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The recent 2017 Earth Science Decadal Survey explicitly calls for a multi-functional lidar
instrument that can address combined atmospheric, topographic, and bathymetric needs. A wide
breadth of measurements are achievable with photon counting lidar sensors, establishing them as
multi-functional in their ability to observe a variety of phenomena and properties with a single
instrument. However, the desire to observe dynamic targets at high resolution often introduces
stringent spatial and temporal requirements that cannot be met due to the prescribed nature of
most photon counting techniques. The advent of advanced single photon counting lidar (SPL)
sensors, utilizing time-correlated single photon counting techniques (TCSPC), addresses these dif-
ficulties while also displaying novel applicability to a number of diverse geophysical observations,
allowing operation in a wide-range of regimes with several simultaneous scientific objectives. This
thesis explores point cloud generation and the statistical implications on data retrievals utilizing
the TCSPC approach, through ground based and airborne demonstrations. A dual-polarization
SPL sensor was flown on the NSF/NCAR GV research aircraft, where the techniques and instru-
mentation developed were applied to atmospheric, topographic, and bathymetric retrievals. The
results proved the viability and applicability of the TCSPC approach to multi-functional lidar sen-
sor development. The published results show an ability to preserve backscattered intensity while
generating photon detections at picosecond resolution from a variety of scatterers, atmospheric and
hard target. They also show that utilization of the TCPSC approach for estimating backscattered
intensity requires special attention to mitigate biases and non-linear distortions typically not seen
in traditional sensors. The work culminated within this thesis describes the amalgamation of hard-
ware development and model advancement, allowing testing and validation of SPL measurements

while also demonstrating their applicability to geophysical parameter estimation.
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Chapter 1

Introduction

This thesis will describe the sensor development and observations, supported by the advance-
ment of several statistical and polarimetric models, that facilitates the application of single photon
counting lidar (SPL) instrumentation in high resolution atmospheric and topographic/bathymetric
monitoring. The advent of advanced SPL sensors, utilizing photon time-tagging and time-correlated
single photon counting (TCSPC), have novel applicability to a number of diverse geophysical obser-
vations, allowing operation in a wide-range of regimes with several simultaneous scientific objectives.
The use of TCSPC in topographic/bathymetric sensing, where range and intensity is retrieved, has
little to no prior specific development and deployment for geoscience. In addition, there is no her-
itage for these techniques in atmospheric monitoring, where sub-centimeter atmospheric point cloud
generation is a novel method for understanding the atmosphere at higher resolution than typically
considered. This gap in knowledge must be bridged in order to apply TCSPC seamlessly across
measurement regimes and provide multi-functional capabilities that can facilitate high resolution
geophysical parameter estimation.

Characteristic proof-of-concept analysis and laboratory demonstrations indicate that the
technical readiness level (TRL) for SPL sensors employing TCSPC is TRL-3. The goal of this
thesis is to advance SPL hardware and TCSPC techniques for geoscience to a TRL-5/6 and pro-
vide demonstration in the operational environment. Towards this effect, an advanced sensor was
engineered and fielded for ground based and airborne measurements to demonstrate the funda-

mental application of TCSPC for geoscience applications. This work resulted in the publication



of several novel TCSPC applications and the required descriptions for system modeling. While
previous studies have involved scalar descriptions of sensor components and scattering events and
assumed simplistic statistical models for photon detection, this thesis focuses on a combination
of the deterministic, stochastic, and polarimetric aspects of the sensor architecture, photon scat-
tering, and detection processes. The amalgamation of hardware development and rigorous model
advancement allows simultaneous testing and validation of SPL measurement aspects that drive
sensor efficiency, photon detectability, and science applicability, creating a foundation for future

multi-function SPL sensor development and design.

1.1 Background

Direct motivation for this work stems from three main components. The first being that
photon counting lidar sensors have limited applicability due to the restrictions imposed by the
prescribed acquisition and timing techniques. With these restrictions lifted, flexible high resolution
photon lidar data can be generated. This allows a single sensor to address many different obser-
vations within a scalable resolution data stream, directly answering the call from the recent Earth
Science Decadal Survey (ESDS) for multi-functional lidar sensors that can address combined atmo-
spheric and topographic/bathymetric science needs. Work to achieve these goals also supports the
recently launched ATLAS sensor onboard the ICESat-2 satellite, which is a demonstration of the
photon counting lidar technique from space. With an emphasis on topographic retrievals there is
limited on applicability to bathymetric and atmospheric science. Supplementation with advanced
airborne sensors facilitates an understanding of ATLAS capabilities through measurement valida-
tion and verification. These sensor can also further introduce advancement by emphasizing the
necessity of multi-functional capabilities for future sensor development.

Synergistic lidar approaches that measure a subset of observables have been demonstrated,
such as the work discussed in [55], but technological challenges still exist and there is ample working
space for this instrumentation. Multi-functional photon counting techniques and instrumentation,

for addressing spans of spatial and temporal resolutions as shown in Fig. have been identified to



address those needs. Separate demonstrations for the atmospheric and bathymetric regimes show
promising results and instrumentation that leverages heritage from both fields can be designed to

coalesce the two measurements together.
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Figure 1.1: Visual representation of the approximate spatial and temporal resolutions needed to
achieve the correct SNR or measurement frequency for various different geophysical measurements
that photon counting lidar sensors have been applied to.

Improved, high-resolution topographic lidar mapping provides critical information for hazard
assessment and mitigation, while also providing invaluable science data. Measurements of surface
elevation change, sea ice freeboard, and bare surface land topography were recently identified as
some of the 22 identified Targeted Observables (TO) — Table 3.5 and Appendix C. One such ex-
ample is the call for an imaging laser altimeter with 10 cm vertical accuracy for the aforementioned
measurements and comparable accuracy, 25 cm, to facilitate vegetation structure mapping, includ-
ing 3D canopy height. Several TOs also make the explicit request for multi-functional lidar with
the ability to provide high resolution data by which many geophysical parameters can be derived
for a variety of applications.

The specific question of shallow water retrievals remains an open problem and has been iden-

tified in the ESDS under TO-20 and TO-21 because of its importance in addressing specific science



imperatives across the disciplines of Global Hydrological Cycles and Water Resources, Marine and
Terrestrial Ecosystems and Natural Resource Management, and Climate Variability and Change.
A complete list of relevant TOs is shown in Table The ESDS candidate measurement approach
for shallow water bathymetry describes the need for lidar sensors to meet the requirement of 1-5
m horizontal resolution and a vertical resolution of 10 cm. The proposed resolution and accuracy
are also representative of those required for littoral zone mapping and understanding the coastal
environment, which, beyond scientific purposes has immense use in defense applications. High-
resolution bathymetric lidar measurements have proved challenging due to rough surface waters,
varying subsurface reflectivity, water column turbidity, and an inability to differentiate water sur-
face from near field subsurface scattering layers due to detector pulse overlap; the latter being a
roadblock to attempting retrievals in the shallow regime. Work done in Mitchell et al. [92, 9T]
showed a measurement technique to address the shallow water bathymetry issue, but implementa-

tion has not been widespread and does not focus on retrievals of intensity and range.

Table 1.1: Summary of SPL relevant Earth Science Decadal Survey targeted observables

Targeted Observable Science & Applications Requirements

TO-7 Ice Elevation Ice sheet structure & sea ice freeboard 0.1 m vert.

TO-10 Ocean Ecosystem Biomass, spectral attenuation 2 m vert.

TO-13 Planetary Boundary Layer Height, Temperature, Water vapor 200 m vert.

TO-20 Surface Topography Shallow water bathymetry, topography 1-5 m horz., 0.1 m vert. acc.
TO-21 Surface Water Height Surface structure & riverine 0.02 m vert.

TO-22 Terrestrial Ecosystem Topographic elevation 10-15 m horizontal, 0.25 m vert.

The problem of shallow water in lidar operation also plagues open ocean measurements.
Vertical resolution of the column has typically been limited to > 1 m and correctly tying down
the ocean surface for retrievals is difficult and often not done. Resolution and proper handling
of surface signals is absolutely necessary in this measurement. Addressing the issues of resolving
shallow water environments has cross-cutting applications, as the solutions can be equally applied

between shallow and deeper water measurements. The approach of polarimetric photon counting



lidar can serve these purposes [92 [91] [4, B] by providing backscattered surface and subsurface
intensities at resolutions < 10 cm. The instrumentation and techniques developed to address the
shallow water measurements also have direct translation to atmospheric monitoring [3].

The use of photon counting as a tool to generate backscattered intensity profiles has been
widely utilized in lidar remote sensing of the atmosphere. Regular retrievals of aerosols and cloud
microphysical properties [113], 16, [46] [116], water vapor [114] [96], Rayleigh temperature inversions
[117], and many other applications have been shown. The science requirements that drive these
measurements typically call for several meter vertical resolution over multiple seconds. However,
recent work by Beals et al. [7] gives a bounding range resolution of approximately 1-10 mm as a
requirement to resolve the sharpness of cloud edges without introducing ambiguities through spatial
averaging. This type of measurement is necessary for constraining phase transitions within clouds
and analyzing microphysical properties [7]. Current ground-based and airborne photon counting
lidars are unable to operate with this resolution, nor this precision, and leaving an instrumentation
void where these requirements are not fulfilled.

Several advances in photon counting instrumentation, specifically as micropulse lidars, have
been made over the past two decades; some specifically in preparation for the ICESat-2 ATLAS
sensor [23], 24], 43], 86]. ATLAS is a single photon counting sensor with the anticipated ability to
make topographic and bathymetric measurements with horizontal resolution of 70 m — surface
spot diameter of 14 m, spaced at 0.7 m along track between beams, with 100 pts integrated —
and a surface vertical resolution of ~ 0.1 m, all based on pulse width estimates and an airborne
validation study [79, [IT]. Though the full fidelity of individual ground returns will be preserved,
~ 1 ns timing resolution, the ATLAS atmospheric product is expected to be binned on satellite at
30 m vertical resolution and 280 m horizontal [79)], giving a degraded resolution for atmospheric
studies and providing a single wavelength of polarization insensitive backscatter information. The
acquisition scheme distinguishes between detections from the ground and the atmosphere, where
each photon is processed as a discrete time-tag for surface returns and the multi-channel scaler

(MCS) binning approach is applied for atmospheric returns.



The global coverage given by the ATLAS instrument will be a tremendous step forward
in topographic, bathymetric, and atmospheric sensing that uses photon counting lidar technique.
Though the continuation of spaceborne lidar sensing at 532 nm will provide good continuity between
CALIPSO [125], CATS [12§], and the next dedicated atmospheric sensor, limited science retrievals
decrease the applicability of the ATLAS sensor to atmospheric science. The success of CALIPSO
shows that the combination of multiple channels of backscatter measurements and dual planes of
polarization for depolarization estimates provides a set of atmospheric retrievals that can now be
considered the minimum spanning set of measurements for atmospheric monitoring of clouds and
aerosols. In this thesis, specific advancement of SPL atmospheric sensing with these minimum
capabilities will be considered.

Overall supplementation of the ATLAS sensor with instrumentation that can provide the nec-
essary resolutions and validation in the required observable regimes represents a unique opportunity
to advance novel sensor technology and engineering methods. Prior sensors have shown promising
results for high resolution topographic, bathymetric, and atmospheric sensing separately, but do
not yet represent a viable solution to the combined set of techniques and instrumentation needed
for multi-function operation. SPL utilizing TCSPC constitutes a set of hardware and techniques
suited to address the issues arising with combined measurement modalities. The work contained
within this thesis will advance the TRL of SPL sensors pursuing geophysical parameter estimation

and provide documentation that aides sensor description and design.

1.2 Contributions to the Understanding of Single Photon Counting Lidar

The research presented develops improved methods and instrumentation for high resolution
photon time-tagging polarization lidar and the subsequent application to geophysical measurements.
This is achieved by advancing an all encompassing photon time-tagging approach for SPL sensors,
providing new techniques and understanding, that facilitates a lidar sensor capable of discriminat-
ing multi-resolution targeted observables for combined atmospheric and topographic/bathymetric

retrievals in a measurement cycle.



The overarching hypothesis addressed within this thesis is that: Photon counting lidar
sensors utilizing time-correlated single photon counting techniques can provide multi-
functional capabilities and facilitate high resolution geophysical parameter estimation.

To address this hypothesis, the following specific questions are addressed:

(1) What are the implications of utilizing the time-correlated single photon counting approach

for geophysical parameter estimation from volume scattering environments?

(2) How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?

(3) Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

This thesis is organized into several main chapters and additional appendices for information
specifics, each facilitating and contributing work to answer the questions posed.

The foundations of lidar theory, including polarization, scattering, and counting theory are
discussed in Chapter 2. Chapter 3 introduces the detection and acquisition of single photons
by a lidar sensor, including prior methods and the implications of time-correlated single photon
counting in lidar. A comprehensive measurement model is developed and exercised in Chapter 4,
providing bounding characteristics for sensor development and measurement strategies. Chapter
5 provides initial implementation and testing of the discussed techniques in a novel polarization
sensitive SPL including: system metrics, ground testing, and data generation. Chapter 6 focuses on
aircraft demonstrations of a novel SPL sensor, discussing measurement and model comparison, data
acquisition in a number of operational regimes, and overall system analysis. Chapter 7 introduces
a formal comparison and forward modeling of the SPL sensor, and provides new approach to verify
operation in the single photon counting regime. Finally, in Chapter 8 a summary of the major

results of this thesis and how they address the hypothesis and proposed research questions is given.



Chapter 2

Light Detection and Ranging

Lidar can be used to generate measurements of a remote target, range, and backscattered
intensity, without relying on ancillary radiation sources to illuminate the scene under interrogation.
By avoiding the use of radiant signals of opportunity and controlling the properties of the transmit-
ted laser light — such as modulating planes of polarization, spectral and timing characteristics —
the backscattered light field can be collected and used to elucidate the measurement environment
with high temporal and spatial resolution. The ability to generate laser light for measurement
has led to discrimination techniques, which allow for investigations of narrow frequency absorption
bands [96], polarization properties of scatterers [47], high precision mapping [24], and an increasing
number of new uses as advancements in associated technology makes lidar more accessible. With
the ability to generate measurements over a variety of scales, ranging from terrestrial instruments
with millimeter range precision and microsecond integrated time lengths to global multi-year satel-
lite instruments, lidar is a versatile tool for contributing information to advance our knowledge of
Earth’s systems.

To understand the projected environmental response of lidar sensing, several mathematical
formulations have been developed. SPL representations can be divided into scalar and vector with
applicability to all scattering environments typically encountered in Earth science. This thesis seeks
to correctly capture the complex physics present in these measurements by describing the coupling

between polarization planes and overall stochastic nature of the single photon measurement.



2.1 Scalar Lidar Definitions

Fundamentals of the SPL. measurement include the transmission of laser light through an
attenuating medium, the collection of the light scattered at 180°, optical analysis of the light,
detection of the received light, and conversion to an electrical signal that can be further analyzed
in the analog or digital domains. Typical application of the lidar equation for SPL sensors assumes
independent single backscattering of the laser light from a target. Formulating these ideas into
a single equation [88], [122], the range dependent elastic scattering lidar equation can be used to
estimate the received photon counts from a volume scattering layer for a single laser shot. This

equation can be written as

NOWR) = (P,j?) SO\ R)AR 25 O(R)T* O\, B + Nis (2.1)

In Eq. Pr, describes the amount of laser power transmitted over a pulse length 7,
containing photons with energy hr, (A, R) is the volumetric backscatter coefficient, AR is the
range bin resolution and can also be given as ¢y /2, % is the solid angle term describing the
amount of light collected by the telescope area taking into account the quadratic decrease in signal
intensity, O(R) is the geometric overlap function between the transmitter and receiver, T2(\, R) is
the two way transmission loss term is a derived from the Beer-Lambert law as a linear product for
all intensity extinguishing volumes in the measurement path, 7., describe the relative transmit
and receiver efficiencies defined up until the detector face, and Np is the number of non-signal
background counts. These terms coalesce to give the total number of counts as seen at the detector
face as a function of transmit wavelength and range as N(A, R). This formulation assumes that the
laser pulse width is less than the bin resolution, 77, < 7;, and that the laser spot is fully contained
within the FOV of the receiver. If the detector quantum efficiency is included in this, as ngg,
then IV becomes an estimate for the number of detector generated photoelectrons that would be
subjected to acquisition. In the case of scattering from discrete changes in the index of refraction

at a boundary between surfaces, such as that of the air to water surface or air to hard target, the
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Figure 2.1: Lidar transmit and receive geometry as adapted by [122]. The scattering volume, V'
can be seen and is defined by the area of the laser spot, Ay and the range resolution, AR. The

relationship between the scattering volume range and the telescope area is seen by the solid angle
of A/R2.

number of returns can be estimated as

([ Prrr pcos(0) [ Aijou 2 A
Nra:()‘vR) - ( hl/ ) tht As R2

where p is the target reflectivity, 6 is a description of the incident angle of the laser light at the

O(R)TQ()H R)nrxntx + Np, (22)

target surface, and the ratio of A;y,, to As describes the fractional area of the laser spot within the
instantaneous field-of-view (FOV) of the receiver (which is typically unity). The term Q4 provides
a description of the bi-directional reflection distribution function (BRDF) to capture the scattering
cross-section of the target. Under Lambertian scattering, the BRDF reduces to the commonly

used value of 7 sr—!

, as is the case for many scattering targets in topographic/bathymetric ranging
problems. However, when considering the discrete index change at the water surface, the specular
reflection should be considered and Fresnel equations used [9]. For more complex scattering cross-

sections where multiple types of surfaces are contained within the laser spot, a combination of diffuse

and specular components is derived in [115] and elaborated on in Chapter 4. In this formulation the
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bin width, AR, has now been omitted as the scattering layer is assumed to be a delta function and
the driving resolution for which the the surface bin is estimated involves the convolved temporal
response function of the surface and sensor.

All components in Egs. and are given as scalar quantities for a single element detector,
or some iz, detector element, and are scalable to some n. elements or discrete receiver channels. It
is often the case that scalar representations of the lidar equation are misused to describe individual
planes of polarization by taking the vectorized nature of light and collapsing it to separate one
dimensional equations to describe the output from each receiver channel. An example of this
erroneous use of the lidar equation is the assumption two receiver channels can measure the number
of counts in two crossed planes of polarization as N,Uz and N:- with no coupling terms. These values
are considered decoupled, but this is idealized and can rarely be correctly assumed. Coupling
between polarization channels and other polarization sensitive attributes are usually present and
unable to be captured by this representation of the lidar equation.

Because of a lapse in complete definition it is necessary to fully describe the measurement
environment and instrumentation in a way that conserves the full polarization description and

inherent vector nature of the measurement.

2.2 Vectorized Lidar Theory

Throughout this thesis research a SPL utilizing multiple planes of received polarization was
deployed and used for analysis. It is thus necessary to provide a full polarization description of the
sensor, generating a complete understanding of the scatterer-sensor interaction. The Stokes Vector
Lidar Equation (SVLE) [49] provides a theoretical basis for performing a full polarization analysis of
a direct detection lidar sensor. In this formulation the transmitted and received light is described
using Stokes vectors with a defined degree of polarization (DOP). The scattering processes and
polarization effects along the instrument’s transmit and receive optical paths are then described
using the Mueller matrix convention. The use of the Stokes and Mueller formalism is advantageous

due to its ability to describe fully, partially, and un-polarized light, all of which can be naturally
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occurring polarization states encountered while operating an SPL and incorrectly aggregated when
distilling the lidar equation into scalar components.
Using these conventions, the full description of the vectorized lidar equation, up to the po-

larizers in the receiver, is given as [49]

. A L
S =M,, [(G(R)RQAR> T(ks, R)F(\, ki, ks, R)T (k;, R)My3 S0 + Sp | (2.3)

In the SVLE, the term §m is the Stoke’s vector for the received light and gtx is the Stoke’s
vector for the transmitted laser light, My, is the polarization state generator Mueller matrix, used
to code the laser light with a desired plane of polarization, T(k;, R) is the linear product of all
transmission Mueller matrices for the transmitted wavevector k;, F(\, k;, ks, R) is the scattering
phase matrix for a particular target or scattering medium at some range R for the incident and
scattered wavevectors, T(ks, R) is the linear product of all transmission Mueller matrices for the
scattered wavevector, and the background light detected by the receiver is given by the Stoke’s
vector S B. The linear product of the Mueller matrices for each optical component in the receiver
is given as M,,. The scalar components contain the geometry information for the measurement,
where G(R) now describes the geometric overlap function and the remaining terms carry over from
the scalar definition.

The general Stokes vector, used for §m and gtx, is defined as S = [So, S1, S2, Sg]T, where Sy
is the total intensity, Sy is the intensity in the linear vertical/horizontal planes, Sy is the intensity
in the linear +45° planes, and S3 is the intensity in the right/left hand circular planes. Written in
terms of the linear rotation angle of the polarization state, 1, the ellipticity angle of the polarization

state, x, DOP, p, the vector has the form [36]

1
pcos(2) cos(2x)
psin(21) cos(2x)

psin(2x)
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where the DOP is used to describe the amount of light that is polarized and is given as

ez hn .

So

Equations and can be used to project any Stokes vector on to the Poincaré Sphere
for visual representation, as shown in Fig. The angle v is used to rotate the vector about
the equator of the sphere, x projects the vector against the S3 axis, while the DOP describes the

overall length of the vector. Advantages are quickly gained by describing the entire measurement

Figure 2.2: Poincar Sphere showing the linear rotation angle v, ellipticity angle y, and the DOP
p for a given Stokes vector S. The angles 2¢) and 2y give the location of the vector on the sphere
and the DOP defines the vectors length.

with a full polarization description. Instrument effects, down to individual optics, and measurement
effects, discrete scattering and absorption events, can be full described with the basis of Mueller
matrices. A number of methods exist to quantify and understand the modification of the transmit
and received light fields, but a simple to employ method is in the context of Polar Decomposition
(PD) of Mueller matrices [71]. This method provides a convenient tool in which a Mueller matrix

can be decomposed into into three fundamental contributing elements as
M = MpMgMa , (2.6)

representing diattenuation, retardance, and depolarization respectively — a comprehensive expla-

nation of PD can be found in 71}, [45], [36]. With this description scattering matrices representing the
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measurement medium, with the scattering matrix F, can also be decomposed into their respective
contributing terms, allowing for full polarization analysis throughout the entire measurement. Fur-
ther assessment of F in Eq. 2.3 will be discussed within Chapter 4 in the context of a comprehensive
SVLE model for atmospheric, topographic, and bathymetric scattering.

In SPL sensors the raw data is typically the number of photon events that occur per the
i, detector element, or channel, over the inter-pulse period (IPP) of the laser, with each received
photon having an associated detection time and range. This is true for polarization sensitive SPL
sensors as well, implying that the Stokes vectors must be projected onto the axes of the Poincaré
Sphere to generate the received number of photon counts.

Determining the number of photon counts per polarization channel is done by applying the
output projection matrix, O, to the received Stokes vector as

N,, = OM,, [(G(R)éAR) T(ks, R)F(X, ks, ks, R)T(ks, R)My S + Sg| (2.7)

where the number of counts in the 4;, element, or polarization channel, is given by Nj...,, for n

elements, or channels, is given by the vector

Ny

Ny,

The generalized form of the output matrix is given as

m 000 0 00 0 P,
O=0 000w 000 - S (2.9)

P,

where each of the channel efficiencies and the necessary receiver polarization analyzer Mueller
matrices, P;, are included. These perform the projections onto the respective polarization planes
and allow extraction of photon counts from the received vector.

It is useful to consider a specific example of Eq. If a SPL sensor with receiver channels

that discriminate signal between linear horizontal and linear vertical polarization is employed to
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perform measurements of atmospheric or hard target depolarization, similar to the demonstration
sensor that will be discussed in Chapter 5, equations that represent the number of received counts

per single detector element in the co-polarized or cross-polarized planes can be given as

1 100 SO,

” 1 100 Sk,
Nmz[n 10 0} , (2.10)
000 0]|]|S2

000 0] S3

1 -1 00 SO

-1 1 00 St
Ni;:[m 10 0] o (2.11)
0 0 00 S2,

0 0 00 S3.

where the received Stokes vector Srz = (SO, St S2

0,8}, 82,5217 is given by solving the SVLE in Eq.
Both of these simplistic examples utilize ideal linear polarizers [36], and serve as only an exam-
ple of the distillation from number of elements or channels to a single output. In this example the
transmitted laser light is defined as linear horizontal with the associated receiver channel being the
parallel, or “co-polarized,” channel, and the perpendicular, or “cross-polarized,” channel receiv-
ing only linear vertical polarization. These planes are referenced to the transmitter’s polarization
frame with the receiver’s polarized rotated to align the S and P axes, with example transmitted
and received vectors shown in Fig. projected onto the Poincaré sphere. This nomenclature
sets up the polarization planes to be discussed throughout this thesis, where differences between
co-polarized and cross-polarized light is investigated in theory and measurement. The discussion of
the SVLE and the employment of Stokes vectors to describe the transmitted and received light has
relied on a derivation of the Stokes parameters that begins at the classical formation of electromag-
netic radiation. For a elliptically polarized plane wave, the light field is described by its complex

amplitudes and orthogonal unit vectors. Derivations in [36, 9] provide a description by which the

plane wave can be described on the polarization ellipse and thus directly compute the Stokes pa-
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1.01.0

Figure 2.3: Simulated transmitted and received Stokes vectors. The normalized transmitted laser
pulse with linearly horizontal polarization, Sy = [1,—1,0,0]7, is shown in cyan. In blue is the
received Stokes vector from a polarization preserving water surface, where the vector measured in
the co-polarized receiver channel is S;‘Jx = [0.05462, —0.0546,0,()]T. In red is the received Stokes
vector from a completely depolarizing scatterer below the water surface, measured in the cross plane
of polarization as S%C = [0.00201, 0.00201, 0,0]”. Both received vectors are scaled by a constant to
allow visualization.

rameters from the classical description. In these derivations the Stokes parameters give a time
averaged representation of the polarized light field, or in the case of photons, describe the ensemble
average over many photons received from an impinging stream of photons at some rate, typically
described by photon counts per second. The question can be asked whether or not the SVLE is
appropriate in the limit of single photon detection — it is recognized that there is some temporal
width to the single photon detector output and timing electronics — and what applicability it has
for polarization sensitive SPL.

The question of applicability can be addressed by deriving the Stokes parameters from the

quantum description of elliptically polarized light. The linear combination of two classically defined
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Jones vectors, considering two orthogonal definitions of basis states, is given as

v = 011/11 + ngz , (2.12)

where in the classical description |c1|? and |ca|? give the intensities of the field in directions v
and 1o, and the linear combination of the two, |c1|? + |c2|? is the estimate of total intensity of the
measured light field.

In the quantum description, Eq. can be recast such that the field is represented by

general state ket as

|¥) = c1 Y1) +cafthe) (2.13)

where |c1]? and |c2|? now give the probabilities for a single photon to be in the respective polarization
states [11) and |12) with a characteristic spin of one. This representation is valid for pure ensembles
of photons where all members are characterized by the same ket with spin pointing in some definite
direction, [¢1) or |¢2), mixed ensembles containing fractional populations of spin directions, or a
completely random ensemble. In the classical language these combinations represent a completely
polarized field, partially polarized, and un-polarized. Like the classical description shown above,
the light’s total intensity is arrived at by taking the inner product of the state Psi with its conjugate,
(U] W) = ¢t (1] 1) + (o] 1a) = |e1]|? + |e2]?. Tt should be noted that the states |11) and [t)2)
can in of themselves be decomposed into the fundamental polarization states and should be treated
as linear combinations thereof and the total state |¥) is then a description of the total ensemble of
N > 1 photons.

In classical definitions, the coherency matrix can be introduced to capture the range of
polarizations that a field can possess, but in addition it captures the stochastic nature of the
polarization field components [38]. The quantum analogy of the coherency matrix is given by the
density matrix. From Eq. the density matrix and corresponding to the density operator can

be defined as [108] [36]

2 * *
pij = Y cicj = . (2.14)

ij=1 cac] €205
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From the density matrix it can be seen that the trace provides the intensity terms and the
off-diagonals give relative phase information. From these components, the Stokes parameters can

be defined analogously to the classical versions as

So cic] + cacs
S c1cl — eoch
- 1~ €26y
S = = (2.15)
S5 c1¢5 + cacy
i S3 | i i(c1c5 — cacy) |

As seen in [36], the values given in Eq. are equivalent to those derived from the polar-
ization ellipse and allow a single photon, or ensemble, to be described in respect to the Poincaré
sphere formalism. The values contained within the density matrix shown in Eq. are real
physical quantities of the measured state and can be linked to incident photon energy by some
basic assumptions, such as the use of the harmonic oscillator as a quantization method for the field,
which is shown in the next section.

It appears then that it is appropriate to apply the formulation of the SVLE in the limit of
single photon detection, but it is also pertinent to recognize that due to the statistical nature of
estimating the polarization state of a single photon an ensemble of measurements should be made

to reduce uncertainty in state estimation.

2.3 Single Photon Statistical Definitions

In all representations of the lidar equation, scalar or otherwise, there are inherent statistical
properties in several of the individual components. The outcome of the lidar equation is dependent
on several stochastic processes that are generally, and incorrectly, treated in a deterministic fashion.
Because of this, the actual utility of these equations, and the models that result, only serve to
baseline our understanding of the detection and estimation abilities of a sensor if we ignore the
random processes at work. Continuing with the the quantum description of a SPL sensor, it is
possible to derive the statistics that govern the distribution of photon states and detectability of

each single photon event through quantization.
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A single photon can be defined as an elementary excitation of a single mode of the quantized
electromagnetic field [2]. For some single mode k, a single photon of frequency vy will have an energy
of hyg, where h is Planck’s constant. Using the definitions of [26], an operational description of a
single photon state can be generated such that a detector sensing single photon events measures
exactly one photon for each incident state. This then implies that for each single photon state
detection, the mean of the detection statistics is one, the variance is zero, and each photon has a
distinct associated state. Detection then indicates the binary decision in which a detection gives
unity and the non-detection gives zero.

Working through the quantization process, shown here in an abbreviated manner, the link
between a photon state and inherent stochastic nature of SPL sensor operation comes freely. Quan-
tization of the electromagnetic field can be done by employing the solutions to a 1-dimensional
harmonic oscillator. It is the case that the derived Hamiltonian is mathematically equivalent to a
sum of uncoupled harmonic oscillators, each with some frequency v. This implies that the Hamil-
tonian can be solved for each mode, generating the series of possible discrete energies that the field
contains equally spaced with photon energy values hv.

Beginning with the given definitions of the creation and annihilation operators, or raising

mw )
— [ s 2 5 2.1
a \/% (x+mwp), (2.16)
f_jmw (o 2.1
a \/% (a: mwp), (2.17)

with the commutation rules for the two frequencies, v and v/ defined as [108]

and lowering respectively, as [10§]

[ay, al,] = ayal/ - aial// - 61/11'7
(2.18)
[auaaz/’] = [al,aT ] =0.

l//

The Hamiltonian operator of the radiation field for a single quantized mode is [2]

H = hv(afa+1/2) = hv(n+1/2), (2.19)
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where the number operator has now been introduced as n = a'a. The eigenstates defining the

quantized field are the Fock states, or number states, with the following being true
nln) =nin), (2.20)

such that

H|n) = hv(n +1/2) |n). (2.21)

From Eqgs. and it can be seen that the a single eigenstate of the number operator,
n, has the eigenvalue hv(n + 1/2). Considerations of the difference between the total number
operator shown here and the space number operator in [77] reveals a difference between integration
over all space and the localized volume, including the detector face, respectively. Recognizing that
both operators commute with each other and there are methods for converting between the two,
only the total number operator is considered.

To describe the closest approximation of the field generated by laser light, the phase capturing

coherent state |a) can be defined as [108]

@) = > In) (n] @), (2.22)
n=0

—|oy?

o) :nz:;me 2 |n). (2.23)

Though the coherent states are not stationary states of the harmonic oscillator, as they can

be evolved through the time evolution operator, this definition provides the most appropriate state
that take on the classical limit [I08]. The argument for this is made in [2] by showing that the
expectation value of the photon number operator is equal to the classical value expected.

When a SPL generates measurements of single photons, the sensor is making an instantaneous
measurement of the photon number, and by considering the coherent state a single measurement
will yield a spread of possible photon numbers after many measurements. This quality introduces
a clear stochastic dependency to the photon detection description and it raises the question of how

to compute the expectation that a single measurement of the photon number state will yield n
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photons in the state |«). Computation of this probability is done by taking the expectation of the
coherent state as

P = |{n] )2, (2.24)

which for the coherent state defined by Eq. gives

5 i o —ai|”
P =|(n| n)] —e 2 (2.25)
n=0 m
The solution to this gives a Poissonian distribution of
2n
p = 10 o (2.26)

e )
for all n = 0,1,2... possible photons, as well as a mean distribution value and standard deviation
of |a/?.

Equation describes the quantum intensity fluctuations of the incident laser light and
inherently links the commonly referenced “shot-noise” to the quantum nature of the photon. These
random fluctuations result from a non-constant arrival time of photons at a detector, as shown in
Fig. The uncertainty in each measurement of a photon, 1/4/n, is the most easily observable
consequence of the quantization of the light field and is often the primary source of measurement
uncertainty in SPL sensors.

Through the quantum definition of a single photon, several interactions can be considered.
The photo-detection process proves to be the crux of SPL operation as the sensor’s detection of a
weak backscattered photon rate is actually a direct measurement of the incident eigenstate’s photon
number. The photo-detection process describes an interaction of the photon with the detector used.
It is the case that for multiple photons counted over some time interval, the average photon flux is
equivalent to the classical incident intensity with an added efficiency term for the photo-detection
process (detector quantum efficiency, QE). This implies that the number of detected photons is
Naetected = NQE Nincident With uncertainty 1/v/Ngetected- A simple redefining of the variables in Eq.
gives the more general form of the discrete Poisson probability density function (PDF) [10T]

k
P(k; At) = (Nﬁt)efw, (2.27)
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Figure 2.4: The top shows the non-constant arrival of single photons in time and the bottom is
the resulting signal envelope, adapted from [38]. The lower curve is reminiscent of the envelope
representing the photon rate function that will be discussed further in later chapters.

which describes the number of detections, k, over some finite time interval, At, for some impinging
mean photon rate of N. If the electrical signal is considered, then Eq. [2.27] describes the probability
of photoelectron generation and must include the conversion efficiencies for each channel or element
under consideration.

From Eq. the signal-to-noise ratio can be defined as

where the term £ has been introduced to describe noise rates over some measurement period. SNR
is often a useful metric for understanding the performance limitations of a photon counting sensor.
The inverse of SNR provides a metric for the relative counting error expected in a noisy measurement
environment. A sensor’s SNR decreases as a function of increasing background, shown in Fig.
and for SPL sensors it is typical for SNR< 1 due to the equivalency of a single noise and signal
count. Analysis shows that in the regime of low mean photon rates the Poisson SNR is sensitive
to increased noise rates and emphasizes the importance of proper noise management in an SPL.
However, it should be noted that the concept of SNR applies to a aggregation of photons and the
single photon event has no representation in SNR besides unity. Considering that a realistic SPL

sensor will, at a minimum, be subjected to detector noise, it is necessary to consider what impact
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Figure 2.5: The resulting SNR curves for a single shot, single detection threshold, while varying
the mean received photon counts and the input noise rate, calculated from Eq.

the addition of a noise term will have on Eq. The noise photons detected by the receiver
subsystem are uncorrelated and arrive randomly throughout the measurement period At, whereas
signal photons backscattered from a target will arrive correlated in time and range. Each of these
detections can be treated as mutually exclusive Poisson random processes as they are independent
from each other. The sum of two Poisson random processes can be shown to still be Poissonian

[100], so the complete PDF for the addition of noise to the signal can be written as

k
P(k;ng; At) = n];—((N +]j)At) e s (NFOAL (2.29)

where N again represents the average number of signal photons in the measurement time, and &
represents the average noise photons in that time. The term n4 represents the number of laser shots
that are included in probability estimation. In the case of SNR calculations with multiple pulses,
Eq. can be used with the added multiplicative factor of \/ns. The impact of multiple pulse
integration on SNR can be seen in Fig. where increased signal and fixed background rates
facilitates an increased SNR. Using the Poisson description in Eq. the probability of returns

from a target as a function of mean photon rate can be generated as [23]

ng—1 Nk
Pp=1-eN)" TR (2.30)
k=0
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Figure 2.6: The resulting SNR curves for Eq. [2.29 while varying the mean received photon counts
and integrating over some integer number of shots. A constant noise source of 100 Hz was assumed
and the detection threshold was set to k = 1. The figure inset shows the zoomed portion of the
curves on a linear SNR scale, to separate each at maximum SNR.

where it has been assumed that single shot statistics are being assumed, nys = 1. From this, an
analysis of noise can be determined by applying the probability of detection to the unwanted signal

photons, &, giving the probability of false alarm as
Pra=1-et) > (2.31)

Figure [2.7] gives the single shot detection probability, Eq. [2.30 for a varying input mean
photon rate and different threshold settings. From a purely statistical perspective, Fig. 2.7 implies
that when the mean target photon rate is low, the highest detection efficiency for single photons
can be achieved when the threshold is set at n;, = 1. This is due to the fact that single photon
detections in the LSNR regime will be ignored for higher threshold settings. For sensors operating
in a high SNR regime, such as those that employ analog detection schemes, larger thresholds are
necessary to ensure that digitizers are not plagued by constant solar background signal, but the

accompanying downside is a complete insensitivity to photon rates of (N) < 10!. This therefore
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implies that for the LSNR there can be an efficient use of photons from every laser firing, even
where the mean photon rate is less than one, but thresholds must be set low to maximize detection.

The SPL operational thresholds shown in Fig. elude to the fact that, due to the method
of detection, for a single detected photon it is impossible to estimate whether it is the result of
backscattered target signal or unwanted signal from solar background and detector noise. When
examining the statistics of a photon detection, the threshold of n; = 1 will prevent triggering
on electronic noise only. This implies that a single detection from backscattered target signal or
unwanted signal will trigger the acquisition counter equally, as the photodetector’s single electron
responses (SER) is equivalent for both detections. Inherently, this makes the raw data collected
with a SPL noisier than that of other lidar sensors, with the photons from scattered sunlight
during daytime operation as the dominant noise source for SPL sensors. However, due to the
lack of correlation in time, detection of photons from the solar background serves to be easily

differentiable from correlated target signal.
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Figure 2.7: The resulting detection percentage for an input mean photon rate and various increas-
ing detection thresholds, n;. For low photon rates n;, = 1 indicates that single photon detection
will provide the highest detection efficiency.



Chapter 3

Photon Detection and Acquisition

The methods employed in direct detection lidar sensors to acquire backscattered signal can
be broken up into three main types: analog detection, geiger-mode (GM), and photon counting.
All three methods have distinctly different implications on the operational SNR for the measure-
ment, detection probabilities, and whether the measured signal is an indication of the backscattered
photon rate. Although GM and photon counting lidar sensors fall under the regime of SPL opera-
tion, both typically operate with single photon detection sensitivity but have hardware constraints
that are not consistent with each other. Separation between acquisition regimes referenced to the
probability of single photon detection probability is depicted in Fig. [3:1}

Sensors employing analog detection, or full waveform recording, rely on a large flux of received
photons, typically on the order of 500-1000, to produce a continuous detector current. The signal is
digitized and produces a measurement linearly proportional to the incident photon rate. Typically,
these sensors operate with a lower PRF and higher pulse energy, allowing high backscattered photon
rates per a given transmit pulse and detectability of the entire waveform. It should be noted that
some commercial sensors are available for topographic/bathymetric surveying and can provide
high PRFs and digitized waveforms for every laser firing. However, these provide no atmospheric
sensing capabilities. The build up of the signal waveform in both the analog detection, left panel,
and photon counting, right panel, regimes is shown in Fig. [3.2l The waveform is generated per
laser pulse in the analog case and over many laser pulses in the photon counting case, indicating

that sampling times between the two acquisition schemes are typically on very different scales.
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Figure 3.1: A depiction of acquisition regime change from linear photon counting to non-linear
GM, with the red area documenting the ambiguity of the cross-over.

GM lidar sensors typically incorporate Geiger-Mode Avalanche Photodiodes (GmAPD) de-
tectors, though GM-like operation can be achieved with any single photon sensitive detector. These
sensors operate with a single photon sensitivity, but do not rely solely on single photons for detec-
tion, instead relying on many concurrent photons to increase target detection statistics per laser
pulse. A result of GM detection schemes is an inability to provide a linear proportionality between
the incident photon rate and the registered detections in the data stream. This is because the
employed binary detection techniques will give equivalent results for a detector pulse generated by
a single photon or many photons. The sensor is no longer counting individual photons from the
target, but is instead determining whether a detection has occurred, regardless of the number of
backscattered photons, and then assigning a timing measurement to the detector’s output pulse.
This inherently removes the intensity retrieval aspect of the sensor. There is no longer a valid
assumption that the signals built up in memory represent single photons and can be histogrammed
into a signal waveform representative of the photon rate.

An implication of binary operation is the assumption that the recovery time of properly biased
GmAPD is on time scales equal to the separation time between laser firings, such that per laser

shot there will be at most one detection. GM sensors have been limited to the topographic mapping
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application as the utility of the high resolution detection measurement is limited without intensity
information and restricted to detection with no estimation. Some benefits of this technique for high

precision range estimates will be discussed in a later section.

Analog Recording - Time Domain Photon Counting

Detector Signal Detector Signal

Digitizing

Discrimination +

IR -

== Time-Measurement +
Accumulation

Accumulation

Figure 3.2: Diagram from [§], showing the digitization and discrimination process by which signal
wave forms are generated via analog recording and photon counting. The analog waveform is
acquired per laser firing and the photon counting waveform is acquired over many laser firings.

Modern photon counting lidar sensors also rely on high PRF, low pulse energy lasers, but,
contrary to GM sensors, operate in a regime where multiple photons can be detected across the
system’s unambiguous range per transmitted laser pulse. In addition, these systems operate with
a detuned probability of detection, less than 100%, such that every registered count is actually a
single photon and the registered counts in the data stream are linearly proportional to the incident
photon rate. This is a necessary condition that must be leveraged to ensure that the system is
indeed counting single photons and that the issue of photon pile up at the detector, and subsequent
non-linear intensity response, is avoided. As detections are built up over subsequent laser firings,
a distribution of counts manifests. This creates a signal waveform that can be generated from

discrete detections, as shown in the right panel of Fig. These systems operate in a low signal
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to noise ratio (LSNR) regime, where the collection of noise and signal photons is equivalent and
the statistics of the uncorrelated noise to the correlated backscatter is leveraged in post detection
analysis. Photon counting lidar sensors have been used for a variety of atmospheric and topo-
graphic/bathymetric applications where intensity is necessary, providing an opportunity to unify
measurements for multi-functional utility.

