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Abstract

High resolution ranging systems are of great ingur¢ for both civilian and
military applications. In comparison to radio freqey (RF) waveforms, the optical
waveforms used in laser detection and ranginggdalkADAR) can carry broader
bandwidth signals and thus provide better rangelugen. They also provide better
immunity to electromagnetic interference, and a&a&dily integrated with fiber-optic
distribution.

High range resolution can be obtained using shod atense pulses.
However, the transmission and processing of sud¢tepus difficult and potentially
unsafe. In addition, the overall signal energysfalif with the use of short pulses, and
the signal to noise ratio (SNR) of collected echagsthus degraded. Instead,
temporally extended waveforms or sequences, in uoetipn with proper
compression techniques at the receiver end, mayskd. The auto-correlation, or
matched-filtering, of long waveforms and sequeneésctively compresses their
entire energy into an intense and narrow virtuakpeith low residual sidelobes.
Such sequences may therefore reproduce the highuties and low background that
are provided by a short and high-power single pulsth significant added values:
the instantaneous power of the extended waveforams b orders-of-magnitude
lower, making them safer and simpler to generata neal-world system and more
difficult to intercept by an adversary.

The objective of this work is high resolution lasgnging measurements using
compression of long waveforms. The proposed LADAReamM employs an encoded
sequence of pulses and proper post-processing temnohigh resolution ranging

measurements with low sidelobes. In most scenagibsctive compression requires



phase coding, whereas intensity coding leads teerioif performance. The
measurement of phase in a photonic system, howenelyes complicated coherent
receivers. Alternatively, we employ a novel incamrcompression scheme, which
was previously proposed by Prof. Nadav Levanon efAviv University. In this
scheme, binary phase sequences are converted mgpalau, intensity modulation
representation through a position-coding algorittamg then used to modulate the
laser ranging source. Reflected echoes undergolesidifect detection, followed by
correlation with a bipolar reference sequence thatigitally stored at the receiver.
Even though both transmit and receive operationrm@herent, the filtered sequence
nearly replicates the effective sidelobe suppr@ssfdhe original phase code.

Laser range finding using incoherent compressions vwemonstrated
experimentally. Unipolar representations of twoetypf codes were examined: 1)
minimum peak to sidelobe (MPSL) sequences, andoB)ptementary code pairs
(a.k.a. Golay codes), whose correlation sidelolwsally cancel out. A ranging
resolution of 15 cm at 70m distance was demonstnagéeng this system. The range to
a target could be observed at poor electrical SN&s,low as -20 dB. The
measurement range depends on the reflectancegeftdatransmitted optical power,
receiver aperture and code length, and could réaciklreds of meters and even a
kilometer. The results provide the first successfemonstration of the incoherent
compression principle using echoes that are refte¢tom a realistic, Lambertian
target.

The work is organized as follows. A general intrciin to sequence
compression and LADAR systems is given in ChaptdRdlevant literature surveys
on the relative merits of different coded waveforans highlighted in this chapter. A

laser ranging system based on incoherent pulse ressipn, alongside simulations
I



and preliminary short-range lab experiments, idesd in Chapter 2. Chapteri
dedicated to a laser ranging measurements to iatredlambertian reflecting target,
using the incoherent pulse compression of vari@gaiences. Concluding remarks, a
critical discussion of system performance and apaoimon between time-of-flight
and sequence compression approaches are providéHaipter 4. Future work and

perspective are also suggested at the end ofhiaster.



CHAPTER

1

Introduction

1.1 Laser Radar Background

RADAR (RAdio Detection And Ranging) is the process of transmitting,
receiving, detecting, and processing an electroet@gmwave that is reflected from a
target. Early RADAR experiments began in the 1288 gentury, and a first system
was developed by the German Army in 1935 [1]. Aeotlktical and technical
developments continued, RADAR techniques and agiphics expanded into almost
every aspect of the modern world.

Pulsed light sources and optical detectors west fised in 1938 to measure
the base heights of clouds [2]. The acronym LiDARght DetectionAnd Ranging)
was first used in 1953, [3] and development of keglergy or Q-switched pulsed
lasers in 1962 made such sources available for Rfsplications. In 1963, Fiocco
and Sullivan published work on atmospheric obseaat using a Ruby laser [4].
Since that time, laser-based sensors have demtustreost, if not all, of the same
functions as radio frequency (RF) or microwave RATA

All ranging systems, whether RADAR, LiDAR, or LADARLA serDetection
And Ranging), function by transmitting and receivingotlemagnetic energy. The

only difference among them is that they work infatént frequency bands [5].
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Therefore, many of the same considerations, su@ngsina theory and propagation
time, apply to all of these systems.

