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Abstract

Coherent detection lidars have evolved over time and gradually become the de facto in-
struments for high resolution measurement of atmospheric boundary layer winds. The
earlier versions of these lidars were bulky, expensive, and suffered from vulnerability to
environmental effects such as temperature and vibrations. However, with the advent of
fiber-optic communications a new class of stable, cost-effective, and low-maintenance opti-
cal components became available to the lidar community. Coherent detection lidars share
many similarities with the high-speed fiber-optic communications. As a result, the new
fiber-optic technology was quickly adopted in these lidars. Although coherent detection
lidars, especially all-fiber coherent detection lidars, have benefited from the technology
available in coherent fiber-optic communications, a considerable gap (in both research and
technology) seems to exist between the two. In this thesis, I have presented some of the
advances in fiber-optic transceivers, originally developed for high-speed data transmis-
sion, and shown how they can be integrated in micropulse and continuous-wave all-fiber
coherent detection lidars. The presented technologies not only enable the possibility for
performance improvements in existing lidars but also pave the way for the application
of coherent detection lidars in areas where their presence was neither plausible nor easy
to realize. This thesis, composed of an introduction and four scientific paper and one
manuscript, specifically presents the adoption of some of the contemporary fiber-optic
communications transceiver architectures in coherent detection lidars. In paper I a new
short-range all-fiber coherent Doppler lidar employing an image-reject homodyne receiver
is described and demonstrated. In Paper II two different approaches to signal process-
ing, necessary for the estimation of mean velocity from the spectra, are discussed and
the associated advantages and disadvantages such as the signal to noise ratio and signal
processing overhead are discussed. The performance of the system proposed paper I is
put to test in a real measurement campaign the results of which are discussed in Paper
ITI. In Paper IV a patent-pending long-range polarization-diversity coherent Doppler li-
dar is presented. The system benefits from an improved transmit power (thanks to the
availability of two erbium-doped fiber amplifiers separated in polarization) while having
the ability to detect the depolarized backscatter signals. The ability to detect the degree
of depolarization enables the characterization of aerosol types associated with each mea-
surement range. Eventually, it is shown in Paper V that by adopting the image-reject
homodyne receiver in an all-fiber coherent detection lidar, the spectrum of the Rayleigh
or the spontaneous Rayleigh-Brillouin scattering (depending on the operating conditions)
can be resolved. The system benefits from an eye-safe 1.5um laser and can provide si-
multaneous measurements of temperature, pressure, and wind. The focus of the paper in
Paper V is the temperature measurement capability of the system, provided as the proof
of concept through numerical simulations.
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Resumé (Abstract in Danish)

Koherent detektion lidars (light detection and ranging) har efterhanden udviklet sig be-
tydeligt og er nu de facto standarden for maling af vinde i det atmosfeeriske graenselaeg.
De tidligere versioner af disse lidars var volumingse, dyre og sarbare over for eksterne
pavirkninger sasom temperaturvariationer og vibrationer. Men imidlertid har fremskridt
indenfor fiberoptisk kommunikation resulteret i en raekke stabile, kosteffektive, vedlige-
holdelsesfrie optiske komponenter, som kan anvendes af lidar konstruktgrer. Kohaerent de-
tektion lidars deler nemlig mange ligheder med hgjhastigheds fiberoptisk kommunikation.
Som fglge heraf er den nye fiberoptiske teknologi hurtigt blevet anvendt i opbygningen af
lidars. Pa trods af dette halter brugen af disse kommunikations komponenter stadig bagud
i anvendelsen til lidars. I denne athandling har jeg fremlagt nogle af de fremskridt inden
for fiberoptiske transceivere, der oprindeligt er udviklet til high-speed data transmission,
og vist, hvordan de kan integreres i pulsede og kontinuerlige fiberbaserede koheerent detek-
tion lidars. Teknologierne har ikke alene muliggjort praestationsforbedringer i eksisterende
lidarsystemer, men har ogsa banet vejen for anvendelse i nye omrader, hvor det ikke for har
synes muligt. Denne athandling, der bestar af en indledning, fire videnskabelige artikler
og en artikel under udarbejdelse, praesenterer anvendelsen af nogle af de moderne fiberop-
tiske kommunikations-transceiver arkitekturer i koheserent detektions lidars. I artikel I er
en ny kortrackkende fiber-baseret Doppler lidar, der anvender "image-reject" homodyn de-
tektion, beskrevet og demonstreret. I artikel II diskuteres to forskellige mader at behandle
signaler fra denne type lidar for at estimere vindhastigheder. Fordele og ulemper sasom
signal stgjforhold og effektivitet analyseres. Det foreslaede lidar system i artikel I bliver
testet i en feltkampagne, hvis resultater er diskuteret i artikel III. T artikel IV praesenteres
en patentanmeldt langtraekkende "polarization diversity" koheerent Doppler lidar. Sys-
temets fordele er blandt andet en forbedret sendeeffekt (takket veere tilgeengeligheden af
to erbiumdoterede fiberforsteerkere med ortogonal polarisering) og samtidig evnen til at
male det depolariserede back-scatter. Graden af depolarisering muligggr karakteriserin-
gen af aerosol typer som funktion af afstanden. Til sidst er det vist i artikel V, som er
under udarbejdelse, at ved at anvende en "image-reject" homodyn modtager i en fiber-
baseret koheerent lidar, kan spektret af den spontane Rayleigh-Brillouin spredning males.
Systemet bruger en 1,5 um laser, som har den fordel, at den ikke skader det menneskelige
@je, og kan i princippet give sammenhgrende malinger af temperatur, tryk og vind. Fokus
i artikel V er temperaturmalingen, som gennem numeriske simuleringer er vist muligt.
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1 Introduction

Remote sensing of physical parameters is a very attractive topic in science and engineering.
Compared to in situ sensing alternatives, remote sensing has a number of advantages. For
instance, the measurement device does not need to be placed at the measurement point
of interest. Imagine measuring the temperature inside a very hot industrial oven; There
are not many in situ measurement devices capable of enduring the high temperatures
in such environments. Sometimes, it is very difficult and even impossible to use an in
situ measurement technique to quantify a certain parameter; Measurement of planetary
surface temperatures is a good example. Probably, a very important characteristic of
remote sensing is the ability to measure a parameter with no or little interference with
the measurement medium. For instance, the measurement of atmospheric wind has been
well established through the utilization of cup anemometers in the wind energy industry
as well as atmospheric science. Despite many advances in cup anemometer design, this
instrument interferes with the measurement medium (i.e., the wind field and turbulence
structure at the point of measurement).

One of the widely used techniques in remote sensing is the application of light. In
passive optical remote sensing, the (emitted light) radiation from a remote object is
detected and processed to extract the parameters of interest while gather information
about the object’s properties or the medium between the source and detector ! [1]. A
very simple example of a passive remote sensing instrument is a camera. In a camera the
light emission from an object is collected by the camera lens and further processed by its
circuitry to identify certain characteristics associated with the object such as its structure
and color. Although passive remote sensing is a very appealing technique, it may have
certain limitations. For instance, the instrument has no control over the light source and
its properties; A camera is not able to record any pictures in a pitch black environment
when in a strictly passive operating mode.

Active optical remote sensing, another class of optical remote sensing techniques, re-
lies on the transmission of a user-controlled light source to illuminate the target. The
transmitted light from the source interacts with the object/medium of interest and the
result, usually in the form of scattered light, is collected and processed. Light detection
and ranging (lidar) belongs to the family of active optical remote sensing techniques. Al-
though lidar is usually known for using a laser source for the purposes of light emission,
the early adoptions of lidars involved utilizing an incoherent light source. For instance, [2]
employed a simple search light technique for the measurement of air density profile in the
upper atmosphere.

Wide adoption of lidars for remote sensing applications grew with the advent of lasers
and became popular with their performance improvements [3-5]. Lasers provided the op-
portunity to generate a light source at a given wavelength which could stay coherent over
longer distances. Lasers also provided the opportunity for fine tuning and manipulation
of light suited for the application in hand. For instance, by tuning the laser wavelength
to the resonance frequency of certain atoms and collecting the resultant radiations, some
of their properties can be quantified in a measurement medium of interest; Sodium reso-

IFor instance, in what is known as the passive differential optical absorption spectroscopy, the sunlight
can be used to for the measurement and characterization of gases in the atmosphere.
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nance fluorescence lidars have been used to measure and characterize the Na layers in the
mesopause [6]. Due to their nature of operation, these lidars are also capable of measuring
the motion-induced Doppler shifts [7] which helps to characterize other parameters such
as the mesospheric waves |8].

2 Light scattering

In active light (laser) remote sensing, the interaction of the transmitted light and matter
(or medium) is characterized to measure the desired parameters. Light interacts with
the medium in a variety of ways. For instance, light is scattered by the atmospheric
constituents such as aerosols and molecules. Light can also be absorbed by the medium.
By measuring the amount or nature of the scattered or radiated light lidars can indirectly
measure the sought after quantities. For instance, coherent Doppler lidars (CDL) are
designed to measure the motion-induced Doppler shifts which enables the derivation of the
target’s (radial) velocity. Raman lidars can measure the Stokes and anti-Stokes frequency
shifts in the scattered light; One applications is material identification and analysis [9].
Depending on the nature of the interaction between light and medium, the scattering
from a target can be classified into two major groups: elastic and inelastic scattering.

2.1 Elastic scattering

Elastic scattering refers to the scattering of light where there is no transfer of internal
energy between light and the target. In such cases, the light wavelength does not experi-
ence any wavelength change. Two primary examples of elastic atmospheric scattering are
Mie and Rayleigh scattering. If the incident wavelength is comparable with the size of
the target, such as light scattering by aerosol particles, the phenomenon is known as Mie
scattering. The Mie scattering cross-section scales inversely with the laser wavelength.
However, since there is a large size and shape distribution of the particles in some mea-
surement mediums (such as the lower atmosphere), the explicit wavelength dependence of
Mie scattering cross-section in such media is not known. Instead, empirical modeling and
estimation have been carried out for the characterization of Mie scattering cross-section.
In the reported results by Sirvastava et al. [10], for instance, the wavelength dependence
of the volume cross-section depends on the aerosol loading conditions; For moderate and
weak aerosol loading conditions the Mie scattering volume cross-section has a 3 oc A2
and 3 oc A3 dependence 2, respectively.

Another elastic scattering phenomenon in the atmosphere or gaseous medium is the
Rayleigh scattering. Rayleigh scattering, also known as single molecular scattering, is the
result of scattering by the constituent molecules. In pure Rayleigh scattering, the thermal
motion of individual molecules are responsible for the observed Doppler shifts in the
scattered light. Due to the random nature of the motions, the Doppler spectrum is known
to have a Gaussian (or quasi Gaussian) profile [7]. Besides, unlike Mie scattering, the
Rayleigh scattering cross-section has a well-known dependence on the incident wavelength.
In other words, it can be shown that for a pure Rayleigh backscattering, i.e., a scattering

23 and ) represents the volume scattering coefficient and wavelength.
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angle of 7, the volume scattering cross-section is |7|

B(m, \) =2.938 x 10~* <§) ﬁ (2.1)
where A is the wavelength, P is the pressure, and 7T is the temperature in SI units.
Equation (2.1) has been used in combination with the U.S. Standard Atmospheric model
[18] for the numerical simulations presented in Papers IV and V in this thesis.

The normalized Doppler spectrum associated with the Rayleigh scattering follows a
Gaussian distribution and can be expressed as [11]

e (_ EOEFEEES u}) , (22)

where f, is the carrier (laser) frequency, and w and a = /2kgT /M (with M being the
molecular mass) are the mean and most probable gas velocities, respectively. Furthermore,

4 sin(6,/2)
A

is the magnitude of the interaction wave vector where 6, is the scattering angle and
K =K, - K, (K, and K being the wave vectors of the incident and scattered light).

Since the power of Rayleigh scattering (depending on the volume scattering cross-
section of the molecules) is predictable in the atmosphere, see (2.1), it is considered to
be a much more reliable and predictable scattering target, when compared with aerosols.
For instance, if remote sensing of a certain parameter (such as wind speed) needs to be
carried out at high altitudes (in the lower atmosphere), Rayleigh scattering can provide
a reliable signal for the analysis of the wind-induced Doppler shifts. The presence of
aerosol-like particles at those altitudes is variable and depends on the region, altitude,
weather condition, etc.

S(f_fc) =

K = (2.3)

2.2 Inelastic scattering

Inelastic light scattering is identified by an energy transfer between the incident light
and target, or medium. In laser-induced fluorescence spectroscopy, the laser at a given
wavelength is impinged on a medium (usually solids and liquids having a broad absorp-
tion and emission spectra due to the inter-molecular interactions). The transmitted laser
is partially absorbed by the target resulting in excitation of electrons into higher en-
ergy levels. A transition back to lower energy ground states in the form of radiation is
detected and characterized to identify or measure certain parameters in the target. In
resonance florescence lidars, the laser wavelength is tuned to the absorption lines of cer-
tain atoms and ions. By measuring the volume cross-section the density and nature of
such constituents can be measured. Other examples of inelastic scattering are rotational
Raman |12], vibrational-rotational Raman [13|, and spontaneous Brillouin scattering .

3Strictly speaking spontaneous Brillouin scattering is considered an inelastic scattering process. How-
ever, since the spectral frequency shifts due to energy transfer between light and sound waves is usually
small, especially in gaseous media, it is sometimes treated as an elastic process. This is especially true
in the event of spontaneous Rayleigh-Brillouin scattering discussed further on in this section.
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2.3 Spontaneous Rayleigh-Brillouin scattering

Spontaneous Brillouin scattering (an inelastic scattering) is the result of interaction and
energy transfer between photons and phonons, i.e., light and sound waves. In other
words, the thermally excited acoustic waves in a medium result in light scattering which
undergoes a certain amount of frequency shifting, proportional to the frequency of the
scattering fluctuations [14|. As a result of spontaneous Brillouin scattering (SBS), the
molecular scattering might exhibit Brillouin side-peaks in its spectrum. The combined
effect of Rayleigh and SBS is known as the spontaneous Rayleigh-Brillouin scattering
(SRBS) and has become a very attractive research topic for the characterization of gaseous
media, including the lower atmosphere [15].

The spontaneous Brillouin side-bands become more dominant at higher gas densities
[16]. Depending on the relationship between the illuminating laser wavelength and the
gas density in the measurement volume, the scattering in the medium can be classified
into three regimes. If the laser wavelength is much smaller than the mean free path in the
gaseous medium, the scattering is pure Rayleigh; This is known as the Knudsen region [15]
and the spectrum can be described by (2.2). The reason behind a pure Rayleigh scattering
in Knudsen region can be associated with the fact that at low gas densities the scattering
is "solely due to individual thermal molecules" [16]. If the illuminating laser wavelength
is much longer than the mean free path, then the scattering is known to happen in the
hydrodynamic regime. In this region, the collisional effects between the molecules are
dominant. The transition regime from Knudsen to hydrodynamic is known as the kinetic
regime. To quantify these scattering regimes a dimensionless parameter y is defined as the
ratio between the scattering wavelength and the mean free path in the medium, i.e., [16]

nk:BT
= 2.4
where n is the number density and ( is the shear viscosity. Rye [15] has shown that (2.4)
can be modified such that for a scattering angle of §;, = 7 in the atmosphere

AT+ 111P)
YT T A (2:5)
where )\ is the wavelength of the incident light in nm and P is the pressure in Pa.

To derive the SRBS spectrum the collisional cross-sections should be taken into account
(and modeled) [11]. Two of the best mathematical models for SRBS are Tenti’s S6 and
S7 models [17]; These models demonstrate a very good fit between the model and the
experimental data [16]. In atmospheric measurement, SRBS can be adopted to help
carry out remote sensing of atmospheric temperature, pressure, and even wind. Rye
[15] has shown that the Brillouin side-bands in SRBS can be used for the estimation
of temperature. In fact, an accurate estimation of the SRBS can help derive the wind
speed, pressure, and temperature simultaneously. Although the presence of side-bands in
the SRBS (a structured spectra) can facilitate a more accurate estimation of the desired
parameters, especially temperature, theoretically a pure Rayleigh spectra, encountered in
Knudsen region, should suffice. Following Tenti’s S6 model [17], the SRBS spectra for a
few wavelengths and altitudes (with respect to the sea level) are plotted in Fig. 1. These
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Figure 1: The normalized power spectral density (PSD) associated with the SRBS scat-
tering for three different wavelengths. These plots have been calculated for an altitude
of 1 km with respect to the see level. Tenti’s S6 [17] and the U.S. Standard Atmospheric
model [18] have been used for the calculation of the spectra.



8 General Introduction

plots have been calculated using the Tenti’s S6 model [17] and the parameters from the
U.S. Standard Atmospheric Model [18].

3 Lidars for active remote sensing

As mentioned in Sec. 1, lidars provide an attractive means for the remote sensing of
physical parameters, especially in atmospheric science. Lidars can be realized in various
configurations. Bi-static lidars, for instance, are built such that the transmitter and
receiver optics are not co-located. In co-axial mono-static lidars, such as in coherent
Doppler lidars (CDL), the transmitter and receiver optics see the same optical path.
Depending on the principle of light detection, lidars are grouped as either direct detection
or coherent detection lidars. Lidars can also be classified according to the physical process
they are designed to identify and measure, e.g., Raman lidars and Doppler wind lidars.

Irrespective of their configuration and principle of operation, all lidars have five main
building blocks [19], i.e., a light source, transmitter optics, receive optics, photodetec-
tor, and electronics for signal treatment and data processing. Many of the lidars are
designed to measure the backscattered light from the target. To be able to estimate the
expected amount of the collected signal backscatter from a certain range, a mathematical
model needs to be adopted. For a mono-static lidar measuring the backscatter signal the
generalized lidar equation can be expressed as

22

E, =08 M\, A, 2) G(2)To1 (N, 2)Taa (A, 2) Es (&> : (3.1)

where 7 is the lidar optical efficiency, E and E, are the transmit and receive signal
energies, [ is the volume backscatter coefficient, G(z) is a geometric factor, \; is the
transmit laser wavelength, A, is the received signal wavelength, A is the receiver telescope
apperture area, z is the distance to the target, Az is the measurement range gate, and
T,1 and T, are the one-way transmittance of the atmosphere for the transmit and receive
wavelengths (\; and \,), respectively. Please note that (3.1) represents the expected
optical backscatter power for a specific range and system configuration.

In elastic and quasi-elastic scattering (e.g., SRBS), there is no tangible change of
wavelength in the scatter signal (compared to the transmit signal) and as a result T,; = Tyo
in (3.1).

3.1 Coherent detection

In many lidar systems the received signal power is directly detected by the photode-
tector. In such systems, aside from (design-based?) optical filtering, the received signal
is largely intact when impinged on the photodetector. As a result, the photodetector
measures the amount of the received optical power from which the parameter of interest
is estimated. In these systems the detection process at the photodetector level is often
known as photon-counting since the collected optical power is very low; The variance

4In some systems atomic filters may be used to remove the Mie scattering from the received signal. In
some others, an optical filter such as Fabry-Perot interferometer may be used as a frequency discriminator.
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of the estimated parameter depends on counting each individual photons. For instance,
in resonance fluorescence lidars, the amount of (number of photons in) backscatter light
from a certain range at a predetermined wavelength is measured. In a Fabry-Perot (FP)
etalon-based Doppler lidar [16], the FP acts as a frequency discriminator and, operating
in concert with the direct detection PD, provides a picture of the received (optical) signal
spectrum.

In coherent detection, the phase/phasor of the received signal (collected optical signal)
is compared against a reference signal. Phase comparison is a simplistic way of defining
coherent detection. In the jargon of lidars, radio systems, and optical communications,
coherent detection specifically refers to mixing (also known as beating)® the received
and reference signals such that the information carrying spectral region in the signal is
translated into a lower frequency band for detection and analysis. The down-conversion
(translation) of the signal into a lower frequency band is imperative if a high-resolution
spectra from the signal is desired. This is mainly due to the fact that the available
electronic components such as PDs, amplifiers, analog-to-digital converters (ADC) have a
very limited bandwidth (BW) and cannot follow the fast signal fluctuations in the vicinity
of the carrier frequency ©.

A requirement for coherent detection in lidars is spatial and temporal coherence be-
tween the receive and reference signals, thus coherent detection. Due to the desirable
properties of the zeroth transverse electromagnetic mode in lasers (TEMO00), it is used as
the transmit signal in the majority of lidars. Due to the requirement on the spatial co-
herence in coherent detection, the received signal should also be of TEMO00. As a result,
it has been shown that in mono-static coherent detection the transmitter and receiver
optics should be coaxial [20].