Fundamental to photon counting and GM lidar sensors, whether used for intensity retrievals
or hard target ranging, is the process by which the receiver subsystem logs the number of asyn-
chronous detections over a measurement cycle. Due to the fact that each operational mode of these
systems is asynchronously counting detections in time, Poisson statistics applies and can be utilized
to describe the detection probabilities for each system. Though all three of the discussed acquisi-
tion methods are appropriate for different applications, the utility of the LSNR approach in photon
counting provides high resolution range and count rate information, detection and estimation. For

this reason, the LSNR approach will be discussed throughout the remainder of this thesis.

3.1 Photon Counting in Lidar Sensors

Photon counting has been widely used in lidar remote sensing as a tool to remotely derive
properties of the atmosphere and hard targets from backscattered intensity profiles. This LSNR
approach has been successful with applications spanning many atmospheric retrievals, including:
quantitative measurements of clouds and aerosols [16], 85 [46], water vapor mixing ratios [97, [114],
upper atmospheric temperature [I17], and others. In hard target applications the LSNR approach
has been employed for high precision topographic and bathymetric mapping [86], 24] and depolar-
ization estimates [42), O1], among others. A breadth of measurements are achievable with photon
counting lidar systems, establishing them as multi-functional due to their ability to observe a
variety of phenomena and properties by a single system. However, the desire to observe highly
dynamic targets at high resolutions often introduces stringent spatial and temporal requirements,
which cannot be met due to the prescribed nature of most photon counting acquisition systems.

The measurement dynamics can result from the nature of the target or the implemented observa-
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tional method, such as aircraft or satellite based instruments. Consequently, a dynamic observing
capability is needed to match the variety and variability of targets while also accounting for the
inherently lower probability of detection associated with photon counting experiments.

Common photon counting lidar sensors rely on acquisition and detection processing schemes
that bin received photons into discrete, pre-allocated time intervals over a defined range. Multi-
channel scaler (MCS) averagers are an example of such a data acquisition system and are the photon
counting equivalent of a transient recorder [§]. These units build up a histogram of detections in
defined memory locations (range bins) over a time period (integration time), typically over many
laser firings, before reading out a detection profile. The MCS approach, albeit very successful, is
limited in its description of geophysical observations by the range and time confines imposed by the
prescribed binning procedure. This limits the flexibility of investigation and establishes a prior:
what spatial and temporal scales a particular scatterer must abide by in order to be observable.
In addition, typical range bin resolutions do not allow for fine feature extraction and the ability
to generate single shot profiles over the sensor’s full unambiguous range at higher bin resolutions
results in an arduous data overhead. For example, the previously mentioned resolution of ~1-10
mm [7] is required to resolve the sharpness of cloud edges and phase boundaries, both of which
are features lost to spatial ambiguity in typical MCS implementations. An example of a photon
counting sensor with MCS acquisition generating an atmospheric profile is shown in Fig. [3:3] In
addition to atmospheric measurements, there are equally high resolution requirements are put on
determining water surface topographic features from several kilometer stand off distances, which
the MCS approach is unable to meet.

Performing a simple, but telling, analysis of the MCS system data rates, it becomes clear
that this approach does not make sense for small bin widths over extended ranges. Assuming a
laser PRF of 15 kHz, the unambiguous range of acquisition of the system is ~10 km. Creating
a profile over the unambiguous range at 10 cm resolution provides 10° measurement bins. Each
bin designation and number of detections per bin is nominally represented by 32 bits. For a single

shot, this gives 4 x 10° bytes/shot. Over the PRF of the laser system, the system is then writing
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Figure 3.3: An example of an atmospheric profile generated by an SPL mated with an MCS
acquisition system. The accumulation of photon detections occurred over 30 seconds and with 5
meter bin widths and a 0.1 second latency to write out the profile and begin acquisition again.
Several distinct cloud features can be see between 6-8 km. The low number of detections over
this integration time, shown on the vertical axis, demonstrates the inherently low probability of
detection for an SPL.

out 60 GBytes/second. This then scales linearly per added channel. A typical USB 3.0 transfer
rate has a theoretical maximum of 650 MBytes/second, so this acquisition is no longer feasible.
It becomes more troubling when considering that for a photon counting lidar, the probability of
detecting a backscattered or noise photon per pulse is normally 1%. This implies that, for the
MCS approach, most bins in each profile have a null measurement and the written profile is now
predominantly characterized by non-detections. When the typical picosecond (millimeter in range)
bin width associated with a modern TCSPC unit the data rates inflate to clearly nonsensical values.

Because of the MCS acquisition sub-meter resolved single shot acquisition of the atmosphere
or hard targets from several km stand off distances the approach becomes computationally taxing
and in some cases impossible. The number of range bins necessary increases to a point at which
memory allocation no longer feasible. Another downside is that once the bin width has been set
in memory, the ability to adjust binning parameters on the fly during collection is lost. So, for a
multi-functional lidar sensor targeting observables of differing resolution needs, the limit must be

set by the smallest bin width. If the observables occur on distinctly different ranges there must be
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additional acquisition units to satisfy all measurements. A brute force accommodation of all mea-
surements becomes expensive and unsustainable. The TCSPC technique, which allows time-tagging
of individual photons at picosecond resolution, offers the ability to approach these requirements
with the agility needed to manage the varying signals present in a lidar profile containing multiple

different types of scattering scenarios.

3.1.1 Time-Correlated Single Photon Counting

Advancements in technology associated with single photon detectors and timing electronics
have facilitated emerging fields that utilize the quantum nature of light [26]. The technique of pre-
cisely time-tagging single photon detections for photon rate measurements has been implemented
with large success in fluorescence lifetime experiments for over three decades [98, B 62]. The
technological advances associated with TCSPC experiments have yielded a class of time-tagging
acquisition hardware that reliably measures and processes individual photon detections with pi-
cosecond precision (millimeter scale in range) and nanosecond dead-times [121]. Implementing
a combination of stable crystal oscillators, constant fraction discriminators (CFD), and time-to-
digital converters (TDC), modern TCSPC instrumentation can simultaneously measure MHz count
rates across multiple channels and retain laser synchronization information for post-processing time
differencing.

The TCSPC approach removes the need for pre-allocating memory and time costly hardware
computations prior to assigning a bin. The events from all input channels are recorded indepen-
dently, giving a 32 bit number that describes the channel number and the time of the event with
respect to the overall measurement starting with picosecond resolution. Detections from each TDC
channel are hooked through a First In First Out (FIFO) buffer into a sorting algorithm that can
handle upwards of 100’s of MHz count rates shared across all input channels and a second FIFO
buffer then streams the sorted time-tags to file. The typical method of using a laser firing as a
trigger to start “listening” for detections is abandoned. Instead, each trigger pulse is treated as a

separate detection and the “raw” data is a collection of uncorrelated channels and timing values.
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Figure 3.4: A modified diagram from [62] shows the general photon time-tagging measurement.
Laser firings and photon events are referenced in time to the start of the experiment by a free
running clock. Each value is given a channel number and timing reference and is then streamed to
memory in the order they were detected.

A visual representation of the timing process is shown in Fig. An implementation of TCSPC
acquisition for a SPL sensor can be seen in Fig. where the raw signals going to the CFD/TDC
are shown along with the external 250 kHz clock that tracks coarse measurement cycles and syn-
chronizes channels (the picosecond precise subdivided micro clock or macro clock are not shown).
The laser sync signal and subsequent arrival of single photon events can be seen in cyan, magenta,
and green. In this implementation, all channels are treated independently and have distinct time-
tags in the written data file, implying that precise knowledge of every laser firing is kept through
out the experiment in addition to each photon event.

When performing the same data rate analysis as done with MCS, it becomes clear that the
time-tagging approach is viable with most data transfer methods. If the assumption is that there
are 1 % detections over the 10 km range, then 1000 detection ranges will be reported per laser firing.
Over a full second of accumulations, with a 15 kHz PRF, this translates to 60 MBytes/second per

channel. Given that most time-tagging acquisition boards transfer data over PCle x8 with a theo-
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Figure 3.5: A screen shot showing the implementation of the time-tagging technique with a SensL
TDC. The single external clock period (4us) can be seen in the yellow trace, the sync pin diode to
indicate a laser firing is seen in cyan, and two detector channels can be seen in magenta and green.

retical maximum of 4 GBytes/second, five independent channels can stream all photon detections
to file at full resolution of the TDC without overloading the data stream transfer budget. This
approach proves to be significantly more agile than the MCS approach as it transfers on positive
detections, while keeping the timing of the unambiguous range of the sensor. A benefit of this tech-
nique is a scalable post processing resolution. Dynamic resolution adjustment from the base TDC
resolution can be done across the measurement range to allow multiple varying observables. With
lower data rates per detector and dynamic binning options, implementation of advanced detector
approaches, including multi-element arrays, are achievable without ballooning data processing.
Three-dimensional imaging of hard targets by lidar successfully implementing TCSPC acqui-
sition has yielded dense sub-centimeter point cloud generation [80), [84], [51] and simultaneous esti-
mation of backscattered intensity. Early implementations were limited to near field measurements
[80], due to the short unambiguous range of the high PRF lasers used, but advanced transmitters

have led to far field point cloud generation of “hard” targets [14] 68| [51]. As a product of targeted
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experiments, many of these implementations relied on a temporally gated detection scheme, with
a priori information on the standoff distance of the scatterer. This implementation limits the abil-
ity to build a detection profile across the full measurement range typically desired in atmospheric
sensing, and confines the probability of a detection to a specific range gate.

The robust literature pertaining to the TCSPC approach also provides a foundation of knowl-
edge from which a multi-functional lidar adapting these techniques can draw. The following sections
seek to address issues of statistical detection and acquisition dead-time prevalent when utilizing

TCSPC and draws conclusions on future sensor design characteristics.

3.1.2 TCSPC Timing Precision

To minimize a sensor’s combined measurement precision, it is necessary to understand the
limitations imposed by photon event timing. The overall timing precision and feasible resolution
of a SPL employing photon time-tagging is not dictated solely by the quoted timing resolution
of the device, but also by a number of instrument effects convolved together. These include the
laser pulse width and detector timing jitter, both of which are dominant in the definition of the
instrument response function (IRF). In order to facilitate high precision measurements, the use of
a CFD is necessary to remove the statistical effects of detector pulse height distributions. This is
of main concern with photomultiplier tubes (PMT) where pulse height distributions cause timing
uncertainties that convolve with the time transient spread (TTS) of the dynode chain, increasing
the overall uncertainty of the measurement by hundreds of picoseconds [§]. Figure shows the
several different modeled PMT pulse heights and the output from a differentiating CFD for each.
If a simple threshold was used, timing walk due to the height distributions would be present. The
use of a CFD ensures that the time-tag applied to each output’s zero crossing remains impervious
to this effect and the residuals can be considered negligible when considering timing errors.

When operating a SPL sensor, the convolved width of the timing signature then dictates
the achievable timing resolution of the system for a single detection, implying that, for the least

uncertainty on a single detection, the IRF should be reduced until the desired standard deviation
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Figure 3.6: Simulated operation of a differentiating CFD. The top panel shows PMT pulses of
varying amplitude. The bottom panel shows the output of a CFD circuit, where the zero crossing
tracks the input PMT pulse peak. For the different PMT pulses, the zero crossing occurs in the same
location, removing the statistical introduction of range jitter that occurs when a simple threshold
is used for pulse discrimination. This circuit does not remove TTS uncertainty.

per detection has been reached. In theory, this is possible, but in practice this is difficult due to the
availability of rugged and deployable detectors with picosecond timing jitter and < 500 ps pulse
width lasers. Of course, the combination of many detections over some accumulation period allows
the location of a target to be known more precisely, but for fast moving platforms this introduces
target smearing by allowing the combination of detections from different scenes to put emphasis on
a need low uncertainties for each photon detection.

For the SPL sensors discussed, the IRF envelope is comprised of the following

h[RF(t) :hL(t)*hD(t)*hCFD(t)*hTDc(t), (3.1)

where hp(t) is the temporal profile of the transmitted laser pulse, hp(t) is the temporal profile of

the detectors time-transient spread, hopp(t) is the timing response of the CFD, and hppc(t) is the
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timing response of the TDC. If it can be assumed that each component of the IRF is of Gaussian

shape, then the total variance of the IRF is the sum of the components, given as
2 2 2 2 2
Oirp =01, +0p +0CED T 0TDC) (3:2)

with the FWHM of the IRF given as FWHMrr = 2v/21n20rp.

In the case of making repeated measurements from a target, the histogram of photon detec-
tions builds a received signal shape with a temporal response, which is a convolution of the IRF
and the target, given as hy,(t) = hrrp(t) * hig(t). For a specular target with minimal roughness
relative to the laser wavelength, recovery of the IRF is possible and the width of the histogram
should be equal to the width of the IRF.

The detector’s impact on the timing stability and the contribution to the IRF is variable
across detectors and incident photon rates. There is a strong dependence of the IRF on the focused
spot size on the detector face, so much so that under high photon rates a difference in illumination
across the detector face can result in a varying TTS, which directly alters the IRF. However, in
the limit where the TTS is not the driving source of IRF uncertainty, say with a broader laser
pulse width, the introduced uncertainty is dwarfed in the total convolution and is not a necessary
consideration. For example, the Hamamatsu H7422-40 series of PMTs can exhibit an 8 ps shift in
its TTS peak in photon rates on the order of several MHz [8]. With only an 8 ps deviation out of a
total convolved width of > 500 ps, when counting single photons, this effect can safely be ignored
in the sensors discussed throughout this thesis work.

There are circumstances where a high photon rate can induce changes to the IRF, which
must be considered. In the case where the probability of a photon event is much less than one,
i.e. operating in photon counting mode, the method of estimating the IRF is as stated in Eq.
When the probability of detection is low enough such that multiple laser firings result in a
null detection from the delta target, the convolution is not constrained to any one portion of the
laser pulse, allowing detections across the entire temporal profile of the pulse as the leading edge

detection probability is not unity. However, under high photon rates, biased detections will change
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the IRF as a function of the impinging photon rate. With a constantly varying number of photons
incident on the detector, the IRF will change accordingly and with a non-linear magnitude. This
challenge must be understood to correctly estimate what a system’s uncertainty in each photon

event is and to allow propagation of errors that are accurate for the sensor’s measurement.

3.2 Bias and Uncertainty From a Changing IRF

SPL sensors employing highly precise time-tagging electronics rely on an operational proba-
bility of detection (Py) that is much less than one, typically achieved by reducing the transmitted
pulse energy until the desired P; is reached. In some instances, a higher photon collection efficiency
is needed and the operational P; is closer to unity, as is the case with the ATLAS sensor onboard
the ICESat-2 satellite, which has a targeted P; > 0.6 over ice, depending on the beam analyzed
[79]. However, SPLs operating with a high P, risk the possibility of concurrent target photons per
laser shot, leading to biasing and distortion of the accumulated photon histogram. Both effects
result in retrieved data that is not linearly related to the backscattered photon rate, which poses
issues for geophysical parameter estimates.

As background signal and target photons are treated equally by the acquisition electronics,
the sensor’s discriminator must be set to pass the detector’s single electron response (SER) and
block electronic noise from generating false alarms. Due to the presence of a non-zero detector and
TDC dead-time, the acquisition system becomes limited to, at most, one detection from a target
per laser firing, assuming that the temporal width of the laser pulse dominates the IRF and is
shorter than the combined dead-time of the detector and TDC, 7., < 74. Typical lidar altimeters
operate with a FWHM laser pulse width of < 1 ns. Different permutations of these parameters
exist in SPL sensors, as is shown in [24], often with < 5 ns dead-times. Specifically for the ATLAS
sensor, operation employs a longer pulse width of 1.5 ns FWHM and a 3.2 ns dead-time [79].

If the SPL sensor is transitioned out of photon counting mode and approaches P; — 1, which
is possible for acquisition outside of optimized measurement altitudes or due to a target increased

backscattered photon rate, the leading edge of the transmitted laser pulse begins to dominate
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the contribution to detected photons. This is due to the fact that the P, is correlated with the
backscattered photon rate and. as the rate increases, one or more photons can be at the detector
face. eventually leading to multiple photons incident during the same IRF timing interval. The first
incident photon is detected, while the remaining fall within the resulting dead-time. In addition,
the realistic photon detector is not photon-number resolving, but capable of only distinguishing
between N,, = 0 or N, > 1. Raw. unprocessed SPL ranging data plagued with this effect is
shown in Fig. where the entire distribution has been biased forward, the density of points has
increased, and the spread in time has narrowed.

Yang et al. [126] developed a Monte-Carlo (MC) model for partially analyzing first photon
bias (FPB) and found that range biases are introduced with a marginal increase in photon rate.
However, this study did not elucidate the impact of this phenomenon on the temporal shape change
and overall timing uncertainty introduced to the integrated histogram of photons by FPB. Mitchell
et al. [92] show data representative of the histogram distortion that this thesis demonstrates is to
be expected when operating with high laser pulse energies, as well as the resulting concurrently
received target photons per laser firing. However, this effect was not quantified and the described
sensor was unable to estimate backscattered signal strength due to operation outside of single
photon counting mode.

It is typical to infer the incident photon rate from the retrieved count rate over some integra-
tion time, assuming a linear proportionality between the two. Accumulated photon histograms over
this integration time are often assumed to have Gaussian distributed properties, simplifying science
retrievals where histogram properties are used as estimators for geophysical parameters, such as
surface roughness [69], sea surface bias [95], or indirect estimates of wind-speed [I18]. Due to FPB,
the Gaussian distribution assumption can fail when P; — 1 with greater than unity target photons,
N,z > 1. The implications of a non-linear change in count rates and thus photon histograms as a
result of FPB must be understood to perform accurate geophysical estimation with SPL data and
describe the error associated with each detection.

To further investigate the effect of FPB on SPL, this thesis models the stochastic Poisson
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Figure 3.7: Ranging bias seen in the co-polarized channel of the POLAR SPL sensor (discussed in
Chapter 5) during pre-flight calibration routines. The left panel shows photon events accumulated
with Pp < 1, exhibiting no FPB. The right panel shows a Pp = 1 as generated by introducing
a gain block (~ 10X) to the PMT’s SER prior to the TDC time-tagging device. The mean range
bias was calculated at —4.85 cm in the sensor direction with a clearly decreased distribution width
and a heightened number of detections on the leading edge and lack after the main cluster.

process of detecting photons from a delta target (flat surface), given an assumed Gaussian IRF
for a modeled single element sensor, using the MC method. A case can be made for assuming a
delta target, as it provides a best case scenario for FPB effects, which are further exaggerated with
temporal pulse spreading due to surface roughness or slope. The stochastic generation of photon
detections is limited by the introduction of a dead-time, allowing for only the first arriving photon
from a target to be recorded.

Considering the prior definitions, the received envelope of photons is a temporal convolution

of the IRF and the SRF

hya(t) = higr(t) * h(t)srr, (3.3)

where hgpp(t) = 61q:(t) for a discrete delta target. The resulting waveform takes the Gaussian

form of
N, —2
\/2m02 5 OIRF

where the target location is equal to the mean of the distribution and centered at a referenced
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elevation of zero. Integration over the received pulse duration gives the total number of received

target photons as N,
o0
/ Gra(F)dr = N (3.5)
—00

A Poissonian detection scheme was assumed with single photon event, & = 1, mimicking an
SPL threshold set to pass the detector’s SER and a total number of received target photons of N, .
An ideal clear atmosphere, with no multiple scattering, is assumed and the SRF is maintained as
an ideal single scattering layer. The sensor timing is set to match that of Barton-Grimley et al.
[5], the discussed sensor in Chapter 5, with a FWHM IRF of 550 ps and a TDC resolution of 27
ps. The acquisition dead-time is assumed to be greater than 7., 74 > 1 ns.

The left panel of Fig. [3.§ shows the distributed surface point cloud for stochastic single
photon detections over 10? laser firings with at most one photon per laser firing, N,, < 1. The
right panel shows that the photon histogram fits the attributed Gaussian shape of the IRF, G,,,
with no distortions from the fit using Eq. [3.4] the dashed line.

Now allowing two photon events per laser firing, N,, < 2, and again simulating 103 laser
firings, the accumulated photon histogram deviates immediate from the expected IRF, shown in
Fig. Similar to results in [126], the photon histogram shifts in range, producing a forward
bias that is related to the photon rate. Additional non-Gaussian responses can be seen in Fig.
including a forward skewing (towards the sensor) of the histogram’s leading edge was well as
a decreased distribution variance, indicated by the decreased spread about the mean.

The histogram asymmetry shown in Fig. results from the acquisition system’s heightened
probability of registering a photon from the leading edge of the laser pulse, which subsequently
decreases the probability of a photon from the trailing edge. This implies that the P; at every
time bin of the photon histogram is reliant on the probability that the acquisition system had not
registered an event in the prior bins in accordance with the dead-time length assumptions.

Prior publications give a continuous integral form to explain the resulting histogram asym-

metry from this probability [92], 45], but do little to expand the function and determine exactly
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Figure 3.8: Simulated returns for a FWHM IRF of 550 ps, allowing N,, < 1 per shot over 10? laser

firings. The right panel shows the accumulated photon histogram in 27 ps bins, with the dashed

envelope of the Gaussian fit using Eq. 3.4
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Figure 3.9: Simulated results for the same MC scheme as in Fig. [3.8 but with N,, < 2 per laser

firing. The dashed line shows the expected waveform of shape G,.
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what terms are responsible for FPB. A modified form of this probability, where the integral has

been correctly placed, is
t
Py(t)=(1 —/ Py(1)dT)P(t). (3.6)
0

This implementation assumes Poissonian statistics, where the probability of k photons in a

timing bin bounded by ¢; and t3 is [3§]

Ne(ty, )

P (kiti,tg) =~

eXI)(—-A(tl,tQ)), (3.7)

where A(t1,t2) is the average photon rate per TDC time bin, evaluated as

At to) = [ Gra(r)dr (3.8)

t1
To apply these mathematics to a real sensor discretization of Eq. is necessary. The
derivation is used to facilitate an understanding of the histogram distortions, where the P; for

some \; counts in the 4" bin, initialized by the Poisson distribution, is

j—1
Py(k; j) = <1 I[Pk > 1;%’)) P(k; ). (3.9)

=1

Here the equality P(k > 1;i) = 1 — P(k = 0;4) can be used, giving

<HP ) P(k; ), (3.10)

which, upon substituting in Eq. equates to

j—1 Ak
J)= (H eXP(-M)) <k, exp(—A; )) : (3.11)
1=1

The fundamental relation of Hf;ll exp (—\;) = exp (— 23;11 )\Z-> is then used to remove the

product and reduce computational complexity. Re-arranging gives the final discretized form of

A +ZA]> (3.12)

The result is approximately Eq. with an addition to the exponential. The summation

Ak
Pa(k; j) = k:'exp<

term in Eq. serves to introduce FPB when photon rates are high, and detection in the
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4% timing bin is governed by the prior j — 1 bins. When photon rates are low, the FPB term has
negligible contributions and the detection probability collapses to the standard Poisson distribution,
Eq. Examples of further experimental data, which can be predicted by the statistics in Eq.
are shown in [92]. In this example a photon counting sensor was operated in a regime of
high backscattered photon rates creating histogram asymmetry. The resulting data is non-linear
in count rate and has a histogram variance narrower than the expected IRF.

By treating each photon event as an independent, random variable with V.., < 1, the Poisso-
nian counting process is valid and typically converges to Gaussian statistics at large counts. While
commonly implemented for a sensor operating with Py < 1, invocation of the central limit theorem
to predict a distribution mean and variance can result in incorrect distribution estimates when
photon rates are high. Because of this, the photons experiencing FPB may fail the assumption of

Gaussian convergence and instead obey lognormal statistics of the form [38]

_ (W) - fix)?
Pu(x) = oot p ( 207 ) , (3.13)

where y is a logarithmically distributed random variable indicative of the photon rate incident on
the detector.

Figure [3.10] shows an accumulated photon histogram for an MC run with N, < 10 photons
per laser firing. The histogram is fit using Eq. providing estimated mean and variance for
the binned data that differ from the expected Gaussian values.

The distorted histogram shown in Fig. has unique implications for retrievals that rely on
Gaussian statistics for parameter estimations. Due to the condition of 7,, < 74, the non-zero dead-
time prevents detection of subsequent photons after the first incident photon has been registered.
Non-paralyzable dead-time corrections, as shown in [25], provides a scaling factor to adjust the
estimated count rate for missed photons if Pp # 1, but only addresses dead-time due to detector
pulse pile-up, not the addition of TDC dead-time, and cannot predict the results in Fig.

Under these conditions, the estimated backscattered count rate is also marred by FPB. When

N, > 1, the number of registered photons will maximize at one per laser firing. This leads signal
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Figure 3.10: The resulting MC data for N,, < 10 and a histogram fit using the lognormal statistics
described by Eq. shown by the solid line. The retrieved lognormal mean and variance are
shown with a distribution peak occurring at —4.969 cm. The dashed line shows the expected SPL
Gaussian distribution.

strength estimates from the photon histogram to be equal to the number of laser firings used to
build it. The registered photons in the histogram reaches a steady-state value equal to the laser’s
PRF, and as N, increases, there is no equivalent relative increase in the registered count rate.
This can be seen in Fig. where for an increasing mean photon rate, (N,,), the number of
registered photons has been normalized by the PRF to give a percent detected, showing that the
registered counts rapidly reach the steady-state value of the laser’s PRF. The result is an estimated
count rate that is no longer a true estimate of the incident photon rate. This has distinctly
negative implications on estimates made from the photon histograms generated by SPL sensors
in all applications, altimetry, and atmospheric sensing, if relative power retrievals are required for
geophysical parameter estimation.

Using the lognormal statistics from Eq. to generate an estimate for the distribution’s
mean and variance while increasing N,.,, the distribution’s rate of change can be examined. Figure
shows that even small deviations out of single photon counting result in a rapidly changing

histogram. As demonstrated in Fig. [3.12] the distribution range bias monotonically increases with
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Figure 3.11: The estimated percent of photons detected per mean return photons, (N,;). As
N,z > 1 the detection system reaches a 100 % probability of generating a single registered photon
per laser firing, achieving the steady-state count rate once the laser’s PRF has been reached. The
inset shows the deviation of (INV,,) away from a linear one-to-one line.

increasing N,,, while the distribution variance decreases. Once the steady-state count rate has been
reached, the number of detections contributing to the estimate will remain constant with increasing
N,.. This implies that for a given decrease in variance the histogram requires fewer bins to be used
for the same number of detections. This has the effect of an apparent relative increase in signal
strength when tracking the distribution mean, but integration across the histogram yields the same
number of detections because the estimated count rate does not match the incident photon rate.
Figure provides a graphical representation of the relationship between the maximized single
photon detection probability and minimized IRF variance.

Figure indicates that strict observance should be paid to retaining an SPL sensor in a
mode of single photon counting, as rapid histogram changes prove difficult or impossible to calibrate.
For SPL sensors that employ PMTs, such as the ATLAS sensor [79], the sensors discussed in [92, 5],

and the throughout this thesis, this is especially true. Most PMTs act as binary detectors, and
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Figure 3.12: Estimated lognormal mean (absolute range bias) and variance for a varying N, per
laser firing. Both parameters experience rapid change for the first few incident photons, with each
reaching a point, N,, > 100, where change is small compared to the overall value. These values
indicate that just a small deviation in incident photon rates away from single photons creates drastic
changes in the distributions.

with the addition of a TDC timing device, differentiating between no photons and one or more
photons, making it impossible to distinguish between the SER and the response to concurrent
incident photons. There is no direct measurement of NV, unless each detector waveform is recorded
and analyzed independently, which is not performed by SPL sensors. There are instances where
sensors have been quoted as providing an “intensity” measurement where distinctions between the
SER and additional responses are generated by recording detector pulse widths [24]. This, however,
is limited to when the sensor is in a mode of N,, > 1 and, thus, when single photon detections
occur there is still no estimate of photon rates.

For sensors that do not wish to estimate photon count rate and have a singular measurement
requirement of high precision ranging, FPB can have positive implications. In this case, the effects
displayed in Fig. [3.12 can be minimized by reducing the rate of change of the distribution. This

is achieved by operating with P; = 1 and maintaining a high photon rate, N,, > 1. When N, is
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high, fluctuations in the photon rate will result in a relatively small range bias change compared
to the instrument precision, allowing calibration of this offset. Additionally, the decreased variance
facilitates a decreased standard error of the mean and a decreased ranging uncertainty on every
photon event. This operational mode is similar to that of GM lidar altimeters, which are unable

to linearly resolve backscattered count rate.
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Figure 3.13: A depiction of acquisition regime change from linear photon counting to non-linear
GM, with the steady state variance reached, o g, constrained to the leading edge of the laser pulse.

Acknowledgment should be given to further analysis that considers scattering with a non-
delta target over rough terrain or sloped surfaces, such as a wavy water surface or a subsurface
scattering layer. The implications of added ranging uncertainty from measurements that introduce

geophysical variance are examined in the next section.

3.2.1 Added Geophysical Variance

The SRF can be modeled according to the work discussed in [32], where representations
for the mean square contribution to the received pulse are given. It is useful to consider this
variant of surface modeling, as it provides a method for extracting surface information by fitting
the equations to a distribution of surface heights collected by an SPL. This gives direct links to
geophysical parameter estimation with no other adjustments, assuming that the sensor is operating

in photon counting mode.
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For a hard target, the timing variance introduced due to surface roughness is given as

402 AR?
2 g
Otgt =

Zco(@) | Ecost(a) (tan*(67) + tan?(07) tan*(av)) , (3.14)

where « is the off-nadir pointing angle of the transmitted beam, R is the sensor’s altitude above
the surface, o¢ is the RMS surface roughness, and 01 is the half-width divergence angle of the
transmitted laser pulse. This expression is derived directly from the surface profile statistics within
the laser footprint and accounts for nonlinear terms introduced by the roughness and off-nadir
pointing.

In the case of a wavy ocean surface, it is expected that the return signal envelope will be
broadened. Significant wave height (SWH) can be used as the driving factor for which surface
roughness is calculated. SWH is defined as the average of the crest to trough heights, of 1/3'4 of
the waves, and is related to the RMS wave height as SWH = 40,,. Furthermore, the RMS wave
height magnitude is driven by the average wind speed as o, = 0.016WW?2. The units of W are [m/s]
and the overall units of o, are [m]. This creates a tangible relationship between surface wind speed
and retrieved signal variance.

The temporal spreading of the pulse width due to wave ocean surfaces is then given as [118§]

402 an2(a)\” 2
a%:§m&wb_y0_%wg»]+§$;®@mwﬂ+mﬂ%mﬁm»(m@

where A\? is a measure of the surface skewness which captures the weak nonlinear interactions
between the wave components that result in a non symmetric surface structure, <52> is a dimen-
sionless value that gives information about mean squared surface slope as derived from wind speed.
It should be noted that this expression does not take into account the effects of capillary waves.
The remaining parameters carry over from the hard target roughness definition.

As Eqgs. [3.14]and represent a variance of the timing response due to the surface morphol-
ogy, they can be convolved with the IRF to give complete shape of the received signal waveform.
To implement both of these equations, a pointing angle of approximately nadir was assumed, < 1°,

and a measurement altitude of 175 m was used. The transmitter’s divergence was assumed to
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have a full width value of 2 mrad, giving a surface spot diameter of 0.35 m. The ocean surface
was assumed to have a skewness factor of 0.02 and a mean squared surface slope of 0.03. Timing
responses for an increasing surface roughness or wave height were generated and convolving with
the sensor’s timing signatures. These were then used as the input to the MC model and the results

analyzed for surface effects on ranging bias.
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Figure 3.14: These contours show the resulting MC estimated range bias for N,, = 1 — 10 and
varying surface roughness, left panel, and significant wave height, right panel. Both panels show
that increased concurrent photons and surface morphology create bands of range bias.

The left panel of Fig. shows the total response for multiple received concurrent from a
hard target with varying surface roughness. Distinct regions of consistent range bias can be seen
for different combinations of temporal stretching or number of concurrent photons per shot. The
effect of a wavy water surface is shown in the right panel of Fig. where Eq. is utilized
through the SWH to generate estimated range bias. The impact of SWH and N, reveal a banding
structure similar to that of a rough hard target scatterer, but with less distinct boundaries between
divisions of bias. Figure shows that the timing variance introduced by small wave heights is
on the several centimeter scale for small deviations of N,,, implying that the sensor’s footprint

likely covers multiple cycles of surface structure and provides some immunity to height variations.
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This figure displays the complexity of the backscattering problem, where if a sensor is deviated
out of single photon counting, the ability to infer a unique solution for the surface roughness by
performing a deconvolution of the received pulse is impossible.

Figure shows the MC estimated range biases for N,,; < 2 and N,, < 2 while varying
the hard target roughness and SWH, e.g. extracting two columns from each panel in Fig.
All instances shown here demonstrate that, as the surface morphology increases in magnitude, so
does the distribution of biases. This is due the fact that the MC model is capturing the variability
in the detection process and as the surface variance introduces a broader received temporal pulse
the probability for firing anywhere across that pulse is equally increased. As N, increases, the
resulting distribution that is sampled for detection becomes smaller, as previously shown, so the

spread in results for an increasing surface roughness becomes less distributed.
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Figure 3.15: Range biases for N,,, < 2 and N,, < 10 extracted from Fig. The distribution
of points from the MC runs can be seen along with an 11 point smoothed trend line.

Introduction of a geophysical timing response to the received waveform shows that there is

a possibility to retrieve surface parameters from the accumulation of target photons. If many of
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the instrument parameters are known well (laser divergence, IRF etc...) an estimate of the SWH
or hard target roughness can be generated by analyzing the resulting histogram over multiple laser
firings, assuming that N,, < 1. It is necessary for the sensor to be operating in photon counting
mode as the added width, despite likely being longer than the dead-time, can still introduce biases.

Figure elucidates the difficulty of maintaining a sensor in single photon counting mode
and what effects could be seen when a sensor is deviated out of this mode in the presence of non-
delta target scatterers. It becomes readily apparent that these distortions represent a challenge.
In the case where two channels are implemented to generate a measurement of separation between
ocean surface and a subsurface scattering layer, the biases and distortions per channel can be
drastically different due to a difference in backscattered photon rates. If either channel is deviated
out of photon counting mode, or both simultaneously, comparison of photon histograms to generate
a measurement of respective photon rate from each target will require special attention, as each is
plagued by the aforementioned issues with non-equal contributions.

This work suggests that SPL sensors can reduce the effects of FPB by reducing dead-time,
allowing fast acquisition recovery for arrival of subsequent photons. This coincides with the con-
clusions of [5], where short dead-times are also shown as advantageous for SPL sensors. For longer
dead-times, degrading the IRF timing by increasing the laser pulse width so that 7., > 74, al-
lows acquisition recovery within the IRF timing window, but reduces range resolution. Reducing
the transmitted pulse energy also serves to decrease Py, providing further FPB mitigation, but
decreasing collection efficiency.

This section introduced the combined ranging bias, non-linear count rate, and distribution
distortions resulting from the presence of FPB. It provided results from a MC model, first assuming
a delta scatterer with no added target timing uncertainty to the received signal waveform, then
introduces non-delta target timing responses, and provides a statistical explanation for the resulting
lognormal distributed photon histogram. This work has implications on geophysical parameter
estimations that require analysis of photon histograms and estimated count rates. Impacts can

be seen in all photon counting altimeters, including the ATLAS instrument, and all lidar sensors
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employing the time-tagging data acquisition approach.

The results shown in Figs. and others, indicate that correcting solely for the intro-
duced range bias addresses the non-linear effects to distribution mean, but not variance. Figure|3.12
shows that the number of incident photons directly links to a change in range bias and distribution
parameters. The combined results indicate that further analysis must be performed on accumulated

photon histograms to properly estimate photon count rates and geophysical parameters.

3.3 Atmospheric Sensing in the Presence of Dead-Time

SPL sensors employing photon time-tagging to detect singular backscattered photons from the
atmosphere is novel to this thesis and the resulting publications. Employment of these techniques is
a tremendous step forward in range resolution, allowing an abundance of new atmospheric features
to be probed, but it is not without its challenges. Figure [3.16]gives a clear example of the possible
implications of using the time-tagging technique for the sensing of extended volume scattering
targets and how dead-time can play a role in the photon detection efficiency. The dead-time
distortions introduced by collections in high count rates regimes can be seen explicitly in the
first 500 m of each profile. From the right panel of Fig. [3.16] it can be seen that non-physical
distortions in the depolarization ratio are occurring, where for a typical elastic lidar sensor the
exponential decay of Rayleigh scatterers will result in a relatively constant depolarization estimate
if the scattering is due to clear air — with 6 = 0.00365 [13, [49]. In this case dead-time distortions
are present in both receiver channels, and must be understood in order to utilize data with differing
magnitudes of the effect are used for retrievals.

The temporal characteristics of distributed atmospheric scatters can be described as a volume
ensemble of point targets that can be well approximated as discrete, randomly distributed delta
functions. As the transmitted laser pulse propagates through the atmospheric medium, the discrete
targets provide backscattering signal that seems effectively continuous at the range scales that
photon events are binned. This requires the sensor to recover rapidly in order to acquire all the

events that are backscattered during the acquisition period. SPL recovery is dictated by the overall
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Figure 3.16: Example of co-polarized and cross-polarized profiles in a highly dynamic environment
and the subsequent retrieved depolarization ratio. The two polarization profiles were generated from
10 seconds of received counts binned to 2 meters over the 10.49 km unambiguous range. The figure
inset shows the instrument induced decreased depolarization ratio, where the first 500 meters show
significant deviations from the expected values.

system dead-time, setting the range extent at which a sensor is “dead” after the first detection,
directly linking dead-time to photon detectability. SPL dead-time is typically a linear combination
of the detector and TDC contributions. For SPLs employing PMTs the dominating dead-time is
due to the TDC, as the separation between pulses is typically only a few nanoseconds whereas TDC
dead-times can range from two to tens of nanoseconds. It should be noted that for GmAPD use,
the detector’s dead-time typically dominates due to the quenching circuit’s finite operation time.
Dead-time analysis for hard target sensing using GmAPD detectors has been readily discussed in
[33l 59| [70], providing complementary methods to the work discussed here, but focus on photon

detection and not rate estimation.
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Photon detectability at any specific time is impacted by the presence of a non-zero system
dead-time, backscattered signal strength, and noise. For a photon counting lidar system, the arrival
of backscattered signal and noise from the atmospheric volume can be modeled as a Poisson random
variable [38, [100]. For a Poisson process, the probability of k£ events in the timing bin bounded by #;
and t9 is given by Eq. For the case of atmospheric sensing, the mean value of the distribution
is given as

Mt ts) = /t S () + E(E)]dE. (3.16)

1

where the total signal at any measurement time is composed of a backscattered signal count rate,
Srx(t), and a noise contribution, £(¢) = Nsp(t) + ndark(t), from solar background and detector
dark counts respectively. Both Sgx(t) and £(¢) represent photon rate functions with units of
counts/second evaluated over the bin width. From Eq. the probability of no photon events

occurring between t; and %9 is given by
P(k = 0;t1,t2) = exp(—A(t1,t2)). (3.17)
Therefore the probability that there is at least one or more photon events in the time bin is
P(k > 15t1,t2) = 1 — exp(—A(t1,t2)). (3.18)

In the presence of dead-time, 74, and for some fixed time bin width, 7, = to — 1, the integer
number of time bins within a dead-time period is Np = [74/7,]. Considering a single laser pulse,
the system will register a detection in the j;; bin if the Np bins before the ji, bin have not
registered a detection. The probability that the acquisition registers a photon event in the j;, bin,

in continuous form, is then

(G=Dm JTb
P(k>1;7) =exp —/ At)dt' | |1 —exp —/ Athdt' || . (3.19)
(J=Np)7p (=D

The process of modeling discrete photon events is greatly simplified by considering the discrete

nature of photon events. Discretization of Eq. where P(k > 1;j) is shortened to Pj, gives

Pi=| [] Ptk=0:i)| P(k=>1:j), (3.20)
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which, expanded with Egs. and gives
Jj—1
Pi=exp|— > A [1—exp(=A;)l. (3.21)
i=j—Np
It is assumed that the number of events per bin is generated by independent Poisson processes.
The rate function can now be expressed as the backscattered signal strength in the j;, bin and a
constant noise term, assuming that the solar background and detector dark counts are constant
over the laser’s IPP for single shot analysis, () — &, giving
j—1
Pi=exp|— > (Si+&|[1—exp(—8; &) (3.22)
i=j—Np
To facilitate the overall understanding of the dead-time contributions, the summation can be
broken into its components as
j—1 j—1
Pj=exp | — Z Elexp | — Z Si | [1 —exp(=S; —&)]. (3.23)
i=j—Np i=j—Np
Recognizing that the sum is over a constant noise rate, generating multiplicative factor for
the number of bins that could be subjected to noise detections, (j —1) — (j — Np) +1 = Np, it
can be expanded as
7j—1
Pj=exp(—(Np)exp | — Y Si | [L—exp(—S; —9)]. (3.24)
i=j—Np
The first two terms in Eq. introduce a combined expression for what will now be

referred to as the dead-time weighting function. For a given signal count rate, noise count rate,

system dead-time, and bin width, the dead-time weighting function is

1 Np=0
W;(S,¢, Np) = - (3.25)

exp(—¢{Np) exp <_ Zg;ijD Sz’) Np > 0.
Separate terms describe the impact of noise and signal on the weighting function. The
piece-wise defined function correctly captures the system response when dead-time is not present,

showing that the statistics converge to the standard probability of detection as seen by an waveform

recording sensor. As the system dead-time goes to zero, the summation yields the bounds i = j >
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J — 1, which gives the empty set, in turn maximizing W; at unity and removing dead-time effects
from the estimated signal.

Combining Eqgs. and yields the probability of detection in the j;, bin as
Py = W; (5,6 Np)[1 - exp(~S; — €], (3.26)

where the probability of one or more positive detections in the j;; bin is scaled by the value of
W;. When the number of photon events per laser firing is small, Taylor expansion of the square

bracketed terms in Eq. is expressed as

S; 2
t-ew-si-0l=1- (1= r0+ Tph Ym0, e
giving an approximation of P; as
Py~ W;(S.€ Np)(S; +€). (3.28)

Equation [3.28 now shows a direct relationship between the detection probability and the
signal count rate.