While many waveforms are used in both RADAR and 164D continuous-
wave (CW), amplitude-modulated (AM), frequency-miaded (FM) or pulsed, the
mechanisms for producing these waveforms in LADAR RADAR are significantly
different. Producing the desired waveform in a RADAransmitter could be as
simple as turning an oscillator (or amplifier) amdaoff. In comparison, the various
LADAR waveforms are often created by operatingfos aptical path of the laser. Q-
switches that can rapidly change the output cogptihthe cavity are used to dump
the built-up energy stored in the cavity, producangharp, short pulse. Components
such as modulators are used to impress modulatiaihe laser output. Because the
optical alignment of these components is criticake must be taken to provide very
stable bases and mounts for the optical elemerhts. development of fiber-optic-
based components has made LADAR elements morelyl@s@logous to their
counterparts in RADAR systems [16].

Once a signal is generated, it must be launchedrtisvpotential targets. In
RADAR, this is done through an antenna. While RADédrild operate with a simple
dipole-type antenna, the resulting omnidirectidmehm pattern would be of minimal
use, so some type of directivity is needed usingenetaborate antenna designs. The
optical equivalent of the antenna in a LADAR sysiera telescope or an arrangement
of optical lenses. The simplest system to implenmsnthe bi-static configuration
shown in Fig. 1.1(a). Here, separate paths andhaaseare used for the transmission
and receiving functions. Although this configuratics mechanically simple, it does
result in a larger system package, especially funes of the longer-wavelength

RADAR systems. The main advantage of this configoinas that it does not involve
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the coupling of the noise produced by the antenbatkscattering of the transmitted
beam into the receiver channel. This configuratorarely used in modern RADAR
systems, but it is commonly used in LADAR systefasr most current RADAR
applications, the same antenna is used for bothtrdmesmission and receiving
functions in a so-called rono-static configuration, Fig. 1.1(b).

While using this configuration can reduce the sind mechanical complexity
of the system, it does increase the complexityntérnal circuitry and subsystems.
The use of only one antenna requires the incornporaif a transmit/receive (T/R)
switch. The switch is a directional device thattesuthe energy coming from one port
to the next in a rotating direction, e.g., energsning from the transmitter is routed to
the antenna, whereas energy from the antenna tedda the receiver. Ideally, only
marginal energy (cross-talk) is routed in the regatirection. In microwave systems,
this switch is called a&irculator, and a magnetic field in the waveguide effects the
signal rotation around the signal path. In a LADAstem, a common T/R switch
uses waveplates to rotate the polarization of #@merl beam and a polarization
sensitive beamsplitter to route the energy into gh@per channel. A fiber-coupled

circulator is a directly analogous to the microwawaveguide and circulator.
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Figure 1.1 Typical LADAR/RADAR systems[16]

The final subsystem shown in Fig. 1.1 is the remei¥¥or both RADAR and
LADAR systems, the receiver function is to transfothe propagating energy
captured by the antenna into an electrical sigmatl tan be processed to extract the
desired information. In a RADAR system, the flu¢ing electromagnetic fields of
the returning signal induce currents in the reaethat can be picked up by the
detector and amplified, thus creating the signalb& processed by subsequent
subsystems [16]. In a LADAR system, the returnitgtpns cannot directly induce
this type of current. Instead, a photodiode is usedonvert the photons to current.
Charge carriers are generated in response toihgltent upon the photodiode, and
the photon energy of received light is convertdd en electrical signal by releasing

and accelerating current-conducting carriers wittiia semiconductor. This light-



induced current of the photodiode is proportior@ltiie intensity of the incident
radiation and forms the signal that is transfertedother subsystems within the
receiver. Therefore, if phase information is regdim a LADAR, then mixing with a
phase-locked local oscillator (LO) is required uplatection (i.e. @oherent receiver)
[16].

For most modern RADAR systems, the targets of @steare usually smaller
than the transmitted beam width, so that the target as isotropic scatterers. On the
other hand, LADAR systems often have beam widthallemthan the targets, and the
targets can resemble anything from a Lambertiaan $pecular reflector and often are
combinations of both. Except for a few bands arog8d®, 60, and 94 GHz, most
RADAR systems are not affected by the same atmosphlesorption attenuation that
affects LADAR. In general, the following comparisocan be stated for LADAR and
RADAR systems:

e Optically thick clouds and precipitation can atteteua LADAR beam, while
RADAR scatterers may consist of clouds and hydreorst (e.g., rain or
frozen precipitation). Thus, RADAR systems are gelie less susceptible to
atmospheric absorption effects than LADAR systems.

e LADAR beam divergence can be two to three ordersnafjnitude smaller
than conventional 5- and 10-cm-wavelength RADARisTgives LADAR
systems superior spatial resolution but a lessciefft wide-area search
capability than a RADAR system.

e The combination of the short pulse (possibly orsgale), and the small beam
divergence (about Idto 10 rad), creates small illuminated volumes for
LADAR. This makes LADAR better at conducting measuents in confined

spaces such as urban areas.



