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Abstract

Light Detection and Ranging (LiDAR) is a technique that can change the way
automated systems interact with their environments. The most common LiDAR sys-
tems used in industry today are based on the concept of Time-of-Flight (ToF) and
utilizes pulsed lasers. Coherent LiDAR, such as Frequency-Modulated Continuous-
Wave (FMCW) LiDAR, which operates with a chirped continuous-wave laser, offers
advantageous resolution and precision compared to ToF LiDAR. The main draw-
backs for FMCW LiDAR are the complexity and cost of the system. The goal of this
project was to improve the understanding of the fundamentals and the operational
functions of FMCW LiDAR systems. This was done by designing and constructing
a FMCW LiDAR that can perform measurements up to a distance of 10 m. Fur-
thermore, by analyzing the individual components included in a FMCW LiDAR
system, possible options to improve the measurement precision was investigated.
Finally, distance measurements were made to evaluate the performance of the final
construct.
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1 Introduction

In modern society, the surroundings are in rapid transformation. Cars, robots and smart-
phones have become tools for modern humans and everything is becoming more integrated,
more useful and smarter. This does not only put high demands on individuals to adapt
to new devices and techniques, but also requires that systems and computers understand,
interpret, and predict the actions and needs of the users as well as their environments.

An important part to cope with these requirements is the ability to recognize objects
and movements in the surrounding environment in real-time. To be able to perform this
recognition, data has to be obtained. One type of device that can perform this task
of obtaining data is sensors and the field of sensors has completely exploded with new
companies and products using various techniques. One specific technique that has gotten
much attention in recent times is LiDAR. LiDAR is an acronym for “Light Detection and
Ranging” and is a technique that measures distance and velocity of a target by illumi-
nating it with a laser and measuring the reflected light with a sensor. The technique is
often referred to as “laser radar” since it utilizes many of the same features as radar does
[1, 2].

The applications in which LiDAR can be used are plenty and extremely varying. To-
pography mapping, biomass measurements, spectroscopy, and three-dimensional imaging
are only some of these applications and in the autonomous vehicles industry, distance and
velocity measurements, in particular, are areas of importance [1]. In this industry LiDAR
could aid the vehicles to detect obstacles and allow them to navigate the streets safely
and companies are therefore spending millions of dollars to integrate optoelectronics and
LiDAR’s into their systems [3].

This study will go deeper into a specific type of LiDAR, namely Frequency-Modulated
Continuous-Wave (FMCW) LiDAR. The FMCW LiDAR most commonly utilizes a lin-
early FMCW laser instead of pulsed laser radiation, which otherwise is common for LiDAR
applications. The FMCW LiDAR has also started a shift in the wavelengths that are used
for detection. Currently, a wavelength around 905 nm has been the most commonly used,
but through technical development in the telecom industry a drive towards 1550 nm has
emerged [1]. The wavelength of 1550 nm has the advantages that there are both excellent
detectors and fiber-light sources with high performance available and is also eye-safe as
it is not focused on the retina.

This project is, as previously mentioned, focused on LiDAR. In section 2 the fundamen-
tals and operational functions of FMCW LiDAR systems will be investigated through
literature studies. The project will then continue with an attempt to design a LiDAR
structure to get first hand knowledge of the difficulties that are involved in the design
of an optical system, which is presented in section 3. In section 4, the produced system
is finally used to measure range through homodyne detection, which is a special case of
heterodyne detection. The main goal of the project is to increase the understanding of
FMCW LiDAR systems and give a hint if such systems could be used in electronic prod-
ucts. The project is in collaboration with SAAB Dynamics, a company operating in the
defense industry. Therefore, possible applications in their products should be taken into
account.
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2 LiDAR

The use of light for range finding has been around for as long as the laser itself. The
first LiDAR was developed in 1961, the year after the first laser was demonstrated, and
has since then emerged as a measurement tool in various technological fields. LiDAR is
generally separated into two different types: Time-of-flight and Coherent LiDAR [1].

The fundamental principle of Time-of-flight (ToF) LiDAR consists of a pulse being sent
out in a direction, hitting a target, and being reflected towards the source. It is then
possible to determine the distance to the target using the time delay of the reflected light
for traveling a longer distance than another pulse of light used as reference according to
[4]:

R =
c · τd

2
, (1)

where R is the range, c is the speed of light and τd is the round-trip delay.

Coherent LiDAR also sends out light and detects the light that is reflected, but instead of
pulses it utilizes a frequency-modulated continuous-wave (FMCW) laser. Due to the use
of the FMCW laser it is often referred to as FMCW LiDAR, which will be used in this
report. The received back-reflected light is mixed and superimposed with a local oscillator
[1]. This process allows for not only determining the distance to the object of which the
light is reflected but also its velocity relative to the LiDAR through Doppler-shifts [4].

2.1 FMCW LiDAR

As mentioned in the previous section, FMCW LiDAR is based on modulation of the fre-
quency of the laser that is used for detection. This modulation is referred to as chirp and
is an important characteristic of FMCW LiDAR. Most commonly, the chirp is linear and
increases from a base frequency, f0, to a maximum frequency, fmax, over some period of
time, T . This process of increasing frequency is called “up-chirp” and is often followed
by a “down-chirp”, which is a decrease from fmax to f0 over the same period T [5, 6].

The operative process of the FMCW LiDAR implements the principles of interferom-
etry to determine an unknown length. The unknown length that is to be determined
acts as one arm in an asymmetric interferometer such as a Mach-Zehnder interferometer
(MZI). The light from the chirped laser is split up into two paths, one which is used as
signal and one which is called the local oscillator (LO). The signal beam is directed to-
wards a target where the transmitted beam is reflected by the target. This reflected light
is then collected as the signal, mixed with the LO such that they interfere and is then
detected by a photodetector (PD) [7, 8, 9]. When interfering on the detector the beams
have traveled different optical path length. This gives rise to a time-delay between them.
This time-delay results in the LO and the signal having different frequencies and as they
interfere a beat frequency, equal to their difference in frequency, is generated. The beat
frequency allows for determining the distance to the target as the difference in optical
path arises due to the distance to the target [8].
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2.1.1 Range and Velocity measurements

The structure of a FMCW LiDAR often resembles a MZI as illustrated in figure 1. Such
LiDAR results in an intensity response upon the PD with a sinusoidal behavior with a
free-spectral-range (FSR) that can be calculated according to equation 2. For a MZI,
the FSR is defined as the distance between adjacent constructively interfering optical
frequencies:

∆νFSR =
c0

|LLOng − 2Rn0|
, (2)

where c0 is the speed of light in vacuum, LLO the length of the LO, n0 the refractive index
of air and ng is the group index of the fiber of the LO [8, 10].

The ∆νFSR can be used when measuring range by sweeping the laser over numerous
FSR of the interferometer. Utilizing a fixed linear sweep allows for the detection of in-
terference fringes. The fractional number of these fringes indicate the delay difference
between the different optical paths along the arms in the interferometer and thus the
distance to the target [8].

Figure 1: Schematic of LiDAR structure utilizing the features of
MZI. The LiDAR consists of a frequency modulating instrument,
laser, light guiding, photodetector and signal processor. The light
guiding in this schematic is illustrated as fiber optical cables.