Figure [3.17] shows the results of Eq. [3.26] with contributions by W; and Sgx. Modeling of
the single-shot backscattered signal was performed utilizing the SVLE formulation introduced in
Chapter 2. The sensor’s transmitter and receiver parameters are listed in Table which includes
the actual parameters for the SPL sensor discussed in Chapter 5. The signal count rates were
generated for assuming the sensor was zenith pointed with a 4 mm range resolution (27 ps timing
resolution) and a bounding altitude equal to the instrument’s unambiguous range of ~ 10.49 km.
A 100 kHz Poisson noise source is assumed, re-sampled to the IPP of the laser at 4 mm bins.
The case of randomly oriented particles and single scattering was assumed using the scattering
matrix described in [21, [89] and combined with a clear air depolarization value of 6 = 0.00365.
The NRLMSISE-00 atmospheric model [105] was used to generate height-dependent atmospheric
density values, allowing for estimates of the volume backscatter coefficient and path extinction by

molecular scattering. The simulation results were scaled by an optical efficiency factor in order to
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Figure 3.17: Simulated curves for the individual terms of Eq. The dashed line shows the
weighting function W; - the null detection probability within Np bins prior to the jy, bin, the dot
dashed line shows the probability of one or more detections in the jy, bin, P(k > 1, 7), and the red
line shows the combined probability P;. The figure inset shows the effects of dead-time distortion
by comparing the shape of P;, red line, and Sgx, blue line.

match the actual values measured by the demonstration instrument to generate realistic single-shot
probabilities.

Figure [3.17] demonstrates the interplay between backscattered signal strength, the k = 0
probability in the prior Np bins, and the £ > 1 probability in the j;; bin. High signal strengths in
the lower atmosphere result in W; being less than one, as there is a high probability of detecting
a photon within prior Np bins. As the backscattered intensity falls off with altitude, W} increases
to unity and the k > 1 probability for the ji; bin dominates P;. The two curves are of opposite
tendency, resulting in a peaking of the combined probability curve. The dead-time weighting
function continues to contribute to the overall detection probability past this peak until it reaches
unity. This behavior is similar, but distinct, from the description often attributed to the geometric
overlap function of a monostatic lidar system.

The inset of Fig. [3.17 shows an overlay of the simulated signal, Sgpx, and combined proba-
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Figure 3.18: P; curves simulated with Eq. and varying the system dead-time with a fixed
timing resolution of 27 ps. The signal term, Sgx, is shown in blue. The resulting P; curves
computed with different system dead-times of: 2.5 ns (dashed), 25 ns (dot-dashed), and 190 ns
(solid), shown in red. The inset zooms in to the 2.5 and 25 ns curves at low altitude.

bility, P;. The curves indicate that with a non-zero system dead-time, the shape of P; will deviate
from the incident signal count rate if W; < 1, leading to intensity distortions. At lower altitudes,
where count rates are high, the integrated intensity profiles are non-linear with backscattered sig-
nal. With the given relationship between the impinging photon rate and the acquired signal, signals
outside of the linear regime can be recovered through non-linear fitting [102} 56]. The magnitude
and extent of the intensity distortion directly depends on Wj.

Figure [3.1§ shows Eq. evaluated at 4 mm range resolution with different system dead-
time values. As 74 approaches zero, detectability of count rates increases, leading to a linear
detectability across a larger altitude range, i.e. expanding the linear signal dynamic range of the
sensor. Computing the percent deviation between the signal waveform and the combined probability
shows that when assuming a large system dead-time (190 ns) the shape of P; nears linearity to Srx

(within 1% error) at 1.0 km, whereas a shorter system dead-time of 2.5 ns (commercially available
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from a number of vendors) nears linearity at 125 m. This improves linear signal dynamic range,

and thus detectable backscattered photon rates, by nearly two orders of magnitude.

10

107E

....................
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Figure 3.19: Calculated dead-time metric for a varying dead-time, in nanoseconds. Various bin
resolutions are used to show what combination is advantageous for different acquisition configura-
tions.

A figure of merit for signal dynamic range coverage can be defined as Ap = 1/Np = 7,/74,
which is the ratio of timing resolution to system dead-time. For a fixed bin width, Ap increases as
system dead-time is decreased, thus maximizing W, at a lower measurement altitude and effectively
improving the linear signal dynamic range. A short system dead-time with high timing resolution
is the most desirable, but not always achievable with current TCSPC acquisition units. Often,
a short system dead-time is accompanied by poorer timing resolution. This simple relation can
facilitate assessing trade-offs between covering a large signal dynamic range with reduced range
resolution or achieving high range resolution, but over a smaller signal dynamic range. With
an appropriate value of Ap, as shown in Fig. [3.19] a given set of instrument parameters can
be tuned to generate accurately modeled signal strengths that account for P;. This provides
realistic detectability estimates and defines signal dynamic range limits that adequately suit the

measurement requirements.



61

3.3.1 Atmospheric Photon Time-Tagging Observations

Photon time-tagging hardware has been incorporated into an MCS based SPL sensor to
demonstrate the applicability of this technique for advancing atmospheric lidar applications. System
parameters of the demonstration sensor are summarized in Table with the FWHM of the IRF
measured at 550 ps, or 8.25 c¢m in range. The laser’s temporal width dominates the IRF for this
PMT/CFD/TDC setup, causing the TDC resolution to be smaller than the IRF /target response
function. Therefore, interpretation of the target at the TDC’s millimeter range resolution cannot
be realized unless the IRF is deconvolved from the signal waveform, or it is accepted that there is
an uncertainty to each singular photo event that is equivalent to the IRF.

Initial tests were performed using independent CFD/TDCs for each start/stop channel, with
190 ns dead-time per channel. A master clock synchronized the channels and the TCSPC module
was configured with 27 ps timing resolution, 4 mm, continuously streaming all channels to the host
computer. Photon detections from each receiver channel were correlated to the correct laser firing
assuming all detections come from the first unambiguous range (a reasonable assumption for low
average power systems profiling the troposphere with no high clouds, such as cirrus, during testing).
Long term drift of the master clock is unimportant, as only relative timing between laser firing and
photon event are needed. The resulting data produce a real-time point cloud of photon TOF values
for every photon event, with co-registered experiment detection time at 27 ps resolution.

Figure illustrates an integrated signal profile generated by the lidar described in Table
and implementing photon time-tagging acquisition. These data represent backscattered sig-
nals received in the co-polarized channel by the zenith-directed configuration from atmospheric
molecular and particulate scattering. Total counts are displayed against altitude over a ten second
period with 4 mm acquisition range bins spatially integrated to 12 mm (Panel A) and 1 m (Panel
B). The data profiles in panels A and B indicate decreasing volume scattering with altitude due
to the exponential decrease in the density of molecular scattering and the inverse squared range

dependence of volume scattering. The summing of counts over a larger bin width (by a factor of
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Table 3.1: Summary of demonstration lidar system parameters

Environmental Parameter Value
Wavelength 532 nm
Laser Repetition Rate 14.3 kHz
Laser Pulse-Width < 500 ps
Laser Output Energy 2.45 pJ
Transmitter Divergence 2 mrad

Transmitter Polarization
Telescope Diameter

> 99% Linear Vertical
90 mm

Receiver Field of View 2 mrad

Receiver Filter Bandwidth 300 pm FWHM
Receiver Detectors 40% QE, 280 ps TTS
Data Acquisition Dead-Time 190 ns

Minimum Acquisition Range Resolution 4 mm

Instrument Response Function 550 ps

System Dead-Time Metric (Ap) 0.00014

100) in Panel B improves the estimate of mean counts within a bin by the square root of the total
counts within that bin while sacrificing range resolution.

There remain challenges with photon time-tagging acquisition that were discussed in the
previous section - notably the effects of non-registered photon events due to system dead-time as
a function of count rate. Panel C of Fig. illustrates the simulated P; curve using the system
parameters given in Table a geometric overlap function, and simulated count rates determined
from panels A and B. Panel C describes many of the features observed in the measurements. At
low altitudes the ideal counts are high, but the observed counts are low due to the probability of
having a detection prior to the observing bin - W) being much less than one. Full geometric overlap
occurs relatively quickly, at 30 m, leaving deviations of observed counts to ideal counts above
this altitude due solely to system dead-time effects. The simulated near ground spiked feature is
evidence of this fact and it is also observed in the data, where geometric overlap and system dead-
time simultaneously influence the probability curve. This feature marks the location where the
decreasing backscatter signal and the fraction of transmitter/receiver geometric overlap produces
signal behavior that is low and only weakly influenced by W;. This condition is eliminated quickly

as the geometric overlap increases the signal count rate and, consequently, a rapidly decreasing W



63

10°

nt.
—
()
[3%]

(0)
—
)

2.

—_
)
=]

|
= o

|
- D

Pi[%]
e et
OOO‘OOO

e

Figure 3.20: Intensity profiles integrated from 10 s of raw atmospheric point cloud data at 12 mm
(panel A) and 1 m (panel B) range resolution. Panel C shows the computed P; from Fig.
using the instrument parameters in Table 1.

reduces the probability of detection. According to the simulation, the weighting factor approaches
unity before 1 km altitude. Thus, for altitudes below 1 km the signal intensity is distorted by the
system dead-time. Per Fig. reducing the system dead-time and degrading timing resolution
are means to reduce distortion, resulting in a greater linear signal dynamic range and constraining
systematic effects to lower altitudes.

The power of post-acquisition binning of photon events can be seen in Fig. where five
different spatial integration schemes were chosen. The several cloud features shown between 2.7-3.2
km vary in their small scale structures, which are sharp at smaller bin resolutions but smoothed
at larger bin resolutions. Figure shows the necessity for allowing sharp features to be defined
by the scale needed to accurately depict their variability instead of a scale that is defined by the
hardware limitations imposed prior to the measurement was generated.

Figure illustrates the agility of the system where signals from different scatterers can be
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Figure 3.21:  Different post processed profiles for the same 10 second set of time-tags. The
profiles are not background subtracted and have a smoothing function of three bins to reduce noise
variations. Most notable is the loss of fine scale structure for the 5 and 10 m bin resolutions

handled separately in post processing to achieve the temporal/spatial resolutions and parameter
accuracy required for that particular investigation. Molecular scattering can be coarse and slow in
evolution, while cloud dynamics can be fine and rapid. Both aspects can be studied by indepen-
dently using a variety of post processing methods. Figure [3.:22] shows the results for a simple SNR
based dynamic binning process, where a feature threshold of SNR > 3 for signals beyond 1 km,
was used to select bin widths. The resulting integrated profile gives 2 m bins from 1-2.7 km, where
individual diffuse aerosol scattering layers can be seen at 2, 2.3, and 2.6 km. From 2.7-3.3 km, the
profile structure increases bin resolution to 26 c¢m, capturing the sharp cloud returns. Performing
dynamic signal evaluations in post processing relies on the capability to record data at the highest
resolution possible, every photon event per laser firing at the full TDC timing resolution. The
demonstrated method provides equivalent raw data to a typical MCS acquisition, but at 14.3 kHz
and 4 mm resolution. This type of collection, per laser firing, may not be feasible for lidars utilizing
MCS acquisition. Every bin within the laser’s unambiguous range would be a memory location,
and data recorded (zero or non-zero) over a large range (~ 10.49 km) at high resolution (4 mm)
would require unfeasible memory capacity and data transfer rates.

With a more complete understanding of the photon time-tagging approach, the augmented
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Figure 3.22: Dynamically integrated intensity profile using a SNR>3 feature filter, the labeled
dot-dashed line, over 10 s of photon events. The aerosol features present from 1.5-2.7 km are
extracted using a 2 m bin width, and the sharp cloud features from 2.7-3.3 km are extracted using
a 26 cm bin width. Background signal, £, was computed as a geometric mean between 4-5 km.

lidar was directed vertically to acquire atmospheric backscattered signals over several hours. The
profiles shown in Fig. [3.20| were integrated from the post-processing of singular photon time-tags.
Figure illustrates the backscattered signals over time and altitude without any post processing.
These data are atmospheric point clouds where every photon was assigned a time-tag with 27 ps
resolution. The increased density of photons (darker shade of gray) indicates higher count rates
due to greater scattering efficiency - either an increase in cross section of the scatterers, a greater
concentration of the same scatterers, or both.

The point clouds show the ability of the detection scheme to acquire photon events at high
temporal and spatial resolutions and to capture the measurement scene dynamics. In the atmo-
spheric point cloud, features and transitions are seen as clusters of dense returns. The backscattered
signal demonstrates variability consistent with molecular, aerosol, and cloud particle scattering.
The low-altitude, high-density signal is largely due to molecular scattering at close range. The
band of high-density points between 2 and 3.3 km demonstrate strong and frequent photons from
the base and interior of clouds. The cutoff of signal above the cloud is due to extinction of the

laser energy. Diffuse scatterers with significant variability are also observed in Figs. [3.:23] and [3.24]
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Figure 3.23: Time-correlated portion of the collected atmospheric point cloud for the co-polarized,
panel A), and cross-polarized, B), receiver channels. Each photon was correlated to the associated
laser firing at the full 27 ps resolution of the TDC and plotted as computed range versus collection
time. The atmospheric density gradient and dense locations of returns indicative of highly reflective
cloud structures and rainfall are evident. In both polarizations, a boundary layer enhancement can
be seen starting at 500 m at 20.45 MST and reaching 750 m from 20.65 MST and on-wards, this is
likely due to diurnal variations expected in the boundary layer of a mildly polluted city environment.
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possibly representing evaporating rain (virga) or actual rainfall at the end of observations. Figure
shows a subset of Fig. where the cloud base and other tenuous features are seen at high

resolution.
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Figure 3.24: Subset of Fig. panel A), showing zoomed in features in the co-polarized channel
that represent dense structure among the Poisson distributed noise field. The data also shows what
could be virga and the beginning of rainfall.

Figure [3.24] shows the ability to detect density changes in diffuse and sharp atmospheric
features among the randomly Poisson-distributed noise field. A single co-polarized plane was used
for analysis. In the case of systems employing a cross-polarization receiver channel for depolariza-
tion estimates, the crossed polarization planes will experience different time evolving count rates,
typically with co-polarized producing higher count rates than cross-polarized [116]. This results
in a channel dependent W); and P;. However, time-tagging systems handle both regimes, as sys-
tem dead-times (including detector) exist within each channel independently, not across channels,

allowing cross-correlations between channels within the system dead-time [121]. Challenges arise
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when analyzing the signals together, often in the form of a ratio to determine scatterer-induced
signal depolarization. Systematic effects can significantly impact signal depolarization [I], [49] 29]
and such effects require careful evaluation of signal behavior. Here, the signals can be evaluated in

the context of the W; and the prior statistical analysis.
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Figure 3.25: Subset of Fig. showing zoomed in features in the co-polarized channel. The data
also shows the small scale features present at the base of clouds.

Scientific retrievals typically rely on inversions of integrated backscatter, requiring further
processing of the atmospheric point cloud. Standard techniques employ histogram generation at
bin sizes greater or equal to the TDC resolution, typically driven by the desired SNR. Binning is
performed over a selectable number of laser firings, allowing single-shot profile generation to any
multiple of the instrument’s IPP. This method allows a dynamic approach to generating time series
of photon detections, where the number of laser firings integrated and the desired timing resolution
can be approached in a manner that best suits the science retrievals pursued. Performing an
optimum search for the time and range integration scheme is then driven by the the ability to
resolve features, providing agility in the final product. Thus, photon time-tagging provides more
flexibility over traditional MCS. Limitations on resolution are driven by the Nyquist criterion,
where the oversampling of the signal waveform is bounded by the temporal structure of the IRF.

To demonstrate the applicability of the atmospheric point cloud for intensity based retrievals,
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the data window in Fig. |3.23| was binned to 10 m vertical spatial and 10 s temporal resolutions
using the methods discussed. The resolution choice was driven by the need for high SNR, 20
or above was chosen, to ensure that retrieval algorithms converged. The individual profiles were
background subtracted and passed through a speckle filter to reduce the noise field. The normalized
backscatter ratio was calculated using the Klett inversion technique [66]. A combination of the
specific implemented methods can be seen in [I16], and were employed here with the help of Dr.

Stillwell. The backscatter ratio is defined as [117]

_ Btot _ /Bae'r + Bmol
6mol Bmol ’

where [, is the contribution to the total backscattering coefficient due to aerosols, and 3, is the

R (3.29)

contribution due to molecular scattering. When the detected backscattered signal is solely due to
the presence of molecular scatterers, Eq. minimizes to one. Any contributions due to aerosols
or other scatterers increase the ratio to a number greater than unity.

The results for the retrieved normalized backscatter ratio are shown in Figs. and
It should be noted that cloud tops showing a low backscatter ratio are not physical, but rather
an artifact of the Klett inversion used to calculate backscatter ratio and imperfect tuning of the
estimation process. Emphasis was not put on tuning, but on the overall ability to perform the
estimates.

Several of the macroscopic structures present in Figs. and (note that the time
scales are not equal between the two figures) were captured in the binning and retrieval processes,
shown in Fig. An extracted vertical profile of the backscatter ratio is shown in Fig.
demonstrating that high variability is still present even at decreased resolutions.

Depolarization, d(R), was calculated according to [I16] by inverting the the SVLE with an
assumed scattering matrix F'(R). The most general form of the depolarization expression, assuming
that the outgoing polarization is not fully linear and there is some ellipticity (often possible due to

no perfectly coated steering mirrors or transmit window), is given as [45]

AN (R)
(NL(R) + Nj(R))(3 — cos(4x))

d(R) = (3.30)
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Figure 3.26: Retrieved normalized backscatter ratio, computed according to [66] [116], from the
atmospheric point cloud shown in Fig. White areas above 3 km are locations where the
integrated signal fell below the SNR threshold for the retrieval algorithm.
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Figure 3.27: A single profile of the retrieved normalized backscatter ratio take at 20.81 MST from
Fig. The profile is generated over 10 s with 10 m bins to provide the correct SNR retrievals,
but structure is still present.
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Assuming that there is no retardance, x = 0, or diattenuation introduced in the scattering

process or in the transmit/receive optical paths, the depolarization can be reduced to [34]

_ 2N, (R)
d(R) = N (R)+ Ny (R)

(3.31)

The depolarization estimate can then be converted to the legacy depolarization parameter

using
d(R)

SR = 5=y

(3.32)

Because of the dual receiver channel approach, calibration was necessary to set the relative
gain differences between the two channels. This includes accounting for differing path efficiencies,
and in the case of the sensor discussed here, accounting for the respective gain of each PMT.
Calibration for the receiver channels was done according to the [I], modified to include a rotating
half wave plate (HWP) installed at the output of the transmitter, and performed with data collected
from a hard scattering target. The sensor generated measurements of backscattered signal from
a cinder block target at a 5 meter stand off distance, and the transmit power was brought down
several orders of magnitude with neutral density filters to maintain linearity in the received signals.
Backscattered light was collected at 2 degree increments of the HWP for 10 seconds each. The
time-tags were filtered for noise outside of the expected target range, histogrammed with 1 cm bins,
and Gaussian fit to integrate the total target counts under the curve for a power estimate.

A measured depolarization value was computed from the integrated counts shown in Fig.
[3:28] The points on the curve, along with the half wave plate orientation, allowed a non-linear least
squares regression. From this the gain ratio between the receiver channels and the angular offset

between the transmitter and receiver polarizations was extracted. This was performed with

B S(R) + tan?[2(0 + ¢;)]
m;(R) = {1 + 6(R) tan?[2(0 + (;j)] } 7

(3.33)

where m;(R) is the measured depolarization value from the integrated histograms, and ¢; is the

orientation of the HWP. The scaling equation, inverted from Eq. [3.33] is then

5— m;/G — tan?(20)

~1—m;/Gtan?(20) (3:34)
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A non-linear Levenberg-Marquardt fitting routine was used to fit Eq. to the measured
data, shown as the solid line in Fig. In this routine, the measured depolarization ratio and
the HWP orientation are the known parameters and the rest are estimated.

The fitted parameters extracted from the curve shown in|3.28| provide the terms for correcting

the measured depolarization with Eq. and are:

Gain Ratio = 1.885
Polarization Offset Angle = 1.9° (3.35)
Retrieved § = 33.7%
The retrieved depolarization profiles were corrected with the calibration terms and the full
time series is shown in Fig. The clear air retrievals is within the limitations of the receiver
system, namely at a few percent, and several features match the expected values, such as the high

depolarization due to multiple scattering within the cloud structures.
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Figure 3.28: The measured and fitted depolarization ratios as a function of the HWP rotation
angle. The estimated gain ratio, offset angle, and the retrieved depolarization ratio of the target
are G = 1.885, # = 1.9°, and 0 = 33.7%.

Figure shows the distribution of retrieved and corrected depolarization values for the

area bounded between 20.45-20.75 MST and 0-2 km. This is a distinct peak around § = 8%,
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indicating that there are scatterers with a low magnitude of backscatter but which have a small
amount of depolarization that can be attributed to them. These scatterers are not visible in Fig.
due to the speckle and SNR filtering process, but are clearly present in Fig. where a
heightened backscattering layer is seen in the first 1 km of the time series and in several pockets of
heightened backscattering around 1.5 km.

In a desire to achieve the correct SNR needed for the inversion techniques, spatial and tem-
poral ambiguities are introduced to the final output produced. In fact, many of the finer structures
shown in Figs. and [3.24] are no longer present in Figs. and [3.29] These traditional process-
ing techniques serve to significantly decrease the resolution of the photon time-tagging technique,
opening opportunities for algorithm development and applications that exploit the full utility of the
technique. The demonstrated sensor did not operate with an SNR properly matched to the desired
retrievals, but future iterations would allow higher collection efficiencies, which in turn allow higher
SNR at finer resolutions.

Multiple techniques have been developed to estimate clustered target densities, not emphasiz-
ing simultaneous intensity retrievals, among Poisson noise fields [52]. Methods to extract features
from noise in photon limited data, utilizing traditional histogram approaches for binning structure,
have been successful with the optimal estimation approach [78, [46]. However, the high resolution
atmospheric point cloud opens the possibility for applying vetted image processing techniques that
can maximize the usefulness of the temporal and spatial resolutions. Photon limited non-parametric
Poisson intensity and density estimations have been shown in [124], and [44] show promising results
in reconstructing scenes using Poisson likelihood estimators. Leveraging the known Poissonian na-
ture of photon counting lidar and the time-tagging technique, these methods provide alternative
approaches, with enhanced flexibility, to working with atmospheric point clouds. Initial investi-
gation of these methods has been performed and shown to be viable for the photon time-tagging

techniques in this work.
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Figure 3.29: The corrected depolarization time series for the time-tags shown in Fig. [3.23
integrated spatially and temporally to 10 m and 10 s, respectively.
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Figure 3.30: The computed distribution of retrieved and corrected depolarization values in Fig.
3.29| filtered between 20.45-20.75 and 0-2 km.
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3.4 Relevance to Posed Thesis Questions

Implementation of the photon time-tagging technique provides an efficient method to acquire
photon events, with the advantages of generating detections per laser firing at picosecond timing
resolution throughout the atmospheric column. The resulting data are an atmospheric point cloud
in time and range, capable of revealing fine-scale features and enabling dynamic integration. This
capability can prove favorable for measurement scenarios with limited time on target due to relative
platform motion, such as aircraft and spacecraft observations. Low data rate demands, because of
the sparse nature of single-shot photon counting data, are also conducive to situations where high
bandwidth telemetry is not possible. Furthermore, nadir viewing airborne and spaceborne lidar
systems often capture both atmosphere as well as land and ocean backscattered returns [125, 55].
Acquisition system flexibility would allow for such diverse scattering scenarios to be fully captured
and post-processed for multi-functional retrievals requiring dynamic resolutions.

Several attributes of a photon time-tagging lidar for atmospheric applications that differ from
typical atmospheric lidar systems were presented. Acquisition dead-time is an important parameter
that can affect signal behavior in high count rate domains - such as those that occur at low-altitude
or in backscattered cloud signals. A ratio of acquisition timing resolution to dead-time was shown as
a reasonable metric for optimizing a system’s linear signal dynamic range. The discussed technique
significantly reduces the IRF, which is largely driven by the laser pulse-width and the detector’s
timing jitter. The detected signal waveform is then a convolution between the IRF and the uniform
spread of the atmospheric scatterers over the pulse width. Thus, backscattered signals recorded
with picosecond timing cannot be considered independent until integration to the IRF width has
been reached — approximately 550 ps for the sensor discussed here. In this situation, a decrease
in timing resolution can be afforded if the system dead-time is also reduced.

The reduction of system dead-time also reduces FPB effects. For hard target sensing the
impact of FPB can be significant. For SPL sensors that are targeting atmospheric measurements,

prominent peaks in the histograms are likely generated by photon events backscattered by sharp
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features, such as cloud edges. It is also likely that the reduction of system dead-time does not

explicitly solve the FPB challenge until the temporal profile of the target exceeds that of 74.

However, the challenge can be overlooked if the width of the histogram bins are larger than the

expected FPB range bias. This ensures that the shifting of counts to earlier times is fully contained

within a single bin and not cross bin edges.

This chapter served to introduce some of the challenges that are present when implementing

the photon time-tagging technique in a multi-functional measurement, where dead-time can be seen

to impact different parts of the measurement profile in different manners. The work in this chapter

served to answer the posed thesis questions in the following ways:

(1)

What are the implications of utilizing the time-correlated single photon counting approach

for geophysical parameter estimation from volume scattering environments?

The results shown in Section showed novel applications of an SPL sensor utilizing
TCSPC for atmospheric monitoring. This resulted in the concept of the atmospheric point
cloud, which provides an alternative method by which high resolution atmospheric data can
acquired, viewed, and analyzed. Utilizing TCSPC and time-tagging every photon event in
a semi-porous medium emphasizes a sensor’s recovery time and its ability to detect subse-
quent returns from the extended medium. Dead-time was shown to govern detectability,
linearity, and dynamic range for atmospheric measurements. A stochastic dead-time model
was generated and validated, showing that the atmospheric profile’s response to dead-time
can be understood and removed to perform scientific retrievals. These results were pub-
lished by Barton-Grimley et. al. in “High resolution photon time-tagging lidar for atmo-
spheric point cloud generation” [5], providing the first documented application of TCSPC

to the atmosphere.

How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?
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e The data, analysis, and MC results presented in Section [3.2)document the effects that result

from deviating an SPL sensor out of single photon counting. The analysis indicated that
FPB introduces non-linearity to the retrieved data, altering estimates of backscattered
photon rate and range. The FPB term in Eq. serves to bring the count rate to a
steady-state value, where a detection is made per laser firing and the total count rate is
equal to the laser’s PRF, and the target’s range becomes biased such that estimates are
no longer made over the full IRF but are instead constrained to the leading edge of the
laser pulse. Implementation of TCSPC and time-tagging each received photon directly
causes these effects, therefore dead-time introduce conditions to the measurement that
must be considered. These results were published by Barton-Grimley et al. in “Nonlinear
target count rate estimation in single-photon lidar due to first photon bias” [6], providing

documentation of FPB and resulting effects..

Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

Section showed the applicability of SPL sensors utilizing TCSPC to generate data
for atmospheric science. Cross-polarized receiver channels were employed to acquire atmo-
spheric depolarization, which was subsequently calibrated and used for estimating differing
depolarization regions. The co-polarized channel was utilized to calculate the backscat-
ter ratio, an estimate of aerosol to molecular backscattering. These were published by
Barton-Grimley et al. in “High resolution photon time-tagging lidar for atmospheric point
cloud generation” [5]. Dead-time was shown contaminate receiver channels differently and
induce retrieval distortions. With dead-time effects correctly modeled they can be either
removed or avoided, implying that a polarimetric SPL employing TCSPC targeting topo-
graphic/bathymetric mapping can be applied with success for high resolution atmospheric

science.



Chapter 4

Multi-Functional SPL Sensor Modeling

The primary goal of this chapter is to define the polarization and scattering equations, specific
timing prescription, and other necessary information needed to accurately predict a polarization
sensitive SPL sensor’s system metrics, environmental response, and overall performance. The re-
sulting combined measurement model provides the framework in which different permutations of
sensor components can be evaluated for atmospheric, water surface, and hard target sensing per-
formance in a single measurement profile as generated from a nadir viewing sensor. To correctly
predict sensor performance a combination of deterministic and stochastic methods are combined
that capture varying processes along the measurement path and the resulting impacts of operat-
ing on an airborne platform are also included. Fundamentals of the SPL measurement include
the transmission of laser light through an attenuating medium, the collection of the backscattered
photons from some scattering medium, optical analysis for polarization determination of the re-
ceived light, detection and amplification, and conversion to an electrical signal that can be further
analyzed in the analog or digital domains. Sampling of this electronic signal into discrete detected

event times over many laser firings is then performed and provides a basis for statistical analysis.

4.1 Resolution Implications of Multi-Functional Operation

Some preliminary understanding of the SPL response to different measurement regimes is
needed prior to a full discussion of the driving equations for a full multi-functional SPL model. The

measurement resolution of an SPL sensor differs from traditional lidar sensors because of the time-
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tagging procedures employed. A typical photon counting lidar sensor’s resolution is comparable
to the laser pulse width, such that detected photons can be assigned to distinct bins with the
predominant source of uncertainty coming from the counting statistics. Picosecond sub-sampling
of the received signal results in photons that are assigned resolutions less than the laser pulse width.
The prior chapter showed that with higher resolution comes added uncertainty beyond shot noise,
as many of the sensor’s components exhibit uncertainties on scale with the TDC’s resolution. It is
necessary to document these resolution uncertainties.

An understanding of SPL resolutions, and how they can change within a single measurement,
can come from a discussion of Fermat’s theory of least time and its coupling with single photon
measurements. The SPL measurement inherently is a least time measurement, where the arrival
of target scattered photons is defined by the envelope width o,, and the photon that traversed the
least time path will trigger the TDC. Multi-functional measurements require that this theory be
considered and applied where necessary within the measurement column. Interactions of the sensor
at the atmosphere-water boundary are a direct example of this.

Fermat’s theory of least time can be directly applied to these retrieved photon time-tags. In
the case of time-tags generated by water column scatter, or subsurface ground, this is occurs in
two ways. First is the standard index of refraction correction which adjusts the range estimate
for the associated time-tag, performed as a multiplicative factor this reduces the distance estimate
according to the medium’s index. The second, more subtle, application is to adjust the estimated
time-tag’s resolution when originating from a non-air index. Converting this to range is simple
using AR = c7p/2n, where for air n = 1 and for water n = n,,. Considering an in air resolution of
4 mm the in water resolution (assuming ocean water with n,, = 1.338) is approximately 3.02 mm.
The result is that bathymetric point clouds, or other mediums besides water that have a > 1 index,
have increased resolution and decreased uncertainty compared to those in air. For multi-functional
operation, this has unique implications. Considering time-tags originating from the atmosphere
and water subsurface, the physics indicates that the sensor will have varying resolution throughout

that column and careful consideration should be paid to retrievals in different regimes.
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4.2 SVLE for Multi-Functional SPL Sensors

A specific formulation of the SVLE will be presented in this chapter to provide a single
equation, derived from first principles, that captures the various components of the SPL sensor’s
measurement and can be evaluated for a “total column” measurement, including atmospheric, water
surface, water column, and ground contributions.

The general form for the SVLE that is used throughout the measurement model is

N N
Nyz = OM, |6(R) [ T (ks, R)F(N, ki, ks, B) [ [ Tj(ki, )Mz Sh + Sp | | (4.1)
; :

J

where many of the definitions have carried over from those shown in Chapter 2, and with added
terms to compensate for the different measurement regimes that are typically seen in a multi-
functional SPL sensor. This includes defining a matrix product operation in which NV terms are
combined to evaluate the total contribution to scattering or extinction. The term x(R) is defined
to contain all relevant scalars to the particular scattering environment under consideration and
also captures additional physics of the processes, such as energy loss to water column scattering,
geometric factors, and transmission losses.

Previously, Polar Decomposition was introduced as a method by which Mueller matrices can
be broken down into three basic components, specifically diattenuation, retardance, and depolar-
ization [r1]. For the remainder of this thesis, the contributions of diattenuation and retardance are
considered a result of non-ideal instrument effects and the simplification is made that scatterers will
not introduce diattenuation or ellipticity to the received Stokes vector. By making this assumption
the addition of non-perfect polarizing elements in the optical path (such as a retarding aircraft
window or a non-ideal HWP) can be considered, and their relative impacts to the received signals
evaluated [48].

Furthermore, in this thesis the formal polarization descriptions are motivated primarily by
the scientific applicability of a depolarization estimate and the realization that sensor design for
depolarization estimates requires a dual channel approach with orthogonal polarization planes.

Estimates of depolarization facilitate an SPL in providing classifications of atmospheric scatterers,
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such as aerosol typing in [99], and the potential for hard target morphology by typing scattering
surfaces, such as man-made object typing in [22]. Although these retrievals rely on a calibrated
absolute depolarization estimate, in the void of a well calibrated sensor, a tremendous amount
can be done with relative depolarization changes, such as discriminating between a polarization
preserving water surface and subsequent depolarizing media. This is an indication of the utility of
polarization insensitive SPL sensors, and will not be investigated further in this thesis.

A general Mueller matrix form to capture the partially depolarizing backscattering processes
that SPL sensors observe is necessary. Whether the SPL is recording photon events from atmo-
spheric, ground, or water scatterers, there is a high likelihood that there will be a partial depolar-
izing effect upon scattering. The most general form for a pure depolarizer with zero diattenuation

or retardance is the diagonal Mueller matrix [71]

1000
0 a 00
Ma4(a,b,c) = » lal, (bl el <1, (4.2)
000b0
000 c

where 1 — |al, 1 — |b], are 1 — |c| are the depolarizing capability of the polarizer along the principal
eigenvectors. This formulation also ignores any polarizance contributions, in which unpolarized
light can be made polarized by the scatterer or by passage through an optic. Like most general
formulations, this representation provides decent explanation but is limited in the applicability
to measurements. Typically, scatterers can be viewed in two macroscopic ways, either ensembles
that exhibit random orientation or preferentially orientation, such as oriented ice crystals in clouds
[116]. For transmitted, linearly polarized light that is scattered by an ensemble of randomly oriented
scatterers, chosen due to the likelihood of random orientation of particles in water, clouds, aerosols,

and surface particulates, the partially depolarizing Mueller matrix that describes this process can
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be defined as [89, [34]

0 0 d—1 0

0 0 0 2d -1

where d is a measure of the propensity of the scatterer to depolarize the incident laser light. This
can be seen when the linear horizontal /vertical response is set to be fully depolarizing and the
[2, 2] matrix element gives a value of zero. Using this formulation for the depolarizing element of
the scattering interaction a general expression for the backscattering coefficient F' can be given as

[28, [34], [49]

F.(\,R) =B\ R,m1)MpMprMAn(d)
(4.4)
= B(A, R, m)IMa(d),

where MpMp have been replaced by the identity matrix I to show that introduction of diatten-

uation or retardance by the scatterer will be ignored (for the remainder of this thesis the identity

matrix will also no longer be shown and assumed present). In this formulation, the [1,1] matrix

element is equal to the volumetric backscattering coefficient 3, which describes the intensity of the

backscatter. When considering the reflection from a water surface or scatter from a hard target,

the 8 term in Eq. is removed and the applicable scalar Fresnel term or reflection matrix is
substituted.

With a general form for the backscattering matrix each scattering environment can be exam-

ined for how this term can be applied across the full measurement column. The remaining sections

will introduce the necessary mathematics to evaluate the Eq. by solving the matrix transmission

products and introducing unique forms for F (A, R) and x(R).

4.2.1 Atmospheric Equations

For single photon detections from the atmospheric column, it is necessary to consider the

Rayleigh backscattering processes that contribute to the mean photon rate at the sensor. It should
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be noted that with the SPL sensor discussed throughout this thesis, the atmospheric measurements
will be constrained to observations of or in the troposphere. Specifically, in the case of measure-
ments generated in the lower troposphere it is reasonable to define the volumetric backscatter and
extinction coefficients as a linear combination of contributions from molecular and aerosol scatter-
ing, given as

/Batm(Aa R, 77) = ﬁmol()\a R, 77) + ﬁaer()\a R, 7T)a (45)
Aatm (N R) = ot (A, R) + ager (A, R). (4.6)

The molecular contributions to the backscattering coefficient as a function of the total volu-

metric scattering coefficient can be given as [13]

a7
where the scattering phase function is given as
3
PO)=——F7"—|(1 1— 20 4.
6) = frmy [0+ 30+ (L= eos’(0)]. (45)

which is a function of the clear air depolarization relationship parameter v = d,,01/(2 — dpnor). In
this formulation, the total scattering coefficient can be generated as a function of the scattering
phase function and as any angle 6 and clear air depolarization parameter. Bucholtz et al. [13] give
values for v and 9,,; for different wavelengths of light allowing the scattering phase function to be
estimated from near truth values. The inherent molecular Rayleigh depolarization arises from the
anisotropy of the polarizability tensor. Throughout this analysis it is assumed that narrow band
spectral filtering is employed in such a way that the contributions are due to the Cabannes line
and not from rotational Raman lines.

It is the case that for the lower troposphere molecular and aerosol scattering dominate and
absorption is low. Given that aerosols are highly forward scattering, it is reasonable to approximate
the atmospheric backscatter coefficient as solely due to molecular scattering, Butm = Bmor, and the

extinction coefficient due to both molecular and aerosol contributions, cgm = Qunol + Qger. For this
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scenario, the backscatter coefficient can be given as a function of atmospheric height dependent

temperature and pressure as [30]

L P(R) 1
— 32
ﬁatm(A, R,TF) = 2.938 x 10 W)\‘L'Oll?,

(4.9)

with the units of [m~!sr~!]. The wavelength dependency does not have the standard fourth power,
indicating that in the conversion from number density to pressure and temperature a wavelength
correction factor has been applied. This equation requires the input of a height dependent pa-
rameters, allowing further use of atmospheric models, such as the NRLMSISE-00 empirical model
used in Chapter 3, to give geo-referenced estimates of pressure, temperature, and density from the
ground through the troposphere at specific values of latitude and longitude.

The molecular portion of the extinction coefficient can be defined through the total volumetric
scattering coefficient used in Eqs. [£.7 and [£.9]

Qxmol = Br(R) = W (4.10)

To generate the aerosol contribution to the along path extinction, the definitions in Measures
[88] provide a compact and simple relation that is dependent on the visibility range and the incident

laser light wavelength. This then gives the total extinction coefficient as

Qatm(, R) = 1.5859 x

1/3
P 1 91 x 1073 0-585R,
L0 (R) 3.91 x 10 {550} 7 (4.11)

T(R) )\4.0117 + R, by
with units of [ m~!]. R, is the daylight visibility range, which has typical values of 5 km for light
haze and 10 km for very clear aerosol conditions. In Eq. the scattering phase function has
been solved at 8 = m with an assumed clear air depolarization.

When the signal being considered originates from the atmospheric column between the the
airborne SPL sensor, the transmission loss at any range R can be attributed solely to extinction
caused by in column scattering and absorption, which is an integrated quantity resulting from the
solution to the Lambert-Beer law. This gives a compact form for the transmission matrices in Eq.

where N = 1, that describes a one-way path loss as

[IT)(kis, R) = Tarm(\, R) = € Jg* catmRNAR'Y (4.12)
J
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where agm (A, R) is computed with Eq. and the column is integrated to the range bin in
question. An assumption of single scattering is made such that the use of an identity matrix in
the transmission definition implies that the extinction is polarization independent, and that all
polarization altering processes are contained within the physics of backscattering interaction with
the scatterer.

The Mueller matrix describing the atmospheric backscatter is comprised of a depolarizer, Eq.

and the molecular backscattering coefficient, Eq. The complete form is given as
Fatm(ﬂ'a R) = /Batm(Ra F)MA, (413)

which is a function of range, depolarization, wavelength, temperature, and pressure. Equation
exhibits the expected decay with atmospheric density and the clear air polarization dependence.

The applicable scalar factors are consistent with the definitions introduced in Chapter 2 as

A

Ratm(R) = G(R) = AR. (4.14)

The equations in this section define a simplistic version of the atmospheric medium, where no
aerosols, haze, or other additional scatterers contribute to the calculated backscattered signal. The

resulting model is not therefore appropriate for estimating a SPL’s cloud and aerosol detectability.

4.2.2 Water Surface Equations

The received Stokes vector from a water surface combines the prior atmospheric effects and
reflection components that are generated as a result of the index of refraction change at the air-
water interface, ng/ny # 1. This is an inherent use of Fermat’s theory of least time through the
implementation of Snell’s law at the interface. In this case, the surface scattering at the interface can
be interpreted as a combination of two effects: 1) the polarization dependent response as governed
by Fresnel’s equations, and 2) a partially depolarizing ensemble of scatterers on the surface that
cause energy to be distributed into additional polarization planes. These equations can take into

account the inherent depolarization due to the anisotropy of water molecules, which allows d to be
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a linear combination of the inherent depolarization due to the molecules and the added depolarizing
effect of added surface clutter.

The transmission integral applied to the water surface is estimated by the atmospheric ex-
tinction up to the water surface, as no other transmission losses have yet to occur, given as

Rsurf / !
H Tj(ki,sa Rsu?"f) =e Jo Gatm (M R)dR I,
J

(4.15)

which is equivalent to Eq. but integrated from the platform over the entire atmospheric
column.

The complexity of the water surface interaction is contained within the Mueller matrix F,, f,
which captures the polarization dependencies in the reflection process. This scattering matrix is
given as

Fsurf = MA(d)R(gu nw), (416)

where M is used for the presence of non-spherical, randomly oriented scatterers for simplicity.
Equation [£.2] could be used with the appropriate values of a,b, ¢, but a direct link between the
inherent anisotropy of the water molecules and its depolarizing effect can be captured by d and was
found to be appropriate for this computation. The Mueller matrix, R(6;,n,,), contains the Fresnel

dependent reflection coefficients, given as [64] [63]

where for 6; < 0.+ ~ 48°,

a+n a—-n 0 0
a—n a+n 0 0
R(0;,ny) = (4.17)
O 0 YRe —VIm
L 0 0 YIm YRe

and the following equations are used to compute the coefficients

(0;,01),m(05,01),7(0:, 0;) as ,
a=05 [Ezi gj - gz ] (4.18)
n=0.5 [22 (6 — ]2 (4.19)
- _ tan(6; — 6¢) sin(¥; (4.20)

~ tan(; + 6;) sin(6;
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Yrm = 0. (4.21)

When 6; > 0crit, yrm # 0 and complex form of 4 must be used [63], but as the SPL sensor
discussed throughout this thesis is approximately nadir pointing and the incident angle with the
ocean surface, considering the aircraft’s angle of attack, can be assumed to be less than the critical
angle so as to reduce the complicated surface interaction and introduction of imaginaries. Here 6,
is solved for through Snell’s law. The angular response to the Fji, Fis, F33 terms are shown as
a function of the incidence angle in Fig. [4.1l The Fj; and Fjs terms shown in Fig. H are the

standard Fresnel equations for water surface interaction.
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Figure 4.1:  Mueller matrix elements of the reflected and transmitted light fields assuming a
transition from air to water with a refractive index of n = 1.338. All values are normalized by the
R11 or 171 components respectively.