The mixing (beating) of the receive and reference signal occurs on the PD surface.
The PD responds to the optical intensity fluctuations of the mixed signal (interference).
As a result, imagine a complex-valued transmit signal

s(t) = /Pyexp (—2jm fut) (3:2)

where P, is the power of the transmit signal and f, is the carrier (laser) frequency. If the

receive signal is
L

r(t) = ap(t)exp (=247 fet), (3.3)
k=1
xy(t) is the kth scattered signal component in baseband (i.e., where the carrier frequency
has been removed), and L is the number of scattering constituents (e.g., molecules or
aerosols) and

lo(t) = \/Dioexp (=277 fcl), (3.4)

5Tt is common in lidar literature to refer to coherent detection as heterodyning. In my humble opinion,
this is a bad adoption of a technical terms as, strictly speaking, heterodyning refers to a specific class
of coherent detection techniques for the translation of information-carrying signals to a lower frequency
band.

6Carrier frequency usually refers to the frequency of the transmit signal. For radio signals it can be
in the MHz and GHz region while for optical signals, such as lasers, it is in the THz region.
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is the reference signal with power p;,, then

in(t) = R lr(t) + L0 + 0 = Rp [[rO + IO + (000 + 700(0)] +, (35)
where Rp [A/W] is the detector responsivity, wy is the total noise”, and (-) denotes the
complex conjugate operation. After some mathematical manipulation and simplifications

(3.5) can be written as

L

ip(t) = Rp\/Pio [Z u(t) + Y wi(t)
k=1

k=1

+ipc + wt, (3.6)

where ip¢ is a direct current with an amplitude proportional to the sum of r(¢) and [,(¢)
signal powers. Please note that by going from (3.5) to (3.6) we have ignored the signal
components with a spectrum in the vicinity of the carrier frequency as they are effectively
filtered out by the PD (due to its limited BW). As we can see, coherent detection translates
the passband receive signal r(t) to a baseband signal ip(t) which can be digitized and
processed by the available electronics.

3.2 Coherent Doppler lidars

Coherent Doppler lidars (CDL) are a specific class of coherent detection lidars where the
task is to detect and estimate the Doppler information from the receive signal. A primary
example of Doppler lidars is the coherent Doppler wind lidars (CDWL) where the wind-
induced Doppler shifts (on the scattered light) is estimated. CDLs are not limited to wind
lidars; Theoretically, they can detect Doppler shifts associated with the thermal motion
of individual molecules in Rayleigh scattering.

CDWLs have been used for remote sensing of wind in the atmospheric boundary layer
for the past few decades [21]. The first systems benefited from gas and later solid-state
lasers [22], as the primary light sources. Due to the stringent eye-safety requirements, the
lidars employed in atmospheric remote sensing applications are designed around infrared
(IR) lasers beyond 1.35 um wavelengths [23| where the maximum permissible eye expo-
sures is orders of magnitude higher than the visible and near IR wavelengths. The CO,
and solid-state operated lidars are examples of IR CDWLs designed at 10.59 and 2.1um
laser wavelengths.

The gas and solid-state CDWLs, mainly built on open-space optics, are usually bulky,
high-maintenance, and costly. The main issue in such systems is the generation and sta-
bilization of the laser which requires optical and mechanical components with a relatively
large form-factor. Besides, the transmitter and receiver optics in such systems are based
on open-spaced optics and occupy a relatively large space too. Moreover, to maintain
the designed optical path and system configuration the system should be isolated from
environmental effects such as vibration and thermal fluctuations. An advantage of such
systems is the availability of large optical energies in the transmit pulse (due to the nature
of the laser source and its design). Optical energies of up to 1 J have been reported in
CDWLs [22].

"The additive noise at the output of the PD (in coherent detection) is comprised of a few components.
The dominant noise term is the detector’s shot noise which is ideally white.
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3.3 All-fiber coherent Doppler lidars

It is not far fetched to claim that with the advent of fiber-optic technology, optical com-
munications experienced a Renaissance. The optical fibers act as a waveguide for the
transmission of optical signals with a minimum amount of signal attenuation and dis-
tortion. Due to their nature, the silica glass optical fibers attain their minimum optical
attenuation around 1.5pum wavelength. This revolution in fiber-optics has given rise to
a larger number of high quality and cost-effective lasers and fiber-optic components at
1.5um. For instance, fiber (and semiconductor) lasers with a very narrow linewidth (i.e.,
very low phase noise) and high output power stability are available. These lasers are not
only much more cost-effective but also much more compact, when compared with the
solid-state and gas lasers. Furthermore, these lasers are usually available as off-the-shelf
components.

Besides high quality laser sources, fiber-optic amplifiers are also available with rel-
atively small noise figures and sufficient amplifications. Erbium-doped fiber amplifiers
(EDFA) are examples of fiber-optic amplifiers at 1.5um wavelengths. In pulsed applica-
tions, these amplifiers provide pulse energies in the pJ region (generating mJ signal levels
in single-mode EDFAs is very challenging); The uJ pulse energies are the reason why
such systems are called micropulse lidars. A relatively small fiber core and presence of
amplified spontaneous emission (ASE) are examples of factors limiting the available pulse
amplification in such systems [24]. However, due to a high pulse repetition rate (PRR)
in such systems, these amplifiers sustain an average output power of a few Watts which
is comparable with the output power of the bulkier and larger laser options.

The lidar community quickly adopted the available 1.5pum technology and utilized
that in a number of different lidars. For instance, all-fiber CDWL have been extensively
employed in wind energy industry for the remote sensing of atmospheric wind. Examples
of these systems are ZephIR 300 from ZephIR Lidar [25] and WindCube from Leosphere
[26]. Due to their robust operation and small form-factor, these systems can be deployed
as ground-based, airborne, or turbine-mounted lidars [27]. The short-range CDWL [28§]
developed at the National Center for Atmospheric Research (NCAR) is an example of an
airborne all-fiber CDWL.

3.4 Transceiver architectures in coherent lidars

In all-fiber CDLs, the generation, manipulation, and transmission of laser light is largely
carried out by fibers or fiber-based components. For instance, in ZephIR CDWLs [25],
either a fiber-based laser or fiber-coupled semiconductor laser is responsible for the gen-
eration of a high-quality diffraction-limited laser at 1.5um. Application of a low-power
but high-quality laser source to drive an optical amplifier (for boosting the optical power)
is known as master oscillator power amplifier (MOPA) configuration. The majority of
all-fiber CDLs benefits from such a configuration. The output signal, i.e., the amplified
laser is fed into the telescope through an optical circulator which provides a high isolation
between the transmit and receive signals. The collected backscatter signals from the tar-
get are collected by the telescope and transmitted through optical fibers to the receiver
for detection and further processing.
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Figure 2: The amplitude-normalized optical intensity for various focus distances. The
calculations have been done following (3.7) for D = 10 cm and A = 1560 nm.



3 Lidars for active remote sensing 13

The above mentioned system is an example of (what is known as) continuous-wave
(CW), short-range, or narrowband CDWLs. In such systems, the transmitted signal is
not pulsed but a CW laser, i.e., a continuous transmission of the optical signal towards
the target. Due to a CW transmission of the light, range gating (a procedure used in
pulsed CDLs for ranging) cannot be carried out in such systems. Instead, the laser needs
to be focused on the range of interest for the measurement resulting in a sampling volume
which is range-dependent [29]. The capability of the system to provide a tight focus on
the target plane depends on the transceiver optics, wavelength, as well as the range. As a
result, the range-dependent optical signal intensity in such systems can be incorporated in
the generalized lidar equation, i.e., (3.1), such that A becomes a range-dependent effective
telescope output lens area [29-31]

wD?
4

Aeff<z) = y (37)

D2\ > 2\ 2
bt <4)\z) <1 f)
where D is the diameter of the lens, A\ is the wavelength, and F' and z are the focus
distance and range from the telescope output lens, respectively. Fig. 2 shows examples of
amplitude-normalized range dependent optical intensities at the output of a CW CDWL
for various focus distances from the telescope output lens; It is evident from this figure
that CW systems operate best for short measurement distances as the sampling volume
increases quadratically as a function of focus distance.

In another class of all-fiber CDLs, the transmitted signal is pulsed. Pulsed lidars are
probably the most widely used lidars as they provide the opportunity for measurement
at longer distances while providing a consistent sampling volume across the measurement
range. In these (MOPA) systems, the output of a CW laser source, known as master
oscillator (MO), is chopped and fed into an EDFA for amplification. The pulse train is
subsequently transmitted through the atmosphere or the desired measurement medium.
WindCube from Leosphere [26] is an example of pulsed, also known as long-range, all-fiber
CDWL.

As shown by (3.5) an essential operation in coherent detection systems (including
the short and long-range CDLs) is beating the backscatter signal with a reference signal
known as local oscillator (LO). Although deriving the LO from the same laser source in a
CDL is not strictly needed ®, LO is usually derived from the MO in the majority of CDLs
for convenience. Besides, in both systems the mixing and treatment of the receive signals
can be carried out in a variety of ways. For instance, the Doppler bearing signal can
be directly translated into baseband, i.e., the carrier frequency (or any system-induced
frequency offset) is completely eliminated in the resultant signal. In other words, any
observed frequency shift is purely due to the physical process such as Doppler or Brillouin
frequency shifts.

The treatment of the receive signal and mixing it with the LO is usually carried out
by what is known as the optical front-end. As the name implies, the front-end is the
first stage at the receiver (receiving the collected backscatter signal from the telescope).

8For instance, Schwiesow and Cupp [32] have shown that LO can be taken from a different laser as
long as there is temporal and spatial coherence between the receive and LO signals.
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Depending on how the system treats the receive and LO signals at the optical front-end,
a few front-end (more broadly speaking transceiver) architectures can be realized.

Homodyne receivers, also known as direct-conversion receivers, completely remove the
carrier frequency from the receive signal and translate it into baseband. Carrier frequency
is often used in reference to the frequency of the optical transmit signal. In one instance
of homodyne receivers (adopted in all-fiber CDWLs), the LO signal is taken from the
end facet of the delivery fiber at the input to the telescope. The amount of the LO
power is controlled by changing the angle of the end facet of the fiber [30]. This specific
homodyne acthitecture is called a homodyne receiver with real-mixing [33]. In homo-
dyne receivers with complex mixing (also known as image-reject homodybe receivers or
quadrature-detection homodyne receivers) the backscatter signal is divided into two equal
components. One component is mixed with the original LO while the other component
is mixed with the phase-shifted (90°) version of the LO.

Another conventionally employed optical front-end architecture is called the hetero-
dyne receiver. This is probably the main reason why CDLs are also known as heterodyne
lidars as the early adoption of such systems was based on this front-end architecture.
In these systems, either the transmit or LO signal experiences a certain frequency shift
(offset) which is within the detection BW of the PD. Thus, the detected signal has a
fixed frequency offset with respect to the Oth frequency component. In such systems,
the output of the PD is directly sampled by the ADC. The sampling frequency of ADCs
should be large enough to satisfy the Nyquist sampling criteria imposed by the BW of the
received signal as well as the induced frequency offset. These systems are usually known
as heterodyne receivers with intermediate frequency (IF) sampling in literature [33] as the
signal is directly sampled at the output of the PD °. Probably, one of the primary reasons
for the popularity of this architecture is the fact that most long-range CDLs benefit from
an acousto-optic-modulator (AOM) [34] for pulse generation and shaping; AOMs provide
a high on/off extinction ratio needed for optimal performance of pulsed EDFAs. Due to
their principle of operation AOMs also cause a frequency shift in the output signal which
is responsible for the IF offset at the receiver.

Another class of optical-front ends in CDLs is superheterodyne receivers. These re-
ceivers are probably the oldest and most robust receivers used in radio systems [33]. A
superheterodyne receiver is in principle a two-stage receiver where the information car-
rying signal is first translated into IF band and, after proper filtering and treatment, is
eventually down-converted to the baseband. Effectively, this system is a hybrid between
a heterodyne receiver with IF sampling and a homodyne receiver (usually) with complex
mixing. A benefit of this front-end architecture is the reduction in the BW and sam-
pling frequency of the ADCs. In CDLs, the first down-conversion stage occurs at the PD
level and the second down-conversion stage, i.e., complex homodyning is carried out by
an RF electronic component (mixer) commonly used in radio systems. In this thesis, I
have shown that by adopting some of the recent advances in fiber-optic technology, com-
monly used in fiber-optic communications, all-fiber CDLs can be improved beyond what
has been available to research community and industry. For instance, in Paper I a new
short-range all-fiber CDL employing an image-reject homodyne receiver is described and

9The sampling is carried out after proper amplification and filtering of the signal from the PD.
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demonstrated. In Paper II two different approaches to signal processing, necessary for the
estimation of mean velocity from the spectra, are discussed and the associated advantages
and disadvantages such as the signal to noise ratio (SNR) and signal processing overhead
are discussed. The performance of the system proposed in Paper I is put to test in a real
measurement campaign the results of which are discussed in Paper III. In Paper IV a
patent-pending long-range polarization-diversity CDL is presented. The system benefits
from an improved transmit power (thanks to the availability of two EDFAs separated
in polarization) while having the ability to detect the depolarized backscatter signals.
The ability to detect the degree of depolarization enables the characterization of aerosol
types associated with each measurement range. Eventually, it is shown in Paper V that
by adopting the image-reject homodyne receiver in an all-fiber coherent detection lidar,
the spectrum of the Rayleigh or the SRBS (depending on the operating conditions) can
be resolved. The system benefits from an eye-safe 1.5um laser and has the potential to
provide simultaneous measurements of temperature, pressure, and wind. The focus of the
paper in Paper V is the temperature measurement capability of the system, provided as
the proof of concept through numerical simulations.
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4 Summary of included papers

The papers included in this thesis present the scientific research as well as the experimen-
tal activities, where relevant, carried out during the course of my PhD. This section is
intended to provide a brief but informative insight into the content of each paper. The
reader will have a first glimpse of the intended scientific and practical purpose of each
paper where the unnecessary details are omitted and the main concepts and conclusions
are presented.

4.1 PaperI- An all-fiber image-reject homodyne coherent Doppler
wind lidar

Direct-conversion (homodyne) receivers are a familiar concept in radio systems and co-
herent optical communications. These receivers help translate the information carrying
signal, spectrally spread around the carrier frequency, to the baseband (0-frequency). Up
until recently, the commercial and research continuous-wave coherent Doppler lidars ben-
efited either from a simple homodyne receiver (homodyne receiver with real mixing) or a
heterodyne receiver with intermediate frequency (IF) sampling; The former suffers from
the inability to detect the sign of the Doppler signal while the latter exhibits problems
associated with additional noise and bandwidth inefficiency. In this paper, we show that
by adopting an all-fiber image-reject homodyne receiver (homodyne receiver with complex
mixing) it is possible to build a new generation of CDLs where the system can benefit
from the advantages of a directional direct-conversion receiver. The result is a system that
has better noise behavior, detection accuracy, and more efficient bandwidth when com-
pared to its heterodyne counterpart. It is also shown that by employing a cross-spectral
analysis, made available due to the presence of two detected signal components with in-
dependent noise sources, a rather signal-processing-intensive operation (noise whitening)
required for accurate retrieval of mean wind speeds from the spectra in such systems, can
be eliminated. The paper starts with a theoretical study and analysis of the system and is
wrapped up with the system description of a prototype. Some preliminary measurements
from lab experiments, as the proof of concept, are also presented in the paper.
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4.2 Paper Il -Theoretical and experimental signal-to-noise ratio

assessment in new direction sensing continuous-wave Doppler
lidar

One of the advantages of the image-reject homodyne receiver, discussed in Paper-1, is
the ability to eliminate the noise-whitening process for an accurate wind retrieval. The
proposed method is to carry out a cross-spectra analysis between the in-phase (I) and
quadrature-phase (QQ) components of the detected signal which allows the removal of the
independent noise sources (such as shot noise) from the signals. This operation allows a
theoretical signal-to-noise ratio (SNR) ' close to infinity. However, we have debated in
Paper-I that contrary to the well-known general notion of the SNR, i.e., the power of the
detected signal to the power of shot noise, wind retrieval from the Doppler spectrum is
sensitive to the signal-to-estimation-noise-ratio (SENR). SENR, a frequency dependent
parameter, can be thought of the mean signal power to its variance for each frequency
component. In this paper, we have analytically calculated the SENR for different sce-
narios: the SENR in the event of an auto-spectrum and cross-spectrum. The results are
supported by measurements in the lab and indicate that the SENR in the event of cross-
spectral analysis drops by a factor of v/2, when compared to the auto-spectrum approach.
Despite the v/2 reduction in SENR, it is still recommended to employ the cross-spectral
approach in the majority of the cases ! the cross-spectral approach is chosen over the
auto-spectrum. Noise whitening, a process required in auto-spectrum approach, is signal
processing intensive and may introduce additional estimation noise. Besides, the merits
of the cross-spectral approach are not limited to the elimination of shot-noise sources;
Any uncorrelated noise source (such as % noise) is removed once this procedure is revoked
which adds to the accuracy of Doppler estimation from the noisy spectrum, especially
around the zero frequency.

10Tt is very common in coherent detection to define the SNR as the power of the detected signal divided
by the power of the detector shot noise.

1Tn Paper III it is shown that in a very specific measurement scenario where the Doppler spectrum
crosses the zero frequency, i.e., both positive and negative Doppler signals are presented in the measure-
ment volume, the cross-spectrum fails to provide a reliable measurement of t he mean wind speed.
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4.3 Paper 111 -Performance evaluation of an all-fiber image-reject
homodyne coherent Doppler wind lidar

Papers I and II discussed the idea behind an all-fiber image-reject homodyne coherent
Doppler wind lidar. The system architecture was proposed and performance analysis
were carried out both analytically as well as experimentally (through a few measurements
in the lab). The main question, however, was still at large; How does the new system
stack up against the CW CDL benefiting from a heterodyne receiver with IF sampling
(1st-generation Windscanners), a well-established and widely used research lidar at the
department of Wind Energy, Technical University of Denmark. It was a well-known fact
that this system suffered from noisy behavior around the 0 radial wind velocity, i.e., the
IF frequency. The spurious effects around this frequency, make an accurate estimation
of wind velocities close to zero very challenging (and sometimes even impossible) as the
Doppler signal retrieval in this region cannot be performed accurately. The measurement
of close-to-zero velocities is especially important when measuring the vertical component
of surface winds.

In this paper, the results of a specific measurement campaign are reported. In this
campaign the lidar was deployed to measure the vertical component of the wind in the
field. The results are compared against a sonic anemometer as the reference instrument.
Besides, the results of another measurement campaign carried out in the past, where a
heterodyne receiver with IF sampling was employed, are presented in this paper. The
comparison between the probability distribution function (PDF) of the velocities indicate
a significant improvement in the vertical wind component measurement capability of the
prototype lidar.

Moreover, the performance of two spectral processing procedures, i.e., the auto-spectral
and cross-spectral algorithms, are analyzed in the context of the vertical wind component
measurement. It is shown that despite the merits of the cross-spectral processing, it can-
not provide a full picture of the Doppler spectrum in very specific cases; In case both
positive and negative Doppler components are present in the measurement volume the
detected spectrum by this method can be biased. This is a rather special and rare occur-
rence and is expected in measurement scenarios where the mean wind speed is close to
zero (such as the surface wind vertical component measurement). Moreover, the proba-
bility of its occurrence is expected to increase in the event of larger sampling volumes or
more turbulent flow.
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4.4 Paper IV - A re-configurable all-fiber polarization diversity
coherent Doppler wind lidar

Long-range (pulsed) coherent Doppler lidars have a long history of application in at-
mospheric science and wind energy for the characterization of wind fields. The earlier
versions of such systems benefited from gas and solid-state lasers as well as open-space
optics. Recently, a number of all-fiber long-range systems have become available which
provide compact, low-maintenance, and cost-effective solutions with a performance that
rivals or even supersedes the more expensive non-fiber based counterparts. However,
similar to the all-fiber short-range (continuous-wave) systems, a gap between fiber-optic
technology used in fiber-optic communications and long-range coherent Doppler lidars
seems to persist.

In this paper, a dual-polarization image-reject homodyne optical front-end, originally
built for high-speed fiber-optic communications, is adopted. Furthermore, it is shown that
by making certain modifications to the transmitter part of the conventionally available
systems, a more capable lidar can be built. The lidar’s performance and capabilities im-
prove manyfold. For instance, due to the presence of a dual-polarization optical front-end,
the system is capable of recording the target (atmospheric) induced depolarization. The
ability to detect the signal depolarization makes it possible to retrieve more information
about the nature of the target (i.e., the aerosol particles). By measuring the amount
of the depolarization it is possible to get some insight about the particle type and size
distribution associated with different measurement ranges.

