture since the LO is
split from the signal before modulation.

x(t) = E cos(! x t + � ); (2.43)

whereE is the amplitude of the signal, which was previously set to one in other deriva-

tions, and� represents the phase of the system. For demodulation, the I component is

the part of the signal that is in phase with the reference signal, shown in Equation 2.44,

and the Q component is 90 degrees out of phase with the reference signal, represented in

Equation 2.45.

In-Phase (I)= E cos(! x t + � ) (2.44)

Quadrature (Q)= E sin(! x t) (2.45)

The I component shows a cosine wave oscillating betweenE and� E with a frequency

of ! x , shifted by phase� , and the Q component sine wave, but it would shifted by90 deg

or �
2 radians.

Figure 2.22 illustrates an FMCW lidar architecture utilizing IQ demodulation. In this
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Figure 2.22: IQ Demodulation with a Homodyne Architecture.

setup, the local oscillator and the received signal are combined in the optical hybrid, which

splits the incoming signal into two paths to create the I and Q components by introducing

a controlled phase shift between them. Additionally, the optical hybrid combines these I

and Q components with the local oscillator, generating intermediate frequency signals that

correspond to the desired information.

By having both cosine and sine terms, IQ processing, in conjunction with a complex

chirp, preserves both positive and negative frequencies: where positive frequencies indi-

cate an approaching target and negative frequencies indicate a receding target. So with IQ

processing, the beat signal's fourier transform will show both positive and negative fre-

quency peaks at+ f b and� f b. The symmetry allows the system to distinguish direction of

movement. For example, if the peak is at+ f b the target is moving toward the system (pos-

itive velocity). However if the peak is at� f b, the target is moving away from the system

(negative velocity).
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2.6 Discussion of Laser Sources

There are 5 broad categories of FMCW laser types depicted in Figure 2.23 based on re-

search from [72]. The �rst categories is lasers with external modulators which was dis-

cussed in section 2.4. The next option is to vary the properties of the resonator or cavity,

which can be done by changing the Optical Path Length (OPL) by

OPL = nL (2.46)

wheren is the refractive index andL is the effective distance between the re�ectors or

mirrors. FMCW lasers can also have re�ectors or mirrors that are varied, which is the third

class. Examples of these types of laser are Distributed Bragg Re�ectors (DBRs), photonic

crystal re�ectors, and sampled grating re�ectors. The fourth category is the lasers with

coupled cavities, including cleaved Fabry-Perot cavities, ring resonators, or �ber Bragg

gratings. The last class of laser sources is arrays of semiconductor lasers with a common

output. These are usually used in situations where a large swept frequency band is needed.

These can be Distributed Feedback (DFB) or DBR lasers.
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Figure 2.23: Classi�cation of FMCW laser con�gurations [72].
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CHAPTER 3

RESULTS FROM ARCHITECTURE SURVEY

This chapter presents the key �ndings and insights from the architecture survey, covering

several important areas of FMCW lidar architecture. First, it discusses the most common

architectures, as detailed in section 3.1. Next, the chapter explores the most frequently

addressed topics in the survey, highlighted in section 3.2. It also analyzes current trends

in local oscillator usage in section 3.3, and examines the popularity of speci�c chirps and

chirp waveforms in section 3.4. These �ndings, along with other related insights, provide

valuable insights and analysis to the FMCW lidar community.

The results of this survey are based on categorizing the 186 surveyed papers according

to key characteristics, as outlined in section 2.1. This included columns for de�ning fea-

tures such as homodyne vs. heterodyne architecture, the choice of local oscillator (chirp or

laser), and whether SSB or DSB modulation was used, as well performance metrics such

as range resolution and range accuracy, as reported by each paper.

Table 3.1: Table of Contents with Results from the FMCW Lidar Architecture Survey

Section Title Link

Common Architectures section 3.1

Popular Topics section 3.2

Local Oscillator Trends section 3.3

Chirps and Chirp Waveformssection 3.4

SSB and DSB trends section 3.5

Modulation trends section 3.6

IQ Demodulation Trends section 3.7
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3.1 Most Common Architectures

The results from the architecture survey revealed the most common FMCW architectures.

The number of each type of architecture is summarized in Table 3.2. The architectures are

named based on their modulation spectrum, detection method, and processing technique.