1.1.1 Resolution and signal-to-noiseratio

RADAR and LADAR are integral parts of many modereapon systems.
Their ability to work at long ranges is incomparahlith any other existing sensors.
Use of advanced signal processing techniques heatlgrenhanced the detection
probability and resolution characteristics of thedarn RADAR/LADAR systems.
The capabilities of wideband/high-resolution RADA&d LADAR in target
detection, recognition and analysis of the backsedag media, have increased their
role in many areas of defense and civil applicaidost of the civil applications are
concentrated on remote sensing, investigation afrabresources, ground mapping
and high-resolution imaging of objects; the appiares of military systems include
intelligence, surveillance, navigation, detectioecognition, guidance of weapons,
battle field surveillance, anti-aircraft fire cooitetc. [6-7].

Target detection and parameter estimation becoffieuti practical problems
of interest when the target is small and/or is &irg distance. In addition, another
practical aspect also comes into picture, whenpddormance characteristics are
discussed, namely thresolution. In general, the resolution can be defined in seain
system capability to distinguish a desired target imulti-target environment. The
detection and estimation problems become quitelesigihg when the target is
located in a multiple target scenario, where imteice from several targets needs to
be addressed. Resolution thus becomes a criticedmmder of interest in all
discussions related to modern high performancesys{8-9].

Another key parameter in the detection of the taagel the extraction of the
desired information is the signal-to-noise ratidNB§, which is defined as the ratio
between the power of the peak signal and the agearage power [10]. The SNR can

be optimized in anatched-filter receiver, for which the SNR can be shown to be
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given by2E/N,, whereE is received signal energy amg is noise power per unit
bandwidth [10-11]. The ranging system detectionabdjty thus becomes a function
of the energy associated with the received sigtial 12].

To achieve high energy content in transmitted djge#ther the peak
transmitted power may be increased for a givenepdigation, or an elongated pulse
length may be used for a given peak power [10].n#est of the transmitters are
operated near peak power limitations [13], the gyneontent may only be increased
when a long duration pulse is transmitted. On ttherohand, high range resolution
requires short pulses. Due to these contregds, of long pulses for detection and of
short pulses for range resolution, early rangirgjeays faced difficulties in achieving
the two functions simultaneously [13]. Both desadpjectives can be successfully met

by using pulse compression techniques, as willdseribed in the next part (1.2).

1.1.2 Incoherent and coherent LADAR systems

In general, two types of LADAR systems exist: ineadnt, which rely on direct
detection of intensity only, and coherent, whichkenase of both the amplitude and
the phase information of the optical wave. The edéhces between the two are
illustrated in Fig. 1.2. In coherent systems, &tica of the outgoing laser energy is
split off and redirected to the receiver detecldris energy is then aligned with the
collected LADAR echoes on a photo-detector, whichperating as a classical mixer.
Generally speaking, coherent LADARs can operateloater SNRs than their
incoherent counterparts [14]. In addition, cohergygtems generally allow for better
use of sequence compression techniques [15], wiebh for the most part on
frequency and phase coding. Sequence compressilobenaddressed in much detalil

later in this thesis.
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Figure 1.2Block diagrams of incoherent (top) and cohereatt@im) LADAR systems [16].

While prevalent in RF and microwave systems, cattaeceivers in the optical
domain come at a cost of significant complexity][14n intermediate and highly
appealing approach, which will be explored in tl@search, is the direct detection of
pulse position modulated sequences. A proper petsiction processing of such
sequences could allow for highly effective compi@sswhich could rival those of

coherent systems.

1.1.3 LADAR applications

LADAR systems can be catalogued into many categofieey may be grouped
according to their transmitted waveform (i.e., C\Hntinuously-modulated, or
pulsed); by receiver concept (coherent or diredea®n); or by the intended
measurement (range, velocity, backscatter, or sgdegbsorption). Development of
LADAR systems is advancing rapidly [16]. Their apptions include range-finders
[17], 2D and 3D imaging systems [18], Doppler vibeters [19], and synthetic
aperture imaging [19-20]. Three-dimensional imagesvaluable in applications such
as mapping, target recognition and machine gestumol. A 3D image of a scene is
constructed using combined multiple range measungsrieken along different lines

of sight. Traditional 3D LADAR systems use scannmigrors in order to obtain high
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resolution images. In order to measure Doppletshibherent receivers are needed.
These coherent LADARs are sensitive enough to mmeasurface vibrations of
remote objects on nanometirc scale [19]. Despitg itmpressive growth in such
relatively recent LADAR applications, the primarlgjective of LADAR remains the

measurement of the range to a target.

1.1.4 Common ranging measur ements techniques

The most commonly-used LADAR scheme relies on thesimission of short
and intense isolated pulses, and time of flightR)Toneasurements of collected
reflections [16]. Laser pulses created by Q-switickgstems can have durations on
the order of nanoseconds. The receiver calcul&iegiine it took a single pulse to
make a round trip to the target and back. This tageals to the roundtrip distance
divided by the speed of light.