Assuming a static target, the signal reaches the receiver after the round-trip delay τd =
1

FSR
, similar to the ToF LiDAR. As mentioned, the delay between the signal and the LO

results in a beat frequency, fbeat. For a linearly modulated frequency, this difference is
constant and directly proportional to the time delay [4]. This proportional relation follows
fbeat = γ · τd, where γ = (∆flaser)/T is the chirp-rate i.e. the frequency modulation per
unit time, where ∆flaser = fmax − f0. Inserting this expression into equation 1 allows for
determining the distance to the target according to equation 3 [8, 9]:

R =
c · τd

2
=
c

2

fbeat
γ

, (3)

where fbeat can be either positive or negative depending on if the frequency is “up-chirped”
or “down-chirped”, illustrated in figure 2.
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Figure 2: The figure illustrates the beat frequency that results from
frequencies for the local oscillator (LO) and the back reflected signal
(RX) when interfering onto the photodiode. As can be seen the signal
is delayed with a certain time, which generates a difference in the
frequency between the LO and signal. This difference is called the
beat frequency.

By performing a fast Fourier transform (FFT) on the output from the PD, a spectrum
with x-axis directly corresponding to the difference in the optical path between the two
arms in the interferometer, can be acquired. This becomes very computationally efficient
and therefore allows for faster response time for the system [9, 10]. However, the precision
of the measurement can vary a lot and is extremely dependent on the characteristics of
the laser. The precision is often referred to as the “Fourier resolution”, equation 4, and
is the resolution of the time delay [8]:

δτ =
1

∆flaser
, (4)

This definition of precision originates from the ability to separate targets from each other.
Targets that give rise to delay differences which are smaller than δτ can not be separated
from each other. Thus, by increasing the swept frequency range of the laser, the resolu-
tion of the FMCW LiDAR can be greatly increased. This is one of the main advantages
compared to ToF LiDAR as the resolution is principally not limited by measurement
electronics [2, 8, 9].

When introducing a velocity, v, to the target along the line of sight of the LiDAR, the
light will undergo a frequency shift due to the Doppler effect. This frequency shift is
dependent on the magnitude of the velocity and the direction of movement relative to
the LiDAR. The observed frequency of the light after the Doppler shift, fd, is defined
according to equation 5 [5, 10]:

fd =

(
c

c± v

)
fc, (5)

where fc is the original frequency of the laser and c is the speed of light. +v corresponds
to target moving away from and −v moving towards the LiDAR. The Doppler shift can
be determined by calculating fd − fc.
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Figure 3: The figure illustrates the effect the Doppler shift has on
the beat frequency that occur when the local oscillator (LO) and the
reflected signal (RX) interfering onto the photodiode. As the target
is moving in a certain direction, a down- or up-shift in the frequency
occurs. This shift causes the beat frequency to be different depending
on if the LiDAR is in a down- and up-chirp. By knowing the beat
frequency for a static target it is thereby possible to calculate the
velocity of the target as well as the direction it travels along the line
of sight of the LiDAR.

This shift is seen in the observed beat frequency, where the signal is shifted with some
amount depending on the velocity of the target. As a result of this, the beat frequencies
measured during the up-chirp and down-chirp differ from each other, illustrated in figure
3 [8, 9].

2.2 Optical Heterodyne detection

Heterodyne detection was originally developed in the field of radio waves and microwaves
where a weak input signal is mixed with a “local oscillator wave”. The mixed product is
then detected after filtering out the LO and the original signal. The detected frequency
corresponds to the sum or difference of the frequencies of the signal and the LO. This
method is in many ways similar to how optical heterodyne detection operates, where an
optical signal is mixed with a LO to produce a mixed electrical signal. Instead of filter-
ing the input, the detection is simply done on the linearly superimposed waves using a
square-law photodetector, most often a PD [5, 11].

Fundamentally, the signal and LO can be seen as two separate monochromatic waves
of frequency νS and νL, where S denotes the signal and L the local oscillator. The inten-
sities of these waves are then IS and IL, respectively. This gives a complex wavefunction
at some time in space according to equation 6, in which the r̄ dependence has been
suppressed [10]:

U(t) =
√
ISexp (j2πνSt+ ϕs) +

√
ILexp (j2πνLt+ ϕL) (6)

Here ϕS and ϕL are the phases of the two monochromatic waves, respectively.

5



As these two waves interfere with each other, they can be seen as a single polychromatic
wave and thus have an intensity of the absolute square of the complex wavefunction. Ap-
plying this to equation 6 gives the expression for the intensity according to equation 7 [9,
10]:

I(t) = |U(t)|2 ' IS + IL + 2
√
ISIL cos[2π(νS − νL)t+ (ϕS − ϕL)], (7)

where νI = νS − νL is called the intermediate, or beat, frequency.

PDs are responsive to the optical intensity and according to equation 7, this makes PDs
sensitive only to the difference frequency, unlike radio and microwave detectors, which
can also detect the sum. The optical power, P , incident on the PD is calculated through
the integral of the intensity over the detector area and becomes equation 8 [9, 10].

P = PS + PL + 2
√
PSPL cos[2π(νS − νL)t+ (ϕS − ϕL)] (8)

The third term in equation 8 above, varies with time and has a phase of ϕS − ϕL. The
difference frequency, νI , can be several orders of magnitude smaller than the individual
frequencies of the signal and LO if the beams are close in frequency [8, 10].

The generated photocurrent i, is proportional to the incident photon flux, Φ. Assum-
ing small difference in frequency between signal and LO and thus νI much smaller than
νS and νL, the superimposed light is quasi-monochromatic with a photon flux following
equation 9 [9]:

Φ = P/hν̄, (9)

where P is the optical power, h is Planck constant, and ν̄ = (νS + νL)/2. As can be seen
from equation 9, the photon flux is directly proportional to the optical power [10], this
results in a mean photon current of equation 10:

ı̄ = ηeΦ = (ηeP/hν̄)

= (ηePS/hν̄) + (ηePL/hν̄) + 2(ηe/hν̄)
√
PSPL cos [2πνIt+ (ϕS − ϕL)]

= ı̄S + ı̄L + 2
√
ı̄S ı̄L cos [2πνIt+ (ϕS − ϕL)] ,

(10)

where e is the electron charge, η the quantum efficiency of the detector and ı̄S and ı̄L are
the photocurrents generated by the signal and LO individually. Usually the LO is much
stronger than the signal, which allows for neglecting the first term and thus get equation
11 [10]:

ı̄ ≈ ı̄L + 2
√
ı̄S ı̄L cos [2πνIt+ (ϕS − ϕL)] (11)

In equation 11 the second term is carrying the useful information. If ı̄L and ϕL are known,
which are the amplitude and phase of the LO, it is possible to determine the amplitude
and phase of this second term. The information-containing variables ı̄S or ϕs, which are
the amplitude and phase of he signal, are generally varying functions of time. Compared
to the difference frequency νI , these variations are slow, as illustrated in figure 4 [9].
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Figure 4: The figure illustrates the photocurrent generated by het-
erodyne detection. The information-containing variables ı̄S or ϕs can
be seen as the envelope function with larger variation in time and
compared with the difference frequency νI [10, p. 1114].

Homodyne detection, that is used in this project, is a special case of heterodyne detection
where the signal and local-oscillator have the same frequency (νS = νL). By phase-locking
the LO such that ϕL = 0, the photocurrent can be written as [10]:

ı̄ = ı̄L + 2
√
ı̄S ı̄L cosϕS, (12)

where the amplitude or the phase modulation is achieved by varying the current ı̄S or the
phase ϕS, respectively.