The applicable scalar factors are consistent with the atmospheric definition given by Eq.
with no modifications and solved at the water surface bins, Ry, f.
Sensing in the littoral zone introduces a heightened probability of the surface water structure

having sea foam, due to breaking waves, or whitecaps present. The fractional coverage of whitecaps
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is different in the littoral zone compared to open ocean, because of differing processes of formation.
Whitecaps in a coastal environment are attributed to breaking waves, whereas the open ocean
whitecaps are driven solely by wind. The presence of sea foam or whitecaps serves to decrease
the specular reflection due to its Lambertian nature and can thus be viewed as a decrease in
the backscattered surface photon rate, while also inflicting depolarization. Because of this, it is
appropriate to view the non-presence of sea foam or whitecaps as a best case scenario. Expressions
for the impact of these phenomena on surface reflectivity can be seen in [61]. Due to the complex
nature of this phenomena, and its subsequent effect on the surface reflectivity, it is not considered
within the basis of this modeling. Further analysis could be done to include these effects and their

subsequent polarization attributes.

4.2.3 Water Column Equations

Signal from the water column requires special attention due to the combined number of
transmission losses that severely decreases the backscattered photon rate. Typical lidar sensors
that probe water columns to measure the inherent optical properties (IOPs) operate with high pulse
energies and temporal averaging of returns in order to achieve the required high SNR [19] 55| [18].
Although the inherently LSNR approach of SPL sensors results in less photons events from the
column, requiring long integration times to recover IOPs, water column returns are still frequently
seen. Triggering of the acquisition unit from these sporadic column returns also decreases the
probability of detection of any subsequent bottom surface (this is also applicable to the techniques
discussed in [92] and [91], as the water column can typically be viewed as partially depolarizing) and
understanding is considered vital for subsurface bathymetry. Therefore, water column modeling is
important to SPL sensors estimating bathymetric quantities for two reasons: 1) the inversion of
signals to retrieve column IOPs, and 2) understanding the detectability of subsurface scattering
layers or targets.

It is typical for IOP values vary with depth and change in a non-linear manner, making the

exact simulation of such parameters difficult. It is appropriate in many cases to assume a constant



89

value for the absorption coefficient, a), the scattering coefficient, by, and thus for the total column
extinction, which is the linear sum of the two ¢y = ay + by [60], over shallow depth ranges. With
the typical pulse energies transmitted by SPL sensors, <10 uJ, it is assumed that the pulse will
fully extinguish prior to reaching water depths greater than 5 m. The assumption of a zero rate of
change over the column is also applied to the volume scattering function (VSF). The VSF is utilized
by evaluating the phase function at & = 7w to estimate the backscatter efficiency and thus the total
received photon counts due to the particulate scattering in the column. Values for different ocean
water scenarios are given in Table taken from the in situ measured values in [93]. Fresh water
bodies, such as lakes and riverine environments, have IOPs that have been readily documented
[106], but will not be examined here. In the case of glacial melt ponds and run off from supraglacial
lakes, it is assumed that the water present is clear, pure water with no suspended particulates in
the column [I12], such that any backscattered photons collected from the column are due to the

scattering from the water molecules themselves and provide a relatively simple simulation.

Table 4.1: VSF, column extinction, and forward scattering for A = 514 nm [93]

Scattering Scenario feo1(A, ) [m~lsr7l] ¢y [mTY bf\ [m~1
Clear Ocean 5.019 x 1074 0.151 0.0301
Coastal Ocean 1.03 x 1073 0.398 0.3697
Turbid Harbor 5.686 x 1073 2.19 1.8461

The complete product of the transmission terms in Eq. must be considered with respect
to the incident and scattered wave vectors, as the interaction with the air-water interface in the
forward and backward direction differ. In the forward direction, the transmitted Stokes vector
experiences transmission loss from the atmosphere through the water interface and in the water
column prior to scattering off of a hydrosol or water molecule. The complete product of the incident
wave vector k; is

H Tj(kia R) =Ty (Rw)Ta%w (017 nw)Tatm(Rair)- (422)
J
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For the backscattered wave vector kg, the order is reversed and given as
H Tj(ksa R) = Tatm(Rair)Twﬁa(ei; nw>Tcol (Rw) (423)
J

The one-way extinction through the water column with extinction parameter cy is given

according to the Lambert-Beer law as

R SRR/

Teo(Ry) = e “Four I, (4.24)

where the integral is performed from the surface bin, R, r, to the in water scattering bin, R,,.
The extinction coefficient is wavelength dependent, but here values for A = 514 nm are used and
are deemed relatively close to the SPL’s frequency doubled Nd:YAG operating wavelength of 532
nm.

The Mueller matrix used to described the polarization response upon transmission from the

air to water interface is given as [63]

O[/ + 77/ Oél _ 77/ O O
O[/ _ 77/ Odl + 77/ O O
Ta—>w(9ia nw) = C 9 (425)
0 0 Yk O

0 0 0 ok

where, for 6; < 6.+ the components o/ (6;,6;), n'(6;,6:), and 7/(6;,6;) are calculated as

o =05 [ S ) 420
W =05 [2 Ssi;l((eé: f;f)a t)} 2 : (4.27)
he = a5 (128

¢ =" Zzzizt; . (4.29)

Transmission at the air-water interface must be accounted for twice in order to properly
scale the returned photon counts. Conservation of energy, according to [132], takes place in the

¢ term and varies according to n,/ng;, for the air-water transition and ng./n, at the water-air
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transition. Otherwise, the Mueller matrix applied to ks is implemented in the exact same manner
as k;, assuming that the backscattered light takes the same path back through the surface into
the atmosphere as the incident light. This is typically an appropriate assumption, given that the
IPP of the SPL is normally <100 ps and the surface state is unchanging for such time scales,
though this assumption fails when considering spaceborne platforms. The individual components
for transmission from air to water can been seen in the lower panels of Fig.

Scattering interactions in the water column are assumed to be solely due to the presence of
hydrosols, and scattering due to temperature induced index of refraction changes are not considered.
With this assumption, the Mueller matrix that describes the scattering of the incident light and

subsequent polarization response at some range R,, in the column is given by
Feou = Bcol()\y Run W)MA(CZ), (430)

where the VSF takes on the form Be (A, Ry, 7) with units of [m~! sr~!], given here as a measured
constant as opposed to a functional form. MAa(d) gives the ability to allow the water column to
exhibit depolarizing properties — again the depolarization matrix used for atmospheric scattering
is appropriate as for turbid water it can be assumed that the suspended particulates have a random
orientation and are non-spherical. Example values for (., are given in Table

The scalar constants applied to the water column now include an added term to account for

the loss of light that has been scattered out of the FOV of the receiver, I'(R,,), given as

A

Keol(R) = F(Rw)G(R)ﬁAR. (4.31)

The spreading factor I'(R,,) is described in an effort to capture the physics of “Guenther’s
Trumpet” [39], which describes the spreading of the transmit light’s divergence and the receiver’s
FOV, due to the presence of strong forward scatterers in the water column. This equation makes
the assumption that the photons will undergo multiple forward scattering events, but only a single
backscatter. In the scenario of FOV with a value of > 10 mrad, an integrated expression (from the

water surface to the bin under evaluation) for the in column loss caused by multiple scattering can
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be calculated as a scalar efficiency term [67, [17]

2bew

22025 Ruw  [00 2.2 /02 .2
I'(Ry) = =L / [w + 1+ :cQ} exp | L (Ls + i + 0%+ 0? )| zdr,
2 0 4 R,
(4.32)
where
R
e = %77 U = Lgvfy’ v = Rii + i . (4.33)

In this definition R, refers to the platform altitude, R,, is the depth within the water column
below the water surface, 75 is the radius of the laser spot on the water surface (not accounting for
slope effects), r; is the radius of the telescope, by is the forward scattering coefficient, and m is
related to the average cosine of the scattering angle. Values for m depend on the conditions of the
water, but examples can be gathered from [67, [I7]. The forward scattering coefficient in Table
is calculated using the measured values for the VSF(# = 0.1°) and the particle phase function at
the forward direction as given in [93] (Table 3.10). Though these values are given at the scattering
angle 0.1°, the approximation to complete forward scattering at 0° is tolerable within the larger
simulation.

Equation is most applicable to the measurement of deeper bodies of water, where depths
of > 10 m are reached, but for completeness the physics has been instilled into the model. The
assumption that the SPL derived bathymetric measurements are from shallow waters implies that
the I'(Ry), could be at a minimum 90% depending on water conditions. For an SPL operating with
a very narrow FOV, such as the IFOV of a single detector element, and observing shallow waters
the effects of I'(R,,), can be ignored in the modeling process and still achieve accurate estimates of

bottom surface photon rates.

4.2.4 Subsurface Ground Scattering Equations

The received Stokes vector from the subsurface ground scatter is typically depolarized, with
some amount of energy in the orthogonal plane to the transmit polarization. For most subsurface

scatterers it is typical to expect the return signal to be completely depolarized as the roughness is
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typically on the order of the wavelength, especially for sand, as seen for sensing in the surf zone.
An exception to this assumption is in the presence of subsurface ice, which is in itself polarization
preserving, but contributes small amounts of depolarization due to volume scattering within the
ice itself. For a completely depolarized signal it is therefore expected that both the co-polarized
and cross-polarized signal will exhibit detections from the subsurface ground. Examination of the
return signal will show that it is truncated due to the losses in path integrated over the whole
atmosphere and water column. In total, the backscattered ground signal experiences losses due to
the water column, transmission from water to atmosphere, and subsequent extinction through the
atmosphere back to the sensor.

Similar to the description in the prior section, the complete product for the incident wave

vector k; is

H Tj(k;ia R) = Tcol(Rgnd)Ta—)w(ei’ nw)Tatm(Rair)7 (434)
J

and for the backscattered wave vector kg, the order is reversed, given as

H Tj(ks; R) = Tatm(Rair)Tw—m(eia nw)Tcol<Rgnd)- (435)
J

These two equations are equivalent to those describing the water column, but integrated from
Rgyrp — Rgna over the full column.

The Mueller matrix use to capture the ground scattering is given by a scalar reflectivity term
multiplied by the Mueller matrix for a general depolarizer, given by Eq. The most general
depolarizing matrix for the hard target used because of available literature that quotes values for
the diagonal terms, such that depolarizing parameters of the scatterer — a, b, and ¢ — can be

varied to fit the target. The total scattering matrix is then given by

Pgnd cos(6;")

and = MA,g(d)a (436)

where the target’s reflectivity is modulated by the pointing angle, ;" — where the added “w”
indicates that it has been corrected for refraction through the water surface, and it is assumed that

the BRDF is equal to 7 for Lambertian scattering.
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With the assumption that the hard target scatter is completely diffuse the reflectivity be-
comes a relatively simple computation of Fresnel coefficients. In addition, the full Mueller matrix
for measured scatterers, such as concrete or sand, as given in [22] and discussed in [65], can pro-
vide a more accurate polarization description. In the case of examining scattering a subsurface
ice scatterer, more elaborate reflectivity must be considered. The ice is semi-specular with low
reflectivity at the water-ice boundary due to similar indices of refraction. Detections from porous
ice typically arrive with a time delay resulting from multiple scattering within the ice column [IT1]
when considering an SPL operating at visible wavelengths.

The scalar components in x are equivalent to Eq. where the I'(R) term still applies,
and should be integrated from the water surface over the entire water column, stopping at the first

ground bin, to provide the accurate loss of signal photons.

4.2.5 Background Signal Contributions

In each instance of the SVLE calculation, a background contribution is described by Sg.
This vector contains the number of counts contributed to the overall signal as generated by solar
background and detector dark counts. After the background counts have been re-sampled, they are
converted to vector form and added to the bin being computed. The total background contribution
is considered constant over the single laser firing, which is reasonable for a detector with a low dark
count rate (the PMTs employed in the SPL sensor discussed in this thesis work have a dark count
rate of <300 Hz) and under the assumption that the atmosphere is static over the IPP of the laser
(roughly s time scales).

It is necessary to parameterize the detector dark count rate, &4(t), in order to correctly
capture the number of added counts per unambiguous range of the counting system. The dark
count photon rate is given in units of [ counts/s |, the PRF is in units of [ 1/s |, AR is in units of |
m/bin |, and the unambiguous range is in units of [ m |. nger can be computed with the resulting
units of [ counts/shot /bin |, accurately describing the correct contribution of dark counts when the

TDC bin width and laser PRF /IPP is considered.
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Solar background contribution is described by a noise model for nadir viewing altimeters that
was introduced in [23] 24]. This model describes the expected noise counts per bin due to diffuse

surface and isotropic atmospheric scattered solar radiation as

1+secOg
1- 1T,

_ N}\B}\ATQT
N 47 (1 +secty) |’

1 0
Qe Ty

Ny

(4.37)

where N, is the wavelength-dependent exoatmospheric solar spectral illuminance, (§) is the re-
ceiver’s spectral bandpass, A, is the collection area of the receiver’s telescope, €. is the receiver’s
FOV in steradians, 6, is the solar zenith angle, and T is the one-way atmospheric transmission.
The two bracketed terms describe the ground, assuming a flat scattering surface, and atmospheric
contributions, respectively.

The transmission factors in Eq. are calculated as

Tyrsecbs = exp [—(1 + sec(6s)) /R aatm(R,)dR/] ) (4.38)
alt

with the solar zenith angle defined over the range of 0° indicating zenith and 90° indicating the
horizon. The integration is performed using the previously calculated molecular portion of the
atmospheric extinction coefficient, Eq. from Ry, which is the measurement altitude of
the sensor, to the top of the atmosphere R ~ oco. In an effort to speed up computation the
integral’s upper bound is capped when it reaches the stratosphere at 60 km. The NRLMSIS-00
model introduces negligible changes in transmission when including higher altitude terms, and by
decreasing the number of bins, the overall computation time was reduced by an order of magnitude.

As solar background is the dominant source of noise in SPL sensors. A more complete
definition of the reflection coefficient has been included to capture the reality of surface scattering
by including a mixture of diffuse and specular scatterers. Steinvall et al. [I15] gives a validated

model for a BRDF of this type as

Qg = cosb(a) exp [— tan2(a)/s2} + Bcos™(«), (4.39)

where the specular and diffuse contributions are given by the first and second terms, respectively.

The term s is a measure of the incident surface slope, # is the angle of incidence and reflection, m is
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a roughness indicator, and the ratio A/B is an indication of the specular to diffuse behavior. The
use of this definition for the BRDF allows a noise model that can accurately describe the complex
nature of non-uniform surface scattering types within a single laser spot, including the specular
noise returns from water surfaces.

The Stokes vector describing the total contribution of noise counts per bin can now be given

as i i o
1 1
. pcos(21)) cos(2x) 0
Sp = nym 4 Ddark , (4.40)
psin(2¢) cos(2x) i 0
psin(2x) 0

where ny, is given by Eq. [£.37] 73, is the TDC timing resolution, and 7; is the efficiency per receiver
channel. Since the contribution of detector dark counts is not polarization dependent ngq, . is
multiplied by a Stokes vector containing only the Sy term. The inclusion of ngq.; into the S B is
for completeness and that the physics of the SVLE describe the polarization and intensity in the
optical path, which dark counts are not subjected to. Removal of the effects of the multiplicative
channel efficiencies in the projection matrix O is done with a normalization factor of 7, ! for the
ith polarization channel.

The polarization definition in Eq. allows for the solar background counts to be varied
in polarization orientation to simulate that of the naturally occurring polarized signal during day
time conditions. Furthermore, this allows the correct rotation matrices to be applied for aligning
the scatterer’s polarization orientation to that of the receiver’s polarizing beam splitter (PBS),
when needed. With Eqgs. and it is now possible to link the noise rate directly to the
instrument parameters. By examining the receiver’s spectral band pass and timing resolution, the
direct impact of detuning SPL sensor parameters on each polarization channel can be calculated.
This facilitates a deeper understanding of of tolerances for particular optics, such as the tilt-tuning

of the receiver’s etalon and how target detectability in turn degrades.
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4.3 Signal Waveform Generation

For a given set of system, atmospheric, ocean, and other miscellaneous parameters, the entire
column measurement is generated as a deterministic signal waveform, similar to that of an analog
recorder, but at magnitudes of single photons per bin. By using the specific SVLE necessary per
bin, the correct estimate for the received photon rate, or power, over the entire measurement column
is computed for a single laser firing. Various compensating factors for indices of refraction can then
be applied per bin, correctly computing the resolution per measurement regime.

The entire signal waveform is parsed into a binning structure with a single bin width defined
by the TDC resolution and spans from the aircraft’s altitude to the ground and any subsequent
scattering layers (if a water body is assumed present). In the example of a 300 m measurement
altitude above ground level (AGL) and with a TDC resolution of 4 mm, there is a total of 75,000
bins in which the deterministic waveform is valued. Equating the resolution of the waveform to
that of the sampling TDC is crucial for avoiding inadvertent weighting of the probabilistic sampling
function that determines if a detection has been made.

The temporal characteristics of the signal waveform are a combination of the SPL’s IRF and
the target’s non-instantaneous reflection caused by surface roughness or temporal stretching due
to a non-zero surface slope. The timing uncertainty added due to a surface roughness or ocean
surface, as discussed in Chapter 3, are utilized such that the total width of the received signal
is o2

e O'%RF + Ufgt, where the IRF is first computed by convolving the input timing response

of the sensor’s receiver chain with the input width of the transmitted laser pulse. In the case of
the atmosphere, the timing resolution is set to the IRF and the target is assumed to be a delta
scatterer, o = 6(t), so that there is no added uncertainty from the scattering process. This is a
reasonable approximation for atmospheric scatterers when there are no clouds present. Yang et al.
[126] discuss topographic ranging delays as a result of multiple forward scattering through clouds
during atmospheric propagation, showing that the contributions are small but can be accounted for

through MC modeling. In the case of surface scatter (e.g. ocean or hard target) each point has a
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specific valued of o44. This allows for variable surface roughness across the measurement grid and
for the angle of incidence of the laser light to be modulated, simulating the variability of boresight
alignment and sensor pointing.

Descriptions of the mean timing delay of the return pulse’s centroid differ with surface type,
generating different magnitudes of delay that are distinct from the uncertainty added to the width
of the IRF. For ocean sensing, mean surface slope, roughness, and skewness contribute to overall

delayed timing of the return surface pulse. Tsai et al. [118] give the expression as

2R 2R 2 2 tan?(a)
surf\ __ 2 B
<Tdel“y> "~ ccos(a) + ccos(a) tan”(0r) + ccos(a) A3 (1 S2 ) ’ (4.41)

where as defined in Chapter 3, S? is the wind driven mean-squared surface slope, A3 is the surface
skewness, « is the off-nadir pointing angle, and o is the surface roughness. The delay is expressed
as a mean over multiple measurement cycles and the defined surface terms are ensemble averages.
To consider a single laser firing, it is necessary to assume that surface features are Gaussian over
long measurements and then to use <7‘522};> as the center of this Gaussian with a standard deviation

equivalent to o¢. A random number generator then allows a draw from this distribution to generate

a value for the single shot delay, shown in Fig.

Freq. of Occur.

(73iid) Lom]

Figure 4.2: Random draws of surface delays for 1000 laser firings, for an aircraft altitude of
R =300 m, o¢ = 0.1, A3 = 0.2 and S5? = 0.03. Equation estimates a mean delay of —2.03 cm.
Orientation is such that the ocean surface is at zero and negative is into the water column.

The description for hard target roughness serves to be a simpler implementation because it
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is reliant only on the sensor’s off-nadir pointing and the laser’s divergence, given by [32] as

<ngjy> - Cciia) (14 tan?(07)) . (4.42)

From this the hard target delay can be computed for a per shot basis with no modification.

The overall process of taking the discrete counts and generating a signal waveform can be
thought of as an application of a transfer function where the geophysical environment is viewed as
the “system”. The input signal is convolved with the timing information for each scattering event
in the atmosphere, water surface and column, and subsurface ground. The output signal has the
correct timing and magnitude responses. Photons incident on the receiver’s detector faces result
from the envelope of this return waveform, causing the output photon counts in the data stream

to be discrete sampled realizations of this waveform.

4.3.1 Discrete Photon Time-Tag Generation

To generate a point cloud of photon events from the deterministic waveform, the binomial
distribution can be invoked to replicate the uncertainty of the detector’s photoelectron generation
process [33 [127]. The binomial distribution can be reduced to describe Bernoulli trials for which
the probabilities of binary outcomes can be computed, providing a good fit for calculating sampling
statistics. The PMTs discussed throughout this thesis have a quantum efficiency of 40%, which
can also be thought of as the probability, pgr, that the incident photon generates a photoelectron
that then enters the dynode chain. Using these definitions, the envelope can be randomly sampled
to provide the realistic output of an SPL, namely event time-tags.

The most general form of the binomial distribution is give as [101]

n n n !
k n—k n
P= jEZk . p*(1 —p) , where . = =Rl (4.43)

where the latter is the binomial coefficient for k detections in n trials. Re-indexing the summation
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gives a more usable probability of one or more events detected, k > 1, as

P=1-)" " PP —p)h (4.44)
=0\ k
For k = 1, this reduces to the cumulative binomial distribution for one or more successes in
n Bernoulli trials: P(k > 1,n) =1— (1 —p)™.
Assuming that there are some N,, statistically independent event times in the bounded

timing bin between t; and ts, the general description for which the probability of & > 1 events

registered with an input photon rate and detector efficiency becomes
P(k > 1,pgr, Nez) =1 — (1 — pop)Nreltit2), (4.45)

With a known system dead-time and an indexed experiment start (¢ = 0), this method gives
realistic photon detections throughout the entire measurement column for any specified number of
laser firings. Implementation of the system dead-time is done as a binary toggle after each detection
so that when a photon event is registered, the subsequent timing bins spanned by 74 are attributed
with zero events. This is propagated over the signal waveform for some ngpts laser shots, with
each shot requiring discrete iteration over the waveform. The output from this sampling process is
an ordered stream of event time-tags representing the range of the detected photon, at the TDC
timing resolution, and the associated detection time in the IPP range gate (~ 70us). The correct
interpretation of the number of detected events is that each discrete event is of itself a Poissonian
random process that has been subjected to a binary filtering process. From this, the simulated point

cloud can be compared to measured data and simulated performance metrics can be analyzed.

4.4 Airborne SPL Model Flow

The model inputs include the SPL sensor specifications and the environmental parameters,
shown in Tables and A flow diagram depicting how the model’s inputs and outputs are
handled are shown in Fig. color coded such that yellow shows model inputs, blue shows

deterministic calculations, green shows stochastic calculations, and orange for the total output.
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Figure 4.3:  The SPL model inputs are shown in yellow, taking in sensor specifications and
environmental parameters, including the topographic, bathymetric, and atmospheric models. The
bulk of the computation is shown in blue, which includes computation of the timing information
and uncertainty, the noise model, signal propagation and solving of the SVLE per range bin, and
combination into the deterministic waveform. The stochastic calculations are shown in green, which
include: the sampled signal waveform and associated statistics, the time-tagged photon point cloud
and associated statistics, integrated profiles from the time-tagged photons, and other associated
metrics. The total model’s outputs are shown in orange. The model’s inputs and outputs are shown

distinctly as beveled boxes.



Table 4.2: Summary of the model’s input SPL specifications

System Parameter Value
Pointing Angle 0.01°
Wavelength 532.18 nm
Laser Repetition Rate 14.3 kHz
Laser Pulse-Width 450 ps
Laser Output Energy 2.45 pd
Transmitter Divergence 2 mrad
Transmitter Polarization [1,-1,0,0]"
Transmitter Polarization Offset 0°
Telescope Diameter 90 mm
Receiver Field of View 10 mrad
Receiver Filter Bandwidth 300 pm FWHM
Range Bin Width 27 ps
Integrated Range Bin 4 mm
Number of Pulses Sampled 500
Detector QE 40% QE
Overall Receiver Efficiency Variable
Overall Transmitter Efficiency  Variable
Overall System Dead Time Variable

Table 4.3: Summary of the model’s input environmental specifications

Environmental Parameter Value
Platform Altitude Variable
Atmospheric Visibility 10 km, Clear
Atmospheric Backscatter Rayleigh
Atmospheric Extinction Rayleigh & Mie
Clear Air Depolarization 6 = 0.00365
Solar Zenith Angle 6 45°

Water Type Coastal Ocean
Water Refractive Index 1.338

Water Depth 3 & 5 m considered
Water Surface Depolarization 1%

Water Column Depolarization 10%

Ground Reflectivity 20%/m

Ground Depolarization 99%

Ground Roughness 0.01 m?
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4.5 Airborne SPL Modeling Results

The airborne time-tagging lidar simulator (ATLIS) was run in several scenarios in an effort
to understand a proposed sensor’s response to the airborne environment in a daytime ocean en-
vironment. Specifically, the settings input to ATLIS are those of the sensor discussed in Chapter
5. ATLIS can be utilized to estimate uncertainties and relative errors from the signal strengths
and point clouds, facilitating development or turning of sensor parameters. A prominent use for
a simulated SPL sensor is to predict the different probabilities of detection as well as where the
sensor will be in photon counting mode. This helps answer the questions related to sensor linearity

and operational regimes that degrade sensor performance.

4.5.1 Signal Waveforms

The single shot signal waveforms for the co-polarized and cross-polarized channels over > 300
m of range are seen in Figs. [£.4]and Of particular note is that, for a single laser firing, the return
signal strength is very low in both channels, with the noise floor occurring close to 10~% counts
per bin, as expected for SPL’s low pulse energies. In the first 30 m, the co-polarized atmospheric
molecular scatter can be seen after the sensor has come into full geometric overlap and is due to
the clear air depolarization.

Figure shows a window of the water returns for each polarization channel. In the higher
intensity co-polarized channel, the water surface, column, and bottom scatterers can all be seen.
This is expected as the surface and column are predominantly polarization preserving, as attributed,
whereas the bottom signal is depolarized. The cross-polarized channel has no signal strength
until the bottom scattering surface is reached, in which ~50% of the scattered light goes into the
[1,1,0,0]7 polarization plane. The timing signatures of the water surface and the bottom scattering
layer can also be seen in Figs. [4.5 and where the water surface is broad and indicative of the
surface wave structure. The bottom can be seen as narrower because of the finite roughness of the

ground and zero added slope from operation at approximately nadir.
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Figure 4.4: The computed signal waveforms for the model inputs given in Tables and with
water body IOPs from Tab. The co-polarized channel has significant signal from the clear air
atmospheric returns and water surface, both clearly above the noise floor. Signal strengths in the
cross-polarized channel can be seen in the noise until the subsurface scatterer is reached.

These signatures are evident in the computed probability profiles as well, where the peak
detection probability occurs at the respective surface and ground bins. There is also heightened Pp
for signal from the leading or trailing edge of the stretched waveform. This accounts for the photon
distribution in histograms accumulated from rough targets, replicating the expected broadening.

The probability curves in Fig. provide insight into the ability of the SPL sensor to recover
from strong specular surface returns. The received signal waveform, N J,L x» 18 shown in blue and the
subsequent probabilities of detection with different system dead-times are shown in red. The clear
conclusion is that from 2.5 — 190 ns Pp decreases a full order of magnitude for the post surface
recovered value. However, regardless of the increased Pp associated with a lower dead-time, there
is still a recovery period in which the system is being subjected to W; < 1, in accordance with the
mathematics in Chapter 3. For 2.5 ns, this recovery occurs in under 20 cm, allowing the system to

be free for column detections. In the 25 ns example, the system is in a state of W; < 1 for several
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Figure 4.5: Zoom in to the surface and bottom returns for the signal waveforms shown in Fig.
[4.4] The polarization preserving surface return can be seen distinctly in the co-polarized channel
and not present in the cross-polarized channel. However, the fully depolarizing bottom return
distinctly shows the cross-polarized channel. Water column returns are predominantly seen only in
the co-polarized channel due to relative single strengths between the two polarization planes.

meters reducing column returns, but recovers before the ground signal.

The 190 ns dead-time proves interesting due to the longer recovery times after strong signals.
The surface signal remains comparable to the other dead-time examples, but is in recovery through
the ground return, where it is expected that the system could recover at some point in the column
from W; < 1. The comparable values of Pp at the surface can be explained by the fact that
prior to the surface detection W; = 1, so that when the peak surface signal is reached the 190
ns still has high W; ~ 1. Though the indication that the longer dead-time is likely suitable for
surface detections is enticing, the overall lower Pp restricts the dynamic range of the sensor and it
is only able to capture the strong surface return. This doesn’t follow with the assumed process of
maximizing Pp across the full range to facilitate multiple measurement regimes. From this analysis,
it can be concluded that, for detections of subsequent scattering layers in a single channel, shorter

dead-times enable a higher Pp across the full profile.
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Figure 4.6: P; calculated for the co-polarized receiver channel, looking at a coastal ocean surface
with a 5 m deep water column, while varying the system dead-time. The 2.5 ns dead-time exhibits
the highest Pp in every range bin, and has a post water surface recovery of < 10 cm. The 25
ns dead-time has a comparable Pp for each scattering surface but the post water surface recovery
occurs several meters into the water column, implying that volume scattering detections would be
low. The 190 ns dead-time exhibits a decreased surface Pp (less than an order difference) but
the column returns are over an order below the peaked surface return, implying that there will be
predominantly only surface returns in the 190 ns channel and small numbers of column returns.
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Figure 4.7:  P; calculated for the co-polarized receiver channel, showing the recovery after overlap
and the introduction of atmospheric returns. The 2.5 ns dead-time shows the closest match to the
input N J,LX, with the Pp maximized throughout the profile and minimal dead-time effects right
after full geometric overlap. The 25 ns dead-time clear deviation from the input waveform, where
the strong signal at full geometric overlap causes the recovery to extend out to 100 m. The 190 ns
dead-time shows the largest deviation, with a clear response from the high signal at full geometric
overlap, bringing the subsequent Pp down almost two orders of magnitude. Recovery of the 190
ns dead-time does not occur until after > 250 m.
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4.5.2 Modeled Point Clouds

Figure [4.8 shows the point clouds for each polarization channel sampled over 500 laser firings
at 27 ps and with a full dead-time of 190 ns in each channel. The associated integrated histograms
at an equivalent bin width over the full acquisition time are shown on the right. Surface returns
in the co-polarized channel are clearly shown in both the point cloud and the histogram, whereas
the cross-polarized channel shows small numbers of counts from the bottom surface, as expected
due to the depolarization and system dead-time. An interesting take away from looking at the
point clouds is that neither the atmosphere nor the water column are discernible from noise. It
is likely that due to the low micro-joule pulse energies examined, the signals from these regimes
require longer integration times to achieve the required SNR to rise above the floor of the solar
background. This indicates that an SPL sensor operating on these time scales would expect to see
sporadic signal from the column, either as noise, unwanted solar signal or actual returns, but not
a substantial signal to extract IOPs from. This could be remedied by increasing the PRF of the
sensor so that time between shots is shorter and thus the total integration time over more laser
shots is shorter.

A slight decrease in counts can be seen between the 50 — 100 m ranges in Fig. This
is expected due to the longer recovery required after the peak atmospheric signal occurs and the
implementation of a 190 ns dead-time. This is explicitly seen in Fig. [£.7 where, for the longer
dead-time, the system reaches a point where the Pp becomes lower than the solar background noise
floor, so there is a zone of decreased counts introduced. This also indicates that the use of a longer
dead-time is likely not suited to cloud or aerosol studies, where signals can be large in small pockets
of range and fast recovery is required. According to Fig. [£.7] this effect would be seen mildly with
a medium length dead-time, but not present with short dead-times.

It is useful to consider the results shown in Fig. from simulations run with multiple per-
mutations of environmental parameters. By calculating performance metrics, such as relative error

and distribution properties, the SPL sensor’s performance can be analyzed. In Table[d.4]surface and
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Figure 4.8: Simulated point clouds for the co-polarized and cross-polarized receiver polarization
planes. The point clouds are computed by sampling the deterministic signal waveforms shown in
Fig. [f:4 The upper left panel shows the full range of measurements, with the associated 4 mm
integrated point cloud on the upper right. The lower panels show a zoom in to the water surface
and 5 m depth returns in the co and cross-polarized channels. This configuration shows depth per-
formance, but the limited number of laser firings considered does not provide the density of returns
from the clear air atmospheric scatterers. However, the medium solar background environment
provides enough returns that the long sensor dead-time of 190 ns reduces the density of returns
from the surfaces at 300 and 305 m.
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bottom detection performance is analyzed for different dead-times and noise environments. Though
it is not expected that a demonstration sensor will be flown in a shallow ocean water environment,
surface target detection metrics are still useful for future deployments and target statistics can be
extrapolated to column scattering layers.

Analysis was conducted in a high solar background environment, where the results could
facilitate an understanding of operation in high solar elevation environments. When subjected to
a high noise environment, the sensor is expected to see a noise count every ~ 0.5 meters, with
detector dark counts considered as well. In contrast, for operation in the low noise environment
the sensor will see a noise count every ~ 7 meters. For acquisition over 300 m, each measurement
will give roughly 600 and 42 noise counts per laser firing, respectively. This may seem high when
considering that Pp for signal photons is likely low, but the general impact of noise counts is of
concern when the arrival rate comes within an order of magnitude of the dead-time, causing an
overload of the acquisition unit.

Per laser shot, the number of detected signal photons is calculated by widowing the surface
and bottom signals using the the expected distribution widths, summing the number of detected
photons across those bins, and dividing by the number of laser firings. This gives a detection rate for
each target, and is easily derivable from both the simulated and actual point clouds. Employment
of this method does introduce variability in the estimate due to the location of the bounding ranges
for integration, but with bounds chosen suitably wide, the difference between subsequent analysis
would be predominantly due to noise, which can be removed. For low probabilities of detection it
is then implied that there will be a clear variance among subsequent analyses due to a significant
noise variance.

The results of varying noise conditions are shown in Table Retrievals performed on
the simulated data show that differences between the high and low solar background levels have
little indication on the detectability of water surfaces when the signal detection rate is already
high, with the values for all dead-times and both noise environments > 50%. For the bottom

signal, it appears that the low noise environment allows a slight increase in the number of detected
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Table 4.4: Percent detected photons per 500 laser firings from the sampled point cloud. The surface
return was calculated from co-polarized signal and the bottom return was calculated from the cross-
polarized signal. The system-dead time was varied and the noise environment was switched from
low to high to analyze differences in detection rates.

H Low Noise Level ‘ High Noise Level
Dead-Time (74) H Surface Bottom ‘ Surface Bottom
2.5 ns 87.5 % 7.6 % 90.88 % 7.6 %
25 ns 89.6 % 6.0 % 85.8 % 6.6 %
190 ns 87.8 % 5.0 % 89.8 % 6.4 %

Table 4.5: The calculated standard deviation, error of the mean, and Poisson error from the
accumulated time-tags over 500 laser firings with a low noise contribution, input deterministic
values of 04,f = 10.91 cm and 0y,q = 4.44 cm.

H Surface ‘ Bottom
Dead-Time (74) H o (cm)  o/v/N (mm) +N/N ‘ o (cm) o/V'N (mm) +N/N
2.5 ns 10.68 5.11 4.79% | 4.30 6.98 16.22%
25 ns 10.55 4.98 4.72% | 3.25 5.93 18.26%
190 ns 10.81 5.16 4.77% | 4.27 8.55 20.00%

Table 4.6: The calculated standard deviation, error of the mean, and Poisson error from the
accumulated time-tags over 500 laser firings with a high noise contribution, input deterministic
values of o4 = 10.91 cm and 0y,q = 4.44 cm.

H Surface ‘ Bottom
Dead-Time (73) || o (cm)  o/vN (mm) VN/N |o(cm) o/vVN (mm) VN/N
2.5 ns 11.38 5.57 4.89% | 4.74 8.24 17.40%
25 ns 11.12 5.37 4.82% | 6.07 10.56 17.41%
190 ns 10.96 5.18 4.72% | 4.92 9.47 19.25%
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photons, but due to the water column providing signal prior to ground bins and the ability for that
signal to subsequently blank the bottom surface, signal detection rates do not change significantly
with different noise environments. However, in the case of overwhelming background counts, the
subsurface detection rate goes to zero due to an in ability to generate enough correlated signal
counts to stand out from the noise field.

Using the same set of data, distribution parameters can be computed and compared to
the known timing uncertainty that was introduced into the model. In Tables and the
surface and bottom distributions were compiled at the 4 mm bin resolution and then the Gaussian
standard deviation, error of the mean, and Poisson uncertainty were calculated for both noise
environments. In both cases, as expected, the retrieved surface signal has less uncertainty than the
retrieved bottom. This is due to the relative number of points used to build the distribution and
is directly related to the probability of detection. With the bottom’s low probability of detection,
the subsequent uncertainty of each range estimate is higher.

When comparing between noise environments, the error due to shot noise does not drastically
increase with the high noise environment, seeing a few percent increase. This is likely due to the
increased noise detections that fall into the signal analysis window and cannot be differentiated
from signal photons. However, by considering the error of the mean estimate, it can be seen that
the distribution built for the bottom in the high noise environment has higher error. This indicates
a broadening in the return signal envelope’s range values in the higher noise environment compared
to that of the lower noise environment.

Tables and [4.6] indicate that, for surface detection in either noise environment, there
is not a drastic loss in counts due to an increased dead-time, and that either a short or a long dead-
time will provide sufficient surface detectability. This is partly due to the fact that the surface
signal is much larger than the noise or atmospheric signal, causing some of the dead-time induced
dynamic range loss to be made up for by the increased photon rate. This is compatible with
the probability analysis shown for surface detections in Fig. further indicating that a longer

dead-time provides ample ability to detect water surface photons.
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It becomes pertinent to have a shorter dead-time for either subsurface ground or column
detections. The fast recovery time after the high strength specular surface is needed to subsequently
detect the following scattering layers with high probabilities of detection. By decreasing the dead-
time, the uncertainty of the bottom measurement also decreases. This allows estimates of photon
rate and range to be made with less error. With these conclusions, it should be expected that
employing a long dead-time to generate column or subsurface ground measurements, while in
photon counting mode, will provide at best sporadic signals and will require large numbers of shots
to be integrated for signals to rise above noise.

The subsurface ground’s reflectivity was changed from p = 0.1 — 0.5 to facilitate an under-
standing of how detection rates change with different surface types composed of pure Lambertian
scatterers. The noise was maintained at high and the longest dead-time was considered. As the
ground reflectivity increases, all subsequent metrics become more precise due to the slightly in-
creased number of signal photons. The Gaussian standard deviation of the retrieved distribution
approximately reaches the expected timing uncertainty introduced by the roughness. However, due
to the still low probability of detection at p = 0.5 of 8.6%, the uncertainty of the measurement is
still high. The calculated Poisson error reaches a plateau, where larger numbers of counts will be
necessary for decreased error. These results indicate that though the measurements can be made in
variable reflectivity, the uncertainty at each will be high until the backscattered photon rate can be
increased. Increasing laser pulse energies will bias returns from other regimes when the dead-time
is still long, further indicating that, for increased subsurface detectability, a short dead-time should
be employed for subsurface detection. An understanding of why the high noise environment did
not drastically degrade the sensor’s performance metrics can be understood by in partial by an
explanation given in [9I]. When the noise environment is high, the probability of the counter to
trigger off of a noise photon increases. This turns the subsequent dead-time window into a ran-
dom process that is distributed Poissonianly throughout the profile, so the introduction of noise
can really be thought of as a blocking window that shifts whatever part of the signal waveform’s

envelope is being sampled. The implication is that there will be some laser shots in which there is
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Table 4.7: Depth sounding performance metrics calculated for the cross-polarized receiver channel
considering a 190 ns dead-time and a 3 m deep water column in a coastal ocean environment. The
Pp and photon distribution parameters are shown along with the Poisson error. The resulting
increased reflectivity gives high backscattered photon rates and better statistics.

H High Noise 7p =190 ns

Reflectivity (p) H % Detected o (cm) o/v'N (mm) +/N/N

0.1 1.8 10.29 34.30 33.33%
0.2 4.0 7.87 17.60 22.36%
0.3 5.4 7.79 15.0 19.25%
0.4 8.2 6.21 9.71 15.62%
0.5 8.6 5.76 8.79 15.25%

probability for a strong signal to fall into a noise induced dead-time window. By blanking out the
large signal, the system is not in a recovery mode and therefore allows the subsequent detection of
weaker signals. Thus background can sometimes be seen to increase the probability of detection of
the weak scatterers that would otherwise be expected to fall into the dead-time following strong
signals.

From these model runs, it appears that implementation of specific pulse energies, repetition
rates, and flight altitudes will result in poor cross-polarized performance due to the lack of signal
strengths. With the low surface depolarization and losses to the column, it is expected that a
significant number of the acquired data in a real sensor will be noise. Coupling this with the 190 ns
dead-time employed in the demonstration SPL sensor in Chapter 5, it is anticipated that aircraft
retrievals requiring the cross-polarized receiver channel will prove cumbersome. Contrasting with
the co-polarized receiver channel, the demonstrated SPL sensor will see atmospheric molecular
signal and surface returns readily despite the use of a longer dead-time. The results in Chapter 5
confirm and elaborate these conclusions. Through comparison between the measurements present
and the ATLIS model results, a guide to decision making with respect to system architecture in

future systems will be possible.
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4.6 Extension to Arrayed Detectors

Analysis in the prior chapters and sections was done with the assumption that light would
pass through the receiver chain and be focused onto a detector with a single cathode and a single
output anode (in the case of PMTs). With the advent of relatively inexpensive detector arrays
(SiPMs) and the widespread availability of SPAD arrays and micro-channel plate (MCP) PMTs, it
is advantageous to consider their use in a multi-functional SPL sensor. Several iterations of multi-
element detectors have been analyzed and utilized in TCSPC applications [§], but, as discussed by
Becker et al., the signal diversity in traditional TCSPC measurements is such that a single TDC
can be shared by all elements due to an assumption < 0.1 photons per laser firing and minimal
noise. This is not the case in a fielded SPL sensor. The presence of asynchronous solar background
and varying levels of backscattered photon rates within a given IPP nullify this assumption, and an
array with all elements linked to a single output would suffer the same tall poles as a single element
detector. This section will introduce the arrayed detection approach to the ATLIS simulator and
perform initial analysis on the resulting modeled data.