Another advantage of the proposed system is the possibility to integrate two indepen-
dent optical amplifiers in the system; The amplifiers are configured for the two orthogonal
polarization states and operate in concert. Depending on the configuration of the system,
which can be changed on the fly, the amplifiers can be combined to double the optical
output power or the pulse repetition rate (PRR). Contingent on the lidar deployment
and measurement scenario, the system can be configured in real-time to maximize the
performance.
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4.5 Paper V - A micropulse eye-safe all-fiber molecular backscat-
ter coherent temperature lidar

Remote sensing of atmospheric temperature has been a challenging topic in atmospheric
science and more recently wind energy. A variety of methods have been adopted for
this purpose. Examples of non-lidar based systems are radiosondes and microwave ra-
diometers. A variety of lidars have also been designed and deployed for remote sensing of
temperature. The adopted lidar technologies, however, are usually expensive, bulky, and
require high-maintenance. Due to the nature of atmospheric temperature measurement,
the lidars need to rely on elastic or inelastic molecular backscattering. For instance, ro-
tational Raman lidars measure the temperature-induced Raman shifts and high spectral
resolution lidars (HSRL) take advantage of the temperature-dependent spectral broaden-
ing from atmospheric molecules. Both these systems are designed for submicron optical
wavelengths due to design and physical process requirements.

Application of coherent lidars for recording the molecular spectral broadening has al-
ready been suggested in literature. Nevertheless, the idea never picked up. One of the
main problems associated with coherent detection is the restrictions imposed on the ap-
plicable wavelengths in such systems; it is very challenging and costly to design high qual-
ity optical components, meeting the requirements of coherent detection, for sub-micron
wavelengths. Wavelength above 1.4pm, conventionally used in coherent lidars, have a
very weak Rayleigh scattering cross-section. However, these wavelengths can operate in
a regime where the scattering is not pure Rayleigh but consists of spontaneous Rayleigh-
Brillouin scattering (SRBS). The presence of Brillouin peaks in SRBS are good indicator
of temperature and can be utilized to overcome the low backscatter signal power needed
for an accurate estimation of the temperature.

Besides, in light of the recent advances in optical font-ends (such as the image-reject
homodyne receiver) as well as wide-band photodetectors and electronics, it is shown that
it is possible to build an eye-safe micropulse coherent lidar capable of remote sensing of
atmospheric temperature at mesoscale. The presented results provide a proof of concept
through Monte-Carlo numerical simulations.
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5 Outlook

All-fiber coherent lidars have been gradually closing the gap with the coherent fiber-optic
communications. A mature research base and technology infrastructure in fiber-optic
communications can benefit the lidars; It can help develop robust, efficient, cost-effective,
and compact lidars for remote sensing applications. In this thesis it is shown how some of
the available fiber-optic technology associated with optical front-ends can be adopted in
coherent lidars for an improved measurement performance. In these systems the standard
off-the-shelf components built for 1.5um fiber-optic communications were (or suggested to
be) used to build the instrument. However, some of these components can be optimized
for all-fiber coherent lidars.

Although 1.5um wavelength has become the de facto standard in all-fiber CDLs, other
all-fiber alternatives operating at other wavelengths can be realized. For instance, suc-
cessful realization of thulium-doped all-fiber amplifiers for integration into master oscil-
lator fiber amplifiers (MOPA) systems, similar to the reported systems in this thesis, has
been reported in literature [35]. The reported numbers (distortion-free average output
power of 210 W) in [35] surpasses any erbium-doped fiber amplifier at 1.5um. The 2.1um
thulium-doped amplifier not only provide optical powers beyond what is achievable with
erbium-doped fiber amplifiers at 1.5um but also enable realization of coherent temper-
ature lidars relying on SRBS for higher altitudes requiring opto-electronic components
with lower BW requirements; The SRBS BW scales inversely with respect to the laser
wavelength.

In this thesis, it is shown that an all-fiber polarization diversity receiver can be adopted
in a pulsed CDL to, among other things, acquire additional information about the de-
polarized signal backscatter from different ranges. The same front-end can be adopted
in a CW system not only for depolarization characterization of the backscatter light but
also for cloud detection and removal. A challenging task in CW CDLs is the presence of
clouds or other objects in the beam path having a higher reflectivity or scattering cross-
section. The available systems usually employ complicated signal processing algorithms
for the detection and removal of the clouds. Since clouds usually introduce a certain
amount of light depolarization in the backscatter signal, a polarization diversity optical
front-end can discriminate the backscatter signal from the clouds, eliminating the need for
signal-processing-intensive algorithms which might introduce uncertainty rendering some
acquired data invalid.

Another potential architecture in all-fiber coherent lidars is a frequency-diversity sys-
tem. The frequency-diversity system provides the opportunity to perform a simultane-
ous measurement carried out at multiple heights simultaneously. Although a frequency-
diversity system as such has been reported in literature |36, 37|, the reported system suffers
from excess amplifier noise due to its design. However, modified designs based on a limited
frequency hopping scheme, where the transmit pulses are frequency shifted through an
electro-optic modulator (e.g., Mach-Zehnder modulator), can be adopted. Thanks to an
additional range isolation from frequency separation in the transmitted pulse train, these
systems will provide the opportunity to carry out the measurements at multiple heights
simultaneously.

Advanced digital signal processing is another area in radio systems and fiber-optic
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communications which has been exhaustively researched and developed. Digital signal
processing techniques enable us to improve the estimation of parameters for a given sys-
tem configuration and detected signal quality. Besides, they can provide the chance
to eliminate or reduce the effect of spurious effects in lidars. For instance, one of the
spurious effects in CW CDLs is the interferometric noise, not addressed in this thesis.
Interferometeric noise and its behavior is beyond the scope of this thesis and has been
well-researched in fiber-optics (e.g., see [38,39]). I believe by employing a signal process-
ing technique known as digital compensation in analog front-ends (also known as dirty
RF [33,40]), it is possible to estimate and reduce the effect of the interferometric noise
particularly observed in CW variants of CDLs.
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Abstract

In this paper, we present an alternative approach to the down-conversion (trans-
lation) of the received optical signals collected by the antenna of an all-fiber coherent
Doppler lidar (CDL). The proposed method, widely known as image-reject, quadra-
ture detection, or in-phase/quadrature-phase detection, utilizes the advances in fiber
optic communications such that the received signal can be optically down-converted
into baseband where not only the radial velocity but also the direction of the move-
ment can be inferred. In addition, we show that by performing a cross-spectral
analysis, enabled by the presence of two independent signal observations with uncor-
related noise, various noise sources can be suppressed and a more simplified velocity
estimation algorithm can be employed in the spectral domain. Other benefits of this
architecture include, but are not limited to, a more reliable measurement of radial
velocities close to zero and an improved bandwidth. The claims are verified through
laboratory implementation of a continuous wave CDL, where measurements both on
a hard and diffuse target have been performed and analyzed.

1 Introduction

Light detection and ranging (lidar) instruments have been in use for remote sensing of
atmospheric conditions, including the atmospheric boundary layer (ABL), for about five
decades. For instance, Fiocco and Smullin [1] demonstrated one of the early application of
lidars (also known as optical radar) in atmospheric characterizations and meteorological
observations. Wind lidars were already employed in early 1970s [2]. Following advances
in fiber optic communications, where lasers with wavelengths close to 1550 nm are used,
this technology has been extensively used in all-fiber CDLs. Commercial examples of
such systems are widely available: for instance, ZephIR from ZephIR Lidar [3], Windcube
from Leosphere [4], and WindEye from WINDAR Photonics [5] are examples of all-fiber
CDLs. The all-fiber 1550 nm CDLs have a master oscillator power amplifier architecture
(MOPA) where a compact laser source, known as the master oscillator (MO), is utilized
for the generation of a highly coherent light. Examples of MOs are distributed feedback
(DFB) fiber or semiconductor lasers. DFB lasers have a small form factor and provide
high sensitivity, robustness, and low levels of phase noise. The fiber optic technology,
used in optical communications industry, is employed for the generation, amplification,
transmission, and manipulation of the laser beam in all-fiber CDLs. Applications of CDLs
in the wind industry cover, but are not limited to, the measurement of wind velocities
in terrain for the characterization and optimization of wind turbine installation (wind
resource assessment) [6, 7], the measurement of the incoming wind flow for optimal wind
turbine yaw and pitch control [8,9], and power curve verification [10].

Typically, there are two major variants of mono-static CDLs used for wind measure-
ments, i.e., continuous wave (CW) and pulsed. In CW CDLs ranging is achieved by
translating the end facet of the delivery fiber along the optical axis of the telescope [11].
Thus, ranging is achieved by focusing the laser beam on the range of interest. On the
other hand, pulsed lidars emit a laser pulse for wind flow characterizations [12]|. In such
systems, ranging is achieved by range gating the received signals, i.e., the collected scat-
tering from aerosol particles [13|. In both types of systems, the backscatter from aerosol
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particles are collected through a telescope which passes them on to the following stages
for further processing.

Due to numerous advantages provided by digital signal processing algorithms, the de-
tected signals are typically digitized for further treatment. However, the available analog-
to-digital converters (A/D) have limited bandwidth (BW) that is far below the laser
frequency, conventionally known as the carrier frequency. Besides, the opto-electronic
components, such as photodetectors have limited BW and cannot follow signal fluctua-
tions in the THz region. As a result, it is imperative to down-convert the optical signals
into lower radio frequency (RF) spectrum known as intermediate frequency (IF) or base-
band, also known as zero-IF. Coherent receivers achieve this by mixing (beating) the
reflections with a local oscillator (LO) signal, usually derived from the MO. Depending
on the LO frequency and the front-end treatment of the signals, various architectures may
be realized. In fact, the optical coherent detection is "simply an extension into the optical
region, of a well-known radio-frequency technique used in superheterodyne receiver". [14]

Depending on the frequency where the optical signal is translated [15] the architec-
tures in CDLs may be categorized into two main classes: direct-conversion (homodyne)
and heterodyne architectures. In homodyne receivers, the LO and signal carrier fre-
quencies are equal. In heterodyne receivers, the carrier frequency is different from the
LO’s. A homodyne or heterodyne receiver may be realized through either real mixing or
in-phase/quadrature-phase (I/Q) mixing, also known as complex mixing. The complex
mixing process is also known as the image-reject or quadrature mixing principle. The in-
ability to perform an image rejection (and thus real mixing) in telecommunications results
in possible corruption of the transmitted information because the two sides of the band
overlap and interfere [16]. In CDLs it results in a symmetric spectrum where the sign of
the radial wind velocity cannot be discriminated which is a rather serious issue for certain
applications. To solve the sign ambiguity, a few receiver architectures can be employed,
the most popular of which are heterodyne receivers with IF sampling and homodyne re-
ceivers with complex mixing. Heterodyne mixing with IF sampling is a well-known and
widely used approach for signal detection in CDLs.

In this paper, we show that by employing a direct image-reject architecture in a CW
CDL, made feasible through commercially available components for optical communica-
tions, a more robust and accurate CDL can be prototyped. The result is a system that
has twice the BW as existing CDLs that employ heterodyning with IF sampling for a sim-
ilar system configuration. In addition, the prototype system provides a better estimate
of radial velocities close to zero where the signal is contaminated by noise in heterodyne
receivers. Furthermore, it is shown that by performing a cross-spectral analysis between
the in-phase and quadrature-phase components, the noise sources (mainly the shot noise)
can be suppressed and a less signal processing intensive algorithm employed to extract
the radial velocity information. Although the focus of the paper is on CW CDLs many
of the principles can be applied to a pulsed CDL with no or minor modifications.

The paper is divided into several sections. In Section 2, we adopt a simple but efficient
signal model associated with coherent detection in an all-fiber homodyne CW CDL with
real mixing to present the concepts and lay a mathematical framework. In Section 3,
we present the image-reject homodyne receiver and analyze its theoretical performance
with respect to receivers with real mixing such as the one described in Section 2. A
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laboratory prototype of an all-fiber image-reject homodyne CW CDL, as described in this
paper, is presented in Section 4 where a few measurement results on hard and diffused
target are presented as a proof of concept. Throughout the paper, an effort has been
made to emphasize the most important parameters affecting the CDL performance for
the discussed architectures. Meanwhile, wherever deemed appropriate, we have ignored
the topics secondary to the results presented in this paper. We have also adopted a number
of simplifications without sacrificing the generality and applicability of the results. The
optical and electronic components in this paper are assumed to be lossless and ideal unless
otherwise specified in the text.

2 Coherent detection and signal modeling

Before analyzing the image-reject receiver architectures, it is worthwhile to adopt ap-
propriate transmit and receive signal models associated with a CW CDL in a MOPA
configuration. Fig. 1 illustrates one of the simplest receiver architectures adopted for
such systems. In this system, the laser source signal, MO, is modeled after the funda-
mental mode of an optical resonator, i.e., TEMyo [15], where the transverse irradiance
has a Gaussian distribution and the longitudinal intensity is Lorentzian. Irrespective of
the temporal irradiance shape associated with the transmitted laser signal, we can adopt
the following mathematical model in time domain for the electric field fluctuations of the
optical signal at the output of the erbium doped fiber amplifier (EDFA):

L(t) = \/2pcos [2m fot + 0(t)] + Lr(t), (2.1)

where p is the optical signal power, f. is the laser frequency (also known as the carrier
frequency), 6(t) is the laser phase noise that defines the laser line width [17], and Lg(t) is
the relative intensity noise (RIN) of the laser. After passing through the optical circulator,
L(t) is split into a transmit signal s(¢) and LO signal Lo(t). LO in this particular system
configuration is derived by collecting the back reflections from the end facet of the delivery
fiber, i.e., the fiber at the input of the telescope. The LO power can be adjusted by
polishing the end facet of the delivery fiber [11] at the desired angle. Thus, the transmitted
signal, s(t), through the telescope is a major fraction of L(t) where s(t) = /1 — eL(t).
Furthermore, 0 < € < 1 is the splitting ratio that controls the LO power. For reflections
from a diffuse target such as backscatter from aerosol particles in the air the received
signal for the collected light by the telescope can be modeled as

r(t) = [2(1 — e)p]*/? i apcos 27 (fe + Af)) t+6(t) + o], (2.2)

=0

where «; is the net optical attenuation , Af; is the Doppler shift due to motion, ¢; is
the phase factor associated with the [th aerosol particle, and L is the number of aerosol
particles in the measurement volume. Furthermore, «;, Af;, and ¢; can be modeled as
independent random variables where A f; has a Gaussian distribution and ¢; is a uniformly
distributed random variable with ¢; € [0,27). In Eq. (2.2) the effect of Lg(t) in the
collected signal has been ignored because its power is insignificant compared to the power
of the transmitted signal.
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Figure 1: Homodyne receiver with real mixing. The LO is derived from the Fresnel
reflections at the end facet of delivery fiber at the output of the circulator.

Moreover, the average received power in Eq. (2.2) is approximated by [18]

pr = (), (2.3)

where p; = (1 — €)p is the transmit signal power, () is the atmospheric backscatter
coefficient, and A is the wavelength.

The phase noise, 6(t), is commonly characterized by a Wiener process [19]. It can be
shown that phase noise exhibits a Lorentzian shaped spectrum whose 3-dB BW defines the
laser line-width, characterizing the coherence length of the laser. Phase noise in modern
DFB lasers can be improved such that its detrimental effect in coherent lidars can be
ignored for the majority of practical applications. Thus, for simplicity and without loss
of generality, we ignore the effect of phase noise for the remainder of this paper.

On the other hand, RIN can be of practical importance, especially for DFB fiber
lasers. Although, most of RIN will be buried under a detector’s shot noise, the RIN peak,
associated with the laser’s relaxation frequency [20], may skew the measurements. This
is more pronounced for gas lasers such as He-Ne [21]| and fiber lasers [22] where the peak
appears in the low-frequency region of the spectrum. Therefore, the presence of RIN
affects the measurement results and the minimum detectable signals [23] and is a limiting
factor, especially in optical remote sensing and meteorology [24]. It has been shown [25]
that the RIN peak for some semiconductor lasers is outside the measurement range of
interest and does not pose a problem when compared to fiber based lasers.

To illustrate the concepts in this paper, we have derived the mathematical models
associated with backscatter from a single particle. The models provide a simple mathe-
matical way to present the concepts that hold for both hard targets and diffuse targets.
Verification of the results has been provided through atmospheric measurements presented
in Section 4.

Following Eq. (2.2), the received signal associated with backscatter from a single
particle can be modeled as

r(t) = al2(1 — e)p]'* cos [2m (fo + Af) t+ 6], (2.4)

where subscript [ has been dropped for a single particle.

If LO is
Lo(t) = \/2epcos (2 f.t) (2.5)
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Figure 2: Examples of the PSD associated with the baseband signal. (a) The spectra
when CTFT has been performed to estimate the spectra. (b) The effect of estimation
noise when a limited observation time is available for spectral processing after digitization.

then mixture of the received and LO signals, i.e., r(t) + L,(t), is impinged on a photo
detector whose response to the light intensity, in the form of an electric current, can be
modeled as

i(t) o< [r(t) + Lo(t)]*. (2.6)

After some mathematical manipulation and simplifications, the resultant current at the
output of the low-pass filter is

i(t) = 2y cos 27 (Af) t + @] +n(t), (2.7)

where v = paRp [e(1 — €)]*/* and n(t) is the total noise. Furthermore, Ry is the detector
responsivity and

N(t) = Nac + Nr(t) + Nen(t) + 17 (2), (2.8)

where 74, is the DC noise, ng(t) is the detected RIN, ng,(t) is the shot noise, and 7(t) is
the 1/f noise. In Eq. (2.8) we have ignored the effect of thermal noise and the detector’s
dark noise as they are insignificant when compared to other noise sources. Furthermore,
the shot noise power is

Puen = 2ERpproB, (2.9)

where F = 1.3 x 107 J is the light quantum energy, pro is the local oscillator power,
and B is the BW.

The baseband signal in Eq. (2.7) contains the Doppler shift information which can
be extracted through spectral analysis of the signal. Thus, for the received signal in Eq.
(2.7)

P(Q) = 7 {E [i(t)ilt+ 1) } =122 = AQ) + 0@+ AQ) + Py(),  (210)

where P;(Q2) and P,(2) are the power spectral density (PSD) of the signal and noise
respectively, .# is the continuous-time Fourier transform (CTFT), € is the frequency
in Laplace domain, E[-] denotes the ensemble average operation, and (-) represents the
complex conjugate operation. Fig. 2(a) illustrates an example of the PSD associated with
Eq. (2.10). As can be seen, the PSD is symmetric around zero frequency.
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In practice, due to the advances in digital signal processors and computers, the signals
need to be digitized for further processing. However, only a limited observation time is
available for processing (e.g., spectral processing) of the digitized signal. There are various
ways |26, 27| to estimate the PSD of a signal such as the one in Eq. (2.7). A widely used
method is to estimate the spectra through periodograms [28|, which when applied to the
digitized version of the signal in Eq. (2.7), results in

B() = 123 1) P, 211)

where K is the discrete frequency component, M is the number of averages, and f, is the
sampling frequency. In addition, I(K) is the discrete Fourier transform (DFT) defined as

I(K) = % Z i(n) exp (—2@%[{) , (2.12)

n=0
where N is the number of DFT points. Compared to Eq. (2.10),
B(K) = P; () + nest(K), (2.13)

where 7.5 (K) is the estimation noise and Qx = % For the shot-noise limited operational
mode, where the effect of all other noise sources are neglected, 7.5 (/K ) can be modeled as
a Gaussian random variable [29] where

Nnest(K) =E {nest(K>} = Nsn (QK) )
_ B(Qk) (2.14)

Fig. 2(b) shows an example of an estimated PSD for the signal in Eq. (2.7).

The ability to detect the Doppler shift in practice depends on the performance of
the estimation algorithm that can discriminate the signal information from the noise,
especially, the estimation noise. As a result, it seems necessary to define a new quantity:

P;(Kp) — Py(Kp)
0_7]6515 (K) |(K75KD)

Nest

SENR,; =

, (2.15)

where SENR; is the signal-to-estimation-noise-ratio and Kp = iL%JN , the frequency

associated with the Doppler peak. Please note that SENR is different from (the commonly
used)

f_—i-;o Pz (Q) df) — Py
Pn ’

SNR; = (2.16)
where p, = f oo P, () dS2. For a shot-noise limited operation, where the effect of other
noise sources and unwanted signals is ignored, and assuming a flat spectra the SNR for
the presented homodyne receiver with real mixing is

a’Rp(1—¢)p

SNR; = FolE

(2.17)
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Figure 3: The schematic of the image-reject homodyne receiver.

One of the major sources of unwanted signals is the non-ideal behavior of optical com-
ponents such as the optical circulator. For instance, due to the presence of phase noise
and cross-talk in optical circulators the estimated signal may suffer from interferometric
noise [30,31]|. Reflections from optical components such as telescope lenses can also be
compounding. A thorough analysis of SENR has been performed in [29]| from which it
can be inferred that the SENR for the simple homodyne system, described in this section,
is

A/ 2 _
SENR, — Y@ R]’;(l P _ p/AISNR, (2.18)

As shown in Eq. (2.16), SNR refers to the ratio of the signal power and the instrument
noise power (e.g., shot-noise). In spectral analysis, however, SENR seems to be the major
player in determining how well the signal can be estimated when buried in estimation
noise.