2.2.1 Light source

The lasers used in LiDAR systems are of a large variety both in the type of laser as well
as the wavelength of the outgoing light. The optimal source should operate in single
mode, have long coherence length and high output power. However, in the early designs
of LiDAR systems the most used type of laser was a pulsed laser that emits light at
905 nm. This design has severe limitations regarding range as well as the high cost of the
components in the system [1], the latter will be treated further in section 3.1. Another
problem with this wavelength range is the interference from solar radiation and other
surrounding light sources. These surrounding light sources interact with the detector in
a way that reduces the sensitivity of the LiDAR significantly and restricts the usage in
certain conditions. Furthermore, a wavelength of 905 nm invites a problem of eye-safety
when the systems are introduced into society as this wavelength is focused on the retina [2].

As of lately, a shift towards laser with a wavelength of 1550 nm has become noticeable.
One reason for this shift is that the wavelength range of 1550 nm allows for the use of a
higher intensity while still being safe for the eyes of people in the surroundings, further
developed in section 2.3.1. Additionally, as the telecom industry has gone through a rapid
growth the last century, optical components for a wavelength of 1550 nm have decreased
significantly in price and thus also made it a more interesting area for LiDAR development
[6, 12].
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One type of component from the telecom industry that is particularly interesting is diode
lasers. Diode lasers, or laser diodes, are semiconductor devices in which a diode is directly
pumped with an electrical current [12]. The pumping creates a lasing condition at the
junction between the two different semiconductor materials (p-type and n-type) that the
diode is designed for. The “p” side material contains an excess of holes, while the “n”
side material contains an excess of electrons in the outer shells. This allows electrical
current to pass through the junction of the p- and n-type material (p-n-junction) in only
one direction [10]. Applying a voltage over the junction, allows for the recombination of
these excess electrons and holes, and due to the drop of the electron from a higher energy
level to a lower one, photons are emitted. This process is called spontaneous emission.
As the photon from the spontaneous emission travel through the junction region there
is a probability for it to interact with an excited electron in the material of the diode.
The interaction causes the electron to drop to a lower energy level. The energy that is
released due to this drop between energy levels is emitted as another photon with the
same phase, frequency, polarization, and direction of travel of the incident photon. This
is called stimulated emission and is one of the fundamental principles in lasers [10].

Figure 5: The figure is a schematic of the structure of a DFB laser
diode. The structure consists of alternating p- and n-type semicon-
ductor layers which only allows current flow in one direction. This
results in a lateral confinement which cause the active layer to locate
along the longitudinal direction. Following the active layer there is
a built in periodical structure of various refractive indexes. This pe-
riodic structure acts as a grating reflecting back light which has a
wavelength that corresponds to twice the length of the period of the
grating. This causes only a single wavelength to be fed back to the
gain region and lase.

There are numerous different laser diode structures, which create p-n-junction by layering
p- and n-type material in different ways. The laser diode that was used in this project is
a Distributed-feedback (DFB) laser diode [10]. DFB laser diode is a laser diode designed
with hetero-structure of alternating p- and n-type material layers, illustrated in figure 5.
These layers allow current flow only in the vicinity of the active region, where the photons
are emitted, of the device. This restriction in current flow introduces lateral confinement.
The active region is located along the longitudinal direction and has a periodically change
in refractive index which acts as a diffraction grating. This grating structure results in
back reflection of light which has a wavelength that corresponds to twice the length of
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the period of the grating. If the end of this periodic structure is anti-reflection coated
two longitudinal modes are supported by the structure and thus causes two wavelengths
to lase. By applying a high reflectivity coating to the back end of the laser one of these
can be suppressed. The coating leads to the DFB laser being quarter-wave shifted and
reflected on itself. As a result of this only a single wavelength is fed back to the gain
region. Thus, DFB laser diodes emit light of only a single wavelength and tend to be
spectrally stable [9, 10].

The materials used in the laser diode affects the wavelength that is emitted. This comes
from that the, previously mentioned, excited electrons are in different energy levels in
different materials. As a result in these differences in energy levels, the photons emitted
through the stimulated emission process will be of different energies. Thus, by construct-
ing the laser diode with material with electrons in certain energy levels, it is possible to
get emitted light of specific wavelengths [10].

2.2.2 Balanced photodetection

For optical systems working with lower input-signals, noise can be a large problem. To
cope with these difficulties with noise, balanced photodetection was developed. The tech-
nique is primarily used for detecting differences between two optical input-signal and
simultaneously suppressing fluctuations [13].

A simple balanced photodetector is composed of two PDs as well as a transimpedance
amplifier (TIA). The PDs are connected in series such that the photocurrents produced
by them cancel each other if equal. The cancellation method is called common-mode re-
jection ratio (CMRR) and is quantified in dB. Any difference in the photocurrents is sent
to the TIA, which converts it to a voltage proportional to the difference. This voltage is
then the output from the balanced photodetector [13].

During this project a balanced photodetector was used to measure intensity after a 50/50
beam splitter. Such balanced photodetector can obtain both the difference and the sum
of the photocurrents from the PDs. Both the difference and the sum are then sent to
an instrument that allows for analysis of the spectrum. The sum signal represents the
intensity noise of the light source in a similar way as obtained by a regular PDs, while
the difference signal indicates the shot noise level. This type of balanced photodetector
allows for a comparing shot noise with laser noise and thus enables detection of signals
below the shot noise. As a result, the noise performance can be improved significantly
[7].

2.2.3 Frequency modulation

To vary the optical output from a DFB laser diode, the electric drive current, i.e. the
amount of amperage sent through the diode, is often used. By directly modulating the
drive current it is possible to modulate the intensity of the outgoing light and by doing
so also the frequency. A typical laser diode’s output optical power versus drive current
can be seen in figure 6. As can be seen the output optical power varies as a function of
the drive current. When biased below a threshold current, Ith, the output power is very
low. But as the current increases over the threshold the output optical power increases
significantly and shows an exponential behavior until the equilibrium value is reached and
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the relation becomes linear [7, 10]. The threshold currents lie typically in the range of
25–250 mA and the output powers are typically in the range of 1–10 mW, depending on
the laser diode.

Associated with the changes in the intensity as the drive current is varied, a change
in frequency occurs. This has resulted in frequency modulation being realized by modu-
lating the drive current. Changes in the drive current affect the lasing wavelength, and
thus the frequency, in two different ways: thermal and plasmatic [5, 7].

Figure 6: The figure illustrates the general behavior of a DFB laser
diode. The optical power is typically low until the drive current
reaches the threshold current, Ith. It then experiences an exponential
increase until it reaches equilibrium and shows a constant relation.
The threshold current is typically in the ranges of 25-250 mA [14]

The thermal effects have an impact on both the dimensions of the material and the gain
in the material. As the temperature increases the relative length of the cavity changes.
The relative change in cavity length results in a different periodicity in the grating in
the active region in the diode. This causes the lasing condition to change as the lasing
wavelength corresponds to twice the length of the period of the grating, as described in
section 2.2.1.

With an increased drive current the gain will increase resulting in a larger population
inversion, which is the number of electrons in excited states in the laser diode. Further-
more, as the population inversion increases the electrons in the excited states become less
stable. This can result in electrons relaxing to lower levels even if the incoming photons do
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not exactly match the energy difference between the levels. As a result of this, the emitted
photons may vary in energy and thus wavelength and causes the lasing bandwidth to be
wider for high drive currents [10]. These variations in photon energy are often referred to
as the stability of the laser.

The plasmatic effect refers to the changes in the refractive index of the material due
to the changes in the current density. Increasing the current will result in an increase in
the number of free electrons in the material. This increase in electron density increases
the refractive index of the material which affects the lasing wavelength of the laser. At
lower modulation frequencies the thermal effects tend to dominate the behavior of the
laser diode [7] and because of this the plasma effect will be ignored during the foregoing
of this project.