In this thesis, modulation spectrum refers to the spectral shape of the transmitted signal.

We have categorized modulation spectra into Single Sideband (SSB) and Double Sideband

(DSB), as discussed in subsection 2.3.4. Next, the architectures are de�ned by their de-

tection method, which determines how the beat signal is obtained and affects the receiver's

sensitivity. Speci�cally, detection methods are classi�ed as either homodyne or heterodyne,

as explained in section 2.2. Lastly, the architectures are distinguished by their processing

method, which impacts the systems ability to interpret the beat signal for unambiguous

ranging and accurate velocimetry. Here, the processing methods are categorized as either

IQ or Non-IQ processing, detailed in subsection 2.5.1. IQ processing allows for the system

to retain both positive and negative frequency components of the beat signal, which helps

in accurately determining the direction and magnitude of velocity, reducing ambiguities,

potentially limiting the system's ability to resolve directionality in velocity measurements.

The resulting naming convention follows the structure: “modulation spectrum” + “detec-

tion method” + “processing method.”

In Table 3.2, “Not Speci�ed (NS)” refers to the lidar systems for which certain infor-

mation is missing. For instance, “NS Heterodyne Non-IQ” and “NS Homodyne Non-IQ”

denote cases where it was unclear whether the system used an SSB or DSB modulation

spectrum. The term “Outliers Non-IQ” and “Outliers IQ” refer to cases where only partial

information was available, such as missing data for the modulation spectrum and detection

method, but the processing method was known. Finally, the two entries labeled NS indicate

systems that lack information on two or three of the classi�cation elements.

A visual breakdown of Table 3.2 is shown in Figure 3.1. The “SSB Homodyne Non-IQ”
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Table 3.2: Count of Notable Architectures.

Architecture Count

SSB Homodyne Non-IQ 50

NS Homodyne Non-IQ 29

DSB Homodyne Non-IQ 22

NS Heterodyne Non-IQ 18

DSB Heterodyne Non-IQ 15

SSB Heterodyne Non-IQ 13

Outliers Non-IQ 10

SSB Heterodyne IQ 10

Outliers IQ 6

DSB Homodyne IQ 4

SSB Homodyne IQ 2

NS 2

DSB Heterodyne IQ 1

architecture makes up27:9% of all architectures in the survey, while the “NS Homodyne

Non-IQ” architecture makes up15:8% of all architectures. The high number of “NS” en-

tries correlates to the lack of information regarding whether a system uses SSB or DSB

modulation in their system. The most common architecture that used IQ processing is the

“SSB Heterodyne IQ” architecture with5:5% of papers. This trend is understandable, as

the combination of SSB modulation with IQ demodulation is a common technique in co-

herent detection systems. This approach reduces bandwidth requirements and enhances

signal processing ef�ciency, which is discussed further in Appendix A.

3.2 Popular Topics

This section discusses the prominent topics related to FMCW lidar identi�ed in the ar-

chitecture survey, where the main topic of each paper was tracked in a dedicated column.
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Figure 3.1: Overview of prominent architectures identi�ed in the architecture survey. “SSB
Homodyne Non-IQ” is the most common architecture.

As illustrated in Figure 3.2, several key areas stand out in current research, including lin-

earization techniques, 4D lidar, scanning, post-processing techniques, the disambiguity of

targets, chip lidar, and 3D imaging. Linearization techniques are currently the most popu-

lar topic of FMCW lidar papers sitting at34:9%of papers. The next most popular topic is

4D lidar with 29:5%of papers. Scanning, post-processing, and disambiguity all sit around

10%, and chip lidar and 3D imaging sit around4%of papers. These topics are discussed in

more depth in subsection 3.2.1 through subsection 3.2.8 and provide insight into why these

topics are popular within the FMCW lidar community.

3.2.1 Linearization

Linearization refers to the process of correcting for nonlinearities in the frequency mod-

ulation of the transmitted signal, particularly the chirp signal. As mentioned in previous

sections (see section 2.3), a chirp is the continuous sweep of the laser's frequency over time.