The introduction of arrayed detectors facilitates a reduction in FPB [23] by allowing the
temporal profile of the received signal to be sampled independently across the array. As will be
shown here, discriminating the signal across an array also partially addresses the issues of dynamic
range and signal linearity resulting from TDC dead-time. It is necessary to understand how multi-
element detector arrays could be utilized in an SPL sensor in order to decrease biases and non-linear
traits, while potentially increasing the atmospheric and surface collection rates.

From Fig. [£.9]it becomes clear that if a Gaussian beam is focused onto the array such that
all of the energy falls onto the array face, there will be some subset of array elements that will
not be triggered, and only a fraction of some n. elements will register signal photons at any given
time. This indicates that there is a point of diminishing returns for increased sensor complexity
when a large format array is considered in this manner. There are solutions where the beam can be

de-focused onto the array so a Gaussian beam has at least 20 of the energy distribution falls across
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Figure 4.9: Example of a received Gaussian energy distribution subdivided by 4 and 16 elements.

the entire array, but for a square array (which is common in SPAD and PMT arrays) there will
still be a subset of elements that do not fire from signal. The inclusion of back end electronics for
the unused elements drastically increases the sensor’s accompanying electronics with no associated
measurement advantage.

To gain a better understanding of what the ideal number of array elements are per SPL
receiver channel, it is advantageous to define the probability of detection per element and the total
array. In this analysis, it is assumed that each detector element has an anode connected to its own
discrete TDC with a particular dead-time associated with it. It is further assumed that they are
ideal elements with no cross-talk. In this case, the total probability of the detector array with n.
elements is given by the sum of individual probabilities for each n;; detector element, representing
the 44, /jin, row/column location. The total probability of detection, for one or more detections,
from all elements in the ¢, timing bin bounded by ¢; and 2 for N counts incident over the entire
array is adopted and modified from the prior chapter, given as

ENp S i
Pyk > 1;q) = ZZ exp (—ne) exp | — Z Sq? [1 — exp (—S;] - ne)] , (4.46)
i q¢'=qg—Np
where the summations over the i, j detector elements are geometric sums across the array and the

sum over ¢ represents the advance in time. The number of signal photons to fall upon each detector
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element is given by the following relation
S = AN, (4.47)

where A% takes into account the single element pitch to overall array ratio and the fill-factor. It
also holds the specific information about how the beam profile is imaged onto the detector array
so that proportionate weights can be given to elements expecting signal or not. The sum over all
i, j rows and columns will give the total signal, >, > y S = N, as would be incident onto a single
element detector, validating the definition.

Immediately it is apparent from Eq. that regardless of what the signal incident per
element is, i.e. if AY < 1, the incident solar background will be reduced by a factor of n..
Examining the case of a 16 element array, this gives an order of magnitude reduction in noise.
This has the further effect of reducing the probability of detection for the unwanted signal and
thus reducing the overall number of noise detections per acquisition period over the entire array,
allowing the elements to be outside of the noise induced dead-time window and available for higher
detection rates. This is an immense gain and could facilitate relaxation of stringent optical design
parameters, such as the required inclusion of an etalon or other < 100 pm filter for spectral blocking.

A simplified analysis can be done to understand the best case scenario for array implemen-
tation. In the case of uniform illumination over the entire detector face, the efficiency weights for
each element are A¥ = 1/n, and the probability of detection across the entire array reduces to the

simplified form

-1
ENp 1S Ng+¢
Pyk>1;q) = — S , — — )
(k> 1;q) = exp < s exp o Z N, 1—exp . , (4.48)
4¢'=q—Np
which can be further reduced to give
q-1 1/ne N, +¢

Py(k>1;q9) = Cexp(—&Np)exp | — Z Ny [1 — exp <—q>} . (4.49)

ne

q¢'=9—Np

It can now be recognized that the terms contained within the braces are just the dead-time

weighting function derived in Chapter 3. With this, the final form of the equation with the dead-
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time weighting function, shown as W, here, is

Py(k > 1;q) = {W,}/me [1 — exp <—Nq+5>] : (4.50)

Ne

Though this is derived for the case of uniform illumination, it is clear now where the advantage
of the detector array comes in, specifically for the dead-time weighting function, as in this case
it is raised to the power of 1/n.. This serves to bring the weighting factor closer to 1 for all
measurements, ideal for maximizing dynamic range and signal linearity. For example, in Fig.
the weighting function for the 190 ns dead-time reaches a minimum value of 0.1241 at 41 m into
the atmosphere. If this signal was considered in the case of an array of n, = 4 the weighting factor
would be increased to 0.5935, or, in the case of n. = 16, the factor is increased to 0.8778. The
increase in the weighting function is significant and on the order of the results from the 2.5 ns dead-
time, implying that an array can be paired with a TDC that has relaxed dead-time requirements
while maintaining a high dynamic range and signal linearity. When uniform illumination is not
present, there will still be an increase in the weighting function, but it will vary per element and
will be proportional to A%. Expressions for the calculation of AY that consider the distribution of
energy due to a Gaussian beam profile are given in [23| [73].

The case of uniform illumination across the array can easily be examined for any N counts in
any receiver channel using the prior mathematics and ATLIS model framework. Implementation of
the individual element weights and sampling each element independently yields an output photon
event time-tag stream for all elements. Figure shows the cumulative density of points for
ne = 4 array elements in the co-polarized channel assuming a 190 ns dead-time per element. The
density of points at the ocean surface can easily be seen in the overall point cloud, as well as
in the atmospheric returns. Figure shows a zoom-in to the ocean surface and the resulting
histogram generated by integrating all detections across the array at 4 mm binning resolution. The
distribution of points generated by the histogram closely matches that of the prior single element
detector despite the signal strength per element being decreased by 1/m.. This is due to the

increased dynamic range and linear sensitivity from the increased weighting function. In addition
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Figure 4.10: Scatter plot of all detections generated for 4 independent detector elements, each
with 190 ns dead-time for the co-polarized channel. Atmospheric, solar background, and surface
counts can be seen generated from each element.
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Figure 4.11: Surface windowed portion of Fig. The histogram for all detector elements in
point cloud is shown to the right at a 4 mm binning resolution. Specular water surface and diffuse
bottom can be seen in each elements’ returns.
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to the surface signal, recovery is such that sporadic column returns and the bottom surface can
also be seen.

The total accumulated point clouds for both polarization channels and n, = 16 detector
elements are shown in Fig. The returns from all elements within each receiver channel have
been collapsed into a single time-tag stream, as each detection is sampled and attributed a detection
time from a common timer for all elements. The cumulative time-tags for all elements per channel
were integrated into a histogram with 4 mm bins, as shown on the right of the figure. Despite the
decreased signal strength in each element, the combined signal across the full measurement range
remains comparable to the single element case. In comparison to Fig. the total integrated
noise counts have decreased by a factor of ~ 16 as expected. In the lower right histogram, zoomed
in to the surface, it appears that the distribution of signals has filled out the expected timing
width compared to the single element case, implying that there are more detections made across
the full temporal profile of the received signal, which would in turn facilitate FPB reduction. This
simple simulation indicates that, for a given array size and expected decrease in signal per element,
integrated SNR of the SPL can be increased by the combination of decreased noise and sensor
parameter tuning.

Comparing the number of detections per element in the two different n. cases provides a
better understanding of which elements are contributing signal during the accumulation over some
subset of laser firings. It also elucidates the randomness of detection across the array. Figure [1.13]
shows the array for n, = 4 and n. = 16 elements and number of detections made over 100 laser
shots per element. In the n, = 4 ,case each element is seeing roughly 20% detection rates over
the accumulation period for a total detection rate of 91% across the whole array. In the n, = 16
case, each element sees roughly 8% detection rates over the period, but > 100 detections across
the entire array, implying that some elements are seeing multiple detections per laser shot. This
effectively ensures that there is one or more detection per laser shot while each element remains
linear at low probabilities of detection.

In Fig. the number of detections made over 500 laser shots is examined to see if there
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Figure 4.12: The point clouds and integrated profiles, with 4 mm bins, for photon detections
made across a n. = 16 element detector array in each polarization channel. Uniform illumination
was assumed for the element efficiencies, and each element had its own 190 ns dead-time. The
simulation was run assuming a high noise environment and bottom scattering plane 3 m below
the water surface with p = 0.5. The remaining sensor and environmental parameters are shown in
Tables and The decreased counts between 50-100 m as seen in Fig. are no longer seen
due to the overall increase in the dead-time weighting function.

is any significant difference per element. Regardless of the different value of n. the total number of
detections made per 500 laser shots is approximately 90-93% for both arrays. However, like the 100
laser shot case, the n, = 4 array maintains a detection rate of 20-25%, which is still significantly
higher than typically preferred for single photon counting. The n, = 16 array maintains the
preferred detection rates at 3-8% per element, while overall having a high detection rate across the

entire array when summed to a combined rate estimate.
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Figure 4.13: Example of the co-polarized backscattered surface signal over 100 laser shots subdi-
vided over 4 and 16 element detectors, assuming uniform illumination across the array. In the left
panel, the n, = 4 detector generates detections from the backscatter per laser shot at approximately
20-30% per element. In the right panel, the n, = 16 detector maintains the probability of 4-10%

per element.
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Figure 4.14: Increasing the accumulation window to 500 laser shots, while still assuming uniform
illumination. The n. = 4 detector generates detections from the backscatter per laser shot at ap-
proximately 20-25% per element. In the right panel, the n, = 16 detector maintains the probability

of 3-8% per element.
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Figures and demonstrate the advantage for employing arrays with much larger
numbers of elements. This research shows that, for at least a moderate number of array elements
under uniform illumination, detections rates for the entire array stay higher than the single element
detector while the individual elements maintain lower detection rates and remain in linear photon
counting mode. In the case of the n, = 4 compared to the n, = 16 cases, these effects scale with
the total number of elements, including extension to n. > 16 arrays. This is highly advantageous

for a number of bright scattering planes, such as cloud tops, water surfaces, and ice.

4.6.1 Target Induced Power Fluctuations

It is necessary to briefly discuss the impact of speckle on the received signal, which in the
single element detector could be safely ignored as the detector averages the impinging wavefront.
When considering a specular scatterer the received signal can be shown to obey the aforementioned
Poissonian statistics [I00]. However, for partially or fully developed speckle due to an optically
rough scatterer, there is a departure from Poissonian statistics and the target-induced power fluc-
tuations can be described by a Gamma distribution [37]. Goodman [37, 38] gives an expression to

capture the stochastic properties of the resulting joint cumulative distribution as

P = /0 P(k|w)p(w)duw, (4.51)

in which P(k|w) is the Poissonian conditional probability of k detections with w incident power
and p(w) is the Gamma distributed marginal probability. Here w is the optical power of the
backscattered signal that has some distributed speckle across the wavefront, given in joules/second,
and can be converted to the incident number of counts through N = ngg... Using this notation

and the relative distributions, the integral then becomes

Pp= /0 b (jzlk exp(—N)> (% exp (—aw)) dw. (4.52)

The solution to this integral is discussed thoroughly in [37], and versions are also given in
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[100L B3]. Integrating over the power gives the probability of detection as

Pp =

F(k:+M){ M}k[ N]M7 (453)

wron TN M

where it can be seen that the joint cumulative distribution is actually the negative binomial dis-
tribution in the absence of noise. The term I'(M) is the well known Gamma function with value
(M — 1)!. For a highly diverse signal such that M /N > 1, i.e. Poisson shot noise dominates,
this equation truncates back to the standard Poisson probability. To show this, each term can
be approximated by a series expansion, or as in the case of the Gamma function ratio, can be
approximated by an asymptotic form [I00] to give M* /k!. Looking at each of the second and third

terms individually, it is seen that the second term can be replaced through equivalence with

N1 M N
Recognizing that the natural logarithm can also be Taylor expanded
N\ N 1/N)\?
n(l+—=|~—-=|— e 4.
n< —I-M> i 2<M> +--, (4.55)

and gives
N 1 /N\?
BV I
exp{ [M 2(M> +

since (N/M)? ~ 0 and all higher order terms go to zero as well.

} =exp{—N}, (4.56)

When M > N, M + N ~ M is also true that

A w50

Substitution of each approximated component back into Eq. gives the Poisson distribu-

tion, showing convergence when speckle is eliminated.

It is clear that utilizing detector arrays in an SPL’s receiver chain has advantages, namely for
increased collection rates, reduction of the non-linear effects, and reduction of the solar background
detection rates. From Figs. and it appears that utilizing multi-element detectors allows a

scatterer’s surface distribution to be approximated with reduced shots, implying that the time over
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target can be reduced. Further more, spatial ambiguities introduced by a moving platform would
be decreased. This is an advantage, especially for sensors on airborne or spaceborne platforms
that require sub-millisecond collections. For these reasons, a linear PMT array was utilized in
the ICESat-2 ATLAS sensor, facilitating FPB mitigation and increasing collection rates. An SPL
sensor equipped with these detectors has many advantages over the single element detector and
arrayed technology should be considered a primary design criteria in future sensor designs.
Inclusion, however, comes with increased system complexity. To take full advantage of the
arrayed technology, each element should be paired with its own picosecond precise timing system.
This is impractical when considering commercial TCSPC products, where three inputs require PCle
slots and cost >$10k. This implies that custom FPGA/TDC electronics are needed, which is a
non-trivial endeavor. Proper handling of data to avoid high data rates would also be necessary.

Suitable GmAPD arrays exist, but operation in the near-IR restricts science applicability.

4.7 Relevance to Posed Thesis Questions

The development of an encompassing simulator in which the generation of photon time-tags,
through robust statistical techniques, from a deterministic signal waveform, where all polariza-
tion and environmental components are considered, directly addresses several of the posed thesis

questions. The relevant finds can be summarized as:

(1) What are the implications of utilizing the time-correlated single photon counting approach

for geophysical parameter estimation from volume scattering environments?

e The ATLIS simulator showed the expectation of different SPL configurations and measure-
ment regimes by demonstrating models of the signal waveform and photon point clouds.
Figures and give the relative differences for volume scattering layers, atmosphere
and water column, for different input dead-times. The resulting point clouds are shown
in Fig. [4.8] giving a full indication of what detection rates are expected in an operational

environment. It was shown through several model runs that robust water column and
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subsurface layer detection with a long dead-time is improbable. Instead, sporadic low rate
returns are likely. These findings can be translatable to the atmospheric regime as well.
Low photon rates introduce a hindrance to the multi-functionality of a SPL when acqui-
sition electronics’ parameters are not tuned for the measurements. The introduction of
arrayed detectors was shown as a possible method for partially mitigating these problems

and increasing detection rates.

How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?

Maintaining operation in linear photon counting mode and preventing biases from tran-
sitioning into GM are of the upmost importance for an SPL pursuing detection and es-
timation. Results from ATLIS indicated that there are locations where photon rates are
decreased due to a sensor’s response to the measurement environment, implying that geo-
physical retrievals can be biased through improper data representation of the environment.
Analysis of detector arrays showed that a sensor can mitigate these effects solely by replac-
ing a single element detector with an array, reducing the impact of the dead-time weighting

function and non-linearities.

Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

The work in this chapter laid out the full formulation for modeling a polarized SPL sensor
and the response to photon returns from the atmosphere, ocean, and subsurface scattering
layers. With the formulation of the SVLE contained herein, the ability for SPLs to employ
TCSPC and make measurements of multiple different regimes has been shown. Empha-
sis on sensor parameters, such as dead-time, is necessary depending on what geophysical

parameters being sought.



Chapter 5

A Polarization Sensitive SPL for Geoscience Research

The remainder of the thesis work to be discussed describes the efforts to develop, experi-
mentally demonstrate, and provide measurement validation of many of the topics and concepts
presented in prior chapters. This body of work has been divided into three distinct chapters per-
taining to each portion so as to emphasize the undertakings and conclusions of each.

This chapter specifically describes the iterative development of a polarimetric SPL sensor
using a majority of components procured for a prior sensor developed within the CU Active Remote
Sensing Lab (originally slated for laboratory demonstration of high resolution GM technique to
shallow water depths - see [90]). Many of the transmitter and receiver optical components were re-
configured to allow the addition of new components that would facilitate airborne operation. The
added optical components and overall reconfiguration advanced the sensor from a laboratory testing
unit to a flight-ready unit. Effort was made to keep the sensor in a compact configuration while
simultaneously fitting all components into a light-tight housing that was previously built. This
included the isolation of the transmit and received optical paths to prevent acquisition triggering
from stray light. It was necessary to maintain ample space to allow for a series of filters and
folding mirrors to steer the received light to the detectors. An iteration of this sensor was used
for the atmospheric point cloud generation shown in Chapter 3 and the final version was used for

generating engineering data from a series of flights discussed in Chapters 6 & 7.
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5.1 Airborne Detection of Noise-Like Signals

In the past single objective implementations of SPL-like measurements have examined topo-
graphic or bathymetric surfaces. By limiting instrument scope to a single targeted observable the
presence of other scatterers in the measurement column is often relegated to a noise flag and filtered
out of the final data product, such as the presence of clear air or aerosol scattering. Regardless of
measurement objective, it is the case that this signal is inherently not noise, but is characterized
as such due to the methods by which SPL employ for photon detection and time-tag generation.

A perfect example of this school of thought is with the I[CESat-2 airborne prototype, MABEL
[86]. In [69], data from the MABEL sensor was used to examine Arctic sea ice cover, where the first
5 km of signal above the surface was incorrectly labeled as noise and used to characterize observed
background signal rates. Due to the concentration of atmospheric scatterers in this range window
the observed background signal rats are skewed by heightened count rates, giving an incorrect
estimate of solar background contributions to the point cloud.

The approach employed throughout this thesis establishes a different school of thought on
how to determine what is characterized as noise. The view is taken that information content exists
in the areas typically considered as noise, such as the atmospheric column, and can prove valuable
to a plethora of scientific objectives or sensor performance analysis. Through retention of this data
a high resolution SPL could enhance our understanding of the atmospheric-ocean boundary, or
provide a known stratification of scatterers that could assist in understanding sensor linearity.

It is necessary to establish a difference between what is typically considered noise and what
could instead be considered unwanted signal. In the sea ice example, the atmospheric detections
were not noise but actually unwanted signal. These sporadic signals originate not from the surface,
but rather from other geophysical scattering processes. Over time, the integration of these signals
exhibit spatial correlation due to atmospheric structure, namely the density gradient or aerosols.
The same is true for detections originating from a water column when the water surface is the

primary target of investigation.
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In lidar remote sensing the term noise has previously been defined as a detection generated
by the processing of internal electronic fluctuations of the receiver components, including detector
dark counts or CFD/TDC errors. However, detections originating from solar background also lead
to false detections. The total sum of these two sources should be considered the sole contributors of
noise. Estimates of these values must be performed over ranges where backscattered laser light is
not present. For a nadir viewing airborne SPL these ranges are below the apparent ground return,
or, in the case of water sensing, where column signals are expected to be extinguished. This directly
distinguishes the wanted and unwanted signals. By this definition it would therefore be erroneous
to estimate noise where atmospheric signal is present. In the case of [69] a true estimate of noise
would be performed on detections made beyond the ice surface and before the unambiguous range
value of the sensor, where it would be expected that only solar background and electronic noise
would be present. The atmospheric returns would then be considered unwanted signal.

The multi-functional SPL has several measurement modalities, all of which require the detec-
tion of noise-like signals. Arguments have been made for implementing a special case of the Bayes
criterion, specifically the Neyman-Pearson criterion [I00]. This approach emphasizes minimiza-
tion of false-alarm probabilities, detection of unwanted signal, while maximizing the probability of
wanted signal photons. Although this seems like a viable approach, in practice there are caveats
and the application is not one-to-one with SPL sensors. The challenge of this approach arises due
to the asynchronous binary detection of solar background and its similarity to a diffuse stratified
medium (atmosphere, ocean column). By removing asynchronous solar background there will be
removal of wanted signal. This approach is not advantageous, nor applicable to SPL sensors pursu-
ing multi-functional operation. Implementation inevitably leads to errors in which wanted signals
are present, but not detected.

SPLs targeting multi-functional operation instead must rely on the spatial and temporal
correlations of the desired received signal and decrease contributions from unwanted signals through
hardware alterations. This corresponds to a minimization of the detected solar background rate,

while maximizing the detection rate of signal photons that originate from different areas of the
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measurement column. The difference between rate and photon detection probability is subtle, but
has the effect of mitigating errors and, in practice, has a different method of implementation. By
allowing the detection of atmospheric signals, the detection of solar background and other errant
noise signals is inevitable and will occur during daytime operation. Accepting this, truncating
solar background detections is done partially through spectral and spatial filtering of the return
signals. The remainder of differentiation is performed statistically in post-processing, allowing the
Poissonian nature of the signals to be fully exploited.

The SPL sensor discussed throughout this chapter operates at a wavelength of 532 nm due
to its proximity to the transmission peak through water, high Rayleigh backscatter cross-sections,
and readily available laser subsystems. However, the choice in wavelength results in heightened
susceptibility to the peak of the solar spectrum. Solar background rates can vary from several
Hz, when operating at night, to > 10 MHz in day time operation, depending on the local surface
reflectivity. These values also change as a function of polarization, implying that different receiver
channels will be exposed to different rates. For example, the modeling work in preparation for
the ICESat-2 satellite estimated that, for unpolarized single photon counting at 532 nm in the
Arctic regions, background rates upwards of 15 MHz could be expected [79]. In high background
environments signal detections can decrease due to the presence of a detector or TDC dead-time.
The discussions in prior chapters have shown how dead-time can influence signal count rates,
dynamic range, and introduce non-linear effects. Since the ability to detect wanted signal from a
particular observation regime relies on the sensor being out of dead-time and able to process time-
tags, proper handling of unwanted signals is vital for increased sensor performance and is explored

in the design section this chapter.

5.2 The Polarization Lidar for Aquatic Research (POLAR) Sensor Design

The Polarization Lidar for Aquatic Research (POLAR) SPL was assembled in an effort to
meet several sensing requirements and advance the technology from TRL-3 to TRL-5/6. Mea-

surements made in either a relevant or operational environment put significant demands on the
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prototype sensor’s design. To exit TRL-5 within the work of this thesis, airborne demonstration
was necessary, including: 1) continuous operation in day-time and night-time environments to test
the response to varying levels of unwanted scattered light, 2) provide detections of water surface,
column, and subsurface layer detection in < 5 m of water depth, and 3) provide high resolution

topographic mapping in both planes of receiver polarization.

5.2.1 System Overview

A passively Q-switched, frequency-doubled Nd:YAG microchip laser with a central wave-
length of 532 nm, a PRF of 14.3 kHz, 35 mW of average power, and an FWHM pulse-width of
< 700 ps was used as the transmitter source. The implemented PRF gave the system a range
ambiguity of 70 us, ~ 10.49 km, which is sufficient for lower tropospheric detections from the
ground pointing zenith during calibration and all altitudes from aircraft with proper measurable
SNR considering the 2.45 pJ pulse energy. The physical laser head measures approximately 2x1x1”,
providing a compact solution to pulse generation, and is manually controlled through an external
controller, or through an RS232 connection.

The beam is passed through a 5X Galilean beam expander to set the outgoing divergence
at 2 mrad, and then a rotating zero-order HWP and a Glan-Thompson polarizer to ensure that
the transmitted light has no excess loss in average power and a high degree of linear polarization.
The beam is steered through rotating AR coated wedge pairs for far field alignment and to force
transmitter/receiver overlap at a desired distance. A back reflection from the steering system is
directed to a pin diode, which provides the laser firing signal to the counting system.

The transmit and receive channels are arranged biaxially and separated spatially so that
full geometric overlap is achieved after 30 m when the wedges are in proper alignment. The
backscattered photons are collected with a commercial 90 mm aperture F13.9 Maksutov-Cassegrain
telescope and spatially filtered by an adjustable field stop at the telescope focus prior to collimation
with an F/2 lens. The backscattered signals are then passed through a Glan-Taylor polarizer to

split the S and P planes of polarization. Each channel is steered through laser line mirrors to
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Figure 5.1: A block diagram of the POLAR SPL sensor. Here HWP stands for half-wave plate, G-
Thompson PBS for the Glan-Thompson polarizing beam splitter, G-Taylor PBS for the Glan-Taylor
polarizing beam splitter, CO-PMT for the co-polarized PMT, and CR-PMT for the cross-polarized

PMT.
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be focused onto separate Hamamatsu H7422PA-40 PMTs. The detectors have an average dark
count rate of < 300 Hz, the TTS was measured to be ~ 280 ps, matching previously published
values [§], and an FWHM SER output pulse width of ~ 3 ns at an average height of ~ 15 mV.
Though these detectors were purchased for a different type of photon detection demonstration,
the H7422PA-40 PMT is an excellent single element detector for TCSPC experiments due to the
relatively low TTS value, high gain (~ 10% at 800 mV), and overall stable operation. A Glan-Taylor
polarizer in the receiver was placed in the receiver path to maintain the highest polarization purity
in the co-polarized, or the S polarized reflection. There are benefits of adding additional clean up
polarizers for the cross-polarized channel. Strong co-polarized specular reflections originating from
the water surface sometimes surpass the rejection ratio of the polarizer and contribute erroneous
cross-polarization detections. It was assumed that these effects would be infrequent with the pulse
energies transmitted and any further decimation to the weak cross-polarized channel was avoided.

In order to ensure the ability to operate in a daytime environment, narrow spectral band
filtering was implemented. Prior experience with the sensor demonstrated that daytime operation
would result in a high enough average current on PMTs to trigger the fail safe current stop, causing
the high voltage power supply to switch off and halt data accumulation. For operation during an
airborne campaign, this was not desired. The solution was to implement a narrow-band solid
etalon and a wider band interference filter in the receiver’s optical path. The etalon provided
the narrow band filtering while the additional interference filter blocked additional etalon orders
that would have otherwise contributed to the unwanted signal. Inevitably the inclusion of these
filters increases complexity and decreases the overall optical efficiency of the receiver, an ability

to operate in high noise environments. The interference filter was procured from Omega Optical

Table 5.1: Summary of POLAR spectral filter characteristics

Filter Clear Aperture Center Wavelength Bandwidth Transmission FSR Finesse

Wide-Band 12.5 mm 532.20 nm 300 pm < 55.00% N/A N/A
Solid Etalon 15 mm 532.066 nm 23.4 pm < 74.00% 236.6 pm 10.1




134

and has a center wavelength of 532.2 nm, a bandpass of 300 pm, 55% transmission at the center
wavelength, and a clear aperture of 12.5 mm. This optic was mounted separately from the etalon
to prevent bandpass shifting while the etalon was tilt-tuned. This particular filter was designed to
not need any additional temperature or temperature tuning in order to further align the peak pass
wavelength. A small offset from the transmitter’s wavelength was accepted.

A 19 mm clear aperture solid etalon was procured from LightMachinery with the measured
specifications of a transmission peak at 532.066 nm, FWHM of 23.4 pm, a free spectral range (FSR)
of 236.6 pm and a total finesse of ~10.1. These parameters were measured at 0°, 30 C°, at 532 nm
by LightMachinery. The etalon itself is a 400 pm thin film stack sandwiched between two fused
silica plates giving it a > \/100 surface uniformity. A housing was designed and fabricated to
allow temperature and tilt tuning of the bandpass and center wavelength. A nested design was
used whereby the exposed-air exterior portions of the housing were fabricated from delrin and the
interior mounting for the optic was 6061-T6 aluminum. With this housing the total clear aperture
of the optic was reduced to 15 mm. The mounting configuration allowed the optic to be heated
and remain in a stable temperature bath, rather than consistently loose heat to the exterior cold
air. Temperature tuning and stability was controlled via an OMEGA Engineering CN32PT-33C
unit combined with a KHLV-101/10-P 5 W/in? kapton heater, and a TH-44006-40-T thermistor
with a +£0.2° C accuracy. The housing was then mounted to a ThorLabs CR1 rotation stage with
~ 1.5 mrad resolution in tilt tuning. The subsystem has the ability to redshift the pass band with
the temperature tuning and to blueshift the pass band with tilt tuning. The passband was able to
be brought into alignment with the laser center wavelength and minimize transmission losses. The
complete assembly can be seen in Fig. [5.3] without the front face in place and with a summary of
the specifications in Table and further discussions of tuning and modeling are in Appendix A.

Implementation of the etalon with the particular laser available for this project initially raised
concern. The microchip series of lasers available from TEEM Photonics inherently run multi-modal
at the 1 um generation, with a second mode at about 10% of the relative amplitude, which could

contribute a significant amount of signal outside the etalon pass band. However, through the second
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Figure 5.2: Locations and relative widths of the laser line, shown in green, the 300 pm FWHM
interference filter, shown as the black dashed line, and the etalon, shown in solid black. Additional
etalon orders spaced at the FSR = 236.6 pm are shown in the dotted black lines (actual out of
band blocking is not zero, but ~20 %, and is not shown between the peak and the FSR shifted
locations). These locations were generated using the manufacturer’s specifications and do not
consider any temperature or tilt tuning. The etalon is tilt and temperature tuned to the proper
location in operation.

harmonic generation, this mode is effectively suppressed and can be ignored. The manufacturer
measurements estimate that the laser employed within the SPL sensor discussed within this chapter
is effectively single-mode, with an estimated 532 nm linewidth of <5 pm, or ~ 5.29 GHz, quelling
concerns of lasing out of the receiver pass band.

The PMT pulses are passed through a CFD manufactured by SensL. Technologies, Ltd., which
removes the timing jitter from PMT gain variants. Unlike the differentiating CFD shown in Fig.
within Chapter 3, this circuit splits the signal into two parts, one of which is unchanged and
a second that is inverted, fractioned, and delayed prior to being recombined with the unchanged
input. This combined signal has a stable zero crossing, which then triggers an 8 ns TTL-level pulse
at the final output. This 8 ns TTL pulse is fed to a SensL. TDC as a STOP signal. Each detector
channel has a dedicated CFD and TDC STOP to allow multiple inputs that can all be timed with

27 ps timing resolution. Each TDC has a manufacturer defined dead-time of 190 ns.
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Figure 5.3: Mounted solid etalon in the aluminum inner and delrin outer housings. The front panel
that completes the exterior insulating housing was removed to show etalon, sandwiched between
two fused silica glass blanks, and floating in the inner housing. The ThorLabs CR1 rotation stage
can be seen and the interior mounting screws (aluminum in this image, but delrin in final assembly)
can be seen on the interior of the housing. The kapton heater was placed on the bottom of the
interior aluminum housing with wiring exiting the right side of the delrin housing along with the
thermistor wiring to the OMEGA controller.

The acquisition unit operates in what is called “resync mode,” where a 250 kHz reference clock
signal is fed into the START of each TDC, maintaining a stable source between all three channels
that removes channel dependent time drifts and allows for high resolution cross correlations in
post processing. Separate internal macrotime (time since start of experiment) and microtime (time
between START and STOP signals) counters give a coarse and fine resolution to attribute the
detection time to, with the microtime clock having picosecond precision. The algorithm that syncs
the reference clock, macrotime counter, and microtime counter to arrive at an actual detection
time-tag referenced to the start of the experiment at picosecond resolution is shown in Appendix
A. It should be noted that in this configuration the laser firing signal from the pin diode is treated
just as another separate detector channel and fed into its own TDC STOP, not as the START for

the PMT channels. Operating in this manner puts the burden of correlation between laser firing
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signals and detected photons into post processing, and has the added advantage of maintaining the
timing of every laser firing so as to monitor transmitter performance. The onboard processing is
limited only to the timing of each pulse. No other correlations or computations are performed.

Custom LabVIEW software was developed to communicate with the acquisition units and
stream macrotimes and microtimes to file in a binary format using the SensL provided Windows
DLLs. This software operates by writing out 1 second data files with a 0.1 second downtime between
writes, giving a 90% duty cycle. Due to the < 100% duty cycle, some counts are missed during the
acquisition process, but it was found that the duty cycle stays relatively stable in time assuming
that detection rates stayed in the expected linear range.

Custom Python script was written to read in the binary data file and perform the conversion
from binary to the desired values. The raw data consists of detections in the form of [CHANNEL #,
MACROTIME, MICROTIME], with the channels representing the respective trigger or detector
channel and the remainder being the respective FPGA clock times. Further Python script was
written to perform the conversion from macrotime and microtime to time and range resolved photon
time-tags. This includes resynchronizing the macrotimes and microtimes to the 250 kHz clock to
generate a continuous timeline at the TDC resolution. The final output from this process is stored
in a Python data frame as [CHANNEL #, DETECTION TIME, DETECTION RANGE]. This
software was configured to grab data in real time to view the prior 5 seconds worth of detections
during flight and analyze sensor settings.

It was anticipated that, with the acquisition unit’s 190 ns dead-time, that time-tag throughput
would be limited to approximately 5 MHz (~ 1/7p). Because of the configuration first-in-first-out
(FIFO) buffer the total throughput would be shared among all three channels. Considering the 14.3
kHz PRF and an expectation that each receiver channel (signal plus noise) would be maintained to
< 1 MHz, the sum across all channels was assumed to be < 4 MHz. With the implementation of
narrow band filtering in the receiver chain, the throughput expectations were accurate in a majority
of operational regimes. However, areas where bursts, or sustained periods of higher photon rates

were present (from highly polarized solar background scatter from a water surface), this assumption
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Table 5.2: Summary of the POLAR SPL specifications. All values were either directly measured,
defined by the vendor, or estimated from literature.

System Parameter Value
Wavelength 532.18 nm
Laser Repetition Rate 14.3 kHz

Laser Pulse-Width <700 ps

Laser Output Energy 2.45 pJ
Transmit Divergence 2 mrad
Transmit Polarization [1,-0.9985,0,0]"
Telescope Diameter 90 mm
Telescope Focal Length 1250 mm
Receiver Field of View 2.5 mrad

Etalon Bandwidth 23.4 pm FWHM
Interference Filter Bandwidth 300 pm FWHM
Field Stop Diameter 2.5 mm

TDC Bin Width 27 ps

TDC Dead-Time 190 ns

CFD Dead-Time 8 ns

CFD Gain Fixed 10X
PMT QE 40% QE

PMT SER ~ 15 mV, 3 ns FWHM
PMT Gain 106 at 800 mV
PMT TTS 280 ps

PMT Dark Counts < 300 Hz

Ideal Receiver Efficiency 14.78 %

Ideal Transmitter Efficiency 79.71 %

Data Duty-Cycle 90%

failed. Typically, when the maximum usable count-rate is reached in these systems the result, if the
counter has a non-paralyzable dead-time, is a plateau of recorded photon rates at the maximum
value. With the particular units used in the POLAR sensor it was found that this was not that
case and instead there were issues of channel cross-talk at very high photon rates. This mixed
detections between channels and resulted in an inability to correlate detections to laser shots. It
was found that when this occurred a higher number of laser shots was recorded, typically in the
range of 15 — 40 kHz, which is a known quantity that should be unchanging at that magnitude.
This metric was used as a flag for channel cross talk, and to avoid the use of contaminated data, a
filter was put into the processing chain that examined the IPP of every laser shot. When the IPP

was much greater than expected, e.g. IPP > 70us, the detections from the receiver channels that
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would be associated to that laser shot were ignored.

5.2.2 Assembly and Ground Testing

Collimation of the receiver optics was done in a series of three parts. First, there was a
rough alignment using a pencil beam through the full receiver chain. A portion of the transmitted
light was picked off and folded back into the receiver through a series of beam expanders, first a
commercial 4X expander to bring the light to approximately 2 inches, then a custom 2X expander
to bring the light close to 4 inches in diameter, filling the 3.5 inch telescope aperture. The light
was traced through the receiver chain and the location of the collimating lens was placed after the
telescope came out of focus, capturing the diverging light. This was achieved by examining the
post lens interference pattern from a shear plate. However, it was recognized that this was only an
approximate location, so the sensor was set zenith pointing to generate atmospheric signals. The
atmosphere provides a well know signal gradient, which allowed fine tuning of the telescope’s focal
point during data acquisition through the primary mirror’s micrometer adjustment.

It was realized after alignment and during the pre-flight testing that etendue was not con-
served through the receiver due to the etalon being improperly matched to the telescope and
collimating optics. This resulted in ~ 4X the divergence in the receiver’s optical chain than ex-
pected. Though this can sometimes be fine for optics such as the Glan-Thompson polarizer in
the receiver, which has a several degree FOV, etalons require well collimated light to operate effi-
ciently and maintain a narrow bandpass. As shown in Appendix A, the required collimation of the
etalon used in this sensor is < 18.75 mrad, and with a 4X divergence the optic was operating at
~ 20% of its anticipated efficiency and the expected pass band was likely 3-4X wider, implying that
there would be worse background rejection than anticipated. As shown in [75] and in Appendix
A, the filter’s bandwidth increases as a function of the incident cone of light’s angles. When the
non-collimated light goes beyond the normal-incidence acceptance angle, the effective bandwidth
of the filter appears broader, namely due to a convolution of the normal-incidence bandwidth and

the change in peak position due to the altered angle of incidence — e.g. AN, = AXZ + (AN)?

new
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where the latter term is the added shift. The change in peak position then alters the transmission
through the optic, modulated by AN as Ty = (AXg/AN)arctan(AN /ANg) [(5]. For practical
scheduling reasons, it was decided to operate at a significantly decreased receiver efficiency but still
have significant background rejection, < 100 pm bandpass.

A primary target of the POLAR sensor is discrimination of linear vertical and horizontal
polarization planes of backscattered light. To ensure operation with a high degree of polarization
purity in each channel, the transmitter and receiver polarization optics were optimized. This was
done through a relatively simple method of fixing the transmitter’s polarization to the desired
plane (in this case linear vertical) and recording the Stokes components using an external analyzer
as depicted in [36]. This set up utilizes a quarter wave-plate (QWP) and additional polarizer to
generate estimates of linear rotation and ellipticity angles, by which the Stokes parameters can
be computed, as seen in Chapter 2. The transmitter polarization was measured to be Siw =
A[1,-0.9985,0,0]7, with A being the total intensity, showing that the transmitted light had a high
degree of purity.

The receiver’s polarization was then set by folding the transmitted light into the receiver
optics and minimizing the contribution in the cross-polarized, or linear horizontal, channel. The
atmospheric gradient was used again to collect molecular Rayleigh signal, by which the co-polarized
signal could be maximized. The outgoing signal from the Glan-Thompson polarizer sets the co-
polarized channel as S polarized. Due to the receiver’s Glan-Taylor polarizer, which reflects S-
polarization while transmitting P polarization, the co-polarized signal would experience a higher
rejection ratio with limited cross-talk. As seen in Fig. [5.1

Data to compute the IRF’s FWHM was generated for each receiver channel. Examples of
such estimates are shown in Figs. and which were generated during the ARISTO-17 flight
campaign discussed in the next section. Due to the introduction of roughness in the various targets
used for backscattering, the IRF varied from ~ 500 — 650 ps with ~ 550 ps being the median value
measured. The co-polarized channel shows returns that are tight around the peak with an FWHM

of 541.57 ps, whereas the cross-polarized channel regularly had more dispersion about the fit with
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Figure 5.4: Measured IRF from the co-polarized receiver channel, shown by the black points. The
fitted Gaussian profile is shown by the black line with an FWHM of 551.57 ps, or 8.118 cm.
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Figure 5.5: Measured IRF from the cross-polarized receiver channel, shown by the black points.
The fitted Gaussian profile is shown by the black line with an FWHM of 565.11 ps, or 8.471 cm.
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an FWHM of 565.11 ps. It is likely that this is due to a lack of signal over the integration period in
the cross-polarized channel, and some unaccounted for timing uncertainty. Given the IRF values,
some initial uncertainties can be attributed to each photon measurement per channel. For a single
detection made in the co-polarized channel, the 1o uncertainty on the measurement is 3.447 cm.
For the cross-polarized channel the 1o uncertainty of a single detection is 3.597 cm. This implies
that, for any one photon detection, the estimated range will not be known to better than 3.5 cm,
and while operating in photon counting mode, the distribution built up for an object will have a

minimum width equal to the IRF of the channel being analyzed.
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Figure 5.6: Measured distribution of laser PRF's accumulated over 250 seconds of pre-flight testing.
The peak can be seen at 14.3 kHz, but a slight jitter is seen causing retrieved values at 14.18 kHz
and 14.45 kHz. The jitter causes changes in the IPP, and thus unambiguous range, but is considered
acceptable due to the operational range of the sensor.

The ability to log the laser’s PRF was tested using the time tagging method, shown in Fig.
(.6, where 250 seconds of data was accumulated. From this data the time-tags associated with
the laser were used to calculate the IPP, and the total counts per second gave the PRF. It is clear
that the laser has some PRF jitter, where counts are seen +£100 Hz on either side of the 14.3 kHz
peak. This can partially be explained by the microchip laser employed which utilizes Semiconductor

Saturable Absorber Mirrors (SEAM) as a passive Q-switching mechanism. The short cavity length
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allows for the compact size and provides the short pulse width (< 700 ps), but is susceptible to
this shot-to-shot timing jitter [54]. To monitor laser health during flight operations analysis of the

PRF is performed for each data file and used as a possible erroneous data flag.
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Figure 5.7: Example of the collected long range photon detections made during preflight ground
testing. The top panels shows collections from the co-polarized channel, with the left showing the
point cloud and the right the histogram with 4 mm bins. The lower panels show the results for the
cross-polarized channel.

Ranging data was taken in a night-time environment, to minimize unwanted signal contri-
butions and to establish long range histogram shapes for both polarization channels. The target
was a rough, unpainted slate wall, which was expected to provide decent depolarization. Figure
shows panels that display >20 s of photon time-tags for each polarization plane at a stand off
distance of ~ 264 m. The detections were made at the 4 mm TDC resolution and accumulated
into normalized histograms with equivalent bin resolution. The co-polarized channel exhibits a
narrower distribution than the cross-polarized channel, resulting from sensor settings during the

measurement (though it is expected that, given the nature of depolarization, the cross-polarized



144

channel will receive less counts and the distribution parameters will have higher uncertainty). The
optical path length was used in the processing, and centimeter differences between channels was
removed. Given the transmitter divergence, the illuminated spot at this range was calculated to
be 52.85 cm in diameter, which was confirmed visually.