2.3 LiDAR link budget

LiDAR systems can be modelled as an optical link from the transmission from the laser
to the receiver through free-space coupling and target reflection. The optical power that
can be used in a LiDAR has constraints due to eye-safety considerations. This maximum
power makes it possible to calculate the portion of light that is returned after hitting a
target. The calculation is often referred to as link budget. Link budget takes into account
the target reflection, coupling efficiencies, and beam divergence. It is also assumed that
a certain number of photons are required in a given time to get a detectable signal [8, 9].

In this section the different components of the link budget will be estimated. The max-
imum output will be approximated according to eye-safety standards, the coupling effi-
ciency will be approximated, lens characteristics and beam divergence will be modelled
according to the “LiDAR range equation” [9] for use at optical wavelengths. Furthermore,
FMCW LiDAR SNR and reflection loss due to Lambertian reflection will be considered.

2.3.1 Eye-safety standards

As mentioned in section 2.2.1, light sources of a wavelength of 1550 nm have become more
commonly used in FMCW LiDAR applications. The wavelength of 1550 nm allows the
use of an optical power several magnitudes higher than 905 nm. The increase in optical
power is due to eye-safety considerations, which take into account retinal damage and
corneal damage. As 1550 nm is not focused on the retina of the human eye, compared to
905 nm, the main issue is the damage of the cornea. This damage is due to absorbed light
in the cornea and limits the amount of optical power that can be used in the proximity
of humans without safety-wear [15].

The defined limits for safe use of lasers are dependent on the wavelength and are specified
as “maximum permissible exposure” (MPE). MPE is measured in units of power or energy
density of the light source and also differs depending on how it is operated (pulsed/CW).
As the main focus in this project is based on FMCW, the effects of pulsed lasers will be
ignored. For a 3.6 mm diameter aperture and an exposure time of 100 s, the maximum
output power can be calculated according to equation 13 for a wavelength of 905 nm and
equation 14 for a wavelength of 1550 nm [15]. The aperture size is chosen according to
the dimensions of the collimators used in this project.
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Pmax(905 nm) = MPE(905 nm, 100 s) · π
(

3.6 mm

2

)2

= 0.26 mW (13)

Pmax(1550 nm) = MPE(1550 nm, 100 s) · π
(

3.6 mm

2

)2

= 10.19 mW (14)

The MPE-values used in equations 13 and 14 are taken from SVENSK STANDARD SS-
EN 60825-1 [15]. These calculations support that lasers of wavelength 1550 nm allow a
significantly higher optical power output compared to 905 nm and thus make 1550 nm a
more favorable operating wavelength.

2.3.2 LiDAR range equation

To approximate the minimal optical power needed for detection at certain distances,
LiDAR range equations are often used. The range equations have drastic variations
depending on the type of LiDAR and the expected use. For this project the LiDAR
range equation, equation 15, from LiDAR Technologies and Systems [9] will be used. The
equation takes into account the divergence, surface reflectance, transmission medium, and
the features of the system [9]:

PS = PT
σ

Aillum

Arec
Aref

η2atmηsys, (15)

where PS is the recieved signal, PT is the transmitted power, σ is the cross-section in
square meters, Aillum is the illuminated area, Arec the receiver area, Aref the effective av-
erage area illuminated by the reflection from the target, ηatm the atmospheric attenuation
and ηsys the optical efficiency of the receiver system.

As can be seen, the LiDAR range equation consists of two ratios of areas. The first
ratio is the cross-section divided by illuminated area, which in practice is (1− θ)γ, where
θ is the beam divergence in mrad and γ the reflectivity of the surface [10]. The second
ratio is the area of the receiver divided by the effective illuminated area by the reflection
from the target. For a circular receiver with an aperture diameter of Drec, the receiver
area can be written Arec = π(Drec/2)2 and assuming that the target has a Lambertian
surface, Aref can be written as the surface area of a hemisphere with a radius equal to
the distance to the target, R. Since a Lambertian surface reflects light with a cosine
distribution, a cosine term needs to be added [9]. The atmospheric attenuation follows
Beer–Lambert law and has an exponential decay following ηatm = e−Rα, where R is the
distance, α is the attenuation coefficient (α ≈ 1 for a wavelength of 1550 nm in Air at
20 ◦C) [10].

This allows equation 15 to be rewritten as equation 16:

PS = PT (1− θ)γπ(Drec/2)2

4πR2/2
cos (ϕ)e−2Rαηsys = PT (1− θ)γD

2
rec

8R2
cos (ϕ)e−2Rαηsys (16)

The factor that affects the optical power the most is the distance to the reflective surface.
This inverse-square relation results in the optical power dropping rapidly and thus increase
the importance of the detector chosen for the system.
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2.3.3 Fiber loss

Another element that may affect the optical power is losses due to the optical fibers.
The attenuation in optical fibers results in an exponentially decreasing rate and limits
the optical power transmitted through it. The attenuation factor is defined according to
equation 17 [10]:

α =
1

L
10 log10

P (L)

P (0)
, (17)

where L is the fiber length, P (0) incident power and P (L) the power transmitted through
the fiber.

α is usually defined in the unit of dB/km and highly dependent on wavelength. For fused
silica the attenuation factor at 1550 nm is approximately 0.15 dB/km. Solving equation
17 for the power ratio and inserting the α = 0.15 dB/km, gives the equation 18 [10].

P (L)/P (0) = 10−αL/10 ≈ e−0.23αL = e−0.345L (18)

Thus, it can be concluded that for short distances the power loss due to attenuation is
small. For a fiber of length 100 m the resulting power-loss will be 3.4 %, while it is only
0.35 % for a 10 m fiber. Hence, for LiDAR applications this factor can be neglected.

There are also different types of fiber connectors. The ones used in this project are
FC/APC, which is an abbreviation for “Fiber-connector/Angled physical contact”. FC/APC
connectors minimize back-reflection due to an 8◦ angle-polish applied to end surfaces. This
angle results in the reflected light not staying in the fiber core but is instead reflected out
into the cladding. The reason for avoiding back-reflection to the laser source is that it may
affect the overall performance of it, by affecting the stability of the central wavelength.
By using FC/APC connectors the back-reflection can be decreased by more than 60 dB.
The insertion loss which occurs when mating FC/APC with FC/APC is in the order of
0 − 0.2 dB. For the highest insertion loss this indicates that roughly 96 % of the light is
transmitted through the connector. However, due to improved manufacturing processes
and connector designs the insertion loss is often much lower.

2.3.4 Signal-To-Noise Ratio in FMCW LiDAR

Signal-to-Noise Ratio (SNR) is a measure of the signal compared to background noise and
is defined as the ratio of signal power to the noise power. To further support the claim
of FMCW LiDAR having an advantageous resolution to ToF LiDAR, stated in section
2.1.1, the detector-limited SNR can be compared.

The optical power of the signal for ToF and FMCW LiDAR can be written as equa-
tion 19 and 20, respectively [12, 16]:

S2
ToF = ρ2P 2

S (19)

S2
FMCW = ρ2PSPLO (20)

Here ρ is the responsivity of the PDs in A/W, Ps is the optical power of the signal and
PLO is the optical power of the LO.
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The primary two sources of noise in a detector are current shot noise and thermal noise.
Current shot noise arises due to the discrete nature of electrons and occurs at low photon
flux due to the random arrival times of individual photons. Thermal noise is generated
by thermal disturbances of the charged carriers in the detector and is a random effect
dependent on the material. These two effects give rise to noise spectral density which has
the unit A2/Hz and is described by equation 21 and 22, respectively [8]:

σ2
Shot = 2q (ρBPDC) , (21)

σ2
Thermal =

4kTB

R
, (22)

where q is the electron charge, PDC is the DC component of the incident signal, k is the
Boltzmann constant, T is temperature, R is the effective resistance, and B is bandwidth of
the detector, which is the frequency at which the response drops to 50% of its value at DC.