A block diagram of a ToF LADAR range finder is show Fig.1.3 (left). This
system consists of a laser transmitter emittingsgmilwith a duration of few ns, a
receiver channel including a PIN or an avalanchetgdiode (APD), amplifiers, an
automatic gain control (AGC) and timing discrimioi. The emitted light pulse (start
pulse) triggers the time interval measurement wamt] the reflected light pulse (stop
pulse) stops it. In this concept range accuracymadision are limited by the length
of the transmitted laser pulse, the pulse's sh&gejver electronics and noise sources
in the LADAR system. In order to get a significambrking distance, intense and
short pulses are needed.

Another ranging measurement technique is basedforphase-shifts. In a
phase-shift range-finder, the optical power is ntaighd with a constant radio

frequency. The basic operating scheme of the dasighown in Fig.1.3 (right). A



sine wave of frequencf is generated by the main oscillator and moduldtesdXC
current of the laser diode. After reflection fronettarget, a photodiode collects a part
of the laser beam. Measurement of the distahé® deduced from the RF-domain
phase difference between the photo-detected cuarghthe original out-going signal.
In this technique the accuracy and precision angdid by drifts in the intermediate
frequencyf,r (see figure), cross-talk between transmitter awiver channels, and

signal distortions.
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Figure 1.3 Left: block diagram of ToF LADAR range finder [1Right: block diagram of phase-shift
LADAR rangefinder [17]D: Distance.PIN: PIN photo-diodeosc. RF: RF oscillatorosc. OL: Local
oscillator.f,.: Intermediate frequencyf,.: Pass-band filter bandwidthg: phase difference.
Another common technique for ranging measuremesitdased on linear
frequency modulation (LFM) of the laser signal [22} and a coherent receiver. The
basic concept of an LFM LADAR is illustrated in Fify4. The driving current to a
laser diode source is being modulated by a rampefeaw, resulting in a periodic
linear frequency chirp. The laser output is laumtchienultaneously towards the object
and towards a reference mirror using a beam gplifiee reflected signals are then
superimposed in a square-law detector. The betding, which is oscillating at some

intermediate frequencf., is further amplified and measured with a freqyenc

counter. The intermediate frequengyis proportional to the time delay between the
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transmitted and received waveforms. Thus, withatpiori knowledge of the sweep
bandwidth and repetition rate of the LFM wavefothe distance to the target can be
obtained.

Due to the square law mixing process, the amplitofddhe detector output at
fir is proportional to the amplitudes (as opposedhw fgower levels) of both the
collected echo signal and the reference. Accorglintie dynamic range of the
frequency-swept technique is twice as large (insdBle) as that of pulsed radars, in
which the electrical signal is proportional to fh@wver collected from the object. The

improvement in dynamic range in turn extends tha&l tworking distance.
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Figure 1.4 Block diagram of LFM based LADAR range finder [17]

The limiting factor of swept-frequency LADAR systems the nonlinear
frequency response of laser diodes. The frequenmguhation response of a laser
diode is, in general, non-uniform, so that a linegtical frequency sweep cannot be
perfectly realized by ramp modulation of the cohttarrent. As a consequence,
deviations from the linear sweep usually occur, emturn lead to variations in the
intermediate frequency,.. Another fundamental limitation of the measurement
accuracy is due to the phase noise of the laseledi®3-24]. Frequency-modulated
laser diodes with narrow spectral linewidths areganeral preferable for highly

accurate range measurements.
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1.1.5 Sourcesof noisein LADAR systems

Several phenomena contribute noise to LADAR measentés. The noise
sources include statistical fluctuations in the amaof light arriving at the LADAR
detector (for example due to relative intensitysegRIN, of the laser diode source);
variations in the photo-detected current that ave do the quantum-mechanic
characteristics of the detection proceS®o( noise); thermal noise due to fluctuations
in current along electrical conductors; specklégoas, and additive stray photons.

Shot noise is inherent to the detection proces® fouthe particle nature of
light, the number of photo-electrons counted du@ngme intervalAt is a random
variable, even if the incident optical intensity astirely deterministic. Figure 1.5
demonstrates the effect of random photon arrivak$ on the number of photons
counted by a detector with a finite integration éinThe mean number of photo-
electrons is proportional to the expected numbemlobtons as decreed by the
incoming intensity and measurement duration. Thenber of photo-electrons
measured during the detector integration time mratterized by Poisson statistics
[14]. The standard deviation, according to theassdics, is proportional to the square
root of the mean value. Therefore, in those systeams/hich shot noise is the
performance-limiting mechanism, the SNR can be awgd by elevating the source
power.

Noise currents flow in any conductor that is noOaK. Thermal noise relates
to the fact that at a finite temperature, electrom®/e randomly in the conductor.
Random thermal motion of electrons in a resistonifeats as a fluctuating current,
even in the absence of an applied voltage. The teadtor in the front end of an
optical receiver adds such fluctuations to the entrgenerated by the photodiode.