Despite its many advantages, the above-modeled system suffers from an inability to
discriminate the direction of travel, i.e., the sign of the radial velocity. This is evident from
the example PSDs illustrated in Figs. 2(a)-2(b), in which the presence of the image com-
ponent of the Doppler signal masks the sign of the radial velocity. To extract the direction
of travel, other receiver architectures need to be implemented. Examples of such systems
are heterodyne receivers with IF sampling [32|, super heterodyne receivers [33], and image-
reject homodyne receivers. In the following sections we have presented a detailed analysis
of an all-fiber image-reject homodyne receiver. The presented system not only resolves
the sign ambiguity, but it also benefits from a novel approach in signal processing that
eliminates the major noise sources and simplifies extraction of the Doppler information
from the signal. Additionally, through prototyping the system we will demonstrate its
performance for a number of different measurement scenarios, including measurement on
hard and diffuse targets.

3 Image-reject architecture

To resolve the ambiguity associated with the direction of travel, an image-reject homodyne
receiver can be utilized. In image-reject homodyne receivers, the return signal is mixed
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with two realizations of the LO signal where one realization is exactly 90 degrees out of
phase with respect to the other one. This concept is widely used in radio systems [16]
and in optical communications [34]. The idea has also been tested as a solution in CDLs
using open space optics. For instance, it has been shown [35] that by using a circularly
polarized light one can attain the in-phase and quadrature-phase LO realizations required
for this principle. The reported results were based on measurements on a hard target
in a laboratory environment. However, to the best of our knowledge, this is the first
time an all-fiber system implementation of a CDL employing an image-reject homodyne
architecture has been reported in literature where measurements for both hard and diffuse
targets have been successfully performed.

Fig. 3 provides an illustration of the system implementation for an all-fiber image-
reject architecture. In contrast to the homodyne receiver illustrated in Fig. 1, the LO
signal in this system is not derived from Fresnel reflection at the end facet of the delivery
fiber at the output of the optical circulator. Instead, two realizations of the LO with equal
power are obtained through an I/Q mixer. The I/Q mixer has two fundamental roles.
First, it provides two realization of the LO required for in-phase and quadrature-phase
components. Second, it utilizes two balanced mixers to mix the return signal with the
LO, detect the result, and filter the signals for delivery to the next stage for digitization
and further processing. The splitters inside the 1/Q mixer provide a 50/50 splitting ratio
while the 90 degree phase shift is achieved through a finely tuned delay line. Thus,

{LO,I(z) — Jepcos (2nf.t) 51)
LO,Q(t> = \/@sin (27cht) .

Furthermore, it can be shown that, pror = prorn = ProQ = ProQ. = 64—p, where

subindices refer to the individual photo-diodes at the in-phase and quadrature-phase legs.
The balanced mixer, as shown in Fig. 4, is mainly composed of a fiber coupler and
two matched photo diodes. The input signals (the return signal and the LO) fed into
the coupler, having a 50-50 coupling ratio, are mixed such that the output legs provide
a common and differential signal components. At the output of the matched diode pair
the common component is rejected and the differential mode is passed through. For such
a configuration, the common mode rejection ratio (CMRR) depends on the matching of
the two photo-diodes as well as the coupling ratio. In this paper, we have assumed ideal
matching between the two diodes as well as an ideal and stable 50% coupling ratio.
After some mathematical manipulations and simplifications, it can be shown that
the current at the output of the balanced mixer for the in-phase and quadrature-phase
components are
ir(t) = 2y cos [2m (Af) t + ¢] + ny(t), (3.2)
ilt) = V2ysin 2 (Af)t + 6] + ng(t), '
where subscripts (-); and (-)g denote the in-phase and quadrature-phase components,
respectively. Additionally,

(3.3)

{m(t) = N (t) + 01 (t),
nQ(t) = Nsnq(t) + nr.o(t).
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Figure 4: The schematic of the balanced mixer. The mixer consists of a balanced coupler
and two balanced photo diodes connected in reverse.
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Figure 5: Examples of the estimated PSD associated with the baseband signal. (a) The
spectra when the radial direction of travel associated with the target is positive. (b)
Because the radial direction of travel is away from the telescope, a negative Doppler shift
is measured.

In Eq. (3.3), we have ignored the effect of RIN and DC noise since they appear at the
common mode of the ideally modeled balanced mixers and are filtered out. In practice,
due to reflections from optical surfaces in the system, there is a DC term that appears in
the differential mode. We have assumed ideal optical surfaces so that reflections can be
ignored.

The signal pair in Eq. (3.2) can be combined to make a complex valued signal such
that,

iro(t) = V2ycos (2nAft + ¢) + nr(t) + j |V2ysin (2rAft + ¢) +no(t)|, (3.4)
where j = y/—1. Moreover, it can be shown that

{ng(Q) = 2920(Q — AQ) + P, () + P (),

By (K) = P () + e (K, (35)

and [29]

_ VMSNR,,, = YMO*Ro(1 - e)p (3.6)

SENR o 7

11Q
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Figure 6: Examples of the estimated cross-spectra of the in-phase and quadrature-phase
signal components in baseband. (a) Positive Doppler shift. (b) Negative Doppler shift.

Fig. 5(a)-5(b) show examples of the PSD associated with Eq. (3.5). As can be seen, the
PSDs are not symmetric. Also, when compared to the PSDs in Fig. 2(a)-2(b), they are
free from RIN and DC noise, thanks to the balanced mixer.

Although the shot noise exhibits a flat spectrum, it is usually shaped due to the pres-
ence of filters and electronic components. As a result, to extract the Doppler information
it is necessary to whiten the noise [36]. Among other things, noise whitening is a signal
processing intensive algorithm and adds to the uncertainty of radial velocity estimation.
The image-reject architecture makes the noise whitening redundant due to the availability
of two signal observations with independent noise sources. As a result, by performing a
cross-spectral analysis between the in-phase and quadrature-phase components we have
shown that the signal information, including the direction of travel, is contained in the
imaginary part of the result. Thus,

Im [P, ()] = %72 5(Q + AQ) — 5(Q — AQ)], (3.7)

where

Piig() = 7 (E [ L)1) ). (3.8)

and Im [-] represents the imaginary component. Furthermore,

~

Pria(K) = 1237 1 (VTG = Pas () + 1), (39)

2

where, similar to Eq. (2.14), nest1q 1S a zero-mean Gaussian random variable with O sty

Moreover, following [29] it can be shown that

SENR. . — V2Ma*Rp(1 — e)p‘

111Q 2F (310)

One of the main advantages of the cross-spectral analysis is elimination of uncorrelated
noise sources including the shot-noise. Elimination of background noise simplifies the
estimation algorithms (including background noise whitening) to extract the Doppler
information. It also reduces the number of frequency bins by a factor of 2, which essentially
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Figure 7: The schematic of the system set-up. All optical fibers are Panda polarization
maintaining fibers. Also, all the optical components in this system are polarization main-
taining and fiber coupled. Except the optical antenna (telescope), all the components are
commercially available.

translates into a more efficient storage of spectral data. Moreover, due to the elimination
of 1/f noise and DC noise around zero-frequency component, a better estimate of the
radial velocities close to zero can be performed. The experimental results, carried out
for the measurement of the vertical component of the wind, support the above mentioned
claim and will be published in a future paper. This is in contrast to other available system
implementations, such as the heterodyne receiver with IF sampling employing an AOM,
where the system suffers from added noise by the additional active component (that is,
the AOM) and non-ideal filters such as notch filters. Despite its many advantages, the
cross-spectral approach suffers from an inherent SENR loss, viz., \/75, [29] that becomes
evident when comparing Eq. (3.6) and Eq. (3.10).
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Figure 8: The system set-up in the laboratory environment.

4 Experimental results

An all-fiber prototype of the proposed architecture in this paper has been built and tested
on hard and diffuse targets (atmospheric aerosols). The measurement results for hard
and diffused targets, as presented in this section, are solely meant for proof of concept. A
detailed analysis of the measurements and how they compare to measurements done by a
reference instrument (such as a sonic anemometer) is well beyond the scope of this paper
and will be provided in a future paper.

The system follows the schematic illustrated in Fig. 7. An integrated MO and EDFA
configuration generates a fiber coupled Gaussian beam at the wavelength of 1565 nm.
The maximum output power is around 1.35 W. The output is split by an optical tap
into two signals: LO and transmit signals. The splitting ratio is 99/1; that is, 99% of
the laser power is directed towards the telescope (via the optical circulator) while 1% of
the power is fed into an optical attenuator for fine-tuning of the LO power. For optimal
coherent detection the LO power should be large enough so that the photo detectors are in
shot-noise limited operation mode. However, it is imperative to make sure the detectors
are not operating in saturation mode. The return signal from the target is collected
by the telescope and fed into the optical circulator. Eventually, the signal is passed by
the optical circulator to the optical hybrid. The optical hybrid collects the return signal
as well as the LO and produces the necessary in-phase and quadrature components in
balanced pairs at the output. The results are fed into the balanced photo detectors.
After detection, the electrical signal from the the balanced photo detectors are filtered
and amplified before being converted into digital signals. The result is processed by the
computer where the Doppler information can be extracted. We used an integrated A/D
card and National Instrument (NI) computer. Fig. 8 shows a photo of the system set-up
in the lab environment.

For measurements on a hard target, a rotating disk was used as the primary target
in the lab. Due to strong reflective behavior of the disk the transmit signal power of
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Figure 9: The measurement on a moving hard target, i.e., a spinning disk. The leftmost
plot illustrates the autospectrum of the complex signal, while the rightmost one refers to
the one-sided cross-spectra between the in-phase and quadrature-phase signal components.
Please note that single-sided cross-spectrum (the right-most plot) represents the left side
of the spectrum in Figs. 6(a)-6(b), as it contains all the relevant information for the
measurement of radial velocity as well as direction.
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the laser was adjusted to 70 mW. The target was 5 meters away from the telescope.
The laser beam was focused at the distance of 2 meters from the telescope output lens.
Table 1 lists the system parameters for the measurement campaigns. As Fig. 9 shows,
a wide-band Doppler frequency shift is measured. The wide-band characteristic is due
to the transmit signal spot size on the surface of the rotating disk; the rotational speed
of the disk varies as a function of the distance from the center of the disk. The narrow
dip around zero frequency is due to the high-pass filter. It is evident that despite the
presence of the high-pass filter a strong DC component still exists. Furthermore, it can
be seen that the autospectrum, the leftmost plot in Fig. 9, exhibits a colored (filtered)
Gaussian noise as expected across its frequency span. The filtering effect might become
significant due to environmental dependency of the electronic components. As a result,
for the autospectrum shown in the left-most plot in Fig. 9, noise whitening needs to be
carried out before an accurate radial speed can be estimated. The rightmost plot in Fig. 9
illustrates the one-sided cross-spectral analysis, as a result of which the uncorrelated noise
sources, e.g., shot noise, 1/f noise, and DC noise due to reflections from the telescope, are
suppressed. Besides, due to a relatively flat background spectrum, noise whitening is not
required in this case. Thus, radial velocity estimation is not only easier but also more
accurate than the autospectral analysis for the majority of scenarios.

Table 1: Experimental system parameters

Campaign Pt [W] BW [MHz] fs [MHz] N M Aperture size [inches]
Hard target 70 x 1073 40 120 512 4000 2
Diffuse target 1.1 40 120 512 4000 2

For atmospheric measurements, the full output power of the integrated MO and EDFA
was used. Due to losses in the system (e.g., fiber connectors) the maximum output power
to the telescope was 1.1 W. Fig. 10 illustrates the atmospheric measurement. For this
campaign the telescope was pointing upward. As a result, the vertical component of the
wind was measured. We know from experience that measuring the vertical component
accurately is a challenge due to the presence of the Doppler signal in the vicinity of the
DC component (i.e., zero frequency). As seen in the leftmost plot in Fig. 10, the signal
strength is much lower and the Doppler shift is closer to zero. Accurate estimation of radial
velocity in this case also requires additional signal processing and filtering. However, by
utilizing the cross-spectral analysis, the majority of noise sources are suppressed and a
rather flat spectra is achieved. It is evident that the benefits of cross-spectral analysis
are more emphasized for weaker Doppler signals and lower radial velocity speeds, where
dilution with various noise sources around zero frequency is more severe. As we will show
in a future paper, however, the merits of the cross-spectral technique become questionable
once the Doppler spectrum crosses the zero frequency, where the signal contains both
negative and positive Doppler shifts close to zero.
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Figure 10: The atmospheric measurement using the full output power of the laser. The
measurement spectra is associated with the vertical component of the wind. The leftmost
plot illustrates the autospectrum of the complex signal, while the rightmost one refers to
the one-sided cross-spectra between the in-phase and quadrature-phase signal components.
Please note that single-sided cross-spectrum (the right-most plot) represents the left side
of the spectrum in Figs. 6(a)-6(b), as it contains all the relevant information for the
measurement of radial velocity as well as direction.
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5 Conclusion

By analyzing a promising new approach, an all-fiber image-reject architecture, for signal
detection in fiber CDLs, we have shown that a more robust system implementation can
be realized. The robustness is partly the result of using passive components, as opposed
to alternative system implementations such as heterodyne receivers that use active com-
ponents, and partly attributable to a new approach in signal processing algorithm made
available due to the presence of in-phase and quadrature-phase signal components. De-
spite its simplicity, the signal processing algorithm, the cross-spectral analysis, improves
the accuracy of Doppler shift estimation by eliminating the estimation inaccuracies often
introduced by noise whitening procedure, as well as suppressing the major extraneous
noise present in the auto-spectral counter-part. Additionally, the presented system prof-
its from a lower memory requirement for the storage of the estimated spectra. The new
approach benefits from an all-fiber technology available in fiber optic communications and
is easy to implement.
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Abstract

A new direction sensing continuous-wave Doppler lidar based on an image-reject
homodyne receiver has recently been demonstrated at DTU Wind Energy, Technical
University of Denmark. In this contribution we analyse the signal-to-noise ratio
resulting from two different data processing methods both leading to the direction
sensing capability. It is found that using the auto spectrum of the complex signal
to determine the wind speed leads to a signal-to-noise ratio equivalent to that of a
standard self-heterodyne receiver. Using the imaginary part of the cross spectrum
to estimate the Doppler shift has the benefit of a zero-mean background spectrum,
but comes at the expense of a decrease in the signal-to noise ratio by a factor of v/2.

1 Introduction

Coherent Doppler lidars have in recent years started to play an increasingly important
role within the wind energy industry and are now widely used for especially resource
assessment. Lidars offer a cost-efficient and flexible alternative to in-situ anemometers,
and met masts and several commercial products have found their way to the market.
Despite being a well-established technology coherent Doppler lidars still represent a very
active research field both in terms of the instruments themselves and their applications.
Critical parameters such as accuracy and maximum measurement range are constantly
being improved, and new features like controllable scanning patterns are emerging. For
the application of lidars in wind energy the lidars seem to be moving from the ground to
being mounted directly on the turbine, and e.g. power curve measurements from turbine
mounted lidars have been demonstrated [1|. Another interesting application relates to
turbine control where the aim is to maximise energy production and turbine lifetime
through feed-forward yaw and pitch control using a turbine mounted lidar [2].

1.1 Direction sensing continuous-wave lidar

Continuous-wave (CW) Doppler wind lidars possess several desirable properties such as a
simple basic design and a high duty cycle measuring rate, but unfortunately also some less
desirable features such as limited measuring range and missing capability of sensing the
direction of the wind. One can work around the latter limitation by shifting the frequency
of the reference local oscillator (LO) compared to the transmitted signal, e.g. with the
aid of an acousto-optic modulator (AOM). However, this approach has shown to lead
to practical problems with instabilities in the Doppler spectrum especially at frequencies
close to the acoustic frequency of the AOM and to effectively limit the bandwidth.

At DTU Wind Energy a different technique to achieve direction sensing has recently
been demonstrated with great success [3|. This detection scheme is based on an image-
reject homodyne receiver, also known as coherent in-phase and quadrature (IQ) detection,
which in essence works by dividing the received backscattered signal in two and mixing
one half with a reference local oscillator signal and the other half with a 90° delayed copy
of the LO [4,5]. By calculating the cross spectrum between these two signals the sign of
the Doppler shift and thus the direction of the wind can be deduced. The cross spectrum
between the two channels furthermore has the advantage of automatically eliminating any
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DC component and background noise contributions thus making noise flattening obsolete
in the post processing. In this study we analyze the signal-to-noise ratio (SNR) of the
IQ detection lidar theoretically and experimentally, and compare with that of a lidar
detection system using the standard self-heterodyne technique.

1.2 Experimental setup
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Figure 1: Schematic drawing of the direction sensing lidar used in this study.

Figure 1 shows a sketch of the setup for the direction sensing CW lidar used in this
study. A 1565 nm CW fiber laser delivers an output power of approximately 1 W. This is
sent to an optical circulator and from there to the telescope unit which focuses the light
into the atmosphere. Light scattered back into the same mode as the output is collected
by the telescope and directed back to the circulator and from here to the 90°-hybrid. Here
the backscattered signal is mixed with the local oscillator signal (LO) which is tapped
out from the laser output using a 1/99 optical splitter. The hybrid splits the received
signal and the LO in two and introduces a 90° phase shift on one of the two LO signals
before they are mixed on two balanced photodetectors. In order to achieve an appropriate
optical power level on the detectors the LO can be attenuated before entering the hybrid.
The two analog electrical detector output signals are bandpass filtered to condition them
and avoid aliasing before they are amplified and finally digitised and processed by an
FPGA board and a computer.

1.3 Data processing

Due to the phase shift induced by the 90° hybrid the photocurrents generated by the two
photodetectors are 90° out of phase and may thus be written as

i(t) o< sin(wpt + @) (1.1)
q(t) o< =+cos(wpt+ @), (1.2)
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where i(t) and ¢(t) are called the in-phase and quadrature-phase signal, respectively, and
the sign of ¢(t) depends on the sign of the wind velocity. wp is here the Doppler shift
frequency and ¢ is an arbitrary phase constant.

The signals may be processed in three different ways. The first of these is the standard
auto spectrum, S7, of each signal which can be calculated according to

Si(w) = (Hw)") = (IFLD}7), (1.3)

in the case of the in-phase signal. Here F{-} denotes the Fourier transform, and() the
ensemble average.

The auto spectra of both ¢ and ¢ are symmetric, i.e. the positive and negative halves
of the spectra are identical, and can therefore not be used directly to determine the
direction of the wind. One way to achieve this is instead to calculate the auto spectrum
of the complex signal, S¢, defined as

Se(w) = (1) +jQW)[*) = (|F{i(t) + ja(t)}*) , (1.4)

where j = /=1 is the complex unit. This operation results in a spectrum in which the
image component of the Doppler peak is eliminated. That is, the Doppler peak will only
be present in either the positive or the negative half of the spectrum depending on the
sign of the Doppler shift, see Figure 2a.

In the third data processing method the imaginary part of the cross spectrum, Yy,
between the two signals is used, i.e.

Im (x(w)) = (Im (I (w)Q"(w))) = (Im (F{i() }F{q(t)})) , (1.5)

where * denotes the complex conjugate and Im the imaginary part. This results in an
anti-symmetric spectrum where the sign of the wind speed can be deduced from the sign
of the Doppler peak, see Figure 2b.

Figure 2 shows measured examples of the latter two methods described above. As
can be seen the auto spectrum of the complex signal has a Doppler peak located around
—2 MHz which for this specific lidar system is equivalent to a wind speed of approxi-
mately —1.5 m/s. The shape of the background spectrum is determined by the combined
frequency response of the detectors, bandpass filters, and amplifiers. For example can the
effect of the lowpass edge of the filters clearly be seen to set in at £50 MHz. A strong
DC component is also present and this is probably due to a slight offset in the ADC or an
imbalance in the optical part of the system, or stray light due to reflections from optical
components such as the telescope. The same information, i.e. wind speed and direction,
can be deduced from the imaginary part of the cross spectrum where the negative peak
indicates a negative wind speed. With this method the negative half of the spectrum thus
becomes obsolete which can be advantageous when storing spectra. Another advantage of
using the cross spectrum, as can be seen from the figure, is the zero-mean flat background
noise spectrum. As a result it is not necessary to first measure the noise spectrum in
order to normalise the spectrum [6].
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Figure 2: (a) Auto spectrum of the complex signal, Eq. (1.4). (b) Imaginary part of cross
spectrum, Eq. (1.5).

2 Signal-to-noise ratio

In this section we will calculate the relative signal-to-noise ratios of the three data pro-
cessing methods described above. In the following we will assume spectra with equal noise
statistics across the full bandwidth, i.e. the standard deviation of the noise is the same in
all frequency bins. For convenience and since we will be working solely in the frequency
domain the angular frequency, w, will be omitted in the equations.