In FMCW LiDAR the DC optical power is usually dominated by the local oscillator
component, which allows the approximation of PDC ≈ PLO. This results in a SNR for
ToF and FMCW LiDAR according to equations 23 and 24 [10]:

SNRToF =

√
ρ2P 2

S√
4kTB
R

+ 2q (ρBPDC)
(23)

SNRFMCW =

√
ρ2PSPLO√

4kTB
R

+ 2q (ρBPLO)
(24)

From these equations it can be concluded that the SNR can be improved for FMCW
LiDAR by increasing the optical signal power until the shot noise starts to dominate the
thermal noise. Since PLO � PS, further increase will not affect the SNR significantly.
Measurements with FMCW thus becomes advantageous over ToF, as they become fun-
damentally limited by shot noise instead of the thermal noise of the detector.

Another source of noise is background radiation. Background radiation is fundamen-
tally the same as undesired signals from sources other than the system and due to this
it will be amplified along with the signal when detected. The most common source of
background noise is solar radiation. The sun is a black body and the solar radiation
spectrum thereby follow a typical black body radiation curve [9], shown in figure 7.

Solar background radiation can be considered a uniform radiation incident on the re-
ceiver. Thus, by applying balanced photodetection, section 2.2.2, this radiation will be
split up into two correlated noise sources before incident on the detectors. Perfectly cor-
related noise sources will then cancel out when processed by the detectors, while partially
correlated noise sources will be suppressed [17]. As can be seen in figure 7, the solar
spectral irradiance (SSI) at sea level at 1550 nm is about 0.2 W/m2/nm compared to
0.6 W/m2/nm at 905 nm. This SSI may cause new sources of noise in a coherent detec-
tor. One is the increased shot-noise that may occur as the solar radiation increase PDC .
However, certain detection methods will eliminate or heavily suppress these sources.
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Figure 7: The figure shows the spectrum of solar radiation. The red
is the radiation at sea level and the yellow is out of the atmosphere.
As be seen, that the atmospheric absorption is very low at 1550 nm,
compared to 905 nm, which causes a larger portion of solar radiation
to reach sea level. The total SSI is, however, lower at 1550 nm than
905 nm, which leads to a less radiation at sea level at 1550 nm [18]

2.4 Coherence

Coherence is a characteristic that describes the properties of the correlation between phys-
ical quantities of waves. It is based on the statistical similarity of a field at two points in
time (temporal coherence) and/or space (spatial coherence). FMCW (coherent) LiDAR
utilizes the temporal coherence [9].

Temporal coherence represents how monochromatic a light source is. It characterizes
how well a wave can interfere with itself at a delay and thus how the phase or amplitude
shifts as the light propagates. The time it takes for this shift to cause the magnitude of
the coherence function to drop to 1/e is called coherence time, Tcoh [9]. It is however more
common to talk about the coherence length, Lcoh, which is the distance the wave trav-
els in time Tcoh. This is due to that Tcoh often is determined by optical path length [10, 19].

The coherence length of perfectly monochromatic light is infinite everywhere. However,
the perfect conditions for monochromatic light are not possible to achieve in practice.
Instead the spectrum of light emitted from a source is confined to a narrow band around
a center frequency. The width of this narrow band is called the linewidth, ∆ν, and is
most commonly measured at full-width half-maximum (FWHM) of the spectral peak and
has a relation to the coherence length which is dependent on the spectral profile. To show
this dependence we can look at two common spectral shapes: Gaussian and Lorentzian.
For a Gaussian line shape the coherence length can be estimated according to equation
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25 and for a Lorentzian line shape it can be estimated according to equation 26 [10].

Lcoh =
c
√

2 ln 2/π

∆v
(25)

Lcoh =
c

π∆v
, (26)

where ∆v is the linewidth at FWHM and c the speed of light. These estimates do not
include the refractive index of the propagation medium. The refractive index may affect
the coherence length heavily and should be considered when applied in practice.

3 Experimental setup and procedure

The process of designing a setup was one of the main parts of the project. The LiDAR
was expected to measure the distance to a target placed up to 8-10 m away from the setup
and be cost-efficient. Cost-efficient is a vague term that in practice states that the system
should be to as low cost as possible, while fulfilling the performance requirement. The
available budget was restrained to 50 000 SEK.

Figure 8: The figure shows the final setup used in the project. The setup
consists of a DFB laser diode, two optical fiber couplers/splitters, two collimators,
a balanced photodiode, a 3D-printed collimator mount and optical single mode
fibers to connect all the components. The output from the photodiode was then
observed on an oscilloscope.
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The final setup used for this project is shown in figure 8, with a schematic of it shown in
figure 9. The setup consisted of a waveform generator, a DC power supply, a light source
in the form of a DFB laser diode, two optical fiber couplers/splitters, two collimators, a
balanced photodiode, a collimator mount, an oscilloscope and optical single-mode fibers
to connect all the components. The setup was designed as bi-static, meaning with two
separate collimators, one for receiving and one for transmitting optical signal. The mount
was designed and 3D-printed to facilitate the alignment of the collimators. The mount al-
lowed for small adjustments both vertically and horizontally using two micrometer-screws
built into the mount. The adjustment of the collimators was necessary as the angle be-
tween them affected the amount of optical signal that was captured by the system.

The DFB laser was directly fiber-coupled by the manufacturer and thus optimized to
get the maximum amount of light into the fiber. As can be seen in figure 9, the light
was then split into two different paths in a similar way as described in section 2.1.1. The
length of the LO was 3.49 m while the length of the fiber along the signal arm was 3.54 m,
including the length of the collimators. The light was then coupled to get interference
between the signal and LO and finally separated into two fibers that directed the light
onto the balanced photodetector. The output from the balanced photodetector was then
observed on an oscilloscope which could perform a FFT directly on the signal.

Figure 9: A schematic of the final setup used in the project (figure 8).

3.1 Components

The optical components used in the project are presented in table 1. As can be seen, the
total cost for the optical components used was 10 297 SEK, which is within the budget.
This is in the same price range as comparable industrial LiDARs with similar detection
range. These industrial LiDAR do, however, contain signal processing and visual presen-
tations that are not included in the cost of the optical components. When comparing to
ToF LiDAR, the prices have larger variations. In general, the price of a ToF LiDAR is
lower, mainly due to the use of simpler detectors as ToF LiDAR most commonly uses a
PIN PD. The choice of laser wavelength does also affect the price with components for
1550 nm, such as laser diode, optical fibers, and detectors, having around 10-20% higher
price.
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Table 1: The optical components used in the setup with price, and
Article name. The total price of the components is presented in the
last row.

Component Cost Manufacturer Article
Laser diode 3742 SEK Koheron LD101
Collimators (2 pieces) 3876 SEK Thorlabs F280APC-1550
Balanced Photodetector 2115 SEK Koheron PD100B
1x2 fiber coupler 90/10 163 SEK Koheron FOSPL12-9010
2x2 fiber coupler 50/50 130 SEK Koheron FOSPL22-5050
FC/APC connectors (10 pack) 271 SEK Koheron FOADA-A-A
Total 10 297 SEK

3.1.1 Laser

The laser used in the project was a DFB laser diode with a central output wavelength of
1550 nm. The laser diode was mounted on a circuit with an integrated current driver and
an internal photodetector, the schematic is shown in figure 10. The current driver was
controlled by an AC-coupled modulation input and had a recommended operational sup-
ply power of 3.3 V, which was used during the project. The integrated photodetector had
a built-in transimpedance amplifier with a gain of 2 V/mA and a bandwidth of 40 MHz.