The remainder of ground testing was performed off of the atmosphere to ensure that alignment
between the transmitter path, including clocking of the prisms, and the receiving path was in good
agreement with geometrical models. The sensor’s geometrical overlap was not directly measured,
but signal strengths were compared to computed models. The sensor’s geometry was computed
using the biaxial formulations in Halldorsson et al. [41], though this simple calculation is unable to
capture the additional pointing geometry due to the prisms. The model predicted that the sensor
would be in full overlap > 100 m for the entire unambiguous range. The acquired atmospheric
data showed that, due to the prism pointing, this was an over estimate, with the true overlap
point occurring closer to 50 m. Despite the uncertainty between the model and measurement of
the overlap point, the sensor was overlapped out to infinity >100 m, ensuring that detections from
the expected flight altitudes of 100 m to >1000 m would be easily accommodated with out any
additional geometric losses.

Additional testing was performed with the etalon installed to ensure that the average PMT
current did not surpass the over-current limit while operating during day time noise conditions. It
was concluded that the sensor could operate in the bright daylight conditions, and after testing it

was deemed that the sensor was in proper configuration for flight and ready for aircraft integration.

5.3 Relevance to Posed Thesis Questions

Development of the flight ready POLAR sensor provides a crucial step towards demonstrating
many of the ideas and techniques discussed throughout the prior chapters. The initial testing and
characterization created the necessary laboratory verification of sensor parameters, establishing the
readiness for flight. The follow on chapters will provide demonstration and validation of this sensor

and discuss relevance to the thesis questions in more detail.



Chapter 6

Flight Demonstration of the POLAR Sensor

This chapter describes efforts to experimentally demonstrate many of the topics discussed
in prior chapters and to provide partial validation of the concepts presented. Emphasis was put
on evaluating the photon time-tagging method in non-ideal measurement conditions utilizing the
POLAR sensor and on generating data by which algorithms and further methods could be derived.

Generation of POLAR’s performance metrics, expected and measured, are discussed in terms
of noise rate, probability of detection, and points per linear meter (PPLM). The integration of the
POLAR sensor the NCAR GV research aircraft is shown and an example of a calibration data set
that demonstrates expected distribution widths and channel offsets. A high level description of
necssary algorithm development is given, focusing on the two most prominent when dealing with
airborne SPL data: georeferencing and surface finding. In the case of georeferencing, assimilation
with aircraft data is required to perform the needed coordinate transformations and arrive in
the correct ground reference frame, however it is through these transformations that POLAR
vertical data accuracy degrades due to the non-ideal aircraft subsystem accuracy (i.e. GPS heights
> +10 cm vertical accuracy limits the absolute accuracy on the final data product). The data,
and subsequent analysis, is presented in four distinct case studies: ocean surface sensing, ocean
subsurface sensing, topographic mapping, and atmospheric clear air. Each are discussed for their
relative pros and cons and implications of non-perfect sensor configurations that can impact data
retrievals. These case studies provide data to inform robust future sensor builds for multi-campaign

deployments, and provide validation for the overall measurement techniques.
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6.1 NCAR ARISTO-17 - Engineering Data for Flight Evaluation

The POLAR SPL sensor was approved to fly on the NCAR Gulfstream GV, Fig. as
a part of the Airborne Research Instrumentation Testing Opportunity (ARISTO) in Spring 2017.
The ARISTO program is an NSF-sponsored flight test program conducted annually on one of
the NSF/NCAR aircraft in support of NSF funded (or partially funded) projects that require
airborne testing or demonstration. As part of this project was funded by the NSF ITP 1500166
award, the POLAR sensor fit “Priority 2” for inclusion. There is a second aspect that makes the
ARISTO program unique, which is the inclusion of students. Undergraduate and graduate students
participate in the program and develop skills that are necessary to become airborne scientists,
capable of contributing viable and useful science to the community. Throughout the program,
engineering support was provided by the NCAR Research Aviation Facility (RAF) staff, assisting

in mechanical and electrical developments as well as flight planning and research coordination.

National Lenter for Atmosy

Pieric Researcy,

Figure 6.1: The NSF/NCAR Gulfstream GV.

Several operational goals were laid out for the POLAR SPL sensor for the duration of the
ARISTO-17 field campaign, most of which were desired in order to demonstrate the multi-functional
applicability of the sensor and to show detection sensitivities in a myriad of operational regimes. It
was anticipated that each of the desired measurements for multi-functional demonstration would be

generated separately from each other. This was predominantly due to limited sensitivity over large
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altitudes, implying that simultaneous, large altitudes of atmospheric column could not be measured
while also measuring surface targets. As this experiment was an engineering demonstration, this
was accepted and emphasis was put on maximizing measurements independently.

In addition, the flights also offered the ability to validate sensor models, allowing utilization
of the ATLIS simulator. Representative models served to facilitate insight into conditions where
POLAR could attain measurements that would fulfill the desired goals. Lastly comparison to the

ATLIS simulator could assess whether performance in these conditions could properly be predicted.

6.1.1 Multi-Functional Measurement Goals

Demonstration of the POLAR SPL and its multi-functional utility requires that data col-
lections be made simultaneously across the full column using the two receiver channels for all
detections. Although it is typical to spread received signal over several detectors to achieve the
desired dynamic range for each regime of signal, the POLAR SPL’s emphasis was put on tuning to
the strongest signals present (water surface) and accept some loss of signal from weaker scatterers.
This greatly reduced the sensor complexity and allowed the implementation of only two detectors.
The implemented design has measurement implications for atmosphere, water, and topography ex-
tractions, which must all be done on the same set of photon time-tags for either polarization plane.
This also includes channel dependent management of the variable noise regimes that are present in
each measurement environment, such as low noise rates over open ocean and high rates over the
transition from land to ocean or over cloud tops.

The macroscopic goals of the flight program were to collect engineering data to advise future

builds to provide

demonstration of water surface detection;

demonstration of water column and subsurface detection;

demonstration of dual polarization hard target mapping; and

demonstration of atmospheric profile generation.
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In each of these demonstrations there were several performance metrics — e.g. flight altitudes,
probability of detection per receiver channel, number of resolvable points— that were derived to

support the operation goals of the particular sensor, shown in Table

Table 6.1: The POLAR sensor requirements for ARISTO-17, also showing the expected and mea-
sured values.

Observation Channel Requirement Expected Value ‘ Measured
General Both Operational Range 100-1500 m 150-2000 m
General Both Operational Speed < 90 — 200 m/s < 90 — 200 m/s
General Co-Polarized Noise Rate < 50 kHz daytime < 10 kHz
< 1 kHz nighttime < 0.5 kHz
Cross-Polarized Noise Rate < 50 kHz daytime < 5 kHz
< 1 kHz nighttime < 0.5 kHz
Water Surface Co-Polarized Pp > 10% for pitch < 5° | 40 % avg.
PPLM >1 ~ 34 avg.
Cross-Polarized Pp < 1% < 1% avg.
PPLM <1 < 1 avg.
Water Subsurface  Co-Polarized Pp > 5% < 1%
Cross-Polarized Pp > 5% < 1%
Topography Co-Polarized Pp > 10% < 4%
Cross-Polarized Pp > 10% < 2%
Both PPLM >5 < 4 avg.
Clear Atmosphere Both Pp > 0.1% < 1%

Of the requirements, water subsurface detection proves to be the most challenging and de-
pends on several other factors being met. For the cross-polarized channel to see depolarized water
column returns, the water surface must be polarization preserving and not contribute detections
that would cause the column returns to fall into a dead-time window. Expectations are that Pp
and point density for water surface and topography will be met. The clear atmosphere measure-
ments are low due to sensor design, but extraction over long integration times will be possible.
Noise rates must be managed well for all requirements, with the laid out values achievable if the

receiver’s etalon is in place.
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6.1.2 Sensor Integration and Calibration

The POLAR SPL was integrated to the forward nadir optical viewport of the GV. The
polarization preserving window usually deployed with the NCAR high-spectral-resolution-lidar was
used, as it had the necessary coatings for operation at 532 nm. The sensor mounting system,
designed in conjunction with NCAR RAF mechanical engineers, employed a fixed tilt of 3.5° to
bring the sensor’s pointing as close to nadir as possible in anticipation of aircraft pitch during the
planned flight lines. A solid model of the installation is shown in Fig. displaying the sensor,
mounting hardware. High frequency dampners were utilized to reduce vibrations, baffling down
to the window, and subsequent light tight cover. Figure shows the final installation inside the
cabin with light tight protective cover installed. Figure shows a view from underneath the
aircraft looking at the receiver baffle, the telescope’s primary and secondary mirrors, the transmit

close out tube used to isolate the receiver from window reflections, and the window blank used to

block the remainder of the window from contributing extra solar background to the receiver FOV.

" '}
B
|

| |
3
§

Figure 6.2: View of the mounted POLAR sensor in the GV cabin. The acquisition unit, detector
controllers, and laser controller are shown on the lowest tray of the right hand side rack. The top
tray has the acquisition computer to manage data collection, accessed remotely from aircraft’s rear.
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Figure 6.3: Mounting configuration for the POLAR SPL onboard the NCAR GV. The sensor
has a fixed 3.5° tilt to compensate for the aircraft’s attach angle during flight lines. The sensor is
mounted to the seat tracts through wire rope isolators with motion restrictions that prevent large
scale oscillations. A baffling system separates the transmit and receive paths of the sensor to block
window reflections from entering the telescope’s FOV. Un-utilized Window area was blocked by
an aluminum cover to prevent excess light pollution. Further light tightening covers secured the
mount to the co-located instrument racks as well.
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The sensor’s electronics were mounted on two trays occupied in a co-located forward rack,
seen in Fig. All acquisition electronics, including CFD/TDC and PMT controllers, were
housed in the rack with the data logging computer situated at the top of the rack in a pull out
tray. The data logging computer ran autonomously once acquisition started, but could be accessed
remotely from the aft of the aircraft. Data logging was synced to the common aircraft time to allow

correlation with other sensors onboard.

Figure 6.4: A view of the GV’s underside looking upwards. Separation between the receiver baffle
and transmitter tube can be seen. The unused window aperture is blocked for noise purposes.

Because POLAR is a polarization sensitive sensor all optics post transmitter must be exam-
ined for possible detrimental effects to the transmit and received polarization planes. For aircraft
operations this puts emphasis on the optical window where an ill-suited coating can retard the
outgoing light’s polarization and decrease overall transmission. Prior experiments demonstrated
that improper coatings can introduce a retardance of 10° which subsequently put energy into the
S3 Stokes parameter and causes a > 20% reduction in transmission. As shown in Chapter 3,
the polarization calibrations of the POLAR sensor are within a 1 — 2° angular offset between the
transmit and receiver polarization planes. This can be viewed in two ways, either as an imperfect

transmitter that has some energy put into the cross-polarized plane, or an imperfect receiver that
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will not have the expected rejection ratios per S and P polarizations, both of which are exacerbated
by a retarding window.

The overall effect of misaligned transmit and receive polarization planes on measurements can
be consequential. The clearest example arises when the sensor is observing polarization preserving
water surfaces, such as the clear ocean surface. In a sensor with perfectly matched polarization
there will be no surface detections in the cross-polarized channel, unless there are signals stronger
than the rejection ratio of the polarizer and leakage occurs. When the polarization planes are not
matched perfectly, there is some probability of surface detections in the cross-polarized channel
due to a portion of the transmitted energy being present in that plane. The long dead-time of the
timing system cause erroneous water surface detection to directly reduce depolarized water column
detections and negatively impact sensor performance in that regime.

Due to the 3.5° fixed tilt of the sensor relative to the airframe, analysis was performed to test
for any added polarization attributes from the GV window. The transmitted Stokes vector was
measured of the sensor alone earlier in this chapter, showing a DOP > 99%. There were non-zero
fluctuations in the Sy, but this was deemed a response to the power meter used. The GV window
was put in the transmit path at ~ 3° and it was found that no added retardance or rotations
were present and the measured Stokes vector experienced no change. Transmission through the
window was found to decrease to under 2% such that the round decrease in efficiency was on the
order of 3-5%. The conclusion of pre-flight polarization testing was that measurements would not
be hindered with use of the GV window. This measurement is further elaborated in Appendix A,
which shows the transmitted Stokes vector estimate and experimental set up.

Range calibration of a non-scanning SPL sensor is a relatively simple endeavor and can be
performed on the ground prior to flight. The primary purpose is to estimate path length differences
between channels, using a known target, and the overall offset from absolute range. Both estimates
are necessary for the processing of the airborne data. Figure[6.5]shows the raw photon point clouds
and ranging histograms of the hangar floor as measured from the final installation location. The

transmitter signal strength was decreased by an OD4.0 neutral density filter to maintain operation
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Figure 6.5: The top panel shows the raw un-calibrated point clouds, with co-polarized in blue and
cross-polarized in red, ranging from the aircraft to the hangar floor. The bottom panel shows the
integrated histograms over the entire time window with binning at 4 mm resolution. The offset
caused by relative path length difference between channels can be seen, measured at 0.1837 m.

in photon counting mode. In this configuration channel path lengths were measured as the offset
between the timing histograms, giving a difference of ~ 0.1837 m. This is primarily a result of the
optical path length of the co-polarized channel. To mitigate further discrepancy between channel
offsets all signal cables, including PMT to TDC and connections between the 250 kHz clock and
the input TDC channel, were equivalent in length.

The calibration data in Fig. [6.5] also facilitated an understanding of relative signal diversity
for the particular set of PMT and CFD settings. It was found that small deviations in the PMT
high voltage or CFD settings produced no discernible effect to the retrieved data, assuming that
the sensor was operating in photon counting mode. This implied that calibration parameters could

be maintained for all linear counting regimes during flight.
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6.1.3 Photon Time-Tag Processing
Processing the photon time-tags generated by the POLAR SPL for multi-functional obser-

vations takes two separate paths, depending on what portion of the unambiguous range is being

processed, e.g. atmosphere or surface, as shown in Fig. below.

Read in photontime-tags P € [P;, Py ---Py]

Atmospheric?
Yes Yes
Definetime window, 7; , for Ngun laser shots Definetimewindow, 7; , for Ny, s laser shots
Define binning structure Define surface bin resolution
Integrate point cloud in range and time Generate histogram of surface detections
Compute background from signal after ground Generate window about histogram peak
I W(A, Hyear) = [—%ng- 4 %H,W,,;-]
Background subtract l
l Classify each photon
Psignal = Pi € W(A, Hpcak)
Photon histogram generated Proise = Pi € W(A, Hpear)
Update to next time window: 771 Update to next time window: 1}
Signal
Remaining?

Atmospheric time series generated Filtered surface point cloud generated

Figure 6.6: Processing flow chart for a stream of photon time-tags. The left side describes how
the atmospheric signal is processed and the right side describes the flow by which surface photons
are processed. This processing flow is valid for geolocated or raw photons.
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The employed surface algorithm was developed for this campaign following the initial logic
laid out in [52], but simplified to allow fast running for quick evaluation of data. A main objective
was the ability to separate most of the unwanted signal from the target signal and remove after-
pulsing if present. The processing of surface photons follows the right hand side of Fig. First, a
time window at an integer multiple of the laser’s IPP, T}, a desired range resolution, R;, and a range
window of A for processing is defined. Then, with an input vector of some N time-tags that have
undergone time correlation with the laser sync, [P;, P;y1 - - - Py], are histogrammed over T; with a
bin resolution of R;. The histogram bin with the maximum number of counts is retrieved, Hpeuk,
and the window, W (A, Hpeqr), is then applied to £A/2 bins around Hyeqr. The resulting ranges
contained within W (A, Hpeqr) constitute the signal photons and the remainder are considered noise
photons, such that classification gives: Pyigna = P € W(A, Hpear) and Ppoise = Py € W (A, Hpeal)-
The time window is then slid to T;41 to capture the next photons.

Performance of this technique is limited by the definitions of T;, R;, and A, which must be
manually investigated for proper values prior to implementation of the algorithm. Specific values
of each differ depending on the surface structure. For example, in the case of a rough surface
that introduces a significant amount of geophysical timing variance to the received signal envelope
and A must be increased to values much greater than the IRF. This is also the case for sensing
in varying terrain, where slope changes introduce significant width to the surface histogram. The
definitions of T; and R; are tuned so as to maximize the SNR of the surface signal, ensuring that
the separation between correlated signal and uncorrelated noise is distinct. If T; or R; prove too
small, the correlation analysis and windowing will fail due to lack of separation.

This specific technique works best for signals of high spatial correlation, where the simple
windowing captures the histogram of surface signals and separates most noise (though it is accepted
that some noise is retained in the process, and a minimized contribution is pursued). It is robust
enough to enable performance analysis of the sensor, but it does not have the necessary density
checks that automatically scale parameters for maximum noise classification. It should be noted

that this algorithm does not operate for distributed voluminous signal, such as atmospheric or water
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column, unless the spatial and temporal correlation is high. Further work should be pursued to
apply this technique to cloud edges, or other atmospheric features with relatively sharp boundaries.

For atmospheric analysis an approach of generating an MCS like data set is used. Similar
to surface finding, a time window over which the photon time-tags are to be integrated, T, is
defined. However, unlike the surface finding, this is typically on the order of > 10 Hz due to the
low number of atmospheric returns from the non-atmospheric optimized POLAR sensor. The range
bin resolution of R; is typically set > 10 cm, chosen from prior experience discussed in Chapter 3,
and a binning structure of the full unambigous range of the sensor (~ 10.49 km) is defined such
that the number of computation bins are ny;,s = (~ 10.49 km)/R;. Each time-tag in the T; window
is distributed into the specific bin of the profile based on the time-tag’s associated range. With the
full profile generated, the surface bin, if present, is found and a background estimate is generated.
A geometric mean is taken over the subsurface bins where it is expected that the detections are due
solely to solar background and dark counts. If no ground is present, the estimate is made near the
end of the unambiguous range, where it can be assumed there there is little to no signal present.
The background estimate is then subtracted from the profile and the time window is slid to T;11
for the next profile. The output is a time series of atmospheric returns in a form equivalent to an
MCS output, where time moves along the x axis, range along y, and each bin contains the number
of photon counts per that bin.

This approach was applied to the atmospheric signals shown in Chapter 3, but with changes
in the integration window and where the background estimate was generated. In the case of known
atmospheric signal where a cloud or other feature is present, the background estimate is taken after
this feature and applied to the lower atmospheric returns with the assumption of extinguished pulse
energies post cloud. If cloud tops are seen in the atmospheric column while analyzing the POLAR
data collected from the flight campaign, this method can be applied.

A dedicated inertial measurement unit (IMU) and global positioning system (GPS) receiver
was not flown for the ARISTO-17 campaign. Because of this, the GV’s onboard IMU/GPS data

stream was used to facilitate geolocation of each laser shot and received photon event. Specific
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information about the subsystem hardware was not given, but a data stream and location in the
aircraft fore each component was provided. Utilizing this data stream with SPL data for photon
geolocation requires the data rates from each subsystem to be assimilated to a common cadence.

A method was derived to assimilate the the aircraft 50 Hz IMU, 10 Hz GPS, and asynchronous
> 14.3 kHz SPL data. All three data streams were time-stamped with the onboard GV timing
server, providing a common timer despite the different data rates. The method employs a series of
searching functions and is designed for accuracy, at the cost of computation time, and is therefore
only used in post-processing. All photon detections, [P;(t;), Pi+1(ti+1) - - - Pn(tn)] are read into the
script along with the aircraft data. The nearest two bounding aircraft times, before and after, for the
first photon detection, P; at time t;, are found. A cubic spline is then fit to each desired parameter
in the aircraft data, and the associated acquisition times, between these two time values and
interpolated to approximately 1 MHz. A binary search is then performed on the interpolated data
for the nearest time value to the detected photon. When found, the closer of the two interpolated
aircraft data points is recorded. The next photon detection at t;41 is then examined to see if it
falls within the interpolation period, if it does then it is assigned the closest value through another
binary search. This continues for all photon detections within the interpolated time window until
a photon outside of the window is present. The window then slides to the next set of aircraft
time values and continues the binary search process until the last Py photon is processed. This
assimilation method assumes that all data values will be linearly ordered in time and does not
distinguish between signal and noise. Because of this, when there are large noise rates present the
processing speed slows down significantly, implying that it is advantageous to first filter the point
cloud for signal and remove noise from the time-tag vector. The output of this function is a data
frame giving each laser shot, detected photon, and all associated aircraft parameters —latitude,
longitude, altitude, pitch, roll, etc.

There are a number of required inputs for the georeferencing process collected from the
IMU, GPS, and the SPL sensor. To reference each photon detected to the geoid height, the

following is needed: GPS time, (z,y, 2)gps, roll, pitch, yaw, and the time-tag’s range from the
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SPL. Measurements of offsets between the POLAR sensor, the IMU, and the GPS antenna are also
required for the transform. Lever arms were measured from POLAR’s laser sync detector to the
IMU and GPS roof antenna to within 5-10 mm precision, using calipers and measuring tapes.

To generate geolocation information for each time-tag, the methods as described in [120, [109]
were implemented. These methods require a series of rotations and transformations from the sensor
frame to the aircraft frame and then to the earth-centered-earth-fixed (ECEF) WGS84 frame. In
the WGS84 frame the time-tag’s surface point is reported by the elevation, latitude, and longitude

coordinates. The photon elevation is give by the geolocation equation [120] as
ﬁWGSSéL = pﬁ/%5584 + Ril()‘a ¢ - 9007 0)R71(57 «, 1/}) {Ril(A/Bv Aaa Aw)FL + 7_,‘éP’S} ’ (61)

The term pywgssa is the final WGS84 referenced elevation, p_ﬁ,%%M is the retrieved aircraft position
from the GPS, R~1(), $—90°,0) are the rotation matrices to rotate into the latitude/longitude/altitude
axes, R™Y(B3,a,v) are the rotations from the aircraft axes to the GPS frame, R™'(AB, Aa, Ar))
are the rotations into the aircraft frame that accounts for offsets of the SPL sensor relative to the
IMU (here the POLAR sensor is fixed at Aa = —3.5°), 7 is the measured slant range, and 7% pg
is the lever arm between the sync detector and the GPS antenna. The notation of A and ¢ are
the longitude and latitude, respectively. The notation of 3, «, and 1 give the yaw, pitch, and roll
respectively. The final georeferenced point cloud contains some N number of photon detections,
with each assigned WGS84 elevation, pyrgsse. With the aircraft motion removed, it is this point
cloud that can be analyzed for geophysical parameter estimation.

It is typical to perform specific flight lines to estimate the boresight misalignment parame-
ters AS, Aa, A, As this was an engineering demonstration, these were not performed. Future
iterations of this sensor build should pursue calibration flight lines in order to provide the highest
resolution geolocation possible. A robust amount of literature is available for boresight calibration
of airborne lidar sensors and applicability to the POLAR sensor is further discussed in detail, along

with specifics of the geolocation process, in Appendix A.
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6.1.4 Airborne Multi-Functional Observations
6.1.4.1 Co-Polarized Ocean Surface Sensing

A research flight was flown over the open Pacific Ocean, in a dedicated line where wings level
began at < 1 km AGL and then sustained 150 m AGL for 12.5 minutes. The line’s purpose was to
allow in-situ sensors to acquire marine aerosols, if present, and, additionally, to allow the POLAR
sensor to collect data from the ocean surface. The low altitude portion of the flight line is shown in
Fig. over plotting an image of the area with the latitude and longitude coordinates collected
by the GPS receiver. Acquisition during this flight line allowed the POLAR sensor to examine the
ocean surface under different flight altitudes and draw conclusions about sensor performance. This
section will examine ocean data collected by the POLAR sensor and serve as a case study to compute
performance metrics and compared directly to those generated by the ATLIS simulator. The overall

collection of multi-functional data in a day-time ocean environment will also be evaluated.
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Figure 6.7: Latitude and longitude coordinates retrieved from the aircraft’s GPS receiver. The
left image shows the macroscopic location of the flight line, off of the northern California coast in
the Pacific Ocean. The right image shows a zoom-in to the specific latitude and longitude lines
that encompassed the flight line. The actual aircraft track is shown by the cyan arrow, traversing
in the north north-east direction.

Figure[6.8|shows the retrieved values for the aircraft’s attitude and location from the IMU and
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GPS. The top panel shows the GPS altitude above mean sea level (MSL). The flight line descended
from higher altitudes, maintained wings level, and then ascended back up to altitude at the end
of the line. The center panel shows the reported pitch values with an average of ~ 2.2°. This
is below the anticipated 3.5° that was worked into the POLAR mount. Due to the offset of 1.3°
POLAR is not nadir point during this flight line, but remains close enough that specular returns
from the wavy surface fall within the receiver’s FOV. The lower panel shows the roll estimates,
which remain constant except for adjustments to the line. These adjustments introduce close to a
meter of non-physical surface height variation into the raw data. This is adjusted in the geolocation

process, but when examining raw data must be considered.

8 240f
= 220t
; 200}
S 180+
& 160}
&

IMU Pitch [ deg ]

ON —ODNWLWEUTOY~]

IMU Roll [ deg ]

81400 81600 81800 2000 82200 82400
UTC[s]

Figure 6.8: Aircraft GPS altitude and IMU pitch/roll values for the entire low altitude ocean
line. The aircraft’s descent and ascent can be seen in each panel, along with maneuvers performed
throughout the line. The pitch stays relatively stable at ~ 2.2° along with the GPS altitude above
MSL at ~ 154 m.

The total point cloud of raw photon detections for the co-polarized channel is shown in Fig.
where a number of different types of scattering events can seen. Between 0-50 m atmospheric

returns are evident, and, due to the aircraft’s location to the ocean surface, it is likely that these
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returns contain some mixture of molecular and aerosol backscatter. Although this signal is present,
integration over short time scales shows that the signal is sparse and requires longer integration
and larger range bins to extract signals. Throughout the point cloud a dense Poissonian noise field
is evident, clearly seen in the 50-150 m ranges (returns in this range are also due to atmospheric
scatter), and below the surface at > 150 m onwards.

The surface signal can clearly be seen at approximately 150 m in Fig. with additional
denser subsurface signal resulting from water column backscatter. Zooming in to examine this,
Fig. elucidates that the surface signal is actually made up of a secondary grouping of photons
about 4 m, or approximately ~ 25 ns, below the first surface returns. The secondary signal is
highlighted by the black points to clearly differentiate it from the real surface signal, shown in
blue. The secondary surface is not geophysical, but rather an instrument artifact, indicative of
afterpulsing of the co-polarized PMT. Removal of the afterpulse is necessary in order to isolate true

surface signals and avoid biasing of integrations and correlations.
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Figure 6.9: All co-polarized detections during the flight line. The initial atmospheric signal right
after overlap can be seen between 0-50 m, along with the ocean surface signal at 150 m, volume
returns below the ocean surface, and the background noise field.
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The afterpulsing effect is typically seen in PMTs and the probability of occurrence scales
with photon rates. These are spurious detections that appear after the incident photon and are
always time-correlated to the detection. The effect is caused by ion feedback or luminescence of the
dynode material, or glass. Secondary photoelectron generation subsequently propagates through
the dynode chain and into the acquisition electronics, allowing addition to the point cloud. This
effect can be a significant problem when subsequent scattering layers are expected, as the afterpulse
signal appears 1-10 ns from the first detection. In the case of the water surface, the effect is only
seen when the water surface signal is incident on the detector but not processed by the acquisition
electronics. This happens when the surface is blanked out by dead-time due to noise or atmospheric
signal, thereby allowing the afterpulsing to be processed. The point cloud shown in Fig. displays
weak atmospheric signal, and since the ocean surface maintains a high backscattered photon rate,
afterpulse sampling rateand addition to the point cloud is low. This allows for isolation and removal
from the water surface point cloud.

The afterpulse was partially expected due to the H4722-40 series of PMTs used. These
detectors are known to exhibit significant afterpulsing when the measured photon rates are high
and the associated PMT gain is also high [8]. In the case of the measurements made in this flight
line, the PMT gain was set at 750 mV, which is on the upper end of this particular series of PMTs.
Combined with the close stand off distance of the water surface and the specular nature of the
reflection, the effect is pronounced.

Due to the specular nature of the surface signal it is expected that the probability of scattering
events that remain within the FOV of the receiver is highest where the surface slope is closest to
Zero, or ~ Mg, < Aca, due to boresight alignment. This indicates that the majority of surface
photons the sensor sees occur from the wave peaks or troughs. Because of the actual shape of the
wavy surface, which are trochoidal, as opposed to the often assumed sinusoid, the peaks have greater
slopes than the troughs, indicating that the wave peaks are undersampled compared to the troughs.
This is the cause of the often discussed sea-state bias (SSB) and appears present in the POLAR

sensor data. In [94] a sea surface elevation profile is generated and the probability of specular
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Figure 6.10: A windowed portion of Fig. between 82000-82030 UTC seconds. In blue are the
individual photon detections from the water surface with the dark line showing a the output of
a smoothing window over 31 bins. In black is an instance of PMT afterpulsing, which has been
isolated to allow removal from the data set.

returns is calculated. They find that the sampled mean of the retrieved photon distribution and
estimated SSB are several cm below the expected surface, following the expectation of the POLAR
data seen throughout the ocean line.

A minute’s worth of surface returns is shown in Fig. The top panel shows the surface
returns recorded by the POLAR sensor after the water column, afterpulsing, and atmospheric
returns were removed. The middle panel shows the surface photon rate per second, calculated as
the total number of surface detections per second. The bottom panel shows the surface detection
rate, calculated as the number of surface photons detected per PRF giving a percent detected per
laser shot. As expected, the surface detection rate varies with the backscattered photon rate along
the surface. The estimated mean for the entire window is ~ 37%, indicated by the blue horizontal
line in the lower panel. Given that the sensor was seeing < 50% detection probability per laser

firing from the surface, it is assumed that the surface detections are being made while the sensor



164

is in linear photon counting mode. This is bolstered by the fact that the sensor has not reached

the non-paralyzable steady-state count rate discussed in Chapter 3, as an increase in backscattered

photon rate reflected in an increased surface detection rate and the count rate plateau is evident.

This claim is further explored in Chapter 6.
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Photon Rate

Surface
Detection Rate

Figure 6.11:
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The top panel shows a portion of the filtered surface photons in the co-polarized

channel. The middle panel shows the surface backscatter rate, given as counts s™'. The surface

detection rate is shown in the bottom panel with a mean rate of ~ 37% across the time span,

indicated by the horizontal blue dashed line.

With the recognition that POLAR is operating in linear photon counting mode over this

portion of the flight line, the assumption of Gaussian statistics for parameter retrievals is valid

and inversions can reliably be made from the surface data. Given that there is an estimate for the

co-polarized channel’s IRF (Fig. , the surface data can be examined for geophysical variance.
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The geophysical variance is recovered using the definitions of Eq. as

02 (t1,t2) = ofpp(ti, t2) + oegp(ts, t2), (6.2)

where the integrated surface distribution’s variance is assumed to be a decoupled linear combi-
nation of the IRF and SRF. The data used for this inversion requires the aircraft effects to be
removed, so surface signal was denoised and geolocated to give elevations in the WGS84 coordi-
nate system according to the flow of Fig. The output geolocated photons accumulated from
t1 = 81664.198031 to to = 81707.235863 UTC are shown in the top panel of Fig. where the
time span has been transformed to the along track distance using the interpolated aircraft speed.
The accumulated photons were histogrammed with 8 cm bins and a Gaussian fit was performed to
extract 02, (t1,t2), shown in the lower panel of Fig. The estimated IRF variance is removed

from the fit’s variance to generate an estimate for the geophysical contributions as
oSrr(ti ta) = o7y (b1, t2) — otpp(ty, ta). (6.3)
Performing this operation with the Gaussian fit the geophysical variance is recovered as
0%pp(t, ta) = 0.423 m?, (6.4)

indicating that the total received signal width is predominantly governed by the surface wave
structure contributions and dwarfing the contribution from the IRF (541.57 ps). It is useful to
convert this to an FWHM and to think of it as a contribution to the total uncertainty of the
measurement. The geophysical contribution equates to ~ 10.233 ns added to the total width of
the signal over t; — to. An example of the inversion to extract geophysical parameters from this
data set is shown in [3I], where the SPL derived surface variance was used to extract an estimate
of surface wind speed. A model was run from this estimate to simulate the expected geophysical
variance and it was found that wave field was generated by a 9.9 m/s wind speed.
This retrieval was validated through two different methods in [31]. An ocean surface wave
model was fit to the lidar data to retrieve wave parameters and wind speed directly from the model.

This value and the lidar derived value was then compared to satellite radar altimetry acquired in
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Figure 6.12: Top panel shows the denoised and geolocated surface photon time-tags plotted along
track distance. The lower panel shows the total detections histogrammed in 8 cm bins and the
resulting Gaussian fit with associated variance. The geophysical contribution is seen as contributing
FWHMgRrr = 10.233 ns to the total signal.
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the flight line area and rough time of flight, with both showing comparable and accurate results.
Validated retrieval of the geophysical variance and thus wind speed directly from the POLAR
SPL data provides an indication that multi-functional SPL sensors are capable of resolving ocean
surface parameters. The retrievals done on satellite radar altimetry are similar in basic method
and assumption, so a more robust comparison of POLAR’s ocean surface retrievals would require
comparison to buoy derived wave heights or some other source that directly measures the wave
fields.

This analysis, recognition of afterpulsing, and the general detection rates in the co-polarized
channel, raises the question of whether or not detection of the strong backscattered photon rate from
the surface signal was performed in linear photon counting mode. And, if the sensor was deviated
out of single photon detection, are nonlinear artifacts present? At first glance, it appears from Fig.
that the surface data is behaving linearly and in photon counting mode. This is due to the
surface detection rates being below 50% per laser shot, indicating that less than one photon per
transmitted pulse is expected — the hallmark of photon counting. However, the surface detection
rates are higher than anticipated such that a burst of photons could shift the sensor to a nonlinear
regime. Given that in the segments analyzed there was no evidence of detection rate spikes that
would incur nonlinear effects, the assumption that surface backscatter is maintained in the linear
regime appears valid. In general, detection in the presence of high photon rates, afterpulse effects,
and high probabilities of detection do not necessarily indicate that the SPL has transitioned out of
the linear photon counting regime, these effects serve as indicators of a heightened probability of
multiple concurrent photons and suggest that data should be examined for anomalies.

This type of analysis confirms the Gaussian nature of the along track wave field that was
assumed for the ATLIS simulator in Chapter 4, and shows that the time series of photon time-tags
can be utilized to extract geophysical meaning from the scatterer. Measurement validation also
confirms the methods by which operation in a linear photon counting regime is assessed for an
operational SPL. With this type of fitting scheme, further estimates of the wave field can also be

made. Morison et al. [95, [94] give indicators that estimates of the sea state bias (SSB) can be
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made using solely photon returns from a lidar altimeter. This indicates that for the data shown
in Fig. there are multiple potential paths for geophysical estimation and recovery of ocean

surface information.

6.1.4.2 Extracting Cross-Polarized Ocean Subsurface

The discussion of operating linearly in photon counting mode provides a good transition to
analysis of the cross-polarized receiver channel and depolarized returns from the subsurface water
column. In general, it is expected that the cross-polarized channel will experience lower numbers of
backscattered signal photons from each regime — atmospheric, surface, column, ground — unless
the scattering plane, or target, serves to introduce significant depolarization. The depolarization
channel will typically exhibit linear trends and be operating in photon counting mode. This can
easily be analyzed by calculating the channel detection rates, either for a scattering plane or across
the entire measurement gate. For the ocean line discussed, it will be shown that the calculated
detection rates for the cross-polarized channel fall below 50% and are safely assumed linear.

Figure [6.13] shows a portion of the cross-polarized signal acquired by POLAR during the
ocean flight line for two different PMT high voltage settings, the left being at 725 mV and the
right being at 750 mV. Windowed in range, Fig. [6.14] shows a zoom-in to the surface and column
returns. Between the two settings it is seen that, increasing the PMT voltage, results in an increased
sensitivity to noise additional signal from the water surface, seen as higher point density. However,
the time scales shown in Figs. and indicate that the lower detection rates can be inferred
from the lack of overall high point density. Specifically, in Fig. [6.14] it can be seen that in both
gain settings the 20 seconds of data shows significantly less returns than seen from the co-polarized
channel in Fig. [6.10l Because of the scattering environments (specular for the surface versus diffuse
for the column) this is expected. Still there are heightened water column returns occurring between
155 and 160 m, after which the remaining returns are predominantly due to solar background.

To gain a better understanding of what regimes are contributing cross-polarized signal a

slice from each portion of the point cloud is analyzed. Figures and show windowed
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Figure 6.13: Two windows of cross-polarized signal during the flight line, with the left showing
acquisition at a lower PMT gain (~ 725 mV) and the right showing acquisition at a higher PMT
gain (~ 750 mV). In both panels very little atmospheric signal can be seen, contrasting the co-
polarized signal, but is expected with clear air. The noise field can be seen, pervasive throughout
the measurement, increased in the higher gain panel. Easily seen as well is the surface and column
detections in this polarization plane, with significant detections from the column now present, also
contrasting the co-polarized channel.

portions of the flight line from UTC 81600-81620 and UTC 8170-81720 respectively, where the
single detections have been integrated to a larger bin resolution and the decaying subsurface signal
extracted. In Fig. the left panel shows the single photon detections and the right panel shows
two different integrated profiles, where the light solid red line shows the profile at 10 cm resolution,
the dark solid line shows the profile at 40 cm resolution, and the solid blue line is the estimate
mean surface location over the time period. For both resolutions the profiles show signs of decaying
column returns, although they are most pronounced in the larger bin resolution due to the higher
counts per bin. This is also true for the higher gain settings in Fig. [6.16] where the single photon
detections and the integrated profiles are shown again. For the higher gain settings there is an

accompanying increase in signal photons in addition to noise. In this figure, a band of heightened
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Figure 6.14: Zoomed in portion of the point cloud shown in Fig. for each gain setting. The
surface signal, noise, and column returns can clearly be seen. The denser band of returns between
155-160 m indicate column returns before the signal extinguishes.

signal is seen from a subsurface layer with higher scattering efficiency. Contrasting the co-polarized
surface detections, the detection rates seen at five meters into the water column are less than one
percent at 0.119%. This can be interpreted as confirmation that the cross-polarized channel is
acquiring in photon counting mode and the detections can be considered linear.

In both Figs. and it is clear that the cross-polarized channel is seeing a substantial
amount of backscatter from the water surface. In the absence of ocean surface clutter, such as foam
or floating particles, the backscattered photon rate will preserve the incident polarization such that
an ideal SPL would see the water surface signal only in the co-polarized receiver channel. The
POLAR sensor, however, does not operate with an ideal transmit polarization. As described in
Chapter 3, alignment of the transmitter and receiver polarization planes was calibrated with an
offset of ~ 1.5°, implying that specularly reflected transmit light could be detected in the cross-
polarized plane if signal strengths are high enough. Even though the portion of transmit light that

is in the cross-polarized plane is only a few percent, the strong water surface signals make it such
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Figure 6.15: The left panel shows the cross-polarized returns over 20 seconds, starting at UTC
81600, from the surface and column bins. The right panel shows profiles generated over the time
window from integration with a 10 cm bin resolution, light solid line, 40 cm bin resolution, dark
solid line, and the mean surface signal is shown as the blue dashed line. Column returns can be
seen over several meters for both profiles, but the larger bin resolution clearly shows the column
returns with significant signal for 5 m. Noise can be seen before 155 m and below 165 m.
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Figure 6.16: The left panel shows another set of cross-polarized returns over 20 seconds, starting
at UTC 81700, from the surface and column bins. The right panel again shows profiles generated
over the time window integrated with a 10 cm bins, light solid line, 40 cm bins, dark solid line, and
the mean surface signal is shown as the blue line. Showing a subsurface concentration of points
and column scattering again.
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that significant contributions are still detected by the orthogonal polarization plane.

The ATLIS simulator was used to better understand the effect of transmitter /receiver polar-
ization misalignment. Simulated data was generated for the cross-polarized plane with an input
of the flight characteristics and the use of the relative misalignment values in the model. The
ATLIS model calculates the ideal scattering scenario where no surface clutter is present and only
polarization misalignment will contribute to surface signal, providing direct understanding of this
effect. Figure shows the model’s output point cloud and integrated profiles, where resolutions

were chosen to match those of the POLAR data and the surface was placed at the 155 m range bin.
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Figure 6.17: Simulated cross-polarized returns from the ocean surface and column for 1 second
worth of laser firings, in the left panel. The right panel shows profiles generated over the time
window integrated with a 10 cm bins, light solid line, and 40 cm bins, dark solid line. The simulated
ocean surface is the blue line.

The integrated profiles in the right panel of Fig. immediately show that the introduction
of polarization misalignment results in surface signal being present in the cross-polarized channel.
The relative magnitude of the surface signal to column signal match well with the POLAR data in
Figs. and[6.16] Despite the strong surface signal, and dead-time impact, column detections are

still seen. Slightly higher column scatter shows down to ~ 7 m as opposed to 5 m in the measured
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data. Efficiency scales are not matched exactly to the POLAR sensor, since the photon rates are
increased in the simulation and data is shown at a shorter time scale. As this is linear and scalable,
more importance should be placed on the accurate prediction of depth penetration, profile shape,
and relative ratio of surface to column returns.

The measured cross-polarized ocean response shown in Figs. and and the ATLIS
modeled response in Fig. [6.17] emphasize proper tuning of an SPL’s polarization optics in an effort
to decouple the sensor effects from the anticipated measurement. In addition to introducing further
difficulties to isolating the water column scatter, surface detections in the cross-polarized channel
serve to reduce the total number of column detections made and decrease the overall efficiency of
collection for this regime. This is a direct implication of the SPL dead-time, where due to the
surface detection in the subsequent bin, photons are received during a dead-time window and not
detected. This bolsters the rational for reducing the total dead-time of the sensor such that recovery
occurs rapidly and the sensor can process photons into detections. An implication of the reduced
counts is that longer integration times and larger bin widths are need for profile generation and
the ability to resolve fine features is significantly diminished.

The lower detection rate in the cross-polarized channel emphasizes the difficulties of oper-
ating a depolarization channel at 532 nm in daylight conditions. The diffuse signal rate is low in
magnitude and comparable to the noise rates, or lower, implying that detection is difficult and relies
on good management of the background noise. The windowed portion of the cross-polarized signal
showed in Fig. [6.13] demonstrates the density of the noise field, where much higher density is seen

in the cross-polarized channel compared to the co-polarized channel for the same time window.