Ideally, the frequency increases or decreases linearly with time to ensure accurate range and
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Figure 3.2: Breakdown of the most popular FMCW lidar topics identi�ed in the architecture
survey. Linearization techniques and 4D lidar represent the majority.

velocity measurements. However, due to imperfections in the system, the frequency sweep

often deviates from a perfectly linear pro�le, leading to measurement inaccuracies. These

nonlinearities introduce frequency errors, denoted asenon (t) in Figure 3.3. For example,

consider a sawtooth waveform, where the output laser frequency,v(t) in the presence of

chirp nonlinearity is expressed as

v(t) = f 1 + 
t + enon (t) (3.1)

wheref 1 is the initial frequency, and
 is the frequency modulation rate. The degree of

chirp linearity is de�ned as� = max[enon (t)]=� f , where� f denotes the sweep bandwidth.

The Fourier transform of the ranging signal is

I F T (f ) = I 0� (f � 
� )� F [ej 2�e non (t ) ]; (3.2)

whereI 0 is the ranging signal amplitude,� (f ) represents the� -function in the frequency do-

main, and� is the time delay of measured distance, andF (:) denotes the Fourier transform

69




	Title Page
	Acknowledgments
	Table of Contents
	List of Tables
	List of Figures
	List of Symbols
	List of Acronyms
	Summary
	1 | Introduction and Background
	Background
	Types of Sensors
	Lidar
	Fundamental Measurements in Lidar Systems
	Common Lidar Architectures
	Growth of fmcw lidar
	Mathematical Foundations and Advantages of fmcw lidar
	Motivation and Thesis Organization

	2 | fmcw Lidar Architecture Architecture Survey Background
	Methodology
	Homodyne vs Heterodyne Architectures
	Types of Chirps
	Modulation Techniques in fmcw lidar
	iq Modulation and Demodulation
	Discussion of Laser Sources

	3 | Results from Architecture Survey
	Most Common Architectures
	Popular Topics
	Analysis of Homodyne and Heterodyne Architectures
	Analysis of Triangular and Sawtooth Chirps
	Analysis of ssb and dsb Modulation
	Modulation Trends
	iq Demodulation Trends
	Key Takeaways

	4 | Simulator Overview
	Generate a Chirp
	Modulate Chirp onto Laser
	Transmitted and Local Oscillator Laser Signals
	Speckle Noise
	Apply Band-Limited Noise
	Receive
	Downmix on Photodetector
	Amplify Signal
	Analog-to-Digital Converter
	Take fft to get Beat Frequency
	Apply Adaptive Threshold to Detect Possible Targets
	Calculate Range and Velocity

	5 | Simulation Results and Discussion
	Verification of Neyman-Pearson Constant Threshold Detector
	The Baseline Case - Target, Shot and Thermal Noise, Constant Threshold
	Band-Limited Noise - Target, Shot and Thermal Noise, Constant Threshold
	ADC Simulation - Target, Band-Limited Noise, Constant Threshold
	Speckle Noise - Target, Band-Limited Noise, Constant Threshold,
	Verification of CA-CFAR Detector
	Baseline Case - Target, Shot and Thermal Noise, CA-CFAR Detection
	Band-limited Noise - Target, Shot and Thermal Noise, CA-CFAR Detection
	ADC Simulation - Target, Band-Limited Noise, CA-CFAR Detection
	Speckle Noise - Target, Band-Limited Noise, CA-CFAR Detection

	6 | Conclusion, Future Work, and Closing Remarks
	Future Work
	Concluding Remarks

	Appendices
	A | Mathematical Proof for the Advantages of ssb Heterodyne iq Processing
	B | Gaussian Noise in Different Domains
	C | Derivation of Probability of False Alarm for a Gaussian Pulse
	D | Full Derivation of the Probability of Detection for Gaussian Pulse
	E | Full Derivation of the Probability of False Alarm for a Rayleigh Distributed Signal
	F | Full Derivation of the Probability of Detection for a Rayleigh Distributed Signal
	G | Full Derivation of the Probability of Detection for a Rayleigh Distributed Signal for only the Real Signal (I)
	H | Full Derivation of Detection Probability with Speckle and Gaussian Noise
	I | Full Derivation of Detection Probability with Speckle and Gaussian Noise for only the In-Phase (Real) Part of the Signal
	J | Architecture Survey Raw Data

	References