The specification for the laser diode stated that it had a Lorentzian wave-profile width a
linewidth of 5 MHz. Applying equation 26 gave a coherence length of 19.09 m. The optical
path length for the fiber in the signal arm was 1.49 · 3.49 m = 5.20 m, where the 1.49 is
the refractive index of fused silica. This indicates that the theoretically longest distance
that could be measured with the setup was (19.09 m-5.20 m)/2 = 6.95 m, measured from
the collimators taking into account that the light had to travel back and forth from the
target. The laser was therefore assumed to have a coherence length enough for accurate
measurements up to 7 m. This also indicates that the precision should decrease after 7 m.
However, as mentioned in section 2.4, this is an estimation of the coherence length and
therefore may vary.

Figure 10: Schematic of the laser circuit used in the project [20].
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3.1.2 Detector

As mentioned in section 2.2.2, the detector used for this project was a balanced photode-
tector. The detector was mounted on a circuit and consisted of two InGaAs photodetectors
and a TIA, the schematic is presented in figure 11. The small-signal bandwidth of the
detector was stated as 100 MHz, the transimpedance gain as 39 kV/A, and the CMRR as
35 dB. During the project a power supply of 6 V was applied to the +VCC pin and −6 V
to the -VCC pin.

Figure 11: Schematic of the balanced photodetector used in the
project [21]

3.1.3 Collimators

The collimators used in the project were fixed focus collimators with FC/APC connectors
and constructed of an aspheric lens with a focal length of 18.75 mm and a numerical aper-
ture of 0.15. The wavelength used for alignment was 1550 nm. The specification stated
that the beam diameter at 1 focal length distance was 3.6 mm with a beam divergence of
0.559 mrad.

The collimators were suitable for both transmitting and receiving light. However, the
setup could possibly have been improved by the use of a larger aperture for the receiver.
This would have allowed a larger amount of the reflected signal to be collected but also
increased the incident light from surrounding sources. The effects of using a collimator
with a wider aperture as a receiver could be an interesting feature to investigate further.

3.2 Link budget

When calculating the link budget for the LiDAR system, consideration was taken to all
the components as well as their effects according to section 2.3. The output power from
the DFB laser diode was 4.1 mW. This was then divided up such that 3.7 mW (90 %) was
used as the signal and 0.3 mW (10 %) as the LO.

Calculating with maximal possible losses, an insertion loss of 0.2 dB for each FC/APC
connector was assumed. Thus, the optical power transmitted from the collimator was ap-
proximately 3.37 mW as it was transmitted through two FC/APC connectors. Inserting
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this into the LiDAR range equation, equation 16, gave:

PT = 3.37 mW · (1− 0.558) · 0.75
3.6 mm2

8 · 102
· 0.90 = 1.63 · 10−11W = 16.3 pW (27)

In this calculation it was assumed that the target had a reflectance of 75 % and was placed
10 m from the collimators. As the cosine term varies between 0 and 1, it was assumed to
be 1 for convenience and the atmospheric attenuation was neglected. Furthermore, the
optical efficiency of the receiver system is hard to approximate. For this project the peak
responsivity stated by the manufacturer, ηsys = 0.90, was used as the optical efficiency.

The optical power received by the collimator was then transmitted through two FC/APC
connectors. This results in optical power of 16.3 pW transmitted through the signal-arm
of the LiDAR. The optical power through the LO was transmitted through three FC/APC
connectors, which results in a remaining optical output of 0.26 mW.

As the optical power from the two arms was mixed and allowed to interfere, the total
light incident in the PDs could be approximated according to equation 8 and resulted in:

Pmax =
(

16.3 pW + 0.26 mW + 2
√

16.3 pW · 0.26 mW
)

= 261.5 µW

Pmin =
(

16.3 pW + 0.26 mW
)

= 261.3 µW
(28)

Pmin was calculated for a cosine term equal to 0 and Pmax for a cosine term equal to 1.
The incident optical power of 261.3 µW is split onto two PDs and the photocurrent from
the PDs becomes 117.6 µA, using the previously stated responsivity for the detector. This
photocurrent was then converted to a voltage by the TIA with a gain of 39 kV/A. This
conversion results in an output voltage of 4.59 V. Observed voltage on the oscilloscope
was between 3-5 V implicating that the estimation is reasonable.

The noise that arise from the detector can be calculated according to equations 21 and
22 and gives:

σ2
Shot = 2 · (1.60 · 10−19C) · 100 MHz · 0.26 mW = 8.33 · 10−15A2, (29)

σ2
Thermal =

4 · (1.38 · 10−23m2kgs−2K−1) · 100 MHz

10 MΩ
= 5.52 · 10−22A2, (30)

where the resistance of the detector is approximated by a shunt resistance of 10 MΩ.
The integrated TIA also contributes to noise that should be included. The TIA noise
consists of thermal noise and can thus be calculated according to equation 22 and gives:

σ2
Thermal−TIA =

4 · (1.38 · 10−23m2kgs−2K−1) · 100 MHz

3.9 kΩ
= 1.41 · 10−18A2. (31)

The SNR is then calculated according to equation 24 and becomes:

SNR =

√
(0.9 A/W)2 · 16.3 pW · 0.26 mW√

8.33 · 10−15A2 + 5.52 · 10−22A2 + 1.41 · 10−18A2
=

5.86 · 10−8A

9.13 · 10−8A
= 0.64 (32)

This indicates that the acquired signal from a target with 75% reflectance at a distance
of 10 m will be smaller than the noise in the system. This is consistent with the theory,
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which implicates that the maximum distance that could be measure is 7 m. The low SNR
results in the interference fringes, or beat frequency, disappearing into the noise. For
better SNR, the beat frequency will arise as oscillations on the LO. These oscillations are
shown in figure 12, where there is an overall triangular wave arising due to the frequency
modulation of the LO and oscillations occurring due to interference with the signal.

In this case, the calculations are, however, done with maximum possible loss in the sys-
tem. This is most probably not the case in practice and therefore it may be possible to
get a higher optical power of the signal and thus improve the signal to noise ratio. It can
also be seen that the shot noise is the dominating noise and thus, increasing the optical
power of the LO will not improve the SNR significantly, as discussed previously (see Eq.
24).

3.3 Frequency modulation

When the components in the LiDAR system was in place, the modulation had to be
configured. The original modulation was a triangular wave modulation, according to the
theory described in section 2.1.1. However, when applying such modulation to the laser
diode, the observed beat frequency on a static target was not constant. This non-constant
result can be seen in figure 12, the distance between the interference fringes should show
an equidistant behavior which indicates the beat frequency between the signal and the
LO. However, the distance between the fringes differed, with wider apart just after the
modulation shifts from down-chirp to up-chirp and then smaller distances until it shifts
from up-chirp to down-chirp. Hence, the linear current modulation gave a non-linear
frequency modulation resulting in an increase in the beat frequency during the chirp.

Figure 12: The figure shows the oscilloscope output for the triangle frequency
modulation. The interference fringes occur with a non-constant distance between
each other, which indicates a non-linear frequency modulation. The amplitude
of the interference fringes, is dependent on the strength of the signal in relation
to the LO. For this figure, the target was placed at 2 m. This results in a optical
power of 0.41 nW for the signal vs. 0.26 mW.
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This phenomenon most probably arose due to a delay in the response of the laser diode.
This delay made the laser diode have an exponential behavior when shifting chirp, similar
to the one illustrated in figure 6. To compensate for this behavior the modulation function
was modified. The most optimal way to compensate would be to model the thermal
behavior of the laser diode. The specifications provided by the manufacturer were limited
and such a model could not be performed due to the time limitation of the project. Instead
a compensation function was created. This was done by creating an arbitrary waveform
for the frequency modulation.