6.1.4.3 Ocean Flight Line Data Rates

One of the novelties of the TCSPC approach to SPL can be further seen by examining the
total size accumulated data over the duration of the ocean flight line. The total point clouds for the
co-polarized and cross-polarized channels (all detections made including afterpulsing over the full

10.49 km of the IPP are stored) and the logged laser firings reached a size of 200.97 MBytes over
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the 850 s of accumulation. Figure shows the total data rate per second as a function of the
entire line, where, for a majority of the line the rate stays stable at < 250 kBytes/s with an average
rate of ~ 236.44 kBytes/s. This is significantly lower than most day-time operated lidar sensors,
where data is typically down sampled before being saved. As the POLAR sensor has such low data
overhead, real-time analysis of the full point cloud is enabled, where atmospheric and hard target

returns can be examined simultaneously at the full fidelity of the TDC resolution.

Total Data Rate [ kBytes/s ]

81400 81600 81800 82000 82200 82400
UTC[s]

Figure 6.18: Total data rates, for both receiver channels and laser sync, of the POLAR sensor for
the complete ocean flight line.

6.1.4.4 Topographic Mapping

Portions of the ARISTO-17 campaign involved flights over varying topography near the
NCAR RAF. This allowed for testing of the sensor’s ability to retrieve dual-polarization topographic
returns, including sampling and detection statistics between channels and responses to varying
surface topography with differing slopes. This section will display results for two flight lines and
various retrievals that were made from the collected data.

Figure [6.19] shows the first example of a flight line from which topographic photons detected

by the POLAR sensor will be analyzed. The data was taken over farm land, in Northern Colorado,
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Figure 6.19: Latitude and longitude coordinates retrieved from the aircraft GPS receiver. The left
image shows the macroscopic location of the flight line in Northern Colorado, and the right shows
a zoom-in to the flight line. The actual aircraft track is shown by the cyan arrow.

with low amounts of elevation gain. Towards the end of the line a small reservoir is passed over in
an effort to capture lake bathymetry and water surface features. There was a significant banking
maneuver performed during the line, so this particular analysis window will also provide information
on algorithm performance for removing aircraft motion. Throughout the pass, noise rates were high,
due to mid-day operation and a high solar angle, as were surface detection rates, providing easy
identification of correlated surface signal within the uncorrelated noise.

Figure shows data collected from the non-complex farming terrain over several hundred
seconds of transit, with the top panel showing the raw co-polarized point cloud and the bottom
panel showing the raw cross-polarized point cloud. The left side of each figure shows the ground
signal coming into view as the aircraft descends to the nominal wings level altitude for the line.
The right side of the figure shows the small water body. The topographic to bathymetric transition
is evident through an abruptly stark contrast in noise between the high albedo local topography
and the low albedo water surface. For both polarization planes the solar background rate over the
water body is significantly lower than the surrounding terrain. Surface signals can be seen, but not

consistently across the entire water body.
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Figure 6.20: Raw topographic data for the co-polarized, top panel, and cross-polarized, bottom
panel. The uncorrelated noise field is seen in both polarization planes, along with densely correlated

topographic and bathymetric signal.
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To further examine signals, Fig. [6.20] was processed to remove the solar background and
isolate the topographic and bathymetric detections. The derived surface photons were then ge-
olocated to provide elevation estimates in the WGS84 coordinate system. The aircraft speed was
used to convert the time of each detection to an along track distance with respect to the flight line,
shown in kilometers. The final data is shown in Fig. [6.21] as along track distance versus surface
elevation. Due to varying surface slopes, the filtering finding algorithm was set to have a wider
range window about the peak surface bin, A/2 = +5 m, to allow capturing of larger surface slopes.
An increased window size resulted in retention of some solar background close to the surface, giving
the spread of surface points a larger magnitude than what would be seen with only the correlated
surface photons being retained. However, these points fall away when considering histograms of

the surface due to the non-correlation with signal. Examining the feature extent, elevation versus
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Figure 6.21: Processed point clouds from Fig. [6.20], shown referenced to along track distance using
the mean aircraft speed of 127.62 m/s. The data in each channel was passed through the surface
finding algorithm to filter noise and then was geolocated to the WGS84 coordinate system.
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along track distance, many of the features are likely the result of low rolling hills and gullies, likely
for irrigation, and without simultaneously acquired visual images it remains difficult to determine
and classify exact surface feature content within the point cloud.

Selecting a window of returns from each channel at UTC 66584, or 30.48 km along track,
the single photon elevations in each channel were integrated at 4 mm histogram bin resolution over
0.5 s, as shown in Fig. [6.22] The left panel shows the elevation point clouds and the right panel
shows the histogram of counts over the duration of the window, for both channels. From the point
cloud it is clear that there is a small feature present within the time window, approximately 10-20
cm in height, giving a slight bias in the histogram. Though present, the feature proves difficult to
resolve more specifically. Given the hard target scatterer and the implemented channel calibration
routine to eliminate path length differences, it can be assumed that any residual offset between
histograms will be the result of the scattering plane. Both polarization channels align well, with

the cross-polarized signal less in extent than the co-polarized signal and with a lower photon rate.
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Figure 6.22: Selection of ground returns from Fig. at UTC 66584, with the co-polarized is
shown in blue and cross-polarized shown in red. The left panel shows the elevation point clouds
and the right panel shows the surface histogram integrated with 4 mm bin resolution.
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The histograms in the right panel of Fig. were Gaussian fitted to allow extraction of
the received waveform’s FWHM, shown in Fig. [6.23] By using the fit’s variance, the co-polarized
waveform was estimated with an FWHML = 1095.722 ps, and the cross-polarized waveform was
estimated with an FWHMﬁ-m = 995.045 ps. Considering the IRF for each channel there appears to
be > 500 ps of timing uncertainty (several centimeters) introduced to the received waveform from
the surface scatterer. This is expected due to the roughness of the terrain being observed. In both
Figs. [6.22] and the cross-polarized histogram is derived from a lower photon rate and the
distribution does not fill out a comparable width of the co-polarized channel, specifically with the
lower elevation side showing the main difference. From the point cloud in Fig. [6.22] it is evident
that this occurs in the earlier part of the time window but not the later, suggesting a difference in

scattering response in the different polarization planes.
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Figure 6.23: Fitted Gaussians to the histograms shown in Fig. [6.22] where the co-polarized
FWHM was calculated at 1095.722 ps and the cross-polarized at 995.045 ps.

An explanation for the cross-polarized histogram weight towards higher elevations can be
given by considering the transformation to WGS84 coordinates from the sensor frame. In the

sensor frame, the histogram is weighted towards the sensor, which shows a shorter range. When
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transformed to elevation this is still true, but the measurement is now from the center of the Earth
in the ECEF frame, not the sensor frame, implying that the vector has opposite directional. The
coordinate system in Fig. of Appendix A provides a clear image of this.

Another example of topographic returns, with evidence of atmospheric Rayleigh signal in the
co-polarized receiver channel, is shown in Fig. Both channels are plotted over each other to
further demonstrate agreement between polarizations. These point clouds are essentially void of
noise due to late afternoon operation and waning sunlight. Subsequent analysis of each channel’s
topographic returns is performed to demonstrate how the raw photon time-tags can be processed

to give above ground level height estimates of features.
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Figure 6.24: Raw photon time-tags accumulated for the co-polarized and cross-polarized channels
at 400 m altitude. Molecular atmospheric returns can be seen in the co-polarized channel from 10-
30 m after the Tx/Rx window. Ground returns are consistently seen in both polarization channels,
providing topographic mapping abilities and the possibility of ground depolarization estimates.

Figure gives the completely un-processed photon time-tags collected from 400 m flight
altitude and accumulated over 18 seconds in both receiver channels. Despite the complete raw
nature of the data, several topographic depressions and structural features are clearly evident on

the ground, indicating that, even without assimilation with the GPS/IMU, raw data from the
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POLAR sensor is still useful for a number of analyses. The molecular atmospheric returns are
seen in the raw co-polarized detections, along with a few returns in the cross-polarized channel, as
expected for a clear atmosphere exhibiting < 1% depolarizing Rayleigh scatter.

Processing the point cloud in Fig. produces Fig. where aircraft IMU and GPS
estimates (pitch, roll, and height AGL) were used to extract ground features as a relative height
above local level. The reference frame shown here is the local ground coordinates in along track
meters. In Fig. [6.25]several topographic signatures are present, including a structural feature at 10
meters in height, the presumed top of vegetation next to the structure, and the local ground slope
changes. Each feature provided a strong depolarizing signal, implying that the surfaces were fairly
rough in the scattering characteristics, and that the scattering matrix had a non-unity element in
the F22 term. The estimated 10 m structure height matches the expected height of apartment
complexes in the observation area (Broomfield CO) indicating that the ranging subsequent aircraft

data assimilation capabilities are providing reasonable estimates.
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Figure 6.25: A zoom in to the UTC 6160 s mark in Fig. adjusted for aircraft INS estimates
of pitch and roll and converted to along track distance using the aircraft speed. The building
is clearly seen in the data where the roof peaks at 10 m height above ground and returns from
vegetation are shown after the building leading to a sloping upward rise in the ground returns. The
aforementioned data gaps due to a < 100% duty cycle are seen here.
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Performing an analysis of the structural feature’s roof in Fig. allowed a direct estimate
of channel dependent surface distributions and the measured uncertainty. The top panel of Fig.
shows the right side of the roof zoomed and adjusted in range such that the pitch can be
estimated. A linear fit was performed to each of the polarization channel’s detections such that
the slope could be estimated and subsequently removed to estimate the residual spread of points
about the scattering plane. The lower panel shows the resulting distibution of residuals for the
collection of points after the linear trend was removed. The co-polarized channel has a total of 18
returns from this portion of the roof, providing a narrower distribution between the two channels
and giving 1.5 points per linear meter along this feature. The cross-polarized channel has a total
of 7 returns with a greater spread of the points, and gives a total of 0.58 points per linear meter
on this feature. A further confirmation that the processing is operating as expect is the retrieved
roof pitch in both polarization channels. From the top panel in Fig. [6.26] the roof pitch can be

estimated at a 4 to 12 ratio of height to run to create a ~ 18.5° angle.
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Figure 6.26:  Analysis done to the right hand roof slope in Fig. where a linear fit was
performed to the returns in each channel to facilitate a de-trended estimate. The estimated roof
slope fits the common 4/12 pitch used in construction. The residuals are then shown in the lower
panel, estimating the distribution of points about the slope estimate. The small number of photon
returns increases the variance about the roof trend.
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6.1.4.5 Extracting Atmospheric Returns

Several measurements of atmospheric state were made by the POLAR sensor during the
ARISTO-17 flight campaign. The configuration, as flown, was not tuned specifically for atmo-
spheric returns, which would require specific PMT high voltage and CFD settings, but instead for
topographic and bathymetric sensing. In addition, the optical layout was not originally designed
for airborne atmospheric monitoring. This proved to decrease the detectability of signal and reduce
the overall functionally for atmospheric measurements. However, POLAR still generated profiles
of clear air regularly throughout flights and facilitated an understanding of the SPL response to
simultaneous atmospheric and topographic/bathymetric data collection.

Figure[6.27] shows 120 s of integrated atmospheric returns in the co-polarized channel. These
profiles were generated from above the ocean surface shown in Fig. where the Rayleigh clear
air backscatter is sparse in comparison to ocean signal but still present in the total point cloud.
The time-tags were binned to three different resolutions to emphasis the dynamic binning available
when higher SNR is needed. For each profile resolution the introduction of signal after geometric

overlap is evident.
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Figure 6.27: Integrated profile of atmospheric returns from Fig. The three profiles are binned
to 10 cm, 50 cm, and 1 m over a total of 120 s of accumulation. Longer integration times were
necessary due to the low backscatter rate during this flight line.



184

A profile with higher SNR, generated from the returns in Fig. is shown in Fig. [6.28
This profile is binned to 1 m bins, but, due to higher backscatter rates, integration is performed
over only 10 s. Despite a higher SNR, the profile still shows a significant amount of variation,
indicative of shot noise. However, the clear atmospheric signal can still readily be seen, where the

exponential decay, combined with the overlap and 1/R? effects, occurs over 60 m after the transmit

window.
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Figure 6.28: Integrated profile of atmospheric returns from Fig. over 10 s at 1 m vertical
resolution. The combined exponential decay, overlap, and 1/R? effects come in at ~ 18 m and
reach shot noise at 80 m.

Using the ATLIS simulator, a modeled atmospheric point cloud was generated and binned
over 10 s at 1 m bin resolution to match the data. A comparison is shown in Fig. [6.29] with
the left panel displaying the ATLIS modeled and POLAR measured profiles. The peak photon
counts, geometric overlap point, and decimation of signal over the first 70 m agree. Modeled data
under-estimates the measured from 20-60 m, likely due to non-exact modeling of the noise and
atmospheric conditions. The right panel shows the photon counts per each bin plotted with respect
to each other over the first 70 m and the one-to-one line. The scatter of points predominantly lay
on the measured side of the one-to-one line indicating the under estimation of the ATLIS modeled
values, likely due to an inability to capture the exact atmospheric state in the model parameters.

The correlation was calculated through a linear regression routine giving a value of r? = 0.8947,
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indicating an overall good fit between the ATLIS and POLAR atmospheric point clouds.
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Figure 6.29: Comparison of the POLAR measured atmospheric profile in Fig. and modeled
atmospheric returns from the ATLIS simulator. The left panel shows both profiles were binned over
10 s worth of accumulation at 1 m bin widths. The right panel shows the counts plotted against
each other and correlation value.

The atmospheric data shown here was collected with the sensor operating in a linear photon
counting mode. This is illustrated by the number of detected counts, and by a detection rate that
is < 1% per laser shot. With knowledge that the sensor is operating linearly in this regime, the
ATLIS model can be used to estimate sensor efficiency and other related parameters. These can
then be used to facilitate the analysis of detections from higher photon rates at different portions
of the column, serving as a calibration for the surface.

The ability to generate accurate clear air atmospheric measurements with the POLAR sen-
sor proves that an SPL sensor is capable of atmospheric sensing from an airborne platform. It
also indicates that the sensor can make these measurements in the same receiver channel that is
simultaneously generating high resolution topographic or bathymetric data. With the correct noise
management and acquisition characteristics measurements of clouds and aerosols, similar to those

in [85] 129], should be possible, but with the higher resolution afforded by TCSPC.
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6.1.5 Influence of Unwanted Signal on Multi-Functional Sensing

Data quality and overall sensor performance is driven by the rejection of unwanted signals.
The ability to generate detections from any of the regimes shown in the prior section relies on the
sensor being out of a dead-time window and able to process photons. As unwanted signal rate
increases, there is a two fold effect on SNR. The first is that the associated noise is increased so
that there is a decrease in SNR. The second is that wanted signal detections decrease as well,
further exacerbating the decrease in SNR. The addition of higher unwanted signal rates creates an
asynchronous dead-time window, which propagates randomly in range throughout the measurement
profile. There is some probability for this window to blank out signal returns from a target, therefore
decreasing the overall detection rates for wanted signal. This effect then further exacerbates the
decrease in SNR such that when the unwanted signal rates increase, sensor performance decreases,
showing an anti-correlation.

Since the POLAR SPL is a polarimetric sensor, the response to solar background signal
differs between channels due to a preferential polarization from surface or atmospheric scattering.
Predicting which channel will be subjected to higher noise rates can be done through comprehensive
modeling of the surface, atmospheric, and solar states, but this proves difficult due to the assump-
tions required in capturing directional surface and isotropic atmospheric scattered solar background
[133]. However, without rigorous modeling and comparison, an understanding of the detected solar
background and the resulting impact on performance metrics can still be derived directly from the
data, where estimates of “noise” or unwanted signal can be made per flight line.

Understanding that the total unwanted signal as seen by the acquisition system will be a
combination of solar background (several Hz to >kHz depending on the polarization plane) and
detector dark counts (< 300 Hz), the total number of observed counts can be calculated per receiver
channel per second using the raw data. From the analysis of the ocean flight line in the prior sections
it is known that the water surface and atmospheric signal is in the 0 — 200 m ranges and that the

remainder of the unambiguous range is assumed to not contain any photons from backscattered
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signal. It is assumed that the laser energy is fully extinguished beyond this depth. The total
number of noise photons in a 1000 m bin is generated, NN,, in the AR between 1-2 km bin, as the
sum of discrete detections per channel.

Conversion to a metric that can be compared between sensors is done by considering N,
and normalizing by the number of laser shots for the duration of the integration window and the

time for light to travel one bin. This gives an estimate of the unwanted signal rate as

Ny

T AR 02)

where the range bin is converted into time elapsed to the bin in interest, and ng is again the number
of shots considered. This output metric is in units of counts/shot/bin, not total contributions per
second.

Figure [6.30] shows the data derived noise rates for each polarization channel for the entire
ocean flight line path. The blue left axis shows the co-polarized channel where the average value
is below 300 Hz over the entire period, implying that there is minimal noise throughout the ac-
quisition. This confirms the signal analysis shown in Fig. [6.11] where the ocean signal dominates
over the background signal and detection rates are high. The red right axis shows the cross polar-
ized channel, where ~100 kHz values are reached at the end of the line. Until UTC 81400, rates
are similar between channels, but as the receiver gain was raised during the line in an effort to
boost signal detections, the noise rate also increased. With the increased gain, the described trans-
mitter/receiver misalignment provided more surface detections which hindered additional column
detections, indicating that the trade off between increased gain, noise rate, and signal detection is
ideal for the POLAR sensor when noise rates are minimized. After UTC 82200, the cross-polarized
signals reflect values indicates that data from this time period became corrupted. This is elaborated
on further in Appendix A.

The mean arrival rate of noise photons was calculated using the data in Fig. The left
panel of Fig. shows both co-polarized and cross-polarized signals, where at the beginning of

the line both receiver channels maintain comparable values on the order of microseconds, indicating
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Figure 6.30:  Observed noise rates for the co-polarized and cross-polarized channel during the
ocean flight line. The twin axes shows the difference between rate magnitude when comparing the
two channels.

that both are seeing < 1 noise photon/shot/bin. Therefore, the likelihood of a noise induced dead-
time window preventing surface detections is small. Considering that the noise photons occur over
the sensor’s full unambiguous range, and the signal photons are limited to a window of < 1 m, this
operating regime seems ripe for high signal detection. This rate is maintained through the first
portion off the line until the cross-polarized noise is increased. The increased cross-polarized noise
is seen as discrete steps in Fig. [6.31] until UTC 81800s, indicative of gain adjustments.

The right panel of Fig. shows a zoom in to the UTC 81800-82200 time window where only
the cross-polarized channel is shown. The increased noise rate can be seen to result in arrival times
that become comparable with the IPP, implying that there would be at least one noise photon per
shot per bin. Though the cross-pol noise rates in Fig. [6.30| remain in the kHz range, the estimated
values on the peak end are unlikely to be a product of the physical environment. Figure in
Appendix A shows this to be true by demonstrating a correlation between an incorrectly reported
laser PRF and the cross-polarization noise rate. This is the result of an issue in the acquisition
unit’s buffer and channel sorter where noise detections were assigned the incorrect channel code for

the laser instead of the cross-polarized TDC.
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Figure 6.31: Estimated arrival rate of background signal per polarization plane. The right panel
shows a zoom-in to cross-polarized signal, where rates are increased towards the line’s end.

An explanation for the cross-polarized channel’s heightened susceptibility to unwanted signal
can be gleaned by analyzing the measurement geometry with respect to the Sun. Solar background
signal reflected off the ocean surface will be preferentially S polarized in the ocean surface’s plane.
The relative coordinates of the wavy ocean surface’s normal and the solar zenith angle is dependent
on the ocean surface’s mean slope at any given point. The rough orientation of these two axes are
known and they do not align with the sensor’s S and P polarization axes on the aircraft. By
considering a projection of the polarizer’s transmission and rejection axes onto the ocean surface,
it becomes clear that both of the sensor’s principle axes fall into the ocean’s S plane. This implies
that the surface scatter will be polarized in a direction that could contribute to the co-polarized
and cross-polarized receiver channels and that the solar azimuth angle will modulate the rotation
angle of the surface polarization with respect to the polarizer’s transmission axis. Noise variability
is then introduced through the relative motion of the aircraft and the sun, differing per polarization
channel, and changing throughout the line due to the maneuvers performed.

Both Figs. and provide an indication of what points throughout the flight line is
likely to fall within the correct SNR regime and allow parameter estimates. They also provide

assistance in estimating where target signals have decreased, giving a metric by which efficiency of
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collection can be judged. This analysis shows the realistic difficulty of employing an SPL for ocean
detections, where noise rates are highly variable and thus signal detection rates are also variable.
When the rate estimate can be considered solely due to actual background, and not sensor
effects, it can be used as a proxy for understanding relative surface albedo changes, since it is
expected that transitions from water to land or snow to land, for example, result in background
rate changes. This is seen in Fig. [6.32] where the noise and arrival rates were calculated for Fig.
6.20 This flight line proves interesting as it provides a direct contrast between the high albedo

surface terrain and the lower albedo water surface.
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Figure 6.32: The top panel shows the observed noise rates for the co-polarized, blue, and cross-
polarized channels, red, while the bottom panel shows the single noise photon arrival rate for the
data shown in Fig. The noise remains fairly constant for the varying topographic terrain and
drops significantly when crossing a small lake just after UT'C 66700.

The top panel of Fig. [6.32] shows that for portions of the line that are over varying surface
topography, the noise rates have little variation, consistently staying between 5-10 kHz per shot.
These values prove manageable and do not drastically impact surface detection rates, as high

density can be seen in Fig. When the aircraft crosses over the small lake feature, noise rates
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can be seen to drop significantly due to the darker surface of the water (0.5-1.5 kHz depending on
the channel). This increases the possible detection rates per surface targets. After the water body,
the return of bright topography leads to the heightened noise rate.

The lower panel of Fig. shows the temporal spacing between arriving noise photons. The
spacing stays in the microseconds for most of the line, and then increases to milliseconds over water.
Compared to the ocean line, this data shows no clear anomalies that could lead to data corruption,
and arrival rate stay larger than the laser’s IPP for the entire line. This indicates that the sensor

behaved linearly with detection rates not hindered by excessive, unwanted signal detections.

6.2 Sensor Development and Flight Campaign Conclusions

Many of the goals laid out for the ARISTO flight campaign and the airborne demonstra-
tion of the POLAR sensor were achieved. Foremost was the overall integration and airborne
demonstration of TSCPC in an SPL sensor. This included acquisition of a number of different
geophysical quantities, including returns from topographic, bathymetric, and atmospheric mea-
surement regimes. Reliable water surface detection were made with the co-polarized channel, and a
long dead-time, with geophysical quantities deduced. Water column detection was shown with the
cross-polarized channel, albeit with decreased detection rates. Neither the co-polarized, nor cross-
polarized channels were able to detect subsurface hard targets or provided bathymetric mapping
capabilities. Both co-polarized and cross-polarized channels exhibited great ability to provide hard
target topographic mapping capability, with multiple examples bolstering the technique’s validity.
As the POLAR sensor was not tuned for atmospheric profile generation, there were limited areas
where full profiles could be extracted from the noise. There were certain instances shown where
the co-polarized channel exhibited the required SNR, over long integration times, to generate an
atmospheric profile, but the cross-polarized signal was limited and not achievable.

The flight campaign demonstrated that the counting system employed showed significant
issues when the total counts through the buffer come close to 1 MHz. This drastically limited

sensor operation and required electronically blocking noise at the loss of target signal. Realization
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of the ARISTO-17 depended on the performance of the Sensl. counting system, and when non-
linearities were present, or high background, the system could not achieve the measurement goals.
It was concluded that the SensL. CFD/TDC combination is not suited to aircraft operations and
an acquisition board that could maintain > 15 MHz reliably should be sought.

Individual flight lines were not repeated during the campaign, so collection was performed
on a single pass with knowledge of the expected altitude AGL prior to the pass. This required
planning that included a best guess at sensor parameters to be made prior to the line — e.g. PMT
high voltages, CFD settings— and then adjusted at the beginning to optimize detection efficiencies.
However, occasional adjustments would need to be made mid-line to increase, or decrease detection
rates, and maintain photon counting operation. This resulted in portions of the line having different
sensor settings than others. Due to the nature of the flight campaign, this was acceptable and can
be worked around to prove out measurement principles. In an operational sensor, where science
data is collected, there are typically repeat ground tracks for the same line, such that the final

optimized settings from the first can be used for all subsequent flights.

6.3 Relevance to Posed Thesis Questions

The summation of efforts contained in the prior and current chapters show the progression
of the POLAR sensor from the entry TRL-4 to the exit TRL-5. This work showed a prototype
sensor with demonstration in a relevant and operational environment. The overall conclusion of
the ARISTO-17 flight campaign was that the POLAR sensor provided a novel measurement that
leveraged TCSPC and that the techniques employed can provide high resolution geoscience data
with accompanying low data rates. The measurement capabilities provide the foundation for future
sensor development, where different geophysical quantities can be targeted by specialized receiver
channels and transmitter tuning. This would be a drastic step beyond the POLAR sensor, creating
a capability for multiple field deployments with targeted scientific objectives.

The POLAR sensor’s deployment directly addresses the third thesis question posed. In

addition, analysis of the resulting data facilitates a better understanding of the first two posed
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thesis questions. A summary of how the work in this chapter addresses these questions is below.

(1)

What are the implications of utilizing the time-correlated single photon counting approach

for geophysical parameter estimation from “soft” volume scattering environments?

The POLAR sensor showed that measurements of voluminous scattering media, ocean
column and atmospheric, can be made with a single SPL sensor employing the TCSPC
acquisition technique. Although limited airborne atmospheric measurements were demon-
strated, there were several instances of water column detections, indicating a sensitivity to

diffuse scattering layers.

How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?

Implementation of TCSPC acquisition introduces biases caused by strong signals, but the
acquired data can be analyzed through detection rate estimation to understand where these
are evident. In practice, photon rates can be estimated over some temporal integration
period. Data acquired by the POLAR sensor from the ARISTO-17 shows that photon
rates can be estimated relative to laser firings and can be subsequently used to understand

sensor linearity and provide confidence in bias mitigation.

Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

Integration and operation of the POLAR sensor from the NCAR GV research aircraft
provided a demonstration of a polarimetric lidar operating with TCSPC, confirming the
theory presented in Chapters 3 and 4. The experimental data generated by the POLAR
sensor demonstrates the viability of these techniques for multi-functional operation by
generating measurements of different geophysical quantities, namely from topography and

open ocean.



Chapter 7

Evaluating POLAR’s Single Photon Counting Signals with ATLIS

In practice a fielded SPL is evaluated for single photon counting validity through probability
analysis of the photon time-tags, where an assumed probability of detection in the teens is “likely” to
generate time-tags that are the result of single photons incident at the detector face. This technique
was employed throughout the ARISTO-17 field campaign by the POLAR sensor, where the simple
method of evaluating the number of acquired target photons (filtered to avoid the inclusion of
asynchronous unwanted signal) in comparison to the number of laser firings over the accumulation
window was regularly used. This method generates a target detection rate, with units of photon
detections per laser firing, and when this value is < 50% it is likely that the sensor is detecting single
photons and the pile up of concurrent photons is being avoided. Becker et al. [8] provides a value
of < 1% to ensure single photon counting, but the sensing this is applied to involves predictable
and consistent count rates that are observed from static platforms that facilitates large collection
windows. This is significantly different from the count rate bursts and resulting collection strategies
in SPL sensing. Though, in practice, these methods provide information for on-the-fly adjustments,
but lack the means to provide robust and clear determination of single photon counting.

Further analysis to provide insight into the claim of single photon counting can be had by
including unwanted signal into the calculations and generating an estimate for the total throughput
of the FIFO buffer. This then can be compared to the maximum usable count-rate, as dictated
by the TDC dead-time (~ 1/7p). This does not directly imply that the target signal is linear or

non-linear, the calculated throughput can indicate that the temporal separation of arriving photons
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is near the dead-time value. When this condition is true, the target signal is regularly missed by
the counting, due to falling within a dead-time window or concurrent photons arriving and only a
single detection is registered. When the total throughput is near maximum value, it is likely that
the counting system is behaving in a non-linear fashion, and adjustments to the detection statistics
should be made. This again gives only a high level non-concrete method of single photon counting
determination.

The combination of both methods proved reliable in predicting target count rates in a linear
regime over the course of the ARISTO-17 flight campaign. The analyzed data provided bounds
for sensor linearity and fostered an understanding of the resulting relationship between counting
linearity and the PMT and CFD settings. Despite the usefulness of rule of thumb techniques, more
robust methods are necessary to ensure sensor linearity and a deeper understanding of when a
sensor is operating in a regime that is experiencing significant dead-time effects.

This chapter will present a novel approach for determining whether a SPL sensor employing
TCSPC is operating in linear photon counting mode. The photon time-tagging approach employed
provides no direct measurement of detector pulse heights, which results in counting ambiguities
when attempting to determine whether a binary detection in the data stream is the result of a
single or multiple concurrent photons. To address this problem the ATLIS model is utilized in a
“forward” configuration, where the model output can be aligned to the measured POLAR data,
after which the model outputs can be used as a pseudo-truth to facilitate further calculations that
would otherwise be unachievable with the time-tagging data, such as working with the simulated

signal waveform prior to the TDC sampling.

7.1 Utilizing ATLIS to Compare Measured and Modeled Point Clouds

Forward modeling of lidar signals has been utilized in the past to understand ICESat lidar
returns in comparison the European Centre for Medium-Range Weather Forecasts (ECMWF) at-
mospheric model [123], to analyze the detection of winds and recovery of backscatter coefficients by

an incoherent doppler lidar [87], to simulate satellite, airborne, and terrestrial lidar with a discrete
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anisotropic radiative transfer model [127], and countless other instances. These forward models are
derived from the physics that describes the laser light interaction with the environment, hardware
effects embedded within the retrieved data, and the necessary geophysical parameters necessary to
describe the measurement. A key distinction is that a forward model provides a cause and effect
relationship between the modeled environment and sensor. This is necessary to state as it is not a
specialized form of an inversion to be performed on the data, i.e. measuring the effect and inferring
the cause [107].

Earlier in this thesis ATLIS was discussed as a comprehensive method by which environ-
mental and instrument parameters can be combined to provide a full scale simulation of a nadir
pointing SPL that employs TCSPC. A key function of ATLIS is that it generates the inherent signal
waveform, akin to what would be seen in an analog detection regime, and then applies a sampling
routine to generate the discrete photon time-tags. Linking the point cloud to the incident signal
waveform requires collapsing the point cloud into a single profile, but due to the sparse detections of
a SPL, longer integration times are needed to generate a histogram with enough structure that will
allow the probability mathematics derived in Chapter 3 to be applied. In an airborne sensor this
is not advantageous, as rapidly moving terrain will smear features and give an incorrect estimate
of photon counts originating from a semi-uniform terrain. A method is then needed to link the
measured point cloud to the modeled signal waveform without loosing the spatial and temporal
advantages present in the point cloud format, and facilitate production of an answer to the validity

of the single photon counting assumption.

7.1.1 Aligning ATLIS Signal Strengths to POLAR

Alignment of the ATLIS simulator and the POLAR measured data is performed by matching
the point clouds. Once this is performed it is assumed that signal waveforms generated by the
ATLIS simulator are representative of the signals incident on the detector face of the POLAR
sensor. The ATLIS output then contains the modeled point clouds, waveforms, and associated

statistics for each.
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Some educated assumptions must be made to allow tuning of the ATLIS simulator, most of
which are applied to the scattering environment. These include fixed depolarization values, solar
background levels, backscattering cross-sections, and spatial variation of all environmental param-
eters. These are relatively straight forward values to estimate due to an abundance of information
in the literature that can be explored knowing the POLAR measurement environment is (i.e. ocean
vs. fresh water, high vs. low solar background etc...). By leaving these environmental values fixed,
the instrument parameters are then used as the primary tuning method for signal strength mod-
ulation. Specifically, since the true efficiency of the POLAR sensor was not measured, the input
parameters for the transmitter and receiver optical and electrical efficiencies are adjusted until the
correct received count rate is achieved.

This is summarized in Fig. where the flow for matching the ATLIS output to the POLAR
measured data is shown. Input parameters are varied until the modeled and measured detection
rates are within close proximity. Iterations are then continued until the difference of the detection
rates is minimized, which, in the case of photon counting, can be considered as valid when the
shot noise limit is reached. Time spent minimizing beyond the inherent shot noise is unnecessary
as the shot noise sets the lowest bound for uncertainty in a SPL sensor, when several counts are
considered. It is necessary to select a window of range bins in which this can be evaluated, ideally
containing a target or feature that provides counts well above the shot noise limit, such that the
difference can be considered statistically significant and not noise. In the case of the POLAR
measurements being considered for evaluation, the ocean surface provides such a source of photons
that can be tracked in the measured and modeled data.

Figure Fig. shows an example of a total output point cloud from the ATLIS simulator.
In this case the total convolved ocean surface signal was taken as the evaluation range window.
The simulator was run for 10 seconds worth of data, creating a time series representative of the
signal densities seen during the ocean line in Chapter 5. The peak of the ocean surface signal was
placed at 155 m, which is representative of the mean ocean signal during the flight line example

shown in Fig. with the ocean scattering characteristics set up to mimic those of open ocean
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Figure 7.1: Flow diagram of the steps taken to match the ATLIS model outputs with the measured
POLAR data. The decision step is based on a minimization of the surface detection rate difference
between measured and modeled data, and considered achieved when the shot noise limit is reached.
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water. The output modeled data captures the geometric overlap and atmospheric signal, the water
surface and water column signal, and the solar background, indicating that the physics of the raw

SPL measurement can accurately be captured and fine tuned in the ATLIS simulator.

+ATLIS Co-Polarized

Range [ m ]

Elapsed Time [ s ]

Figure 7.2: Ten seconds of modeled co-polarized detections over an open ocean environment with
a moderate noise level. The ocean surface is located at 155 m from the sensor. The macroscopic
characteristics of the measured point cloud in Fig. [6.9] are all captured, including the atmospheric
returns, ocean surface, moderate column returns, and noise.

In Fig. the heightened photon counts from the ocean surface can clearly be seen at
approximately 155 m, with additional denser subsurface signal resulting from sporadic water column
backscatter. Not seen in the ATLIS simulator output is the effects of afterpulsing or other detector
induced effects. The simulator does not account for these effects as they are not needed for the
comparison once the measured data has been filtered properly.

The distribution of ocean surface photon counts is calculated from an averaged surface rep-
resentation generated for many wave cycles (as discussed in Chapter 4). Over short time windows
the measured data will trace out the surface variation of the wave, but the modeled data will show

a detection from the time averaged representation and does not exhibit the clustering expected.
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over 500 laser shots. The right panel shows the distribution of the point cloud in range and the left
panel shows the integrated profile, at 4 mm bin resolution, over all 500 shots.
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Despite this difference, the ATLIS surface representation is still considered computationally valid
and can describe the surface wave structure accurately, as shown in Fig. where the fitting
function used in the ATLIS model was used to predict Gaussian surface features in the POLAR
measured data. A direct comparison of surface detection rates and distribution variances should be
expected as close, but not exact, as shown. A more complete representation of the wave structure
requires discrete ray tracing and robust surface structure models, such as those described in [31],
and requires an MC approach that randomly samples the wave structure over the course of the
measurement.

Figures and [7.4] show the photon returns and integrated histogram with 4 mm bins over
500 shots of accumulation for the POLAR measured data and ATLIS modeled data, respectively.
Some wave structure can be seen in the POLAR point cloud and histogram as the detections skew
to larger range estimates. Additionally, the clustered nature of the surface returns is an indication
of the physics driving which backscattered photons are detected. Calculating the surface detection
rates over the 500 shot period, it can be seen that both the measured and modeled rates are similar
in magnitude. During this time window POLAR measured rates at x = 0.386 photons per laser
shot and ATLIS estimated the modeled rate as X = 0.408 photons per laser shot. This gives
a ~ 5.5% percent different between the retrieved values, indicating that the ATLIS simulator is
providing realistic comparisons to the measured surface signal. The surface detection rate metric
used here provides an easily calculated and comparable value, whose ratio gives a pseudo detection
probability that directly reflects sensor performance over that window. Due to the specular nature
of the returns, it would be expected that the measured surface data will exhibit varying detection
rates across the surface, and it can be seen in other portions of the surface profile that the surface
detection rate varies between 0.20 < x <0.50 photons per shot, but the averaged value over larger
time windows reduces the uncertainty in estimates.

Given the small percent difference between the measured and modeled surface detection rates,

the computation scheme shown in Fig. % and x, can be used to test the alignment of the ATLIS
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simulator. If the hypothesis of
|z — zl) < 1
oz RV P’

is found to be true, then it is assumed that the ATLIS modeled data set is representative of the

(7.1)

measured data. After several ATLIS model runs a vector of surface detection rates was generated,
with a window of the final output model shown in Fig. and used for the prior evaluations. The

minimized difference between the photon detection rates is

(|2 — =|)

= 0.022 2
= 0.022, (7.2)

and the computed shot noise on the POLAR measured data for > P = (x) % (500 shots) gives

1
—— =0.07198. (7.3)

Noory

It is shown that this hypothesis is true for the given ATLIS modeled data set as the minimized
difference between the surface detection rate is ~ 3 times smaller than the calculated shot noise for
the measured POLAR data over this timing window. It should be noted that if a different window
of data is considered, smaller or larger, the hypothesis should be tested again for validity. Due to
the burst nature of photons from surfaces there could be a tendency of the null hypothesis for too

small of a window.

7.2 Interpreting POLAR Photon Time-Tags with ATLIS Signal Waveforms

The series of time-tags collected by the POLAR contain no inherent information content
beyond the detection time and range. Integrated over some time window these give a pseudo
waveform that can then be interpreted in terms of the number of counts that fall into a bin over
some number of fired shots. With the ATLIS modeled data now matched to the POLAR measured
data, the full functionality of a full waveform simulator can be accessed providing the full altitude
range of information per single shot. This represents a large step in information content and
allows the use of the single shot waveforms as an interpretation of the photon time-tags. From the

single shot signal waveforms a number of closed form calculations can be performed on the forward
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modeled data, namely direct calculation of the probability of detection as shown in Chapter 3,
that give an indication as to at what point in the measurement profile the sensor may have been
operating out of single photon counting.

It is necessary to ask whether or not it is appropriate to consider the single shot waveform
as a proxy for the singular time-tag. It can be assumed that the once the point clouds have been
matched the modeled time tag is a single sampling instance of the modeled signal waveform, such
that the intensity described by the waveform is indicative of where detection rates will be high
or low. In addition, the ATLIS waveforms are generated at the TDC resolution of the POLAR
sensor, implying that single photon time-tags can be understood in terms of their finite probability
of detection at every range over the full column measurement though these continuous waveform

estimates.
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Figure 7.5: Modeled single shot signal waveforms for the co-polarized and cross-polarized receiver
channels, generated from the POLAR signal strength aligned ATLIS simulator. The left panel
shows the complete range from aircraft window to ocean surface and column, and the right panel
shows the heightened surface signal and column decay.

Figure shows the modeled co-polarized and cross-polarized single shot received signal
waveforms prior to sampling by the TDC, giving units of counts per shot per bin, and void of
dead-time effects. The co-polarized waveform shown here is the single shot realization used to

generate the point cloud shown in Fig. The resolution is set to be equivalent to the TDC
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at 4 mm per bin. These waveforms are indicative of what the continuous stream of backscattered
photons would look like at the faces of the POLAR PMTs as seen by a digitizer with no introduced
effects. The co-polarized signal, shown in blue, can be seen to exhibit a stronger signature than
the cross-polarized signal due to the polarization-preserving scattering environments of the clear
atmosphere and water surface.

As previously stated, the statistics needed to compute whole profile estimates of detection
probabilities are not compatible with the sparsely sampled data inherent to a time-tagging SPL.
However, with access to the backscattered signal waveforms for the POLAR sensor the probability
of detecting a photon event per bin, given the TDC resolution and dead-time, can be computed
using the statistics from Chapter 3. Figure shows the results from computed the probability of
detecting one or more photons from the co-polarized channel through the entire measurement profile
using the ATLIS waveforms as an intensity input to the equations. The top panels showing the
probability of detection with, W;P(k > 1;7j), and without, P(k > 1;j), dead-time effects applied.
The lower panels show the dead-time weighting function’s, W}, response to the signal environment
as a function of range.

When including the dead-time weighting function to the probability of detection estimate, the
deviations from a dead-time free estimate are evident, but not overwhelming, resulting in decreases
of less than an order of magnitude in all cases. The response to geometric overlap can be seen at 40
m range with a reduction of ~ 30%. Though this seems large, given that P(k > 1;j) < 1 already, a
further reduction of less than 50% does not drastically change the detection statistics and recovery
occurs within ~ 5% prior to the ocean surface backscatter, as indicated by W; in the lower left
panel. This is different than the atmospheric response seen in Chapter 3, where hundreds of meters
were necessary to achieve approximate recovery at ~ 1%. The difference in detection responses
between the two atmospheric signals can be attributed to the lower signal strength in the POLAR
system while in airborne configuration, due to decreased efficiency and detuned system parameters
to ensure single photon counting.

A complete appreciation for the dead-time impacts is seen in the lower panels of Fig. [7.6
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Figure 7.6: Computed probability profiles for the single shot signal waveforms shown in Fig.
The top panels show the percent probability of detection without dead-time, black, and including
the 190 ns dead-time of the POLAR SPL, red. The bottom panels show the dead-time weighting
factor, in percent where 100% equates to no dead-time effects, for the entire profile. The red dot
in the lower right panel indicated the point at which the peak probability of detection occurs.

where the totality of the decimation factor can be seen. Of specific note is that the location of peak
detection from the water surface occurs at a W; point that is midway between the max and min,
indicated by the red dot at ~ 65%. This is the case as the system becomes impacted by dead-time
from the leading edge of the return signal and the peak of this signal is now being impacted by an
integration along the entire leading edge.