2.1 Auto spectrum of individual signals

The auto spectrum of either I or @) is

S+ N at Doppler peak

| (2.1)
N outside Doppler peak,

(11%) = (|QI*) = {

where S and N are the power spectral density of the signal and of the background noise,
respectively. When performing actual measurements we do not have access to the en-
semble average but rather the average of a number n of spectra, which is typically of
the order of a few hundreds to a few thousands. We denote that average by (),. So, for
example, (||?), = = (|[[]* + |L|* + ... + |I.|?), where I is the k™ element from a series
of consecutive Fourier amplitudes produced from a detector time series. It is reasonable
to assume that I and [; are independent (for k& # 1) for frequencies outside the Doppler
peak, and also that the noise from the in-phase, I, and quadrature-phase, (), signals are
independent.

We now define the signal-to-noise ratio (SNR) as the signal power, i.e. how far the
Doppler peak is above the noise floor, divided by the standard deviation of the noise level.
So, for one of the detector signals, say I, the ratio is

(S+N)—N

N =
SNR o (V)

— \/nS/N = SNR,, (2.2)
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where
o2 (V) = { (TP = (1)) (2.3)

is the variance of the spectral estimate of the noise calculated at a frequency outside
the Doppler peak. We denote the signal-to-noise ratio of this setup SNRy and use it as
reference when comparing with the other methods. Assuming that the complex Fourier
amplitudes are Gaussian one gets the standard result

(2.4)

which was used in Eq. (2.2).
If we add the two auto spectra for I and ) the signal power will double but the
standard deviation of the noise only increase by v/2. Thus for {|I]?) + (|Q|*) we get

SNR = v/2SNR,, (2.5)

and thereby an improvement in SNR compared to the case only utilizing one of the two
detectors by V2.

2.2 Auto spectrum of the complex signal

For the auto spectrum of the complex signal the spectral power is

45 + 2N at Doppler peak

' (2.6)
2N outside Doppler peak,

(H+4QP) = (P +1QF —jIQ" +jI'Q) = {
where it has been used that (jI*Q) = — (jIQ*) = S at the Doppler peak and 0 outside
the Doppler peak.

The uncertainty on the noise level is ,,(2N) /2N = 1/4/n because the noise is a sum of
n terms each having twice the variance as compared to the situation leading to Eq. (2.2).
The implication is that the signal-to-noise ratio is

45

N pu—
SNR on (2N)

— 25% — 2SNR,, (2.7)

which is seen to be twice as good as the signal from one of the individual detectors. This
is intuitively not surprising since each detector only receives half of the total signal power
in the setup used, but when using the output from both detectors and combing them as
a complex signal the full signal power is utilized.

2.3 Cross spectrum

We now turn to the imaginary part of the cross spectrum between [ and () where the
spectral power is given as

Im ((1Q)) = {j:S at Doppler peak (2.8)

0 outside Doppler peak.
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Due to the uncorrelated noise sources the average noise power at the output of the cross-
spectral analyser is zero. However, we need to estimate the fluctuations around zero in
order to use our signal-to-noise definition. We therefore need to estimate o2(Im(IQ*))
away from the Doppler peak. Here I and () are uncorrelated Gaussian variables and the
product IQ* will have equal variance of the real and imaginary parts. So,

7% (Im (1Q°)) = 303 (1Q") (2.9)

Since the mean of 1Q* is zero we can write the variance (at least for large n) as

Q) = QW) = 5 (IhQ + h@3+ .+ L. (210)

Due to independence all the cross terms in the squared sum will vanish and we are left
with n terms of the form (I,Q; 1} Q). Since the random variables are joint Gaussian and
I and @ uncorrelated, this fourth order statistics can, due to Eq. (2.1), be expanded to
products of second order statistics as (I[,Q;[;Qr) = (| Ii|*){|Qx|>) = N? (see the Isserlis
relation in |7]). Combining these results we get

on (Im (1Q%)) _ 1

= — 2.11

and the signal-to-noise ratio becomes

S/N
1/v/2n

Hence it is seen that the penalty for achieving a flat background spectrum is a reduction
in SNR of Lz relative to that of the auto spectrum of the complex signal.

The results derived in this section are summarized in Table 1 together with the exper-
imental results.

SNR = — V2SNR,. (2.12)

3 Experiments

In order to test the validity of the results derived above two experiments were conducted.
First the SNR was measured in the laboratory with the Doppler shift provided by a
moving hard target, and secondly on a real atmospheric wind signal.

3.1 SNR from hard target

The SNR was measured in the laboratory using an experimental setup as shown in Figure 3
and with a telescope with a 1" aperture and 0.10 m focal length. The laser beam was
focused weakly on a spinning paper disc adjusted to a relative speed of about 1 m/s and,
in order not to saturate the detectors as well as to mimic a real atmospheric return signal,
attenuated with a neutral density filter. The filter attenuated the signal by 25 dB upon
each passage. The raw signals were sampled at 120 MS/s and processed using a 512 point
discrete Fourier transform routine. n = 4096 of these spectra were averaged to a single
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NDF

Figure 3: Schematic drawing of the setup used to measure the SNR from a moving hard
target. The neutral density filter (NDF) attenuates the laser beam by 25 dB upon each
passage.

output spectrum resulting in an output rate of approximately 57 Hz. Data was collected
for 60 s. Subsequently the laser beam was blocked and another 60 s of data collected.
From this the mean backgrounds of the different auto spectra were calculated and the
spectra containing Doppler peaks were flattened by dividing with the respective mean
background spectra. The SNRs were finally calculated by dividing the value in the bin
containing the Doppler peak by the standard deviation of the bins not containing signal.
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Figure 4: Scatter plot of the measured SNR from a moving hard target and based on the
different data processing methods.

The results of the measurements are shown in Figure 4 in units of SNRy here calculated
as the mean SNR of [ and @). First it is noted that there is a slight offset between the
SNRs of channels I and ). This is ascribed to an imbalance in either the optical or
electrical part of the system and is the reason for calculating SNRy as an average. As
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predicted by the derivations above the auto spectrum of the complex signal is seen to
result in an SNR of two SNRqy whereas the imaginary part of the cross spectrum only
increases the SNR by approximately 1.44 which is very close to the numerical value of
\/5, see Table 1. One distinct feature stand out in the figure and that is that the variance
of the (|7|*) 4+ (|@Q|*) based SNR is much smaller than those of the other four. This is
because SNRy is calculated as the mean of SNRs of the individual I and ¢ channels and
any further imbalance between the two, e.g. due to changes in the polarisation of the
backscattered light during a measurement period, will affect the complex signal and the
cross spectrum, but for {|I]?) + (|Q|*) they will cancel. The measurement is especially
sensitive to changes in the polarisation of the backscattered light because the splitting
ratio of the 90°-hybrid is polarisation sensitive, and any instability could therefore lead
to the signal not being divided equally between channel I and Q.

3.2 SNR from atmospheric return
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Figure 5: Scatter plot of the measured SNR from an atmospheric return and based on
the different data processing methods.

For measuring the SNR of the return from the atmosphere the same procedure as for
the hard target measurement was used, but this time using a telescope with a 3" aperture,
and 0.28 m focal length and with the laser beam focused approximately 80 m from the
lidar. The resulting SNR measurements are shown in Figure 5 and the averages of these
measurements are shown in Table 1. Although the signal power is expected to have
uncertainties due to broadening of the peak because of effects such as speckle broadening
and turbulence, good agreement with the theoretical results is again seen; the mean SNR
of the complex signal and of the imaginary part of the cross spectrum is 2.01 SNRy and
1.41 SNRy, respectively. In these measurements a sudden drop in the SNR is seen in the
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Table 1: SNR/SNRy for the different data processing methods comparing the theoretically
expected values with the experimentally measured values.

(1) QP (P +{(QF) (I +jQF) Im((/Q%)

Theoretical 1 1 V2 2 V2
Exp. hard target 1.03  0.97 1.42 2.00 1.44
Exp. atm. 1.07  0.93 1.42 2.01 1.41

end of the time series and these are due to natural variations in the wind speed. When
the wind speed approaches 0 m/s the Doppler peak is attenuated by the high pass edge of
the bandpass filters with a decreasing SNR as a result. Also a much smaller variance in
the measured SNR than for the hard target measurement is seen. A possible explanation
for this could be is the polarisation state of light is better preserved in the scattering
process with aerosols in the air than with the hard target. However, further investigation
is necessary in order to clarify this.

4 Discussion and conclusion

A direction sensing CW lidar has been constructed by incorporating a 90° hybrid into
a basic CW lidar setup. The 90° is a completely passive component and requires thus
no external control and is less prone to add noise to the measurement as compared to
using active components such as an AOM. There are two ways of processing the signals
generated by the lidar; calculate either the auto spectrum of the complex signal or the
imaginary part of the cross spectrum. The latter method has the very appealing properties
of a zero-mean flat background noise spectrum and that all information is contained in
the positive half of the spectrum reducing the requirements on data storage. However, we
show theoretically and experimentally that these attractive features come at the expense
of a reduction in SNR by a factor of v/2, that is by approximately —1.5 dB. This reduction
in SNR will in most situations not limit the operation of the lidar, but under conditions
with very clear air or very fast measurements it must be taken into consideration, e.g by
increasing the laser output power or perhaps use the auto spectrum of the complex signal
instead. Also for Doppler shifts close to zero the auto spectrum of the complex signal may
be advantageous to use because if the Doppler spectrum is perfectly centered around zero
the resulting positive and negative peaks of the imaginary part of the cross spectrum will
cancel. On the other hand, due to the elimination of the need to normalise the spectrum,
necessary for the derivation of accurate wind speeds, the cross-spectral technique does not
introduce any estimation error which is inherent to any estimation algorithm. A thorough
analysis of the impact on the SNR due to spectral whitening is beyond the scope of this
paper and is to be investigated in future a work.
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Abstract

The main purpose of this study is to evaluate the near-zero wind velocity mea-
surement performance of two separate 1.5 um all-fiber coherent Doppler lidars
(CDL). The performance characterization is performed through the presentation
of the results from two separate atmospheric field campaigns. In one campaign,
a recently developed continuous wave (CW) CDL benefiting from an image-reject
front-end was deployed. The other campaign utilized a different CW CDL, benefit-
ing from a heterodyne receiver with intermediate frequency (IF) sampling. In both
field campaigns the results are compared against a sonic anemometer, as the refer-
ence instrument. The measurements clearly show that the image-reject architecture
results in more accurate measurements of radial wind velocities close to zero. Close-
to-zero velocities are usually associated with the vertical component of the wind and
are important to characterize.

1 Introduction

Light detection and ranging (lidar) for remote sensing of wind has become a well-established
and widely used instrument in atmospheric science and wind energy [1-7]. Among differ-

ent variants of lidars, coherent Doppler lidars (CDL) are of primary interest for remote

measurement of wind as well as characterization of turbulence structures for the lower

atmosphere [8-10]. Due to their nature of operation, CDLs measure the radial veloc-

ity of the wind which does not necessarily coincide with the true velocity vector. Thus,

one ideally needs to employ three lidars, with a sufficient angular separation, for probing

the measurement volumes of interest to be able to derive the full wind velocity vector.

One of the challenges in existing CDLs is the detection of the radial velocity direction.

Among the few commercially available continuous wave (CW) systems none is capable of
determining the radial velocity direction.

A few research CW CDLs, capable of determining the sign of the radial velocity,
have been developed over the years. For instance, Schwiesow and Cupp [11]| used two
COs lasers with frequency-offset locking to discriminate the radial velocity direction.
The system benefits from a down-conversion principle known as heterodyne receiver with
intermediate frequency (IF) sampling [12,13]. However, the reported signal to noise ratio
(SNR) around zero velocity in this system was poor. More recently, a CW CDL capable
of determining the radial velocity sign/direction is the 1st-generation "Windscanner" [14]
also benefiting from a heterodyne receiver with IF sampling. In this system an acousto-
optic modulator (AOM) is used to provide a frequency shift (offset) between the local
oscillator (LO) signal and the transmit signal. As an all-fiber directional CW CDL,
the 1st-generation Windscanner has been a valuable research instrument for directional
remote sensing of wind. A detailed analysis of systems benefiting from the heterodyne
front-ends with IF sampling is beyond the scope of this paper. Suffice to mention that
they may suffer from a number of drawbacks in terms of (more) extraneous noise, (lower)
detection bandwidth (BW), as well as (more) intensive data acquisition and processing.
Some of these issues are briefly discussed in the remainder of this paper.

Recently, an all-fiber directional CW CDL employing an image-reject homodyne op-
tical front-end was successfully demonstrated by Abari et al. [15]. This reported sys-
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Figure 1: Heterodyne receiver with IF sampling (HCDL). To be able to capture the full
return signal power a balanced mixer/detector needs to be employed; for details please
see [15]. MO and EDFA represent the master oscillator and erbium-doped fiber amplifier,
respectively. Optical circulator isolates the transmit , s(¢), and the receive signal, r(t).
L,(t) represents the local oscillator signal.

tem utilizes an all-fiber 90° hybrid [16], conventionally employed in high-speed optical-
communications, to optically down-convert the desired signals to baseband. As opposed
to the heterodyne receivers with IF sampling, the optical down-conversion is carried out
with passive components, only. As a result, the noise behavior of the system, especially
around the zero Doppler shift, is improved. Besides, the system reduces the BW of the
photo-detectors as well as the A/D by a factor of two. Abari et al. [15] have shown that
due to the presence of two signal components with independent noise sources, a cross-
spectral analysis technique can be utilized to remove the unnecessary noise sources in
the system, eliminating the additional intensive signal processing for the removal of the
background noise.

To evaluate the performance of the all-fiber image-reject system (see Abari et al. [15]),
its performance was compared against a sonic anemometer in a field campaign. The
measurements were specifically carried out to measure the vertical component of the wind
vector: The vertical component is usually very small and appears in the the frequency
region where CW CDLs generally suffer from a multitude of noise sources, such as offset
noise, interferometric noise, 1/f noise, etc. For comparison purposes, the results of this
campaign are compared with the results of a different campaign carried out in 2013 where
three 1st-generation Windscanners (benefiting from an AOM-based heterodyne receiver
with IF sampling) were utilized to measure the 3D wind vector. For the latter, only the
results associated with measured radial velocities close to zero are discussed in this paper
so that a fair comparison between the above mentioned systems can be done.

This paper starts with a brief and simple introduction, in terms of baseband signal
models, to the image-reject architecture and how it compares to the heterodyne archi-
tecture with IF sampling. We also discuss the advantages and disadvantages of a signal
processing approach, introduced in [15] and further analyzed in [17], to remove the dom-
inant noise sources and eliminate spectral whitening. Then, we will present some of the
measurement results relevant to this paper for two separate measurement campaigns where
the 1st-generation Windscanners and a prototype CW CDL, benefiting from image-reject
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homodyne receiver [15], were deployed for remote sensing of wind. Finally, the paper is
wrapped up with a few concluding remarks. Throughout this paper, we will use ICDL and
HCDL to refer to the CW CDL benefiting from image-reject front-end and 1st-generation
Windscanner CW CDLs (an AOM-based heterodyne receiver with IF sampling), respec-
tively.

2 Image-reject optical receiver in CW CDLs and spec-
tral processing

One of the most well-known and widely used optical front-end architectures in CW CDLs
is the homodyne receiver with real mixing [18]. A detailed analysis of this system, as well
as other architectures, is not the purpose of this paper. The interested reader can refer
to [15] and [18] for more information. In such a system, a simplified transmit signal can
be expressed as

s(t) o cos (2 fet) , (2.1)

where f. is the optical carrier frequency. As a result, the baseband signal associated with
backscatter from a single moving particle can be written as

i(t) = acos (2w A ft) (2.2)

where «, among other things, represents the net effect of transmit optical power, atmo-
spheric transmission, scattering, telescope area, and the receiver efficiency. In Eq. (2.2)
we have ignored any parameters (such as phase shift) secondary to the concepts discussed
in this paper. Please note that Eq. (2.2) represents both negative and positive Doppler
shifts. As a result, due to its symmetric spectrum with respect to the zero frequency it is
impossible to infer the direction of the radial velocity. Fig. 1 illustrates an example of a
HCDL where the role of the acousto-optic modulator (AOM) is to shift the local oscillator
(LO) frequency to an IF offset to enable the discrimination of negative and positive radial
velocities.! Assuming similar operating conditions, the detected signal, in the baseband
form, for the transmit signal in Eq. (2.1) is

i(t) = acos (2m frpt £ 2 Aft) . (2.3)

As we can see from Eq. (2.3), it is relatively simple to extract the sign of the radial velocity
as well as its magnitude; the sign can be inferred by comparing the Doppler shift with
respect to the IF. However, we know from experience that a few imperfections contribute
to the corruption of the desired Doppler signal components close to IF. We believe the
main sources of spurious signals are leakage from the optical circulator, back reflections
from the telescope 2, and a challenging offset noise removal at the IF frequency. Besides,

! Alternatively, the transmit (or receive) signal can be frequency shifted. In 1st-generation Windscan-
ners, the transmit signal is frequency shifted.

2In CW CDLs, the presence of non-ideal characteristics of the optical circulator and anti-reflection
coating may give rise to an unwanted signal in the vicinity of the zero-velocity Doppler component. The
unwanted signal is known as the interferometric noise. [19] can be consulted for a thorough analysis of
interferometric noise in coherent fiber-optic systems.
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Figure 2: Optical signal intensity as a function of distance from the output lens of a
telescope. For an effective aperture diameter of 2 cm, the FWHM at a focus distance of

2.7 m is about 72 mm. Due to beam truncation at the output lens in our system, the
measured FWHM is 140 mm.

possible AOM imperfections, such as a dirty AOM radio frequency (RF) drive and the
zeroth-order component leakage may contribute to additional noise in the system. As
a result, an accurate measurement of small Doppler shifts (associated with wind speeds
close to zero) becomes more cumbersome and sometimes even impossible.

A thorough analysis of an all-fiber image-reject homodyne receiver has been provided in
[15]. This system utilized a receiver employing two signal detection arms, in-phase (I) and
quadrature-phase (Q) components. The combination of the I and Q signal components
results in a complex-valued signal

a2

i) = ir(8) + jio(t) = Y2 cos (2mAft) + 12V 2 6in (27Af1) (2.4)
where j = y/—1. Furthermore, i;(t) and ig(t) are the baseband I and Q components,
respectively. It can readily be seen that by comparing the I and Q components in Eq.
(2.4), the radial velocity sign can be inferred. Furthermore, we have shown in [15] that
there are two approaches to retrieve the velocity component from the spectral analysis of
Eq. (2.4), i.e., auto-spectral analysis of the complex signal or the cross-spectral analysis
of the in-phase and quadrature components. For the remainder of this paper, we use
the term cross-spectral approach when referring to the cross-spectrum between the in-

phase and quadrature components of the baseband signal in Eq. (2.4). The cross-spectral
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approach seems to be the obvious option in the majority of measurements due to its
ability to remove, at least on average, the uncorrelated noise sources such as the dominant
detector’s shot noise. The main advantage of this approach, for the majority of scenarios,
is the elimination of additional signal processing algorithms, such as spectral whitening,
that may introduce additional estimation noise. However, as will be shown shortly, the
cross-spectral approach cannot be reliably employed for a small number of measurement
cases using the ICDL where the Doppler spectra leaks across the zero frequency.

Following Eqs. (25) and (26) in [15] it is evident that the cross-spectral approach
works best when the spectral components are to the one side of the zero frequency. In
other words, the Doppler shifts associated with the backscatter are either all positive or
negative, i.e., they do not leak across the zero frequency. This is, of course, the case for the
majority of scenarios. However, as we will show in this paper, the estimation of Doppler
shifts distributed around zero frequency for cross-spectral approach becomes skewed and
biased. For instance, if the vertical velocity component measurement associated with a
large sampling volume is carried out, it is highly probable to observe a wide distribution
of velocities which cross the zero frequency. This is indirectly due to the incapability of
lidars to provide point measurements; CDLs always provide a volume measurement. In
the event of CW CDLs, the sampling volume is primarily a function of the output lens
diameter and measurement range.

For an untruncated Gaussian beam, the transmit laser beam’s optical intensity has a
Lorentzian distribution defined by

r

OI:w[(F—d)2+F2}’

(2.5)

where A\ is the wavelength, d, and F are the distance and focus distance of the light with
respect to the output lens of the telescope, respectively. Furthermore,

A2

r=-"
WDSH

(2.6)

where D.g is the output lens effective diameter, i.e., where the transmit beam radial
intensity drops to 1/e? (see [20]). For an effective antenna diameter of 2 cm and a focus
distance of 2.7 m the full-width-half-maximum (FWHM) of the beam (as shown in Fig. 2)
is 72 mm (see [20,21]). In our experiment the lens diameter (not the effective diameter)
was a mere D = 2.2 cm. Due to beam truncation (see [22|) at the output lens of the
telescope in our system the FWHM at the focus distance deviated from the untrucated
beam in Eq. (2.5). Our measurements indicated a FWHM of 140 mm at a focus distance
of 2.7 m at the time of measurement. This width corresponds approximately to the 115
mm gap of the sonic 23] used for the verification of the measurement results, elaborated
in Sec. 3. Following Eq. (2.6) it can be inferred that the FWHM varies quadratically as
a function of the focus distance.