Thermal noise is independent of the incoming powae effect of thermal noise is
12



often quantified through a quantity called the eeggjuivalent power (NEP), defined
as the minimum optical power per unit bandwidthuresd for an SNR of unity. As in
the shot noise-limited case, the SNR of a thermaealimited system improves with

incoming power.

T Photon-Impulse Train With No Random Arrival

3

Integration time window
of the detector

/

T

' >

time

Figure 1.5 Effect of random arrival times on the number obfaims counted during a fixed interval. If
the photons arrive at predictable intervals, sivtphs are counted. Random arrival times here show
eight photons being counted. [16]

The output of a semiconductor laser exhibits flattns in its intensity, phase,
and frequency, even when the laser is biased amnatant current with negligible
fluctuations, due to unavoidable spontaneous eamsdhat accompanies the
stimulated emission process [14]. Phase and freyuewise could degrade the
performance of coherent LADAR systems, however tih@yot manifest directly in
incoherent detection schemes. The relative intgmgitse (RIN), on the other hand,
has a detrimental effect on direct detection ad. &N is quantified in terms of the
power spectral density of the intensity fluctuaipnormalized to the average power.
Typical InGaAsP laser diodes operating at 1.55 xhib#& RIN of about -155dB/Hz
[14]. By definition, SNR limitations due to RIN caot be improved by raising the

source power.
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Speckle effects are caused by interference fromar@el collection of
independent coherent radiators which arrive togetbethe photo-detector. Such
interference occurs when the laser source is teflerom a rough surface. The
number of photo-electrons subject to speckle phemamcan be modeled as a
negative binomial random variable [25]. Speckle dmees dominant for highly
coherent sources [16]. Much like the case of Ribis@ due to speckle scales with the
source intensity.

Background or ambient noise in the context of LADA¥stem measurements
constitutes any other light or signal that is atlel by the detector and does not
originate from the laser transmitter. For most pcat scenarios, the background
radiation is sunlight that falls on the area witttie receiver’s instantaneous field of
view (FOV). The background photons collected by sleasor bear no information
concerning the range to the target, but the sh&enthat is associated with them
contributes to the overall noise to the LADAR systemeasurement. As mentioned
earlier, shot noise from background photons cambeeled as Poisson process, and
its standard deviation is proportional to the baiadhvof the ambient light source
[16]. Practical LADAR systems use optical band pBissrs, designed to block all

background photons at wavelengths other than fithedntended source.

1.2 Pulse Compression

The development of the modern radar theory owegelpart of its foundation to the
work of Woodward [26]. Woodward suggested that denpulse can be transmitted to
achieve the energy required for detection, whilé¢hat same time the desired range

resolution conditions could be achieved by modaotdtioding the transmitted pulse in
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order to have a bandwid® greater than that of an unmodulated (uncoded)epoils
the same duration. The received echo can be pextéss/ield a narrow compressed
shape, which depends on the bandwidth of the tréiesmpulse and not on its
duration [10-11, 26]. This process led to the depelent of a significant
technological development in the design of RADARDRAR waveforms, which is
popularly known as Pulse Compression Techniques” [10, 12, 27-28]. The two
significant design objectives of the high performamanging systems, namely the
high detection capability (requiring high energyntamt) and high range resolution
(requiring short pulses/wide bandwidth) can be ioleth simultaneously by the use of
pulse compression techniques [12].

The pulse compression waveform has a duration-bigitidvproduct that is
much larger than unity, in contrast with the urdiyration-bandwidth product of an
unmodulated pulse waveform. The duration-bandwigtbduct also quantifies the
compression ratio of the process, since the temporal extent of thecqssed,
compressed shaper is on the ordet (. Typical compression ratios are in between
100 to 300, but could be as high as fia].

A matched filtering is the process of correlatihg treceived waveform echo
with a replica of the transmitted signal. The otitpiuthe matched filter consists of the
compressed pulse accompanied by residual resp@tsether instances (ranges),
calledtime or range sidelobes. The sidelobes may conceal the existence of aahdili
weak targets. Frequency weighting of the outputagis usually employed to reduce
these sidelobes. In these so-calladmatched filtering receivers, SNR of the main
peaks is moderately compromised in exchange for emeffective sidelobe
suppression. Many pulse compression techniques It investigated and reported

in the literature [11, 15, 29-39].
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Different types of modulations can be used for eginig the pulse compression.
Two of the most significant and popular modulatisochemes arefrequency
modulation and phase modulation. Accordingly, the existing pulse compression
methods can be broadly categorized and listettegsiency coding techniques and
phase coding techniques. The former includes Linear Frequency ModulatibRN]),
stepped LFM, Non-linear FM (NLFM), and discreteguency shift (time-frequency
coding) waveforms. In this category, the LFM seaq@stan be regarded as the
fundamental building blocks, which later led to tevelopment of NLFM. The latter
category includedi-phase (Barker codes, compound Barker codes, M-sequences
codes, MPSL codes, Golay codes etc.) [11, 30-33d, @ly-phase codes (Frank
codes, P1, P2, P3, P4 codes etc.) [11, 34-39]. Masgarchers [11, 29-39, 40-43]
have contributed in a significant manner for thevellepment of different pulse
compression waveforms.