The inclusion of a 190 ns dead-time induces two significant effects that can be seen in the
ocean surface response, shown in the left panel of Fig. [7.7} The first is a decrease of ~ 24% in peak
probability of detection. The second is a forward bias in the location of the bin that contains the
peak probability, approximately 1.5 cm. If this peak bin is compared to the peak bin without dead-

time considered, it is seen that the decrease probability of detection alters by a percent or two, such
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that comparison, in this case, can be done between the same bin in each profile without introducing
unmanageable error. The overall bias of a 1-2 cm is significantly lower than the overall uncertainty
of the IRF, but should still be noted as present. In comparison to the biases shown in Chapter 3,
these will not manifest as altered distributions when several photon events are accumulated. The
trailing edge of the ocean signal maintains the decreased probability of detection as it is providing

an estimate that integrates across the peak of the ocean surface signal in the weighting function.
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Figure 7.7: This figure shows a zoom in range to the top right panel of Fig. [7.6] The left panel
shows the dead-time induced difference in peak probability of detection, shifted forward towards
the sensor by centimeters and decreased in amplitude. The right panel shows the reduction in
column detection probability when dead-time is considered.

The right panel of Fig. [7.7] shows the probability of detection for the first 5 m of ocean
column. Here the dead-time inclusion can be seen to reduce the overall probability of detection
throughout the entire column by a constant value of ~ 76%. Given that the surface signal provided
< 100% probability, the immediate surface transient response into the column signal is reduced
(contrary to what was seen in the atmospheric signal), and the column probability recovers in
the immediate bins to the expected value. The probability of detection is low near the surface

at ~ 0.001%, but still large enough that there is an expectation for several thousands of shots to
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yield column detections in the data stream. This is also, in part, due to the less than 100% surface
detection probability per shot. In the case that the surface was registered every shot the dead-time
would blank out subsequent column detections in that respective channel. This then explains why
the column signal is sporadic, but present, in the measured POLAR data shown in Fig. and
modeled ATLIS data in Fig.

Interpretation of the continuous probability curves for an SPL sensor provides a novel way
by which a multi-functional sensor can be evaluated in totality for its performance across regimes.
By including the system dead-time and the full range of signal strengths, detectability can be fully

examined. This method now allows the hypothesis of single photon detection to be tested explicitly.

7.2.1 Probability of Detecting k > 2 Photons

A direct approach to estimate the likelihood of receiving multiple target photons from a
single laser pulse can be derived through Poisson statistics and applied to the ATLIS signal wave-
forms. Prior derivations in this thesis work have examined the probability of £ > 1 photons, which
inherently includes contributions from higher order terms due to k = 2,3, 4... photons, with the
assumption that if the probability of detecting a single photon is low then it will be the case that
the probability of more than one is much lower. Though this is a valid argument it is increased
rigor, and moving away from rule-of-thumb approaches, demands requisite analysis to support this
claim. To understand the non-unity photon contributions to the overall distribution it is necessary
to derive and estimate the £ > 2 detection probability and compare to the k£ > 1 estimate. Through
this comparison SPL signals can be examined for where P(k > 2;t1,t2) > 0, which would indicate
higher likelihood of deviation out of single photon counting.

To estimate the k£ > 2 detection probability the conventions from Chapter 3 are utilized, such
that the impinging rate function is equivalent between formulae. The probability of detecting two
or more photons in the j;, timing bin, assuming a specified system dead-time and time bin width,

can be given generally as

P(k’ > 2;t1,t2) = I/Vj[l — P(k‘ = O;tl,tg) — P(k‘ == 1;t1,t2)]. (74)
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This equation can then be expanded by implementing a Poissonian detection scheme in a
discretized bin space. It is assumed that the rate function is a linear combination of the backscat-
tered photon rate and a constant noise contribution. This then allows the single photon detection
probability to be derived as P(k = 1;7) = (S; + &) exp(—S; — &) and the null detection probability

as P(k = 0;j) = exp(=5; — &). These can be substituted into Eq. which then becomes

P(k = 2;7) = Wj[l —exp(=5; — §) — (5 + &) exp(=S5; — &)
(7.5)
= Wil = (1 + 5 + &) exp(=5; — §)].

This equation differs from Eq. in Chapter 3 by an added factor of exp(—S; — &), which
serves to drastically reduce the probability of detecting more than one photon. However, these
equations are similar in the sense that the dead-time weighting function is unchanged from the
single photon to multi-photon detection probabilities. The presence of the dead-time weighting
function serves to counteract the intuition that as the backscattered photon rate increases so will
the k > 2 detection probability. Though this is generally true, when rates are high the dead-time
serves to decrease the overall probability of detection for all values of k, including the higher order
terms. This serves as important, as when W is furthest away from unity the already low probability

for k > 2 will be further reduced, which implies a higher likelihood of operating in the single photon

counting regime.

7.2.2 The Single Photon Counting Metric

A single photon counting metric can now be defined and utilized to further understand, and
test, when a SPL sensor could be operating in a linear single photon counting mode. Given that
the prior computations have been performed through the range dependent signal waveforms, the
results of the metric will also be range dependent. This acknowledgment indicates that differing
scattering regimes throughout the column can be discretely evaluated for their adherence to the
SPL criterion, and different regimes can be independently classified by linearity.

The single photon counting metric can be defined by the ratio of the single photon and
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multi-photon detection probabilities as

Pk >2;j
Qj(sj’f) = PEk;Lj;

1=+ 5+8exp(=5; — &)
1 —exp(=S; —¢) ’

where the ratio of the detection probabilities P(k > 1;j) for k = 1,2, 3... photons and P(k > 2;7)

(7.6)

for £ = 2,3,4... photons are utilized. By definition the dead-time effects are removed within this
metric and the way at which €); changes throughout the measurement column can be attributed
solely to the backscattered photon rate and noise. This provides the clearest connection to single
photon detection as the non-linear instrument effects have been removed.

Equation provides a convenient analysis of of single photon counting, as when the sensor
is operating in a low count rate regime, {2; will be minimized and single photon detection will occur.
As count rates increase €;(5;,€) does as well, indicating an increased likelihood of deviation out
of single photon counting. Given that €;(S;,£) is a per bin estimate, when examining the range
dependent signals of an airborne multi-functional SPL Eq. can be computed for the entire
estimated signal waveform. This is an important ability due to the differing signal rates that are
seen in a full column measurement, where atmospheric signal is expected to be much lower than
ocean surface signal. These different regimes can then be evaluated for adherence to single photon
detection and where deviations could be expected. This metric can be thought of as an indicator
for the direct separation between the two probability estimates.

To test the applicability and usefulness of the single photon counting metric the ATLIS
estimated co-polarized signal waveform is used as an input to each of the probability of detection
estimates. The values of P(k > 1;7), in the presence of a 190 ns dead-time, are computed from
Eq. B:26] and shown in the top panels of Fig. [7.8 The separation between atmospheric and ocean
surface peak probabilities are separated by two orders of magnitude, where the ocean surface signal
demonstrates 1.9%. This presence of the significantly lower atmospheric probability provides an
indication as to the structure of the expected point cloud, as seen in Fig. [7.2] In all regimes across

the profile, the likelihood of a single photon is low, lending credence to the claim that the POLAR
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sensor operated in the photon counting regime over the entire measurement column.

The middle panels of Fig. show the computed values of P(k > 2;j) for the whole
measurement column, as calculated according to Eq. and maintaining the 190 ns dead-time.
The atmospheric and ocean surface peak signals now show a separation of over four orders, creating
a clear deviation from the single photon detection curve. The ocean surface signal now peaks
significantly lower than 1% at 0.02% per shot. Given that this value is the estimate for all multi-
photon detections combined, this is an indication that the likelihood of detecting & = 2, 3,4... per
shot is very low can be assumed to not be present in the retrieved data set. This is also the case for
the atmospheric signal, which has already been acknowledged as sparse in the POLAR and ATLIS
point clouds, where the probability of detection for multi-photon detections in this regime is < 1,
and each registered detection in the point cloud can be considered the result of a single photon.

Using the P(k > 1;7) and P(k > 2;j) data from the top and middle panels of Fig.
respectively, Eq. [7.6] was used to conduct the single photon counting test, shown in the bottom
panels. Some care is necessary when interpreting plots of €2;. Due to the ratio, €2; is only equal
to or greater than unity when P(k > 2;j) > P(k > 1;j), which indicates a high likelihood of
multi-photon detection. In the case when P(k > 2;j5) < P(k > 1;j) then the ratio will always
be less than unity. Examining the atmospheric signal, it can be seen that its peak value occurs
four orders of magnitude below unity at 6.5 x 107°. This large separation from unity solidifies the
previous assumption that the atmospheric signal is photon counting.

The €); response to the ocean surface signal can be seen in the bottom right panel of Fig. @
The combined low atmospheric signal and noise floor prior to surface response is six orders down
from unity implies that there are no dead-time effects prior to surface. The peak surface signal
shows two orders of magnitude below unity at 9.5 x 1073, This gives the immediate indication that
the photon rate from the surface is low and that the returns are occurring within a single photon
counting regime. This conclusion is aided by examining P(k > 2;j), where the peak ocean surface
return is 1072% for multiple incident photons. Interpreting Fig. m with these conclusions, the

POLAR sensor’s point cloud of ocean surface detections has a strong likelihood to be operating
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Figure 7.8: The top panels show the computed probability of detection profiles for one or more
photons per bin, P(k > 1;j), the middle panels show the probability of detecting two or more
photons per bin, P(k > 2;j), and the single photon counting metric §2; is shown in the bottom
panels. Each curve was computed using the estimated co-polarized signal waveform shown as the
blue curve in Fig.
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in the single photon counting regime with minimal to no dead-time effects present. The resulting
integrated histogram then can be interpreted as an integrated power without more adjustments.
The question should be asked as to what magnitude away from unity is necessary for to
establish that the received signal is single photon counting? The answer to this is subjective
due to the variable nature of €2;. If ; shows two orders of separation between P(k > 2;7j) and
P(k > 1;j), this can generally be taken to be good. However, examination of two simple case
studies indicates that doesn’t necessarily remove the possibility for multi-photon counting. In the
case that P(k > 1;j) = 1%, then two orders down gives P(k > 2;7) = 0.01%, which is acceptable.
But if P(k > 1;j) = 100%, or near to it, then two orders down gives P(k > 2;j) = 1%, which is
not acceptable. In the latter example there is a high probability for multiple photons to return per
every one hundred shots, but in this example a SPL operating with a 100% single photon detection
probability is unlikely for a number of reasons. It is then the case that values of Q; and P(k > 1, 5)

must examined together to say something consequential about operational modes.

7.3 Single Photon Counting Performance Test Conclusion

The single photon counting metric, along with the individual probabilities of detecting k > 1
and k > 2 photons, provides a novel method for evaluating SPL sensors for operation in the single
photon counting regime. The use of this metric is made possible by utilizing ATLIS as a sensor
forward model. By aligning the measured data with the modeled data, ATLIS can be tapped for
additional information content which is not typically associated with a SPL utilizing a standard
photon counting or TCSPC approach. Namely, with the access to the originating continuous signal
waveforms a number of calculations can be performed.

The analysis performed in this chapter was able to concretely show that the POLAR sensor
was operating in a linear photon counting regime during the ARISTO-17 flight campaign. In
specific, the ocean sensing portion of the campaign was analyzed and it was found that the ocean
surface detections were unlikely to contain significant dead-time artifacts that are documented

earlier on in this thesis. The probability for multi-photon detection from the ocean surface was



213

shown to be very low and unlikely to contribute to the detections shown in Fig. This conclusion
then lends credence to the SWH and other retrievals performed from this data set, indicating that
the POLAR sensor is capable of utilizing a single polarization plane to extract high resolution
geoscience. Given that the co-polarized receiver channel detected higher count rates than the
cross-polarized channel, the conclusion of single photon counting can then be extended to both
receiver channels, providing a whole sensor verification of linearity for this particular evaluation.

The additional atmospheric signal collected by a multi-functional SPL is an added benefit,
even if adequate signal levels are achieved through significant temporal and spatial averaging. In
fact, it is the case that when the clear air atmospheric signals are low enough to be <« 1% the signal
can be considered to be in the single photon counting regime. These signals can then be considered
as a possible region to perform calibrations, where high count rate locations can be compared
for against for linearity tests. In addition to a calibration regime these atmospheric signals have
significant scientific viability.

It can be concluded that the forward modeling example in this chapter provides validation
of a route forward for SPL sensors, but each sensor must be evaluated on a case-by-case basis. The
metric present is not absolute and some additional conclusions must be drawn once the magnitude
of €1; is known. This indicates that though this metric is useful, if a sensor is altering its detection
scheme (detector gain, threshold, etc...) the forward model must be recomputed and the metric
estimated for each instance. Though this represents a large computational expenditure, if each
measurement regime is forward modeled, singular instances can bolster conclusions and if sensor

configurations are un-altered the same conclusions can be carried over to additional measurements.

7.4 Relevance to Posed Thesis Questions

A major crux of the SPL measurement is understanding where and when the sensor is oper-
ating linearly and in photon counting mode solely from the acquired photon time-tags. In an effort
to further develop solutions to these problems data measured by the POLAR sensor was combined

with simulated ATLIS data to create a forward model that could provide greater information con-
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tent and be analyzed further. The results showed that this method is possible and allows for these

questions to be directly addressed and the acquired photon time-tags could be estimated as linear

or not. Given that a SPL measures only a binary detection, this represents a leap forward in data

analysis and opens possibilities for further uses of SPL forward modeling.

The work contained within this chapter produced a comprehensive answer to both of these

prominent issues for the POLAR sensor and directly contributed to answering two of the three

thesis questions:

(1)

How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?

Through the aligned forward model the continuous signal waveforms can be analyzed and
interpreted using the mathematics developed in Chapter 3 and additional metrics developed
in this chapter. Utilizing this additional information content the POLAR sensor, and other
SPLs, can be analyzed for any dead-time effects present in the data set. A key aspect of this
is that statistics which include dead-time and those that do not can be directly compared
to determine what impact to photon rate and range bias can be expected. This is all done

through the forward model, and can be utilized to inform sensor operation.

Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

This chapter provided concrete methods by which the TCSPC technique could be evaluated
in a field deployed polarimetric lidar. Data collected by the POLAR sensor during ARISTO-
17 was used as a case study for evaluating these techniques. The results shows that POLAR
operated in a photon counting regime, and indicated that multi-functional measurements

are possible.



Chapter 8

Concluding Remarks

8.1 Advancing Single Photon Counting Lidar

This thesis investigated the use of time-correlated single photon counting in lidar sensors to
provide high resolution measurements of geophysical quantities. The work contained within this
thesis enhances the lidar community’s understanding of SPL modeling and measurements, further-
ing the contribution of knowledge to lidar sensors that time-tag individual photon detections. New
methods, emphasizing the measurement’s fundamental statistical nature, were developed in order
to investigate and understand the use of SPL for atmospheric and hard target sensing. Utilization
of these methods and tools led to several journal publications, [5] and [6], and over ten conferences
presentations or invited talks throughout this thesis. The research has a tangible impact on the
part of lidar community that is pursuing technology development of geoscience applications, with a
journal reviewer quoted as saying that “The dissemination of this analysis will be beneficial for the
part of the scientific community involved in the analysis of data provided by the mission ICESat-2”
and “...on the use of time tagged single-photon counting data acquisition for atmospheric lidar 1
think the impact could be significant”, lending credence to the application impacts and novelty of
the work presented.

The overarching hypothesis examined throughout this thesis was that: photon counting
lidar sensors utilizing time-correlated single photon counting techniques can provide
multi-functional capabilities and facilitate high resolution geophysical parameter esti-

mation. To address this research hypothesis, three specific questions were posed:
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(1) What are the implications of utilizing the time-correlated single photon counting approach

for geophysical parameter estimation from volume scattering environments?

(2) How are estimates of backscattered photon rate and target range affected by the imple-

mentation of the photon time-tagging approach?

(3) Can polarimetric lidar incorporate time-correlated single photon counting, and what are
the implications to high resolution multi-functional measurements of atmosphere, ocean,

and hard targets?

The related answers and conclusions to each question, including relevant publications, are
discussed specifically here. Each portion of the research to answer these questions raised additional

questions that could form the basis of future research.

8.1.1 Observing Volume Scattering and Geophysical Parameter Estimation

The ability to make measurements of voluminous scattering medium is vital for lidar sensors
expecting to perform geophysical parameter estimation. Atmospheric and ocean sensing with li-
dar relies solely on this scattering scenario. Using SPL sensors that employ TCSPC and photon
time-tagging to perform atmospheric or ocean monitoring is novel to this thesis. Atmospheric mea-
surements made by the laboratory demonstration sensor show the technique’s viability, achievable
resolutions, and the resulting low data rates. These reasons, and more, provide a solid foundation
for delineating the advantages of SPL sensors. The results published in Barton-Grimley et al.
(2018) [5] give robust analysis and justification for the argument of SPL application to atmospheric
monitoring, while also presenting the measurement novelty and necessary frame of thinking re-
quired for successful operation. The data presented in Chapter 6 provides examples of open ocean
profiles generated from the POLAR SPL sensor, demonstrating that integrated single photon re-
turns from the SPL sensor can form the basis of intensity based understanding of the measurement

environment.
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8.1.2 Verifying SPL Operation in Photon Counting Mode

Operation of SPL sensors with TCSPC acquisition electronics requires extreme care when
considering signal count rates and the implications of operating with a non detector dead-time.
These effects result solely from the use of time-tagging electronics. When the SPL measurement
requires only a range estimate, the effects are all but ignored completely in previous studies. For
an estimate of backscattered photon rate, or intensity, the effects are considered, but focus on
detector dead-time and acquisition dead-time is often neglected. The thinking is based on the
assumption that data from a sensor operating outside of the linear regime can be corrected in post-
processing so that the resulting data are linear once again. There are many methods by which this
has been achieved, but emphasis has not been put on the transition from linear to non-linear and
how estimates of where and when this happens. This thesis showed that with the fine resolutions
offered by utilizing TCSPC, any ignorance of these effects cannot be afforded. The results published
in Barton-Grimley et al. (2019) [6] show biases and distortions can be expected when a SPL is
operated out of photon counting mode, and where they start to occur in terms of mean signal count
rate. The publication also provides a basis by which data can be judged for biases by analyzing
the accumulated distribution shapes. Using these techniques, while also considering calculations of
signal detection rates, allows a rule of thumb judgment as to whether or not a sensor is operating
in single photon counting mode. Prior to this work, published knowledge of these effects was sparse
and not applicable to geoscience retrievals, but with the publications generated throughout this
thesis it is expected that a wide spread understanding of nuances incurred by implementing TCSPC
approach will occur.

Additional methods were developed within this thesis to analyze SPL data for adherence to
the photon counting assumption. A forward model for the sensor and measurement environment can
be generated and aligned to the measured data. This forward model provides additional information
content beyond the binary TCSPC measurement and allows in depth analysis of the continuous

signal waveforms, in both intensity and statistics spaces. These methods represent a novel analysis
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route for SPL sensors and it is anticipated they will be utilized to bolster the ARISTO-17 flight

data in an upcoming publication.

8.1.3 POLAR Airborne Measurement Demonstration

Deployment of the POLAR sensor during the ARISTO-17 field campaign represented a step
forward in SPL sensing. Prior to this demonstration, most airborne sensors utilizing photon count-
ing techniques did not employ TCSPC. In addition these sensors were of the million-dollar-plus
grade of research instruments. The POLAR sensor provides proof that high resolution geoscience
can be done with small sensors and in lieu of tremendous hardware investment. This was achieved
by relying on a deep understanding of the SPL measurement’s physics, by which exploitation of
the naturally occurring statistics, polarization, and scattering can lead to high quality data. The
deployment was aided by the development of the ATLIS simulator. ATLIS provided a method
to understand the airborne TCSPC measurement prior to flight, and then allowed validation and
understanding of signals post-flight. Within a single photon time-tag stream, measurements of the
atmosphere and ocean, or atmosphere and hard targets were made. In the case of ocean sensing,
the dual polarization approach allowed surface signals to be partially isolated from column mea-
surements. For topographic sensing, the dual polarization approach provided information about
the surface scatterer through the relative intensity per channel. It was found that unwanted signal
is the largest hindrance to SPL operation during day-time. This included a decrease in signal
acquisition, in addition to the overwhelming solar background counts. However, with modest sen-
sor tuning single photon detections were made in a plethora of measurement regimes utilizing a
532 nm laser and highly sensitive PMTs during the bright day-time sun light. It was also found
that although 1 — 2° of polarization misalignment may seem manageable, it actually introduces
enough coupling between receiver channels that measurements become highly contaminated with
unexpected signal.

The sensor development, model development, and results for the POLAR sensor are currently

being prepared for publication: Barton-Grimley, Rory A., et al. “Dual polarization single photon
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counting lidar development for multi-functional geoscience sensing” (2019) - In Preparation. It is
expected that this publication will pave the way for future research grade SPL development and

enable geoscience a high resolution.

8.2 Outlook: Meeting Science Requirements with the Next Generation of

SPL Sensors

Throughout this thesis work, three macroscopic areas were identified and advances were made

that facilitate further research. They are discussed below in separate sections.

8.2.1 Decreased Data Rates

Implementation of the photon time-tagging technique was shown to provide an efficient
method to acquire photon events, with the advantages of generating detections per laser firing
at picosecond timing resolution throughout the measurement column. This capability can prove
favorable for measurement scenarios with limited time on target due to relative platform motion,
such as aircraft and spacecraft observations. In a spaceborne environment high bandwidth teleme-
try is not possible, so introduction of techniques that decrease the overall data load are favorable.
Furthermore, nadir viewing airborne and spaceborne lidar systems often capture both atmosphere
as well as land and ocean backscattered returns. Flexibility in the TCSPC approach would allow
for such diverse scattering scenarios to be fully captured and post-processed for multi-functional
retrievals requiring dynamic resolutions. The results shown from the deployment of the POLAR

sensor provide an indication of these possibilities.

8.3 Increased Linearity and Collection Efficiency

The measurements shown throughout this thesis reduced complexity in optics and detectors
while demonstrating advanced capabilities, and were capable of generating several novel geoscience
measurements. However, it was shown that susceptibility to non-linear effects is high through the

implemented approaches. The use of arrayed detectors was identified in Chapter 4 as a method by
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which collection efficiencies can be increased, while simultaneously decreasing the non-linear effects
that result from deviation out of linear photon counting. Implementation of some n, detector ele-
ments to spatially sub-sample each received wavefront would provide a drastic increase to science
output from a single sensor, bringing the overall SPL approach into a different category of sensing.
Arrayed detectors also have the ability to provide relaxed system design — though at the cost of
increased data routing and management. A single large format array could be used for multiple
different receiver channels, all of which are providing different scientific measurements. This could
be done by parsing different portions of the array to dedicated channels, or more elaborate schemes
where different measurements are pursued with different cadences but utilize the same array ele-
ments. It is the conclusion of this thesis work that the future SPL sensor builds should utilize these

detector types.

8.4 High Resolution Earth Science

The anticipated ICESat-2 data releases will provide the first glimpse of photon counting
techniques in space, specifically for science. Though the ATLAS sensor will provide some mini-
mum set of measurements, it is limited in its applicability to atmospheric and ocean subsurface
retrievals. Further spaceborne lidar sensors have been identified by the ESDS, where the candidate
measurements are applicable to multi-functional operation. These include: differential absorption
lidar for water vapor and methane studies, and high-spectral-resolution lidar for clouds, aerosols,
and ocean based science. It is likely that one of these sensors will utilize photon counting due to
the inherently weak signals present. It would be advantageous to advocate the use of TCSPC, or
some TCPSC-like style of acquisition, to meet the resolution and data bandwidth demands of these
measurements.

It was shown that the TCSPC technique significantly reduces a sensor’s IRF. However,
backscattered signals recorded with picosecond timing cannot be considered independent until
integration to the IRF width (several centimeters) has been reached. Even so, centimeter range

resolutions in a number of geoscience applications is a new capability and can begin to contribute to
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understanding fine-scale processes. For atmospheric sensing these techniques could be applied to in-
vestigate cloud formation, turbulence, laminae, and other phenomena. Furthermore, this technique
can be applied to the wide variety of lidars often applied to atmospheric studies, such as differential
absorption lidar, Raman lidar, and resonance-fluorescence lidars, whose scattering properties may
be conducive to small-scale observation or dynamic integration. For topographic and bathymet-
ric sensing the possible applications are also broad. The transition between land and water into
the shallow regime is one that is not probed well by current lidar sensors. This includes rivers,
glacial melt runoff, and coastal environments, all of which could benefit from the advancement of

a dedicated small scale sensor.
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Appendix A

Supporting Information

Al Etalon Modeling and Housing Design

To facilitate daytime operation, a solid etalon was purchased from LightMachinery and in-
stalled to the POLAR sensor’s receiver. The as-purchased specifications are given in Fig. Due
to some uncertainty of the exact wavelength of the Teem Photonics laser used in the transmitter
(the manufacturer specified at 532.18 nm, but would not provide precision on their measurements),
the etalon was specified with as close to 532 nm as possible. The delivered optic had a peak wave-
length of 532.066 nm, indicating that tilt and temperature tuning would be necessary. As these
etalons are multi-mode, with additional pass-bands under 1 nm away from the central it was nec-
essary to use an additional interference filter to block these addition modes. An 300 pm bandpass
filter from Omega Optical was purchased and installed in front of the etalon mounting assembly

on a separate non-tiling mount.

Measurement Specification Comment
Etalon Thickness 400.7 micron 400 +/- micron Measured at 1550 nm at 24 deg C
Thickness uniformity RMS 0.6 nm <1.5nm Measured at 1550 nm at 24 deg C
Coating Reflectivity 74.2-74.4% 74.5% +/- 0.5% at 532nm
AR Coating <0.1% <0.2% at 532nm
Transmission Peak Position 532.066 nm Measured at 532 nm at 30 deg C
Transmission peak FWHM 23.4pm 22-25 pm Measured at 532 nm at 30 deg C
Trapsnmission peak FSR 236.6 pm 238 +/-2 pm Measured at 532 nm at 30 deg C
Finesse 10.1 9.5-10.7 Calculated from transmission paramters at 532nm at 30 deg C

Figure A.1: LightMachinery Fused Silica solid etalon as-delivered specifications. The optic was
spec’d for 532 nm operation, a <30 pm bandwidth, and a >10 finesse. The delivered optic was a
leftover from a run that matched out specifications and was provided heavily discounted.
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To understand the theoretical necessities for correctly integrating the etalon with the rest of
the receiver optics, the etendue of the system and the etalon response to temperature and angular
variations were considered.

The equations to properly match the etendue of the telescope and the etalon are given from

[119] as

ArQr = (WT%)(W@%) (A1)

ApQp = (mr%) (2 AN/ N) (A.2)

where 67 and 0f are the FOV half angles for the telescope and etalon respectively, r7 is the
radius of the telescope, rg is the radius of the rays entering the etalon, A\ is the etalon bandwidth,
and A is the wavelength of peak transmission. With these equations, the optical system leading up
to the etalon can be analyzed to ensure that proper collimation is passed through the system while
also filling the necessary clear aperture of the optic.

A simple shows how angular tuning the etalon can vary filter bandwidth, peak transmittance,
and peak wavelength. It is the case that ”collimated” light in the receiver is actually still partially
diverging or converging. Under the assumption that the ”collimated” rays make up a cone of semi-
angle © and defining the angle of incidence of the cone of rays as ®, the range of angles that are
incident on the face of the etalon will be ® + ©. In the case of the optic discussed here, angular
tuning shifts the pass-band blue-ward towards smaller wavelengths. According to [75], the angular
response of the peak wavelength in a dielectric thin-film filter can be given as

(A.3)

@2 2
Apeak = Ao <1 _ +®>

2n2
Also according to [75], the angular response of the filter’'s FWHM bandwidth and peak

transmittance is given as
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200 2
Adpew = \/ AN2 + < © QAO) (A.4)
n
A>\new 267;};)\0
Tpeak = ( 267;1;)\0 ) arctan [A)\new (A.5)

where A\ey is the adjusted bandwidth, Ag is the initial peak wavelength at normal incidence,
and n is the index of refraction, which is equal to 1.4607 for fused silica. With a new estimate
of the FWHM bandwidth the interferometer’s solid angle and full collection angle, FOV, can be
calculated

2Anew
QE:W@%:u

which then gives

05 = 20/2A M new /Mo (A7)

showing that as the bandwidth increases, so does the FOV of the etalon.

Unfortunately to an oversight on my part, the etendue of the receiver system was not opti-
mized for the etalon correctly, resulting in a mismatch of focal lengths and a beam radius of 2.5-3
mm on the etalon face, instead of the expected 12 mm. The result of the mismatched etendue
gave the collimated receiver light at best 70-90 mrad of divergence. The effects of this mismatched
are characterized and show in Fig. The tolerance to miss alignments in tilt become very
small, as 5 mrad off normal incidence and the transmission drops over 20 % with the equations
reaching a essentially flat steady state value until much larger tilt angles are used. Some of these
calculations were done after the fact to understand the transmission of the etalon and why the
receiver throughput was significantly less than expected. Adjustments to the optical system were
not able to be done again before flight, so optimization of this configuration was necessary for the

GV deployment.
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Figure A.2: Bandwidth, transmission, and etalon acceptance FOV as a function of the tilt tuning
angle 0 for the poor 120 mrad divergence configuration. As can be seen, the transmission of the
system reaches 50 % by the 10 mrad tilt angle, and the bandwidth has increased to over 50 pm.
By the full tilt angle of 40 mrad, the etalon bandwidth has approached the interference filter width
of 300 pm and the transmission has dropped below 20%.

The etalon was installed to the sensor and testing was done to maximize the tilt and temper-
ature of the optic by taking atmospheric profiles. The idea being that a baseline for the instrument
already existed for the range of signals seen over an atmospheric profile, so knowing those numbers
the instrument could be walked back to a closely optimized location. To compensate for trans-
mission losses and maximize throughput amplifiers in the CFD were utilized, recognizing that this

solution only partially solves the bar to increased detection rates.This was done over the course of
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two evenings of trials and after this was done the sensor was immediately installed to the NCAR
GV for flight campaigns.

With these calculations in mind simulations were run to understand what beam diameter and
collimation is necessary to facilitate a high throughput in future receiver re-designs. Figures [A.4]
and show contours for the pass bandwidth and peak transmission as a function on tilt angle
and beam divergence. It as assumed that the beam divergence will not go beyond 10 mrad and
limited tilt tuning to 40 mrad is allowed. The specifications shown in were used to generate

the contours.

Ti]tl'- .
“ingle')(} mrgi)’]

Figure A.3: A comparison between the tilt tuning range and divergence of the rays passing through
the etalon and their impact on the bandwidth of the optic. The bandwidth starts at the normal
incidence value of 23.4 pm and reaches 350 pm when the tilt of the optic has reached 40 mrad and
at peak divergence. For lower divergences, under 4 mrad, the bandwidth is less prone to change
under tilt tuning.

The bandwidth is shown to have the largest dependence on beam divergence, and that non-
normal incidence does play a roll but the effects are more drastic when the collimation of the rays
is poor. The transmission can be seen to drop of quickly for both tilt angle and beam divergence.
These figures imply that specific attention needs to be paid to matching the etendue of the etalon
to the rest of the receiver, and the telescope FOV may not be the limiting FOV if etendue is

not matched properly. Using these figures and calculating the etendue of possible telescope and
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Figure A.4: A comparison between the tilt tuning range and divergence of the rays passing through
the etalon on their impact on the transmission coefficient of the optic. As the divergence reaches
the maximum allowable value and the optic is tilted to 40 mrad, the transmission drops to 20%.
From this figure, it can be seen that for a beam divergence of under 4 mrad, the tilt tuning can
reach 10 mrad before dropping below 80% transmission.

collimating lens combinations, an optimum divergence can be found and then maximized through
proper tilt tuning.

The etalon housing was designed to compensate for the thermal expansion of the optic and
the surrounding aluminum, ensuring that the probability of damage to the glass ”sandwich” blanks
was low. The inner housing was then put into a delrin machined housing to act as an insulator
and the housing was tapped on each side for Thorlabs SM1 threads to accept windows. An early
diagram of the housing is shown in Figs. and The clear aperture of the etalon was specified
at 15 mm, and the housing encroached by 1.5 mm in radius, reducing the clear aperture to 12 mm.
The housing was then mounted to a Thorlabs CR1 manual rotation stage with a 5 arcmin read
out, or 1.45 mrad, and low backlash for tilt tuning, seen in Fig. The etalon was temperature

controlled as discussed in Chapter 5, allowing redshifting of the pass-band.
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Figure A.5: Partial representation of the final design for the etalon thermal housing.

Figure A.6: Machined parts for the etalon housing.

Figure A.7: Final assembly of the housing without the front delrin cover.
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A.2 ARISTO-17 Data Specifics

A.2.1 Lidar and Aircraft Data Assimilation

This section will document the efforts to develop a callable Python function that can be
given a photon time-tag and retrieved the associated GV values through a search and interpolation
routine. The purpose of this development is so that each detected photon can be geolocated relative
to the WGS84 ellipsoid and have the aircraft motion removed from the ranging information.

As the SPL data is asynchronous in time, with detection rates from Hz to MHz depending
on the measurement environment, and the GV’s IMU and GPS values have a defined sampling
frequency, there is a necessity to find relatively fast and efficient method to assimilate these values
together. The aircraft data has the following data rates: IRS yaw/pitch/roll 50 Hz, GPS alti-
tude/latitude/longitude 10 Hz, and time is kept at 1 Hz (not reported at higher frequency, but it
is assumed that the >1 Hz rates are initialized on the second, so the times can be extrapolated for
each device). An example of GPS altitude and the delta values are shown in Fig. [A.8

160 20170302- ARISTO RF04 - G5 Flight Data

— GPSALT: 10Hz
159
— 158
E
— 157
156
155
0.6

” — AGPSALT: 10Hz
0.
0.2
g 00
—0.2
—0.4
—0.6

22.66 22.68 22.70

Figure A.8: Captured GPS altitude data from ARISTO-17 research flight 4, with the top panel
showing the raw data and the bottom panel showing the delta between points.

High frequency changes in the data must be captured accurately. It was found that a cubic
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spline captures both high and low frequency changes in the data with highest accuracy. Using the
delta of the IMU altitude, to give another example of a aircraft parameter, it is easy to see both

frequencies present in the data and the accuracy of the fit, shown in Fig.

20170302- ARISTO RF04 - G5 Flight Data - AH IMU ALT
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Figure A.9: Example of a cubic spline fit to the reported aircraft IMU altitude. The delta between
IMU points was created and used as the sample set.

To actually retrieve the parameters a low point density cubic spline is fitted to each aircraft
data parameter needed and then a binary search mechanism reliably finds two points in the aircraft
data that bound the photon detection. A point density of the interpolation is then increased between
the two points to achieve the closest match in time to the photon detection. The output from this
routine is a data frame where each column gives the photon detection time and then the associated
aircraft values from the search/interpolation algorithm.

A series of test points were generated and pushed through the routine to test functionality.
A picosecond precise time-tag was input into the routine, using the detection time only, and the
subsequent aircraft values were then found. The output from the assimilation is shown in Fig.
For each test point the recovered IMU pitch and roll at the detection is shown in the top two
panels and the GPS altitude, longitude, and latitude are shown in the bottom three panels. It can

be seen that the detection times, black line, agree well with values on the lower sampling frequency
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aircraft data, shown in cyan. Though this is a fairly brute force method to generating the SPL
and aircraft assimilation, resulting in execution times that would not facilitate real-time products
when in operation, the method was shown to work well and was implemented in all post-processing

analysis of the ARISTO-17 field campaign data.

.0005
0.0000

UTC[s] +6.22x10°

Figure A.10: Outputs from the search function for test photon detections, shown in black, for the
IMU’s roll and pitch and the GPS’s latitude, longitude, and altitude. The input aircraft data from
the GV is shown as cyan points.



A.2.2 Georeferencing Photon Detections

The georeferencing equation was introduced in Chapter 5 as

ﬁWGS84 = ﬁ%/%55’84 + R_l()‘, ¢ - 900? O)R_l(ﬁa «, 1/)) {R_I(Aﬁ’ AO[, Ad})FL + FéPS}

X

Figure A.11: Geometry of the georeferencing equation.
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in an effort to provide the final data as elevations on the WGS84 ellipsoid. Like the nota-

tion in [120], R(S, a, ) is shortened from R;(/3)R2(a)Rs3(1)). The same notation is also used for

R™Y(B, ;). The general form for the rotation matrices are:

1
Ri(@)=1 0

0

0
cos(6)

—sin(6)

0
sin(6)

cos(f)
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cos(f) 0 —sin(0)
Ry(0) = 0 1 sin(6) (A.10)

_sin(@) 0 cos(f) ]

cos(f) sin(d) 0
R3(0) = | —sin(d) cos(d) 0 (A.11)

0 0 1

from which the inverses can then be calculated for the georeferencing algorithm. The term
Fé pg is the lever arm from the GPS to the lidar of form [Xé P YGLPS, Zé PS]T measured manually
prior to flight. The term 77, is the measured range by the lidar of form [0, 0, Z;]7. The term p_g[/%%s 4
is the measured position as reported by the GPS.

Since no boresight calibration flights were flown the term R~'(Af, A, Av), which account
for offsets in mounting from the aircraft’s frame, the only value known was Aa = —3.5° due to the

fixed pitch compensation built into the sensor mount. The remainder of the terms were set to zero

when input into the rotation matrices.

A.3 SensLL CFD and TDC Specifics

The purpose of this section is show some necessary information for the counting system that
was not appropriate for the thesis text. This includes diagrams of operation, pseudo-code for
re-synchronizing the time-tags and an explanation of the FIFO buffer failure.

Figure [A:14] shows the physical wiring for the TDC module as flown. The 250 kHz internal
clock to the TDC module was routed through a splitter into the start channels for each receiver
channel. The stop is the routed from each detector in each receiver channel. The synchronization

of the clocks required to use this implementation is discussed briefly in the next section.



244

Fixed Gain Programmabls Gain
Amplifier Amplifier (0.08 - 50)

'S
Polarity Programmable
Select DC Offset

4x Threshold
DAC

a CFD
Programmabls Comparator Output
Fraction Programmable D.Type
™ loc offset Flip-flop
18, 25, 36 or 60%

CK

Programmable Frogrammable CLR
Delay DC Offset |

1,11,15 ar1.6ns

Comparator
CFD
Input

Configuration
EEFROM

Enable

Controller

Use
Interface “ (FPGA)

Programmable
CFD Count Delay
8ns or 270ns

Configuration Bus
USB Bus

Figure A.12: A diagram of the Sensl. CFD module’s signal handling. Important is the fixed 10X
amplifier gain and the delay, fraction, and inversion portions. The output is a volt level TTL-pulse
and the internal electronics have a 8 ns dead-time. The programmable amplifier was typically run
at ~1-1.5X gain. The CFD output goes to the TDC input in Fig.
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Figure A.13: SensLL TDC module routing diagram. The time-tag controller, USB interface and

routers can be seen. The separate TDC modules shown in the diagram receive inputs from the
CFD module.

A.3.1 Synchronizing Macrotime and Microtime TDC Clocks

The TDC module was operated in ”resync” mode, where photon events are written out as
macrotime and microtime values and must be processed to arrive at the actual detection’s time-

tag. Each time-tag consists of a 32-bit unsigned value, with the first reporting the MICROtime
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Figure A.14: SensL. TDC module signal routing diagram. RG316 SMA cables route from the
internal clock to the Start for each channel. The pin diode, PMT1, and PMT?2 refer to the inputs
from the associated CFD channels.

and channel number and the second reporting the MACROtime value. The MICROtime counting
as a value of 26.9851 ps, setting the TDC resolution. The first word reports the MICRO time and
channel number. The second word reports the MACROtime with a least significant bit of 25 ns,
reading out the 250 kHz START clock. This counter is reset to 0 on every cycle of the 250KHz
clock.

Each photon time-tag value, to picosecond precision, is calculated as follows:

e Calculate offset between MACRO and MICRO timers

x The first time-tag is used to calculate the MACRO offset MACoffset as follows:
MACROoffset = First MACRO-((FirstMICRO*26.9851)/25000) - - - (25000ps = 25ns)

Gives the count of the MACRO when the first 4us frame is started.

e (Calculate the current 4us frame

* FrameNo = (MACRO-MACROoffset)/160 - -- (160*25ns = 4us or 250KHz)
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e Calculate the remainder of MACRO counts

* Remainder = REM of (MACRO-MACROoffset)/160

e Adjust the FrameNo based on possible boundary conditions

« If (Remainder<60 & MICRO>100000) then FrameNo=FrameNo-1

i.e. If MACRO is just past boundary and MICRO is large then Rollover hasnt occurred

« If (Remainder>110 & MICRO<40000) then FrameNo=FrameNo+1
i.e. If MACRO is near end of boundary and MACRO is small the ROLLOVER has

already occurred
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A.3.2 Implications of FIFO Buffer Failure

During the ARISTO-17 campaign it was found that in certain high noise environments the
TDC model would fail and report bad data. The failure seems to result in a mixing of channel
designations such that it is impossible to designation whether a detection is real or from a different
channel. As seen here in Fig. the expected 14.3 kHz laser sync signal becomes corrupted and

returns non-real values, upwards of 30 kHz in some areas.

(%)
[\
—_
(@)
D

w
=)

C0

D

10°

DO

)

Reported Laser PRF

=N NN DN DN
=~

C0

Counts thru FIFO Buffer

—_
(=)

A " ‘ _1
81600 81800 82000 82200 824%8
UTC [ s]

$1100

Figure A.15: This figure shows the implications of when the SensL. TDC module reaches high
throughput and fails, providing higher than expected laser sync signals. The left axis shows the
reported laser PRF, in black, and the right axis shows the total number of counts pushed through
the FIFO buffer in the TDC module, in red.

To mitigate using bad data for signal processing, a filter was implemented in the processing
chain to flag data where the laser sync had increased in PRF. This was done on a per shot basis by
computing the IPP between shots and comparing against the expected value of ~ 70us. This issue
occurred in several flight environments, but seemed to always be linked to the noise rates and thus
the total counts through the buffer. The total allowable is quoted at 5 MHz by SensL, but failure

was found at ~ 10° total counts.
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A4 GV Window Polarization Tests

The transmitted Stokes vector for POLAR sensor was measured before and after the aircraft
window using a quarter wave plate, polarizer, and integrating sphere, shown in Fig. A
neutral density filter of ND6 was also included to decrease transmit energies. The sensor was tilted
at ~3.5 degrees to simulate the correct orientation.

The measured value post window was:

»ny
I
s

(A.12)

Figure A.16: Set up for measuring the transmitted stokes vector prior to aircraft installation. The
aircraft window as placed horizontal with the POLAR sensor transmitting vertically through the
glass.
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