To demonstrate the performance of the cross-spectral approach, in the event of Doppler
spectral power at both sides of zero frequency, let us assume a simple case of optical
backscatter from two individual aerosol particles. The two particles have Doppler shifts
equal in magnitude but opposite in sign, with baseband coefficients « and [ associated
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Figure 3: Cross-spectral approach in the event of spectral components appearing on both
sides of zero frequency. Examples of auto-spectra are shown in the left column while the
corresponding cross-spectra are shown in the right.
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with positive and negative Doppler shifts, respectively. Thus, assuming the transmit
signal in Eq. (2.1) and following the image-reject architecture elaborated in [15], the
following baseband complex signal can be formulated

V2 (a+ ) +].ﬂ(oa—ﬂ)
2

5 cos (2w A ft)

i(t) =1ir(t) + jig(t) = sin (2w A ft) . (2.7)

Moreover, assuming the desired Doppler signal information is contained in the imaginary
part of the cross spectrum between I and Q [15, |

tn [Pig] = EF OB s apy—a(r - ag), 2

Im [B ﬂ-Q] represents the imaginary component of the cross-spectrum between I and Q.
To asses the performance of the cross-spectral approach, let us consider three different
scenarios:

1. If 8 — 0, then ,
I [Pyig] = S [0(f+AF) =3 (f = Af)]. (2.9)

which is a better spectral estimator, compared to the auto-spectral method, as
elaborated in [15] and [17]. This is a very common measurement scenario since
simultaneous occurrence of Doppler spectral components with opposite sign is rare
and is expected in specific conditions, e.g., vertical wind component measurement
in turbulent flow or large sampling volume.

2. If B = «, then

Im [P;;,] = 0. (2.10)

In this case, contrary to the auto-spectral procedure, the estimator fails to detect the
presence of a Doppler signal. However, the center of gravity and median estimators,
explained in what follows, are able to produce the correct average Doppler shift
associated with the sampling volume.

3. If B # «a,8 # 0, then Eq. (2.8) detects a single signal component which might
be negative or positive depending whether 5 > a or f < «. This may result in
an inaccurate detection/estimation of the Doppler shift and introduce a bias in the
measurement volume averaged velocity estimate away from zero.

As a result, although cross-spectral approach provides a reliable and convenient way
for Doppler shift estimation in the majority of cases, it fails to provide unbiased velocity
estimates when Doppler components spread across the zero frequency.

On the other hand, more often than not, we are interested in the mean value of the
Doppler shift as it represents the dominant wind velocity in the sampling volume. Thus,
is it possible to utilize the cross-spectral approach when one is interested in the average
value of the wind velocity in the sampling volume? To answer this question, let’s take
the two practical estimators conventionally used for the sampling-volume average wind
velocity estimation, i.e., the center of gravity and median estimators.
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Figure 4: Field campaign at Risg campus of the Technical University of Denmark. Fig.
(a) shows the position of the ICDL’s output antenna with respect to the sonic. Fig. (b)
is an expanded view of the mounting plate for the antenna, viewed from the backside of
the plate seen in Fig. (a).
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Table 1: Measurement campaign system parameters. p;, BW  and f, represent the optical
output power, detection bandwidth, and sampling frequency, respectively. Furthermore,
N and M represent the number of DFT points and spectral averaging, respectively. Pe-
riodograms [25] were used for the estimation of spectra as elaborated in [15].

F [m] ‘ D [em] ‘ FWHM [mm)] ‘ A [nm] ‘ pr [W] ‘ BW [MHz| ‘ fs [MHz] ‘ N ‘ M
27 | 22 | 140 | 1565 | 095 | 50 | 120 | 512 | 3900

The mean (center of gravity) Doppler shift estimator, operating on a PSD (treated as
a PDF of Doppler shifts), is

wi= [ R0/ [ P @.11)

where py is the mean Doppler shift. It can be easily shown that
[npdr =2 [ finPg(5] (212)

where Im [P,,;,(f)]  is the one-sided spectrum, (see [15]. At first glance the center of
gravity estimator should be able to operate on the cross-spectral approach. However,
to estimate the center of gravity, the spectrum needs to be normalized, hence the nor-
malization factor in the denominator of Eq. (2.11). Replacing P.(f) in Eq. (2.11) with
Im [PMQ (f )] ~ associated with the spectrum in Fig. 3d results in Af which deviates from
the true center of gravity estimate, i.e., (a® — 82)Af/(a® + 3%). The median estimator of
the Doppler shifts is defined by

f +oo
| rna=5 [ P (2.13)

o0 [ee]

where f is the median frequency. It is trivial to show that the median estimator for
the average velocity retrieval fails to provide an accurate estimate when operating on
Im [P, (f)] - As a result, the auto-spectrum of the signal, P,(f), needs to be utilized.
The median estimator turns out to exhibit a lower variance [24], when compared to the
center of gravity estimator. Once the median (or mean) value of Doppler shifts are
estimated, it is trivial to find the corresponding median wind speed by

b= %/\f. (2.14)

Using the auto-spectrum in Egs. (2.11) and (2.13), requires the dominant background
noise to be removed (a rather signal processing intensive procedure that can introduce an
additional estimation error).

Following the above discussion, the cross-spectral approach cannot be reliably used
when estimating either the mean or median value of the vertical wind component since
there is a possibility for spectral cancellation across the zero frequency. The chances for
spectral cancellation are even higher when measurements are done in turbulent flows and
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large sampling volumes. As shown in Eq. (2.5), the sampling volume increases quadrat-
ically as a function of distance from the transceiver antenna. Thus, more precautions
should be taken when measurements are done for long ranges.

On the other hand, the cross-spectral approach is a very effective way for mean /median
Doppler shift estimation in the event of Doppler spectra being confined to either side of
the zero frequency. Hence, a combination of cross-spectral and auto-spectral approach
can be employed for an efficient estimation of mean wind velocity in ICDLs. For instance,
a real-time automated algorithm can primarily benefit from a cross-spectral approach
to estimate the Doppler shifts. If the estimated shift is inside a predefined confidence
interval, e.g., £1 m/s, the auto-spectral approach can be revoked to estimate the mean
value of the Doppler shift.

In this paper, we have simply relied on the auto-spectral approach for the median
Doppler shift estimation. This is justified by the fact that in this particular campaign we
have purposefully performed the measurements for the vertical wind velocity component,
only. As we will see in Sec. 3, the results illustrate a significant improvement over the
measurements performed by a HCDL.

3 Measurement results

Two separate and independent measurement campaigns were carried out to verify the
results from the deployed CW CDLs against a sonic anemometer. In the first measure-
ment campaign, carried out at the Risg campus of the Technical University of Denmark
(October-November, 2013), three HCDLs and one 3D CSAT sonic anemometer (Cambell
scientific) were utilized. The HCDLs were carefully positioned around the mast shown in
Fig. 4a and focused on the measurement center of the sonic anemometer, which for this
experiment was located around 6 m from the ground. The three wind lidars were tilted
and measured at an angle of approximately 35 ° degrees. The FWHM of the measure-
ment volume was 90 mm which is comparable to the path length of the sonic anemometer
(115 mm). The main purpose of this experiment at the time was to investigate the pos-
sibility of calibrating the sonic anemometer using the wind lidar. As mentioned before,
only a subset of data representing wind measurements close to zero velocity, taken from
only one HCDL, are used for comparison purposes in this paper.

In a later measurement campaign, carried out in January, 2014, we made use of a
prototype ICDL elaborated in [15]. The parameters for the system are listed in Table 1.
To measure the vertical component of the wind, where observation of near-zero velocities
are maximized, the beam at the output of the telescope was aligned vertically and the
beam was focused at the measurement center of the sonic anemometer. Fig. 4 shows the
field deployment of the instrument for this specific campaign. Due to the direction of
wind during both measurement campaigns, the effect of mast shadowing was minimal.

Figs. ba and 5b illustrate the probability distribution function (PDF) of the measured
velocities for the measurement campaign carried out by the HCDL. Fig. 5b is an example
associated with PDF of velocities away from the IF frequency (zero Doppler shift) while
Fig. ba illustrates the PDF of velocities around the IF offset, i.e., zero radial velocity. As
it can be seen from Figs. ba and 5b the performance of the lidar, compared against the
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Figure 5: The PDF of estimated median velocities; in both figures, blue and red represent
the measurements performed by the sonic and heterodyne CW CDL (HCDL), respec-
tively. Please observe the gap in the PDF of velocities associated with the HCDL in (a).
The over-shoots (when compared to the blue PDF) correspond to the accumulation of
the estimated velocities associated with the frequencies away from zero as well as the
inaccurately estimated velocities associated with the frequencies inside the gap.

sonic, is consistent across the displayed velocity range®. However, the measured close-to-
zero velocities are either impossible to estimate or significantly biased, when compared to
the sonic. This is mainly due to the presence of spurious effects around the IF offset.

Fig. 6 illustrates the PDF of the velocities measured by the ICDL, acquired during the
latest field campaign. It is obvious that, when compared to the HCDL, the estimated mean
velocities around zero are more consistent with the measurements performed by the sonic.
This is mainly the direct consequence of using passive components for radial sign detection,
elaborated in [15], as opposed to the AOM (an active component), introducing additional
spurious effects. Moreover, the need for notch filters, band-pass filters with a very narrow
frequency band, for attenuating the strong IF offset is eliminated. From experience, the
analogue notch filters are costly, difficult to design, and often suffer from non-symmetric
response. They also suffer from environmental effects such as temperature dependency.
The image-reject receiver, though, benefits from a high-pass filter for removing the DC
offset which is more robust and has better frequency response characteristics.

Figs. 7a and 7b show the estimated median velocities sorted in ascending order. The
velocity range has been selected to be in the vicinity of the zero frequency shift. The
estimated mean wind velocities, associated with the measurement volume, show a one-to-
one correspondence between the sonic and lidar. Wind speed values in Figs. 7a and 7b
are associated with data in Figs. ba and 6, respectively. In these figures, the red curve is
a linear fit to the measured data. An ideal one-to-one correspondence between the lidar
and sonic should result in a straight line with a slope of one, passing through the center.
For the campaign associated with the HCDL, Fig. 7a, a significant deviation from the
reference instrument is observed (as expected). The deviations for the ICDL, Fig. 7b,

3In Fig. 5b a shift of approximately 0.1 m/s can be seen between the sonic and the lidar velocity
PDFs. The cause of this shift is presently unknown to us, but could be either due to flow distortion in
the sonic or a slightly wrong rotation of the three-dimensional sonic velocity data. This difference is not
the subject of the present contribution, but it will be pursued and addressed in a future paper.
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Figure 6: The PDF of the estimated median velocities close to zero, measured by the
sonic and ICDL. Blue and red represent the sonic and lidar measurements, respectively.
As we can infer from the gap in this figure, the ICDL also suffers from an estimation
inaccurcay around zero. This can be attributed to spurious effects (such as DC offset,
1/f noise, filtering, etc.) around the zero frequency. The noise behaviour; however, is
significantly improved when compared to the HCDL results presented in Fig. 2.5.

are far less pronounced and consistently follow the sonic, except in a very narrow range
around zero velocity.

4 Conclusion

The presented results in this paper verify the relevant performance improvement claims in
[15], where a prototype all-fiber CW CDL benefiting from an image-reject opto-electronic
front-end was described. The comparison of the results from the presented system and a
sonic anemometer clearly indicate a significant improvement in Doppler shift estimation
over the AOM-based heterodyne receiver with IF sampling, especially for Doppler shifts
close to zero. By discussing some special events, where the Doppler spectrum has energy
both at negative and positive frequencies, we have shown that the auto-spectral approach,
as opposed to the cross-spectral approach originally suggested in [15|, provides a more
reliable estimation of the Doppler shifts. As a result, a hybrid approach to spectral
estimation is desired where the algorithm primarily employs the cross-spectral approach
but switches to an auto-spectral approach (with noise whitening) when small Doppler
shifts of the order of +1 m/s are detected.
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Figure 7: The estimated median velocities sorted in ascending order and stacked against
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Abstract

This paper shows an efficient adaptation of a polarization diversity optical front-
end, commonly used in high-speed fiber-optic communications, in a coherent Doppler
lidar (CDL). The adopted architecture can be employed in a modified transceiver
design for an all-fiber micro pulsed coherent Doppler wind lidar where the perfor-
mance limits of such systems are pushed beyond the conventionally available wind
CDLs. As a result, either a longer measurement range, crucial in clear-air environ-
ments with low concentration of aerosols, or a shorter integration time (resulting in
a faster scanning) can be achieved. Alternatively, in certain aerosol loading condi-
tions where the presence of non-spherical aerosols is considerable, the system can be
re-configured on the fly to analyze the cross-polarization of the backscatter optical
signal. The result is the capability to analyze the nature of aerosol particles for the
detected range of interest. Due to a full utilization of the backscatter signal, i.e.,
detection of co-pol and cross-pol components, the signal-to-noise-ratio (SNR) as well
as detection range is improved in this configuration. This system employs robust
and compact all-fiber components which are cost effective and widely available as
off-the-shelf components.

1 Introduction

Optical remote sensing of atmospheric parameters has been actively sought after and
developed over the past few decades to provide better tools for the characterization and
prediction of atmospheric and climatic phenomena. In renewable energy industry, e.g.,
wind energy, remote measurement of atmospheric parameters, especially wind, is crucial
for the maximization of energy production. One of the primary and highly efficient remote
sensing techniques is light detection and ranging (lidar), an active measurement technique.
In such instruments a light source is employed to illuminate a target of interest, such as
molecules or aerosol particles. The backscatter light from the target is collected and
analyzed to measure and quantify the parameters of interest.

Some of the first reported examples of lidars were based on a rudimentary search light
technique [1] to measure the air density profiles in the upper atmosphere. In these systems
a continuous transmission of light would illuminate the targets along the beam transmis-
sion path. A scanning receiving telescope would collect the backscatter light from the
range/altitude of interest. Later, modulation of the searchlight through a rotating me-
chanical shutter was suggested by Johnson [2] resulting in measurements at longer ranges.
Ever since, application of light in active instruments to measure various atmospheric pa-
rameters has grown dramatically and the field has expanded. After the invention of laser,
a highly coherent light source became available which conceived new measurements and
pushed the boundaries of the existing ones. For instance, resonance lidars have been
used to measure the temperature densities of Fe and Na in the upper atmosphere [3,4].
Rotational Raman lidars [5] were developed to carry out remote measurements of tem-
perature and high spectral resolution lidars became available to provide measurements of
temperature and atmospheric aerosols [6].

One of the capabilities of lidars is to measure the wind speed. For instance, resonance
fluorescence lidars can be employed for the remote sensing of wind in the mesopause [4, 7.
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Among the available wind lidars coherent Doppler lidars (CDL) became widely popular
for the measurement of wind in the troposphere [8]. CDLs measure the radial velocity
of the wind by processing the wind-induced Doppler shift. The CO, laser was among
the first adopted lasers for coherent detection of wind [9]. Due to advances in diode-laser
pumping, solid-state CDLs (operating in 0.3-3 yum) became popular [9]. An eye-safe CDL
operating at 2.1 pm using solid-state lasers was first reported by Henderson, et al. [10].

Recently all-fiber CDLs have become widely adopted for remote sensing of wind both
as ground-base and airborne systems [11-13]. These systems are compact, robust, and
fairly cost effective, thanks to high-speed optical communication which has been the
driving force behind rapid technology improvements in fiber optic components and lasers.
For instance, an airborne all-fiber continuous-wave (CW) CDL has been reported in [13]
for in-flight measurement of wind and turbulence. WINDCUBE |[14] from Leosphere,
ZephIR [15] from ZephIR, and HALO photonics lidars [16] are commercial examples of
1.5 pum all-fiber coherent Doppler wind lidars. A modified ZephIR lidar, developed as
a research instrument in collaboration with the Technical University of Denmark, is the
Windscanner [17]. Compared to the commercially available ZephIR, this CW CDL has
the additional capability to detect the direction of the radial velocity of wind. Recently,
the systems have been retrofitted with an improved optical front-end, i.e., an image-reject
homodyne optical front-end [18], to improve the measurement performance.

CDLs share many principles with coherent optical communications. The majority of
the available all-fiber CDLs benefits from the extensively available fiber-optic components,
originally developed for fiber-optic communications. However, there seems to be a huge
potential for further improvement of all-fiber CDLs if the full extend of fiber-optic commu-
nication technology, when relevant, is exploited. For instance, it was recently shown [18|
that an all-fiber image-reject homodyne optical front-end, originally developed for coher-
ent detection in optical communication, can be successfully adopted in a CW CDL. The
lab results from the prototype, as the first reported all-fiber image-reject homodyne CW
CDL, show significant improvement in terms of the detection velocity range as well as
noise behavior. The detection improvements were significant for small values of wind
speed, near-zero velocities. The improved performance results of this system were further
verified through an atmospheric campaign [19]. This front-architecture can be equally
adopted in a long-range pulsed CDL.

In this paper, we show that a polarization diversity image-reject homodyne optical
front-end, commonly employed in high-speed fiber-optic communications [20], can be
adopted in a re-configurable pulsed CDL. The proposed lidar in this paper has the ca-
pability to improve the performance of the contemporary all-fiber CDLs multi-fold. As
we will show in Sec. 4, the re-configurable transceiver can operate either in a high-
power mode, suitable in atmospheric conditions with weak aerosol loading (resulting in
weak backscatter signals) or a cross-polarization detection mode. When in high-power
mode (known as mode II, see Sec. 4) two erbium doped fiber optic amplifiers (EDFA)
can operate in concert to double the output power of the lidar. To remove the possi-
bility of interference between the transmit/receive signals, the two EDFAs are isolated
by their orthogonal state of polarization. In the alternative mode (mode I), the system
has the capability to continuously monitor the depolarization of backscatter light from
non-spherical particles such as ash plumes, ice crystals, clouds, etc. To our knowledge,
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this is the first all-fiber CDL capable of continuous monitoring of signal depolarization
from aerosol particles.

The material in this paper is presented in a few sections. In Sec. 2 a mathemati-
cal model for the expected receive signal power for elastic backscattering from a diffused
atmospheric target is provided. Furthermore, we present the requirements for the realiza-
tion of a coherent Doppler lidar system and present an example of a typical all-fiber CDL
architecture. Sec. 3 introduces the baseband signal modeling adopted in this paper for
the simulation purposes. In Sec. 4, the proposed architecture in this paper is analyzed
and advantages and disadvantages are discussed. In Sec. 5, we show the results of our nu-
merical simulation for the two main configurations (modes) of the proposed system in this
paper. Eventually, the paper is finalized with the conclusion section where suggestions
for future work are also presented.

2 Coherent Doppler lidar

CDLs rely on the processing of elastic backscattering from a target * to extract the infor-
mation of interest such as Doppler shift. In atmospheric science the target has a diffuse
nature, i.e., the mean free path between the constituents is much larger than optical
wavelength of the transmitted laser beam [21|. For a maximum atmospheric penetra-
tion, for lidars relying on elastic backscattering, the optical wavelength should be selected
such that it’s absorption by the atmospheric constituents such as water vapor and CO,
is minimal. Besides, eye-safety issues associated with laser transmission place harsh re-
quirements on the transmit optical power (for a given wavelength). 1.5, 2.1, and 10 pum
wavelengths (see 9,10, 14, 15]) have been reported for successful implementation of eye-
safe CDLs attaining maximum atmospheric transmission. Despite a stronger backscatter
cross-section the sub-micron wavelengths are not suitable for adoption in a CDL; high-
quality diffraction-limited optics, an essential part of a CDL, is difficult to achieve for
submicron wavelength while eye-safety poses additional constraints. Wavelengths above
1.4 pum are generally considered eye-safe [9]. This definition is within well-defined stan-
dards and its analysis is beyond the scope of this paper.

In an elastic-backscatter lidar the expected backscatter power can be expressed through
the modified lidar equation [22]

E, =nEB(\2)T% () 2) G(z)z—éAz, (2.1)

where 7 is the lidar efficiency, (3 is the backscatter coefficient, T" is the one-way atmospheric
transmission, z is the mean distance to the measurement range, G(z) is the geometric
parameter for the light collection capability of the lidar at range z, A is the receiving
optical antenna area, and Az is the depth of the illuminated region. Furthermore, F, and
E; are the receive and transmit optical energies, respectively.