Figure 13: The figure shows two of the functions tested as compen-
sation functions for the frequency modulation. Modulation 2 (red)
was function with most consistent distance between the interference
fringes and thus chosen as compensation function.

Multiple different arbitrary waveforms were tested as compensation functions, figure 13
shows two of them. The generation of these functions was an iterative process of trial and
error. The functions started with a rapid increase in an attempt to make the diode reach
the stable state sooner. The compensation function that resulted in the most consistent
distance between the interference fringes was Modulation 2, presented in figure 13. To
further investigate the performance of the arbitrary functions as compensation functions,
distance measurements were made on a target with an 80 % reflectance between 1-7.5 m.
This was done to see how the precision varied with distance and thus determine which
modulation was most reliable. The result for the two functions in figure 13 is shown in
figure 14.

Figure 14 shows fitted linear functions to the data points of the measured distance vs
the actual distance for functions Modulation 1 and Modulation 2 presented in figure 13.
The fitted function for Modulation 1 is y = 1.200x − 0.0009 while the fitted function
for Modulation 2 is y = 1.005x + 0.0064. This indicates that the measurement error of
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Modulation 1 will increases with 20 cm for every 1 m increase in distance, while the mea-
surement error of Modulation 2 increases with 0.5 cm. The result further supports the
use of Modulation 2 as compensation function and Modulation 2 was therefore selected
as the compensation function. The chirp-rate of this function was 124.37 THz/s.

Figure 14: The figure shows the fitted linear functions to the data
points of the measure distance vs the actual distance for functions
Modulation 1 and Modulation 2 presented in figure 13.

3.4 Measuring construct and procedure

The targets were placed in a holder that was designed such that it could slide along a rail
placed on the floor, see figure 15. The rail was placed such that distances between 2.5 m
to 10 m could be measured. The rail allowed for the targets to be at the same distance,
height, and angle when moved along the line of sight of the LiDAR.

Two different measurement series where taken. The first consisted of measurements on
five plates with reflectances of 75%, 50%, 30%, 10%, and 5% respectively, figure 16. The
first distance that were measured where 2.5 m. One measurement was taken for every
plate and then the holder was moved 0.5 m further away from the LiDAR and new mea-
surements were taken. This procedure was done up to a distance of 10 m and repeated
five times. The second measurement series were taken on six different materials: wood,
bubble wrap, cotton, Masonite, dark fabric, and ice. The measurements where all taken
at a distance of 2.5 m and repeated 5 times.

The measurement-data consisted of data from the FFT spectra for each of the taken
measurement. The data was then analyzed by identifying the frequency peak correspond-
ing to the beat frequency that occurred due to the reflection of the targets.
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Figure 15: The figure shows the rail with holder for the targets.
The rail was placed such that distances between 2.5-10 m could be
measured. The first distance that where measured where 2.5 m. One
measurement where taken for every plate and then the holder was
moved 0.5 m further away from the LiDAR and new measurements
where taken.

Figure 16: The figure shows the reflectance plates that was used as
targets when measuring. All plates where made of the same material
with different colors/coatings, which resulted in different reflectance.
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4 Result and Discussion

To determine the precision of the LiDAR when measuring distance, the difference from
the actual distance was analyzed, in this report this is referred to as deviance. This was
done for distances between 2.5-10 m for five plates with different reflectance: 5%, 10%,
30%, 50%, and 75%. The measurements where taken for every 0.5 m for each of the
plates and the mean, median, and standard deviation was calculated. The results for the
mean deviance for all of the plates can be seen in figure 17. The increased deviation that
occurs due to the compensation function is accounted for by subtraction and a positive
deviance corresponds to the LiDAR showing a longer distance than the measured distance.

The measurements for the reflectance plate with 5% reflectance consists of fewer data
point. This comes from that peaks at distances above 7 m was not possible to identify.
As declared in section 3.1.1, 7 m was the distance where the precision was expected to
decrease due to the coherence of the light. As a result in the light becoming less coherent
the frequencies contained in the light will be spread over a larger interval causing the
spectral linewidth of the laser to be broadened. This causes the central peak to have a
much lower amplitude. In the case of a target with a 5% reflectance the amplitude is
so low that it could not be separated from the noise. Thus, it can be concluded that
the laser linewidth, the coherence, or optical power must be improved to be able to take
these measurements. This decrease in precision can also be seen for the other plates were
the deviance increase slightly faster after 7 m than before. The 30% and 50% reflectance
plates follow the same pattern. This is an interesting behavior that indicates that these
reflectance levels do not affect the deviance significantly. However, as the measurements
are only taken for distances up to 10 m, they may separate for longer distances. It is thus
expected to the 30% plate to show a faster increase in deviation than the 50% plate if
measured at longer distances.

The overall trend in figure 17 is increasing deviance as the distance increase. This is
consistent for all the plates but more prominent for lower reflectance. The deviances for
the plates have high fluctuations. These fluctuations arise due to numerous factors such
as imperfections in the compensation function, variations in surrounding light sources,
the temperature of the laser diode, etc. One of the most prominent factors might be
the stability of the laser diode. As mentioned in section 2.2.3, the laser diode is highly
reliant on the grating structure in the active layer. As the temperature changes with
the applied voltage this may affect the central wavelength of the emitted light in a way
that the compensation function does not include. For example, the DFB laser diode may
mode-jump at certain drive currents. If the jump is small enough it would be hard to
directly notice in the spectrum but may affect the result significantly. Mode-jumping is a
commonly known feature in semiconductor lasers and may cause the wavelength to make
discrete jumps at some temperatures. For this project, the variations in the drive current
were however low and thus making mode-jumping unlikely.

Looking at the median deviance for individual plates the trend is further supported.
As can be seen in figure 18, which shows the result for the individual plate with a re-
flectance of 30%, there are large variations in the deviance at the measured distances.
The standard deviation is represented as the error-bars in figure 18 and are smaller for
shorter distances than for large distances. This indicates a decreased precision for the
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Figure 17: The figure shows the median deviance plotted against
the measured distance for the five reflectance plates 5% (red), 10%
(green), 30% (orange), 50% (blue), 75% (yellow). The deviance tends
to increase as the measured distance increase. For the plates with
lower reflectance the deviance increase faster.

Figure 18: The figure shows the mean deviance plotted against the
measured distance for the 30% reflectance plate. The error bars rep-
resent the standard deviation. There is a trend with higher deviance
for longer distances.
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LiDAR as the distance to the target increases, which is supported with similar behavior
for all the reflectance plates (the individual results for the 5%, 10%, 50%, and 75% can
be found in appendix A). The decreased precision is, as mentioned above, primarily an
effect of the decreased coherence of the light.

The result presented in figure 17 implicates that the amount of light reflected from the
target highly impacts the precision of the LiDAR. This implication arises as the deviance
rises much faster for the plates with lower reflectance. To further support this implication,
the amplitudes of the plates were plotted against the measured distance, figure 19. As
can be seen in figure 19, the amplitude drops for all the plates as the distance becomes
longer. This is expected as the beam diverges more the longer it travels. The beam
divergence causes less light to be reflected into the collimator collecting the signal and
thus the amplitude of the interference peaks to become lower.