In spite of their popularity and widespread appiaas, both the LFM and
NLFM waveforms suffer from several drawbacks. Theplementation of the
associated digital signal processing scheme mighdifficult, due to lack of high
quality analog to digital converters (ADC) at thecassary high sampling rates [12].
Other significant limitations in LFM waveforms attee poor Doppler resolution and
the inherent ambiguity between variations in raage in the Doppler frequency shift
[12, 29]. The output of the LFM matched filter desgs comparatively large range
sidelobes (the first sidelobe is approximately 21dB below the desired peak), which
can be reduced at the cost of compromising the BISR On the other hand, NLFM
waveforms are sensitive to Doppler frequency shiftl are not Doppler tolerant.

Further, the major limitations in implementation OfLFM are - (1) system
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complexity, (2) limited development of NLFM genengt devices, and (3) stringent
phase control requirements [11-12].

Phase coding represents an innovative pulse cosipretechnique, in which
the effects of pulse compression are achieved mgudiscrete phase changes rather
than frequency variations. Contributions of Barkg0], Turyn [31], Golay [32],
Golomb and Scholtz [33], Friese [34], Borwein aretduson [35], Frank [36], Chu
[37], Lewis and Kretschmer [38-39], are few of thest significant works in the area
of discrete phase coded pulse compression sequences

In phase-coded waveforms, the frequency remainstaon but the phase of
each subpulse is switched between certain predetedrM values at periodic
intervals. That is, each pulse of len@ihcan be considered as a contiguous sét of
subpulses of duratioff = Tp/N, with the phase of each subpulse chosen as @ther
orn (M = 2, bi-phase), as shown in Fig. 1.6, or from imith set of values of phases
between 0 td2m given by2m/M, M being an integer greater than 2 (poly-phase).
Individual subpulses are designatedthips [12], subpulses[11] or bits[15]. In phase
coding, the pulse compression ratio is on the ooflét, the number of subpulses. The
output of the matched filter is typically a narrpeak of widthT (mainlobe), which is

aboutN times stronger than the instantaneous power oéxhended, received echo.

+1

#1414 +

TIME

Figure 1.6 lllustration of a binary phase-coded signal. [5]
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The ratio between the height of the strongest siebnd that of the main peak
(peak to sidelobe ratio, or PSLR) of a Barker cofiEengthN is given byl/N [30].
Unfortunately, Barker codes were only found up tleragth of N = 13, limiting the
compression ratio accordingly. One category of &ngequences is that of maximal

length pseudorandom sequences or M-sequences [129).2However, wherN is

large, the PSLR of the truncated maximal lengtlueage approachdg+/N, which is
significantly inferior to that of Barker codes. Whithe Barker code of length 13
produces a PSLR of —22.3 dB0{og(1/N)), a 255 bits-long M-sequences is required
for producing a similar ratio (sidelobe level —288) [10].

Many searches for longer codes with optimum PSLReHzeen carried out
[12, 29]. The resulting codes are knownhigimum Peak Sdelobe Codes (MPSL),
defined as binary phase codes having the best R@L&Rgiven length. Utilization of
exhaustive search techniques resulted in MPSL capés a length oV = 1112 [44].
All Barker codes are also MPSL codes, but the sweelation is not true. MPSL
codes literature [12, 29, 41] reveals that thengfite of the highest sidelobe is 2 fér
<28, 3for 2%< N <48 andN =51, and 4 folN =50 and 5X N < 70. Recently, the
MPSL code with length oN = 1112 was proposed and investigated [44]. Far thi
code the PSL is 24 and PSLR is —33.3 dB [44].

The main advantage of bi-phase codes is their e&senplementation;
however, the generation of such codes with a latgeber of bits requires extensive
computer searches [15]. Another known class of esecgs is the poly-phase codes, in
which the possible phase values are not restrict@corz. A number of researchers,

including Friese, Frank et al., Heimiller, Chu, lswand Kretschmer [30-39],
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investigated different types of polyphase codes stmalved that they possess good
autocorrelation and cross-correlation propertiég.[1

Friese [34] established the existence of uniforrtyqptiase sequences up to
length 36, targeting th8arker condition, i.e. the magnitude of all autocorrelation
sidelobes is less than or equal to one. Stochaptimization technique was used to
obtain these sequences with properly selectedrgjaréctors. Borwein and Ferguson
[35] further extended the list of known poly-phassuences that satisfy the Barker
condition, up to length 63, by using two differeqtimization algorithms applying
stochastic and calculus techniques.

Franket al. [36] established the correlation properties @ plolyphase codes
with M number of phases and code length N, suchMhatM?. These codes are
popularly known as thErank Codes, and it has been suggested that the Doppler shift
effect of these codes can be similar to those d¥l ljulse compression codes. In
principle, their main limitation is that they anepdied only for codes of perfect square
length (Vv = M?). Frank codes can be treated as an approximats setpped LFM,
represented as poly-phase codes.