CDLs belong to a class of lidars known as diffraction-limited lidars. In diffraction-
limited lidars the amount of background light collection is minimized by restricting the

'Tn elastic backcattering there is no transfer of energy between the light and matter. In other words,
the optical wavelength of the backscatter light remains similar to the transmit light.
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Figure 1: A simplified illustration of a pulsed CDL. The transmitted, s(t), and the local
oscillator, L,(t), signals are spatially and temporary coherent; they are usually (but not
necessarily) derived from a single laser known as master oscillator.

field of view, i.e., the number of spatial modes seen by the lidar [23]. In CDLs defraction-
limited operation is also key to the existence of spatial coherence between the local os-
cillator and the collected backscatter signal. It can be shown [23] that in mono-static
diffraction-limited lidars the collected signal power is maximized if the transmitter and
receiver are matched to the same spatial mode. In other words, the transmit and receive
path should overlap in such systems, hence a coaxial system. Meanwhile, since in CDLs
the phases of the return signals are compared against a reference signal the detected
signal can suffer from a small-scale Rayleigh fading (also known as speckle noise) when
backscatter is from a diffuse target (see [24] for the properties of speckle).

Equation (2.1) can be rewritten for a CDL to accommodate the transmit/receive
geometry as well as backscatter from a diffuse target, such as atmospheric aerosols. Thus,

Acyp(z) T

2227
where 7 is the range gate in time, c is the speed of light in the atmosphere, and A (2)
is the effective telescope area. Moreover, (2.2) can be expressed as,

cAgrr(z
pr=1Ef (A 2) T (), 2) 2]"—;;”

where p, is the average backscatter signal power over 7 time span. Following [21] it can
be shown that the effective telescope area for a turbulence-free optical path is

wD? D2\ > 2N\2|
- [1+(2) -7
r1(2) == [ +(4)\z> F
where D is the telescope diameter and, in the event of a focused light, F' is the focus
distance. Furthermore, for a collimated beam (F' — 00)

+ (ij)j _1. (2.5)

E.=nEB(\2)T?* () 2) (2.2)

(2.3)

, (2.4)

7w D?
Acpp(2) = 1
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(2.4) is the effective telescope area in the presence of target speckle only. However, an-
other important phenomenon in the atmosphere, especially for long optical paths, affects
the spatial coherence of the wave-front associated with the backscatter. In the presence
of atmospheric turbulence the refractive index variations over the optical path deterio-
rates the speckle. The effect of the atmospheric turbulence on the optical path has been
well investigated [23,25-28]. As a result, (2.4) can be modified to reflect the effect of
turbulence such that

-1
wD? xD?\? 2\2 D?
Aeff(z) = 1 [1 + (4)\2) (1 — F) + 2—pg] y (26)

where py is the turbulence parameter (also known as "the efficiency saturation dimension"

[29]) and given by
_ s (T 2/zCQ(z’) -7 gdz’
po= |+ A 0o z

where C? is known as the refractive index structure function. Typical diurnal conditions
of strong and moderate turbulence can be represented by C? = 10712 and C? = 17 |2§],
respectively.

It can be shown that for a constant refractive turbulence level, C?, (2.8) reduces to

2
ﬁ (2_7T> C?z
8 A "
The speckle effect places an upper limit on the maximum antenna area, beyond which
no tangible signal-to-noise ratio (SNR) improvement is observed [27]. For a relatively
moderate atmospheric turbulence the turbulence induced speckle is dominant. Moreover,
since the target speckle correlation time is on the order of a few us its effect can be
reduced through pulse averaging. The same is not true for the atmospheric turbulence
as its correlation time is on the order of ms. As a result, a design antenna diameter
can be safely selected based on the atmospheric turbulence induced speckle. It has been
shown [27] that in an efficient design py is selected as the optimum size of the receiving

optics for a given range and atmospheric turbulence condition.

Fig. 1 shows a simplified example of a CDL. In this system, an optical circulator (see
Fig. 2) isolates the transmit and receive signals. In this system, the collected backscatter
signal, 7(t), is mixed with a reference signal known as the local oscillator (LO), Lo(t).
The mixed signal is impinged on the surface of a photo detector. Coherent detection
relies on spatial and temporal matching of the LO and the receive signal. The two signals
should sustain a matched polarization state for a maximum detection efficiency. As a
result, for an LO signal with an optical power p;, and average return signal power p,, it
can be shown that the power of the detected Doppler signal, i(t), at the output of the
photodetector is 2

ol

) (2.7)

_3
5

po = (2.8)

pi = E{|i(t)]*} = 2piop, cos® (), (2.9)

2We have assumed a photodetector responsivity (detection efficiency) of unity.
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Figure 2: A simple single polarization optical circulator. Isolation between port 1 and
2 is provided by manipulating the light polarization through the PBS, half-wave plate
(HWP), and Faraday rotator, as shown. The fiber coupled ports (FCP) connect the
optical circulator to the transmit and receiver fibers. For more information on optical
circulators please see [30, 31].

where 6 is the angle between the polarization states of LO and backscatter signals and
E{-} denotes the ensemble average operation. Please note that we have dropped the z
dependence of p, in (2.9) for simplicity.

For an optimum performance the LO power is selected so that the detector operates
in a shot-noise limited operating mode. The shot-noise power, considered the dominant
noise source, can be expressed as

he

P = 277P1B, (2.10)

where B is the bandwidth (BW) of the photodetector, h is the Planck constant, and ¢ is
the speed of light in the medium. Following (2.9) and (2.10), the average SNR (%), for
a perfect match between the polarization states of the reference and backscatter signals,
can be defined as \
_ Di Dr
T=E{y} = . heB’
Equation (2.12) shows the high sensitivity of coherent detection; this system reaches a
SNR= 0 per unit BW for each single photon.

The ensemble average in (2.11) is a reminder for the random nature of the backscatter
power resulting from the speckle. The instantaneous SNR, =, associated with the return
from one single pulse has an exponential distribution and can be expressed as 32|,

py(7) = %eXp (—%v) , (2.12)

where p.,(7y) is the probability distribution function (PDF) of .

(2.11)
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3 All-fiber single-polarization CDL and baseband sig-
nal modeling

Before recent advances in fiber-optic technology CDLs relied on bulky open-space op-
tics for the generation, transmission, and manipulation of the optical signals. CO, and
diode-pumped Tm:Lu:YAG laser CDLs [9] are examples of such systems. With the rev-
olutionary advances in fiber-optic technology a wide variety of fiber-optic components
became available. Examples of such components are fiber-optic lasers, amplifiers, beam
couplers, etc. These components are compact, robust, and cost-effective, when compared
to their open-space counterparts. Due to their minimum transmission loss at 1.5 um,
optical-fibers have become the dominant means of optical information transmission at 1.5
Jom.

1.5 um wavelength also happens to belong to an optical spectral region with a max-
imum atmospheric transmission. As a result, all-fiber lidars have become the dominant
players in the CDL market, e.g., see [14, 16] for instances of commercially available all-fiber
long-range (pulsed) CDLs. In such systems fiber lasers (or fiber-coupled semiconductor
lasers) with a linewidth better than 5 kHz are available. A narrow linewidth on this scale
allows the coherent detection over significantly long measurement ranges, with minimal
signal degradation arising from the loss of temporal coherence between the transmit and
reference signals. Besides, the availability of EDFAs has provided a linear low-noise al-
ternative for optical signal amplification in these systems. Since the majority of EDFAs
exhibit pJ optical powers in the pulsed amplification mode, pulsed all-fiber CDLs are also
known as micro-pulsed CDLs. The pulse repetition rate (PRR), however, is relatively
high in EDFAs (on the order of several kHz) making the average output power compara-
ble with some of the more high-energy pulsed open-space technologies such as the ones
discussed in [9].

Fig. 3 shows an examples of an all-fiber CDL in master oscillator power amplifier
(MOPA) configuration. In this figure, the master optical source is a narrow linewidth
fiber coupled CW laser with an average optical output of tens of mW. The pulse shaper
(modulator) can be a mechanical chopper, an acousto-optic modulator (AOM), or an
electro-optic modulator (EOM). The signal train at the output of the modulator is fed
into an EDFA for amplification. The result passes through the optical circulator and
after proper beam expansion and focusing (or collimation), is transmitted through the
atmosphere. As the pulse travels through the atmosphere it illuminates the atmospheric
constituents, e.g., aerosols. The backscatter from the particles is collected by the tele-
scope and passed through the circulator until it reaches the balanced mixer. A detailed
description of a balanced mixer, employed in a continuous wave (CW) CDL, has been
provided in [18]. The LO and receive signal r(t) are mixed by a 50% fiber-optic coupler
and impinged on a pair of balanced photo detectors. The resultant current is further
amplified and conditioned for digitization. The Doppler spectrum of the return signal is
processed in the digital domain to extract the parameters of interest, e.g., the wind speed.

The pulse modulator in the system shown in Fig. 3 is usually an AOM. The main
benefit of AOM in such systems is a simultaneous modulation of amplitude and frequency
while providing a high extinction ratio between on and off states. As a result of a frequency
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Figure 3: A single-polarization heterodyne pulsed CDL with IF sampling. The AOM is
responsible for chopping the signal received from the MO and generating the required opti-
cal pulses while shifting the transmit signal frequency to an IF offset. The balanced mixer
and detector utilized the full power of the collected backscatter signal while removing the
DC and any common mode components from the Lo and r(t) signals [18].

offset at the intermediate frequency (IF) the sign of the detected Doppler shifts can
be discriminated. This is at the cost of a reduced BW efficiency associated with the
photodetectors and the analogue-to-digital converters (A/D). It has been shown in [1§]
that by employing an all-fiber image-reject homodyne optical front-end, made originally
available to the high-speed optical-communication industry, the signals can be translated
into baseband where the requirement for an IF offset is eliminated. Although the optical
front-end in 18] is adopted for a CW CDL, it can be easily employed in a pulsed CDL. Fig.
4 shows the schematic of a single-polarization all-fiber image-reject homodyne long-range
(pulsed) CDL.

To provide a better understanding of the detected signals at the output of the photo
detector associated with the system in Fig. 4, the complex baseband mathematical signal
model introduced by Rye [33] can be readily adopted in this system. If the compressed
transmit pulse associated with the system in Fig. 4 is s(t), then the Doppler-free baseband
signal can be expressed as

+00 N
i(t) :k/o s(t—t)) ad (' —t)dt, (3.1)

where ¢ is a complex valued random variable (RV) associated with the /th particle with in-
dependent real and imaginary components having a Gaussian distribution. Furthermore,
N is the number of scattering particles and k is a constant scaling factor representing any

optical attenuation, transceiver efficiency, photodetector responsivity, etc., not shown in
(3.1).



3 All-fiber single-polarization CDL and baseband signal modeling 89

e e Mixer _—
> iltering
e DR & > & > A/D|
[ = ﬂ r(t) Balanced P
R (17 ] - e . > amplification
—WWI— ANLS — | Y >Bs Detector Data Acq. board
L : oot R &
’ . _ /_ 7|88 Mixer computer
‘Tranceiver > & filtering
telescope Balanced > & »{A/D
lificati

Diffuse
target

Lo(t)

Single polarization 90° optical hybrid

m

E U
N T
=l | >

MO

7Bs

Figure 4: A single polarization image-reject homodyne pulsed CDL. In this system the
pulse generator can be an EOM which does not introduce any frequency offset in the
transmit signal. The image-reject homodyne receiver translates the Doppler signal into
baseband for further processing. The image-reject homodyne receiver, also known as
direct-conversion receiver, eliminates the need for an IF offset (enabling Doppler signal
sign detection).

Equation (3.1) reflects the diffuse nature of the target. The above equation can be
also expressed as a convolution such that

i(t) = s(t) ® h(t), (3.2)

where ® is the convolution operator and h(t) = k Zf\il a0 (t — ;) can be thought of the
channel response function, a terminology commonly used in wireless communications.

(3.1) does not reflect the Doppler effect and, as a result, needs to be modified so that
the motion of the particles is included. Thus [33],

_k//+°° t—t")exp [j2nf/(t Zal (' —t)6(f — f)dt'df’, (3.3)

where s(t — t') exp [j27 f'(t — t')] is the frequency-shifted pulsed waveform and f; is the
frequency shift associated with the Ith particle. (3.3) is associated with the detected sig-
nal over the entire measurement range. Considering the fact that the pulse illuminates
different sets of particles as it propagates through the atmosphere the return signal decor-
relates. As a result, a shorter sample volume where a certain spatial correlation between
the scattering particles exists needs to be used for the Doppler shift estimation. We can
expect the range gate to completely decorrelate once the pulse has traveled a distance
equivalent to the pulse length.

In light of the above discussion (3.3) needs to be truncated for each range gate of
interest. Range gating also allows the estimation of the Doppler spectra for specific
ranges over the maximum measurement range. Thus, if w (t — ¢) is the window function
with a width equivalent to the length of the range gate (%, is the center of the range gate),
then

ir(t) = w (t — to) i(t). (3.4)
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Following [33| and after some mathematical manipulations and simplifications it can be
shown that

P () =E{I(NP} = Y E{jal’} [IW(HP @ GNP @ E{P()}], (3.5

where P,.(f) is the power spectral density (PSD) of iz(t), while Ir(f), W(f), and G(f)
are the continuous time Fourier transforms (CTFT) of the truncated signal, window, and
pulse, respectively. Furthermore,

Pr(f)=>Y_6(f=1f) (3.6)

is the Doppler spread function associated with the particles belonging to the range gate
centered at tg. It is evident from (3.5) that the Doppler spectrum of the detected signal
is the convolution of the pulse and window function PSDs as well the Doppler spectrum
associated with the particles in the sampling volume.

4 All-fiber polarization diversity image-reject coherent
Doppler lidar

As seen from (2.9) the detection efficiency is maximized if the LO and backscatter sig-
nals retain the same polarization state. As a result, in the majority of all-fiber CDLs,
polarization maintaining (PM) fibers are used for the transmission and manipulation of
light. The only exception is a CW CDL where the LO is taken from the end facet of
delivery fiber by Fresnel reflection [11]|. As a result, the LO and backscatter signal follow
the same path in the system and experience the same polarization variations. In such a
system single mode (SM) fibers can be conveniently used in place of PM fibers. A detailed
description of such a system architecture can be found in [11,18|. Due to system design
requirements, where the LO and backscatter signal (after collection by the telescope) ex-
perience different paths before mixing at the receiver, the long-range (pulsed) CDLs need
to employ PM fibers to guarantee maximum overlap between the polarization states of
the receive and LO signals.

In this paper, we suggest a new all-fiber optical front-architecture where an image-
reject homodyne receiver such as the one in [18] is used for the translation of Doppler
information into the baseband. Furthermore, we suggest a polarization diversity opti-
cal front-end, conventionally used in high-speed fiber-optic communications [20], to take
advantage of the additional degree of freedom provided with an extra polarization state
of light. In other words, we suggest the system operate on the basis of two orthogonal
polarization states. The orthogonality of the polarization states helps us separate the two
signals without any noticeable interference. The system is designed such that it is capable
of detecting the depolarized signal component, if any. Backscatter light depolarization is
a common phenomenon when probing aerosols with non-spherical shapes; for instance,
(ash) clouds and ice crystals are examples of natural atmospheric phenomena where non-
spherical particles may constitute a significant part of the aerosols. In the event of clear
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Figure 5: The re-configurable polarization-diversity image-reject homodyne pulsed CDL
presented in this paper. The dual-polarization 90° optical hybrid [20] is responsible for
splitting the receive signal into its orthogonal polarization components while providing the
necessary phase shifts necessary for the translation of the Doppler signals into baseband.

air atmosphere, with relatively low amount of light depolarization, the system can double
its average output power by interleaving the transmit pulsed with orthogonal polarization
states while maintaining its range.

Fig. 5 shows the schematic of such a system. As we can see an MO is used to generate
a narrow linewidth laser. The optical power is usually in the range of 10s of mW. For
the system configuration in this system the state of polarization of the laser light at the
output of the MO can be 45°. A beam splitter (BS) allows a small amount of the power
to be diverted as LO signal. The signal at the output of the BS, right after MO, is
fed into the first polarizing beam splitter (PBS). The PBS receives the laser (having a
polarization of 45%) and divides it in half, where two orthogonal polarization states, i.e.,
p and s polarization states are separated at the output legs. The optical switch on the p
polarization leg allows the system to operate in two configurations. When the switch is on,
the system operates with maximum output power. In other words, it allows two separate
pulse trains to be transmitted simultaneously without interfering with each other; the two
pulse trains are isolated in polarization. We call this operating mode II. If the switch is
off, i.e., mode I, then the system operates with only one polarization, p polarization. This
operation mode is suitable in measurement in atmospheric conditions where non-spherical
particles are expected. For instance, if the laser pulse propagates through clouds a certain
degree of depolarization can be observed [34].
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4.1 Model

In mode I, the system operates with only one EDFA. The EDFAs are usually average
power limited. There is only so much power an EDFA (employing single mode fibers) can
generate. Due to a limited single mode fiber core size, such EDFAs have a limited output
power. Since the EDFA’s are average-power limited, one may increase the pulse energy
by decreasing the PRR; most EDFAs operate within certain PRR and pulse energy limits
before non-linearities and other unwanted spurious effects kick in. Besides, increasing
pulse energy at the cost of PRR reduces the effective number of pulse averaging at the
receiver for a given integration time. A detailed discussion of EDFAs and their limitation
is well beyond the scope of this report.

Since the optical switch is turned off (when operating in Mode I), only the pulses from
the p polarization (co-pol) leg are transmitted through the polarization diversity optical
circulator and eventually the telescope. The optical circulator essentially isolates the
transmit and receiver signals and should ideally eliminate the cross-talk between its three
ports. Due to non-ideal behavior of the components used to build the optical circulator,
there is always a certain degree of cross-talk between the ports. Imperfections in beam
alignment can also be confounding. The polarization diversity optical circulator is more
complex than the single-polarization optical circulator. The schematic of a polarization
diversity optical circulator is discussed in Appendix A.

As soon as the pulse starts propagating through the atmosphere the backscatter signal
is collected and continuously recorded (the signal associated with the range of interest is
isolated through range gating, a processing done later at the receiver) and passed to PBS
3. At the output of PBS 3 the signal is divided into two components with orthogonal
polarization states, i.e., p (co-pol) and s (cross-pol). If atmospheric depolarization is
negligible, then the backscatter signal retains its polarization state and signal is present
on only one leg at the output of PBS 3. The polarization state of the received light
depends on the optical circulator design and technology. If the optical circulators shown
in this paper are employed in the system the return signal will exhibit the cross-pol
when compared to the originally transmitted signal. In this specific case, where p-pol is
transmitted, s-pol (identified with the green colored signal paths in Fig. 4) is received
at the input of PBS 3. If there is any tangible backscatter depolarization, the cross-
polarization (in this case p polarization) will be detected by the upper detection chain
(pink optical path) while the s polarization (green optical path) is detected by the lower
detection chain in Fig. 4. The ratio between the two detected signals can provide some
information about the nature of the aerosol particles. As a result, one benefit from the
additional information provided by this CDL to characterize the aerosols associated with
different range gates.

The possibility of detecting the depolarized signals, as opposed to dumping them (a
method conventionally used in single-polarization CDLs), also improves the SNR in this
system. The system effectively collects all the available backscatter signal (including the
depolarized signal) within its filed of view for detection at the photodetectors. In such a
system, a maximum ratio combining (MRC) technique (e.g., see [35]) commonly used in
wireless communications can be used to maximize the SNR for any given signal strength
on the two polarization states. This system is also able to improve the SNR degradation
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Figure 6: The effective telescope area and expected return signal power associated with
one channel for the parameters given in table 1.

seen in single-polarization CDLs from non-ideal optical components and surfaces (such
as mirrors) that contribute to a certain amount of signal depolarization. Moreover, it is
expected that the two backscatter light components (with orthogonal polarization states)
experience different speckle patterns. This can be expected due to the non-spherical
nature of the particles. As a result, the SNR is further improved due to an additional
degree of speckle diversity in this configuration. In a single-polarization pulsed lidar pulse
averaging for each range gate helps to improve the SNR. This is due to the physical nature
of the (target) speckle; target speckle has a correlation time of a few ps. As much as a 2-
fold speckle diversity improvement (in the event of signal depolarization) can be expected
in this configuration.

4.2 Mode I1

This mode is particularly beneficial in measurement scenarios where the aerosol concen-
tration is low in the measurement volume; a requirement for this mode is that the aerosols
are mostly spherical so the amount of backscatter light depolarization is minimal. In the
event of backscatter signal depolarization, the cross-pol component of the backscatter
signal associated with one pulse train will interfere with the backscatter from the other,
resulting in range ambiguity at the receiver. As a result, this mode can be safely used
after an initial scan of the measurement volumes (in Mode I) has been performed. If no
significant depolarization is observed the system can be switched into Mode II. To take
into account the variations in atmospheric conditions and aerosol types a certain measure-
ment and scanning scheme can be developed where the system switches between Mode
I and II periodically to account for possible depolarization at certain range gates during
the measurement time. Another main merit of this system is improving the measurement
speed by reducing the required integration time for a given measurement accuracy. This
is especially useful in scanning CDLs.