Figure 19: The figure shows the median amplitude plotted against
the measured distance for the five reflectance plates 5% (red), 10%
(green), 30% (orange), 50% (blue), 75% (yellow). The deviation tends
to increase as the measured distance increase. The for plates with
lower reflectance the deviation increase faster.

The over-all trend shows, as expected, that the plates with lower reflectance have a lower
amplitude. Again, there are high fluctuations in the graphs which can be explained by
numerous factors, most probably the alignment of the collimators. The reason for the
alignment to be the most probable is that the collimators were manually aligned for each
distance. This causes the amplitude to be highly dependent on the human factor. The
alignment was done by moving the collimators vertically as well as horizontally with mi-
crometer screws integrated to the mount. For each repetition of the measurement, this
had to be done. As a result of this the collimators may not have been in an optimal
position whenever the measurements were taken. As a result of this the amount of light
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collected may have been heavily affected and thus the amplitude. Since, the measure-
ments were repeated multiple times, this error should however have been compensated
for. By comparing mean and median it can be seen that there is no distinct difference,
which indicates that the data have a reasonable distribution.

The relationship between deviance and amplitude is shown in figure 20. As expected,
the amplitude is higher for smaller deviance. The fitted line represents the function
y = 0.1306 + 0.5190/x2 and shows that there is an inverse-squared relation between
the deviance and amplitude. The inverse-square law can be found in the LiDAR range
equation, equation 16, and arise due to the point-source (collimator) radiating into a
three-dimensional space. As the emitted light travels farther from the source, it spreads
over an area that increases with the distance. The proportion of this increase is the square
of the distance from the source and thus the intensity of radiation passing through any
unit area is inversely proportional to the square of the distance from the point source.
Investigating figure 17, this inverse-square relation can distinctly be seen for the plates
with reflectance 5% and 10%, while it is not as clear for the other plates. If measurements
had been taken at distances longer than 10 m it can be expected that the relation would
have been seen more evidently for all the reflectance plates.

Figure 20: The figure shows the mean amplitude plotter against the
mean deviation for all measurements with the five reflectance plates.
The red line represents the fitted function y = 0.1306 + 0.5190/x2.
The fitted function indicates that there is an inverse-square law be-
tween the amplitude and the deviation from the measured distance.

The second measurement series was taken for different materials. The goal was to in-
vestigate if the material of the target affected the precision of the LiDAR system. The
materials that were measured were: cotton, bubble wrap, dark fabric, Masonite, ice, and
wood. The result can be seen in figures 21 and 22. All measurements were done at a
distance of 2.5 m, as the result in the first measurement series showed that the precision
was good at this distance. In figure 21 it can be seen that the mean deviances for the

28



materials are consistent between 0.4-0.5 cm for all materials except ice, which has a dif-
ference of 0.2 cm. The standard deviation, represented as error bars, is overlapping for all
the materials, resulting in that no significance can be concluded. Therefore, it is implied
that the LiDAR systems precision is not dependent on the type of material the target is
composed of.

Figure 21: The figure shows the mean deviance for the materials:
cotton, bubble wrap, dark fabric, Masonite, ice and wood. The mea-
surements were taken at a distance of 2.5 m. The standard deviation
for the measurements are presented as the errorbars.

To further support this, the amplitude for the materials was investigated, figure 22. As
can be seen, the mean amplitudes have large variations depending on the materials, most
probably due to different materials having different reflectance. Another factor that may
affect the amplitude is polarization. The polarization has a large impact in the Fresnel
equation, which describes the reflection and transmission of light in different mediums.
To get a better understanding of the effects that polarization has, studies using different
polarization-filters could be done.

The results in this section show that it was possible to design and setup a function-
ing LiDAR system. The cost and performance for such LiDAR might vary depending on
the components used. For the specific design used in this project, the performance could
have been improved further. Factors that should be further investigated to improve the
LiDAR are the laser source and collimators.

As previously mentioned, the coherence length heavily affects the precision of the Li-
DAR. Thus, choosing a laser with longer coherence length is a simple way to improve
the measurement precision. Furthermore, the materials used in the diode laser are not
known for this project. This knowledge could help with modeling the thermal behavior
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that occurs when varying the drive current. A thermal model would give a better way
to compensate for the non-linear frequency modulation than the compensation function
used during this project. The optical power of the laser is also a feature that may be
increased. As shown in figure 20, the amplitude has an inverse-square relation with the
deviance. Thus, by increasing the amplitude the precision might also be improved.

The dimensions of collimators that are used for transmitting and receiving the signal
is another big factor to investigate further. This was briefly mentioned in section 3.1.3
as something to include in future projects. A larger receiver, for example, should give a
larger amount of light collected. This, thereupon, lead to the signal more easily interfering
with the LO and thus a larger amplitude for signals that may otherwise be to small to
distinguish from the noise.

Figure 22: The figure shows the mean amplitude for the materials: cotton,
bubble wrap, dark fabric, Masonite, ice and wood. The measurements were
taken at a distance of 2.5 m. The standard deviation for the measurements are
presented as the errorbars.

5 Conclusion

The results from this project shows that it is possible to design and construct a function-
ing FMCW LiDAR that can measure distances up to 10 m to a cost of around 10 000 SEK.
This cost do not include power supply, signal analysis and visual presentation, which can
have high costs. Furthermore, it can be concluded that the performance of such a Li-
DAR system is highly dependent on the components used in the design. The light source,
receiver system, and detector are three of the most important components for a system
following the design used in this project.
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For the light source, a laser diode emitting a wavelength of 1550 nm is the most con-
venient choice due to eye-safety considerations. The coherence length of the light source
is another factor that is highly important and should be sufficiently long for the intended
application. To increase the precision of the LiDAR a laser with smaller spectral linewidth
could be used. The smaller linewidth increases the coherence length and thus allows for
measuring longer distance with higher precision. It is also important to integrate a re-
liable method of frequency modulation. One possible way is through the drive current
which affects the lasing wavelength of a laser diode.

The dimensions of both the collimator used for transmitting the signal and the com-
ponent used as the receiver impact the optical power the system needs to function. The
collimator will affect the divergence of the light and thus result in a lower or higher amount
of light being reflected in the right direction. The dimensions of the receiver will in turn
affect the amount of reflected light that is collected by the system. Using optics with
shorter focal length is one approach that would allow the system to capture more radi-
ation. Furthermore, other transmitting and receiving mechanisms may be more efficient
and to investigate this part of the LiDAR can heavily improve the performance as well as
lower the cost.

Using balanced photodetection the optical power needed for the signal can be decreased
significantly. This allows for detection with precision much better than simple photode-
tection of targets with low reflectance as less reflected light is needed. Operating at low
optical power levels is important when considering integration of photonics in electronics,
since large amount of power in small chip is not desirable. Balanced photodetectors do,
however, result in a higher cost.

The applications for FMCW LiDAR is highly flexible. One example is the autonomous
vehicles industry that is currently investing millions of dollars in developing LiDAR tech-
nology. The LiDAR designed in this project is, however, far from the leading manufactur-
ers’ performance levels, but the goal of increasing the understanding of FMCW LiDAR
systems has definitely been accomplished. The next step to increase the performance of
FMCW LiDAR are investigations of the components mentioned above. Such investigation
could result in FMCW LiDAR becoming the standard technique used for detection and
ranging.
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Appendix A: Deviance vs Distance

Figure 23: Individual result for the measurements with 5%-
reflectance plate.

Figure 24: Individual result for the measurements with 10%-
reflectance plate.
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Figure 25: Individual result for the measurements with 50%-
reflectance plate.

Figure 26: Individual result for the measurements with 75%-
reflectance plate.
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