Lewis and Kretschmer [38-39], introduced four typé#-Codes, namelyP1,

P2, P3 andP4 codes, which may be treated as variants of Frahkpgitase codes. It

is claimed that thé&-codes are more tolerant to receiver band limiting ptiormpulse
compression than the Frank codes [11, 15, 36].bmoad sense, it can be stated that
all the Frank codes and P-codes are derived/relaesions of LFM signals. Thel
and P2 sequences are permutations of the Frank code,aamdapplicable only
forN = M?; P3 and P4 codes are applicable for any lengih [15]. The
implementation of poly-phase coded pulses is moraptex and requires extensive

numerical optimization. The principal limitation pbly-phase coding is that in case
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of higher sequence length, these codes become seastitive to Doppler shift than

that of the shorter ones.

1.3 Complementary Code Pairs

Another approach for sidelobe suppression is puteenpression of
complementary binary sequencescaplementary code pair, otherwise known as a
Golay sequence pair, is defined by the following property: a pdig, B, of two L-
element sequences is said to be complementarg uin of the auto-correlations of
the two sequences is zero for all nonzero shiftg].[Ihus, the sum of the

autocorrelations of the two member sequences iscaetie-time delta function:

2 Anik * An + X Bpy * By = 216y, (1.1)
_(1,fork=0
O = { 0, otherwise (1.2)

A number of iterative constructions for complemeynteode pairs have been
derived by Golay [32]. One of these procedureswknas “appending”, is applied to

anlL-element code pair yielding a n@&k-element code pair [47]:

- (2

where B denotes the complement of B, obtained by swapgisgand -I's, and |
denotes the concatenation of sequences, &.pB is obtained by appending the
elements of cod#® to the right of the elements of code Starting with the two-

element Golay pair, the Golay codes of length 4&acde readily derived:

1, 1 1, 1, 1, -1 1, 1, 1, -1, 1,1, -1, 1

b1 Iad Joooue
1,—1 1, 1,-1, 1 1, 1, 1, -1, -1,-1, 1, -1
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This procedure may be continued on to generateesegs of lengths which
are powers of two. Notice that all sequences geeethis way are bipolar, witft1 -
valued elements. In a practical application, the sgquences must be separated in

time, frequency, or polarization.

In contrast to MPSL sequences, the finding of lapngiplementary pairs is
relatively simple. The generation of a new completae/ pairs begins with one or
two primary pairs listed in Table 1 [45], followéy the application of one of several
construction rules (one of which was described apolhe procedure can be repeated
as needed. A recent detailed description of thegmtty known construction rules,

including proofs, appears in section 7.3 of [45].

TABLE 1 Primitive complementary pairs

seqguence a sequence b
2 ++ +-
10 ++-+-+--++ +4+-+++++--
10 +H++++-+--+ +t--t++-+-
20 FH+++-t--t -ttt B o S o R R e
26 | +H++-tt--t-t-to-tot -ttt | ettt -

The number of possible pairs increases with lentdble 2 lists the number of

known complementary pairs for all lengths up to J4%).

TABLE 2 Number of pairs for lengtN < 100

N 1 2 4 8 10 16 20
PAIRS 4 8 32 192 128 1536 1088
N| 26 32 40 52 64 80

PAIRS | 64 15360 | 9728 512 184320 102912
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Note that complementary pairs are not found ineagths. It can be shown

that the possible lengths must comply with:

= ) ar :V 2 .
N = 2%10P26", a,p 0 (1.5)

wherea, f andy are integers. The large choice of codes, showhaine I, helps
reduce the probability of intercept (LPI) and jammbf complementary pair-encoded
transmission by an adversary.

The unique autocorrelation properties of the Goleydes are shown
graphically in Fig. 1.7 [47]. The upper two plotBid. I.7a and 1.7b) show the
individual autocorrelations of each one of a 64dmmplementary code pair. The
value of each of the autocorrelation peaks is edqoahe number of bits in the
individual code. Each of the individual autocortelas also exhibits sidelobes that
are up to 10 percent of the peak height. Howevbgnathe autocorrelations are added
together, the peaks add together to a valuglofwhereas the sidelobes cancel out

exactly.