If the optical switch is on, then the two pulse trains are interleaved at the output
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Figure 7: Mean square error (MSE) versus range. Single channel represents the MSE
for one polarization state. Dual channel represents the MSE when the data from both
polarization is utilized. The values are estimated for two different integration times, i.e.,
0.1 and 0.05 s.

of PBS 3. One of the design parameters in this system is the interleaving pattern. By
controlling the timing (delay) between the co-pol and cross-pol pulses, generated by the
pulse modulator, one can decide where the pulses are placed relative to each other. For
instance, the interleaved pulses can be placed in equal distances from each other. Although
this seems as an obvious choice for the given pulse trains, it may cause interference with
the collected backscatter signal at the optical circulator. This is mainly attributed to the
possible leakage and non-ideal behavior of the optical circulator; due to a cross-talk in
the optical circulator as well as back reflections from the telescope, high energy optical
pulses will leak back to the photo detectors (on both polarization legs) while leaving the
telescope. This is one of the main reasons why the pulsed lidars are incapable of measuring
the short ranges immediately after the output of the telescope. This range is proportional
to the pulse length; the longer the pulse the longer the blind detection range, i.e., the
blind spot.

To address the above mentioned issue, we suggest placing the interleaved pulses im-
mediately next to each other. As a result, we prevent detector saturation during the
measurement of a specific range which coincides with the timing of the alternate polar-
ized pulse transmission. The downside is that the blind spot size doubles. This system
mode, however, is mostly used for the measurement of longer ranges and the deterioration
of the short-range measurement capability (blind zone) is not expected to be significant.
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The added benefit of placing the alternate polarized pulses next to each other is maxi-
mizing the correlation between the backscatter signal associated with each polarization
state. Atmospheric correlation time is on the order of a few us. Any backscatter signal
for a specific range gate decorrelates between the transmission of consequent pulses [33]
(in a single-polarization CDL) probing the measurement range. To our knowledge, the
pulse repetition rate at its highest (available in all-fiber CDLs) is on the order of 10s of
kHz. Thus the pulse separation in time is on the order of ms. As a result, no correlation
between the backscatter signals associated with two consecutive pulses is expected. In
our proposed interleaved pulse scheme, the two pulses with orthogonal polarization states,
travel together, separated only by the polarization and a time interval equivalent to the
pulse length (typical pulse length in such systems is on the order of 200-400 ns). Thus,
the backscatter signals associated with a pair of traveling pulses for each measurement
range are expected to be correlated.

5 Simulation results

To characterize the performance of the system presented in this paper, We have carried
out a Monte-Carlo simulation of the lidar system in Matlab. The simulation of the lidar
return can be carried out in a number of ways [33]. We have adopted the spectral-
synthesis method, originally introduced by Zrnic [36] for radar. This method has been
reliably used to simulate lidar return in literature (e.g., see [33]) and is computationally
fast. Since a thorough performance analysis of the system, covering the non-ideal behavior
of the components, is beyond the scope of the current paper, we have assumed ideal CDL
behavior; the detectors have a resposivity of unity, the optical circulator does not exhibit
any leakage or cross-talk, and the only noise source is the shot-noise of the photo detector
which is assumed to be spectrally flat (white Gaussian noise).

Table 1: System simulation parameters

E, (1] 110 || PRR [kiZ| 20
BW [MiZ] 100 || /, [MiZ] 100
pulse length [ns| 300 range gate [m] 90
integration time [s] | 0.1, 0.05 || N 512
D [cm] 10 2 10~

We have adopted (2.3) for the atmospheric simulation where the atmospheric trans-
mission is affected by both aerosol and molecular backscatter. Since the Mie backscatter
coefficient is unpredictable for different ranges and altitudes we have assumed a uniform
scattering of identical particles in the air. The simulation has been performed for a lidar
located at an altitude of 1 km from sea level with a horizontal beam (horizontal scan)
measuring in one single direction. To estimate the contribution of Rayleigh backscatter
to the optical transmission we have used the U.S Standard Atmospheric model. Fig.
6a shows the effective telescope area while Fig. 6b depicts the average Mie backscatter
power for different ranges. For spectral processing we have adopted the Periodogram [37]
associated with each range gate where zero-padding has been applied to smooth out the
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Figure 8: Mean square error (MSE) versus SNR. Single channel represents the MSE
for one polarization state. Dual channel represents the MSE when the data from both
polarization is utilized. The values are estimated for two different integration times, i.e.,
0.1 and 0.05 s.

spectrum. Please note that zero-padding does not provide any extra information and has
a curve fitting effect on the processed spectra. To estimate the mean Doppler shift, a
maximum likelihood estimator (ML) was employed. The ML performance can reach the
Cramer-Rao lower bound (CRLB) [38]; the CRLB is the lower achievable bound on the
variance of any estimator. Furthermore, a relatively narrow-band Doppler spectrum [38§],
normalized variance of 0.02, was chosen for the simulations. A detailed list of simulation
parameters is given in Table 1.

Fig. 7 shows the mean square error (MSE) associated with mode 2. The "Single"
legend in the graph refers to the spectra acquired from only one channel, i.e., only one
polarization state. The "Dual" refers to the scenario where the spectra from both channels
(both polarization states) are averaged. Furthermore, the simulations have been carried
out for two different integration times. It is evident from this figure that the effect of
employing a dual polarization configuration where two EDFA’s operate in concert (as
described in Sec. 4) is an consistent improvement of 3-dB in MSE across different ranges.
Please note that in this simulation we have ignored the range beyond which the MSE
is above -6 dB; a mean speed estimation deviation of 0.5 m/s is equivalent to a -6 dB
MSE. Another observation from Fig. 6 can be made. The MSE associated with the dual
polarization configuration with an integration time of 0.05 s is consistent with the MSE
for a single polarization mode with an integration time of 0.1 s. A factor of 2 reduction
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Figure 9: The MSE of the mean speed estimator associated with operation mode I. The
simulations have been done following the relevant parameters given in table 1. A 0.05 s
integration time and signal depolarization of 30% have been selected in this simulation.

in the integration time for the dual polarization mode is very attractive when operating
the CDLs. We know from experience that one of the problems associated with a scanning
CDL is the long time intervals associated with carrying out a full scan. By employing
a dual polarization CDL the scanning time can be improved by a factor of 2 which is
valuable in scanning CDLs. Please note that a range improvement of around 2.5 km is
achieved by either by doubling the integration time or the transmitted optical power for
the given simulation parameters. Fig. 8 shows the MSE versus SNR and is another way
to illustrate the plots in Fig. 7.

To illustrate the performance of the system in mode I we have assumed a depolarization
of 30%. As we have described in Sec. 4 the system operates with only one EDFA in this
mode while detecting in co-pol and cross-pol components from the depolarized backscatter
signal. The main benefit of this configuration is providing more information about the
nature of the aerosol particles for each range gate. The added benefit is an improvement
in the detected SNR which results in an improved estimated mean speed. Fig. 9a shows
the MSE for the estimated mean speed calculated for a number of ranges. The simulation
has been performed for an integration time of 0.05 s and a maximum MSE of -6 dB (0.5
m/s in standard deviation). As we can see from Fig. 9a an SNR improvement of 1 dB is
observed when the cross-pol is combined with the co-pol signal using a MRC technique
in the spectral domain.

6 Conclusions

All-fiber CDLs can benefit from the more mature and advanced optical communication
technology. The adoption of relevant technologies in fiver-optic communications allows us
to push the peformance of the all-fiber CDLs. In this paper, we showed that by employing
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Figure 10: Polarization diversity circulator. The circulator is connected to the transmit
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provided through manipulation of light polarization through the PBS, HWP, and Faraday
rotator. Two pairs of kinematic-mounted mirrors (KMM) provide enough degrees of
freedom to align and overlap the transmit and receiver beams associated with the two
polarization states.

an all-fiber polarization-diversity image-reject optical front-end not only faster and longer-
range systems can be developed for the measurement of wind speed but also a simultaneous
measurement of signal depolarization can be carried out. The depolarized signal can
provide information about the nature of the aerosols for different ranges. Thanks to
fiber-optic components, this system is compact, robust, and requires little maintenance
when compared to its open-space optic counter parts. This system has the flexibility to
be reconfigured on the fly to operate in two different modes. Due to its flexibility it can
be adopted in any coherent detection system and its application is not limited to remote
sensing of wind.
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Appendix A Polarization-diversity optical circulator

The polarization-diversity optical circulator adopted in our system is based on the pro-
posed architecture by Roth, et al. [39]. The employed optical circulator provides a large
field of view and has a relatively high power handling (around 100 W/ cm” for the system
proposed in [39]). High power handling capability is crucial in pulsed lidar applications
due to a high pulse peak power and energy. Fig. 10 shows the schematic for our adopted
polarization diversity optical circulator; this circulator has been successfully built in the
lab. Since, for the purposes of this paper, the non-ideal behavior of the components in
the system is neglected, a detailed analysis of this circulator in terms of power handling,
cross-talk, field of view, etc. is left out.

As seen in Fig. 10 this optical circulator can be viewed as a more complicated version
of the single-polarization one shown in Fig. 2. One of the challenges in this sub-system is
alignment of the two transmit and receive optical signals (a total of four signals) associated
with the co-pol and cross-pol signals. As a result, three degrees of freedom for optical
beam alignment in this system is required. We have adopted two pairs of mirrors in
z-configurations, as shown in Fig. 10, providing tilt and beam displacement.
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Abstract

In this paper, we have analyzed the performance of an all-fiber, micropulse, 1.5
pm coherent lidar for remote sensing of atmospheric temperature. The proposed
system benefits from the recent advances in optics/electronics technology where a
high resolution spectrum in the baseband can be acquired. Due to the presence
of a structured spectra resulting from the spontaneous Rayleigh-Brillouine scatter-
ing, associated with the relevant operating regimes, an accurate estimation of the
temperature can be carried out. One of the main advantages of this system is the
removal of the contaminating Mie backscatter signal by electronic filters at the base-
band (before signal conditioning and amplification). The paper presents the basic
concepts as well as a Monte-Carlo system simulation as the proof of concept.

1 INTRODUCTION

Continuous high-resolution observation of atmospheric temperature profile in the tropo-
sphere is crucial for improved weather forecasting at the mesoscale [1]. In wind energy
industry, where the latest turbines have reached heights beyond 200 m, remote sensing of
temperature has become compelling. At these heights, wind shear, veer, and turbulence
are highly sensitive to the stratification due to temperature [2]. Furthermore, profiling
horizontal variations of temperature is important for the flow characterization on varying
terrain.

Lidars can provide high spatial and temporal resolution monitoring of thermodynamic
variables in the atmosphere. The majority of existing temperature measurement lidars
benefit from the direct detection principle. In these systems sub-micron wavelengths
are employed to take advantage of a stronger Rayleigh backscatter, where 8 oc A\™* (3
is the molecular backscatter cross-section and A is the wavelength). There are a few
disadvantages associated with such systems, e.g., they require high-power lasers which
can be costly, bulky, and require high-maintenance. The transceivers in such systems can
also be more costly and complicated to design and implement.

Coherent Doppler lidars (CDL), relying on Mie scattering, have been successfully used
for remote sensing of wind [3-5]. Recent advances in fiber-optic technology and electronics
have paved the way for a wide range of robust, compact, and cost-effective lasers and fiber-
optic components. Successful realization of all-fiber CDLs operating at 1.5 pm wavelength
has already been well established, e.g., see [4,6]. Although the existing CDLs rely on Mie
scattering to capture the wind-induced Doppler spectrum, modified systems should be
capable of recording the thermally broadened (Doppler) spectrum from the molecular
backscatter signal [7].

Historically, a few pitfalls have prevented the realization of a molecular coherent tem-
perature lidar (CTL). The Rayleigh backscatter signal is weak and has a thermally broad-
ened Doppler spectrum with a relatively wide bandwidth (BW), when compared to the
narrowband Mie backscatter. The BW scales inversely with A and is outside the detection
BW of the available photodetector (PD) technology for sub-micron wavelengths. Only
recently, PDs and fast analogue to digital converters (ADC) have become available with
detection BWs that are comparable with the BW of the Rayleigh backscatter Doppler sig-
nal (for longer wavelengths in the infrared region such as 1.5 pm). Optical image-reject
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Figure 1: Transition from the Kundsen to hydrodynamic region [7]. The region below the curve
represents the area where the wavelength is longer than the mean free-path in the atmosphere,
hence, SRB backscattering.

down-conversion of Doppler signals to baseband, essential for resolving positive and neg-
ative frequency shifts, has not been practically demonstrated, viz., not until recently [8].
This is an essential part of the proposed CTL to circumvent the restrictions imposed
by the available BW of ADCs and PDs. The alternative, and conventionally employed,
down-conversion to intermediate frequency (IF) band, places unrealistic requirements on
the BW of the PDs and ADCs. A successful prototyping of an all-fiber image-reject ho-
modyne receiver demonstrated by Abari et al. [8] facilitates the realization of a molecular
backscatter CTL as suggested in this paper.

2 Spontaneous Rayleigh-Brillouin (SRB) backscatter-
ing and system description

A theoretical feasibility study of a molecular backscatter CTL was carried out by Rye [7]
for a few wavelengths (i.e., 350, 2100, and 10600 nm). The results indicate that the
longer wavelengths, in the infrared (IR) spectrum, may operate in the hydrodynamic
region, where \ is larger than the mean free path in the air [7,9]. In this region the return
signal is not purely Rayleigh; the return spectra has contributions from the Rayleigh
and spontaneous Brillouin backscatter signal, known as spontaneous Rayleigh-Brillouin
(SRB), resulting in a triplet of peaks in the spectra. Fig. 1 shows the transition from the
Kundsen (where the backscatter signal is largely dominated by the Rayeligh backscatter)
to hydrodynamic region for different wavelengths and altitudes. As a result, due to the
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Figure 2: SRB spectrum for A\ = 1560 nm at two different altitudes in reference to sea level.
The data is taken from the U.S. Standard Atmosphere Model.

presence of a structured SRB backscatter Doppler spectrum in the hydrodynamic region
[10] as well as the inherent CTL detection sensitivity, accurate estimation of temperature
from a weak molecular backscatter is possible; the presence of narrowband Brillouin peaks
provide a reliable measure of the atmospheric temperature [7]. As we will see in Sec. 3,
we have resorted to a least squares (LS) curve fitting between the estimated and expected
spectra to estimate the temperature. The added benefit of LS curve fitting is the potential
for extracting other parameters (e.g., atmospheric pressure) from the estimated spectra [7].

Following Tenti’s S6 theory [9], the spectra associated with the SRB backscatter for
A = 1560 nm (at two different heights in reference to sea level) has been calculated and
shown in Fig. 2. As the atmospheric pressure decreases (i.e., the altitude increases)
the contribution from the Brillouin effect is reduced (as the mean free-path between the
molecules becomes comparable with the laser wavelength) and the Rayleigh backscatter
becomes more dominant. This is why the Brillouin peaks associated with the estimated
spectra at an altitude of h = 4 km shown in Fig 2 are less pronounced when compared to
the spectra estimated at h = 1 km.

In light of Rye’s |7] results, we have shown that it is possible to use a micropulse 1.5um
CTL to carry out an accurate remote sensing of temperature in the lower atmosphere. Al-
though the micropulse system cannot rival the solid-state or gas-based IR laser, in terms
of the maximum available pulse energy, it provides comparable average output powers. In
other words, the integration time is competitive with the high power IR systems analyzed
in |7]. High-quality all-fiber 1.5 pum pulsed erbium doped fiber amplifiers (EDFA) with a
PRR of 10-20 kHz and pulse energy of 110-220 uJ (average optical power of 2.2 W) are
available as off-the-shelf components [11] and have been successfully integrated in com-
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Figure 3: An all-fiber pulsed image-reject homodybe CTL. The master oscillator (MO) provides
a highly stable and narrow linewidth laser which is split into (by a beam splitter) a local oscillator
(LO) and input signal to the electro-optic modulator (EOM). The EOM can be programmed to
generate the desired pulse train which is amplified by the EDFA. The optical circulator isolates
the transmit and receive signals. The in-phase/quadrature-phase (I/Q) mixer translates the
spectral information into baseband for further processing. For a detailed analysis of the image-
reject receiver please refer to Abari, et al. [8]. The bandpass filters, designed for a maximum
expected mean wind speed, filter out the Mie signal.

mercially available all-fiber wind CDLs [6]. More powerful multi-stage EDFAs, benefiting
from large core optical fibers, can be developed and integrated into the micropulse system
to improve the range and required integration time.

Fig. 3 shows the schematic of the proposed all-fiber CTL. This system benefits from an
all-fiber image-reject homodyne receiver [8] which allows the translation of the frequency-
shifted signals into the baseband. Due to a relatively narrow BW associated with the
1560 nm molecular backscatter signal, a PD with a BW of 1 GHz and two ADCs with a
sampling rate of 2 GHz provide the opportunity to resolve the spectral components, which
upon further processing and digital signal processing allow the estimation of the relevant
parameters such as temperature. A common problem associated with the detection and
characterization of the molecular backscatter signal in the lower atmosphere is a strong
contamination resulting from the Mie backscattering which dominates the return signal.
In direct detection techniques, such as high spectral resolution lidars (HSRL), optical
filters, only available for a limited number of wavelengths, are employed to filter out the
Mie component from the return signal. In the proposed system, we suggest the removal of
the Mie backscatter directly at the output of the PD. If the dominant Mie component is
not removed immediately before amplification and conditioning of the detected signal, it
will either saturate or occupy the dynamic range of the following stages, i.e., the electronic
components adopted for signal amplification, conditioning, and sampling. One of the main
merits of this system is to remove the Mie component through reliable, cost-effective, and
accurate electronic filters. In this system the electronic filter BW can be designed for the
expected maximum mean wind speed. Moreover, due to the nature of coherent detection,
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Figure 4: The simulated return spectrum (target range of 1 km, please see Table 1). The
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background light removal, necessary in direct detection systems, is not required in the
proposed system.

3 Simulation Results

The performance of the system suggested in this paper is evaluated through modeling and
Monte-Carlo simulations performed in Matlab. In our simulation the combined effects of
Mie and molecular backscattering are taken into account. Since the aerosol type and
density in the atmosphere is hard to predict and model, we have assumed a moderate
loading of aerosols [12| with uniform scattering throughout the measurement range. The
Rayleigh backscatter parameters have been adopted from the U.S. Standard Atmospheric
Model. Furthermore, the Monte-Carlo simulations have been done for a CTL located 1
km above the sea level performing a horizontal scan. The simulation parameters are listed
in Table 1. Please note that [y, and D represent Mie backscattering coefficient and the
telescope diameter, respectively.

For the estimation of the temperature we have resorted to an LS estimator in this
paper. The estimator employs a LS fitting of the acquired spectra; an iterative procedure
where the SRB curve resulting in the LS error between the acquired spectra and the curve
is selected as the best estimate. For the performance characterization of our system, we
have adopted the mean square error (MSE) of the temperature estimator for different
ranges; the MSE can be viewed as the variance of the estimator. Fig. 5 shows the MSE
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Table 1: Simulation parameters

E, [pd] 220 || PRR [kHz] 10

PD BW [GHy] e 2
pulse length [ns| 400 || resolution [m)] 95
integration time [s] | 60 || N [FFT points| 1024

D |cm] 20 || Pwmie 1.83 x 1077

o
o)

0.6

0.4

Temperature MSE [l@]

0.2

0 200 400 600 800 1000
Range [m]

Figure 5: MSE (variance) of the temperature estimator (for a temporal resolution of 60 s) versus
target range.

of the temperature estimator adopted in this paper for different ranges. As we can see
the estimator provides an estimate of the temperature with a variance better than 1 K
for a measurement range of up to 1 km. It can be shown that the measurement range can
be improved by increasing the pulse energy or integration time. Due to the availability
of high speed computers and digital signal processors, more advanced signal processing
can be adopted to improved the temperature estimation accuracy which can result in a
longer measurement range for a given system configuration and atmospheric condition.

4 CONCLUSIONS

In this paper, we have shown that in light of recent advances in fiber-optic and electronic
technology it is feasible to build a compact and robust coherent lidar for remote sensing
of atmospheric temperature. Compared to other lidars, the proposed system should be
low-cost, low-maintenance, and can be deployed as an eye-safe system (in the same fashion
1.5pum wind Doppler lidars with similar optical output powers operate, e.g., a scanning
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CTL). Due to it’s form factor the system can be deployed as ground-base or airborne.
Furthermore, the system has the potential to provide simultaneous measurements of wind
and pressure (besides temperature); this will be investigated in our future work. We have
adopted only one simple estimator, i.e., LS, to demonstrate the feasibility of the proposed
CTL. However, we believe there is room for improved estimation algorithms where the
Cramer-Rao lower bound (CRLB), computationally calculated in [7], can be achieved.
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