It is this contribution of all of the bits to theitacorrelation peak, along with
the complete cancellation of the sidelobes, whidlows the compression of
complementary code pairs to work in practice. Nibtat in realistic system, the
computation of the correlation functions might bgperfect due to various reasons,

introducing residual nonzero sidelobes.
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Figure 1.7 Complementary code autocorrelations: (a) andr@jradividual autocorrelations of each
code of a 64-bit Golay code pair, (c) is the surthefautocorrelations. [47]

In conventional coherent RADARS, the two sequerazesusually modulated
on consecutive pulses, which are then jointly asitecently processed using matched
filters. The pulse repetition interval (PRI) neddsbe large enough to avoid range
ambiguity. The main drawback in RADAR use of compémtary code pairs is the

sensitivity to Doppler shift. If during the PRI tih@nge to the target has changed by a
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meaningful fraction of the wavelength, the secomtse will exhibit an additional
phase shift that will degrade or destroy the completarity property of the pair.
Direct-detection laser applications of complemegntaair coding are insensitive to
phase. However, straight-forward direct detectibthe code pair would remove all
phase information, and inhibit the compressionhaf pulses altogether. As will be
discussed in detail later in subsequent sectidrescomplementary phase codes can
be brought into an analogous unipolar (AM) représ@m, which nearly retains the
sidelobe suppression qualities of the original ,p@kowing simple direct detection.
Therefore, the use of AM versions of complementaiys in LADAR applications is

immune to the main drawback of the original phas#es.

1.4  LADAR System Based on Incoherent Pulse Compression

The straight-forward application of phase codes t)ADAR system would
require a coherent receiver, which comes at thé aosignificant complexity [14].
Recently, a new approach for the compression obherently detected pulse
sequences was introduced by Prof. Nadav Levanan frel-Aviv University [48].
The phase changes of a chosen bipolar phase cedeaaslated to a pulse position
modulation through a process called Manchestemgpdvhich will be introduced in
detail in Chapter 2. The encoding process resulta binary, intensity modulated
sequence, hence reflected echoes can be receivathipje incoherent detection.
Nevertheless, the post-detection processing algorjproposed in [48] yields PSLR
and performance which nearly replicates that ofathginal bipolar phase code. With

the exception of two time slots immediately adjadenthe main lobe, the PSLR of
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the incoherently compressed code pair/i8L. For example, the compressed form of

a pair of 416 elements-long sequences yield a ¢tieal PSLR of -58.4 dB.

The cross-correlation sidelobes are further redgeasing a longer reference
segeunce [48, 52], based on Manchester codingnoisematched filter designed for
the original binary code. The penalties associatigll such a filter are a modest loss
to the main peak power, on the order of only 1 @fj the processing of an analog-
like, multilevel reference sequence instead of matyi one. The method provides
considerable relaxation in the LADAR receiver atetiure, compared with the
coherent setup that would normally be necessaryherprocessing of the bipolar
phase sequence, while retaining most of the pednom benefits of using that

sequence.

Natural candidates for the incoherent pulse conspyasprocedure are binary
phase codes. In this thesis, MPSL codes of 82 dd® bits length, as well as
complementary pair codes of 416 and 832 bits leraythbeing used. With incoherent
compression of these codes, laser ranging was de#rated at poor SNR conditions,
as low as -20 dB [44]. The noise tolerance can dwerhged towards a longer
measurement range, lower launch power and enengguaaption, reduced apertures

and improved operation at unfavorable atmosphemditions.

1.5 Signal-to-Noise Improvement When Using Complementgr
Code Pairs

Ideally, and ignoring sidelobes for a moment, ttrergyth of the main lobe

obtained following the compression of Arelement sequence is a factorlobetter
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than that of a single sub-pulse of equal intereitgt duration. However, the outcome
of the correlation in a real-world system is alwalegraded by noise of various
sources. Let us assume that the noise waveformatitferent samples of the coded
signal are statistically uncorrelated to one anottAéhen the signal is bipolar withl

values, the correlation reduces to signed addibdbrn. samples, thus the noise

contributions add on a root mean squared basisnbese builds up by a factor L.

The overall SNR improvement with respect to a @rggylb-pulse is therefore [47]:

L
== VL (1.6)
In the case of the complementary bipolar code pfa@r reconstructed response

is 2L times larger than that if a single sub-pulse. Hmvethe noise propagated
through the system also increases by a factg2af(it builds up by a factor of L for

each correlation and by a factor ¥2 when the two correlation results are added
[47]). The net overall improvement in SNR followitige addition of the two auto-

correlations is then:

2L
N V2L a.7)
In an incoherent pulse compression laser rangiatgs)s, the on-off keying of

optical power only provides unipolar (nonnegativeignals, curtailing direct

transmission of bipolar content. Since energy iy d&ransmitted during half of the

code symbols, the SNR is degraded by a factef2of The overall SNR improvement

with respect to a single sub-pulse is thereforemiby:

V2L _
5= VL (1.8)
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An averaging process over repeating acquisitionthefreceived signal will

improve the SNR by a factor ¢V, whereN is a number of averages over repeating

transmissions of the same sequence. Thus, thensy8iR can be improved by a

factor ofVNL, if both pulse compression and averaging are eppli

1.6 Use of Phase Codes in Fiber-Optic Signal Processing

A method of optical time domain reflectometry (OTDIRroposed in the late
'‘80s by Moshe Nazarathy et al. [47], first realizbd advantage of using pairs of
probe signals that have complementary autocoroglapiroperties. Since OTDR
equipment makes use of square-law detection, teare way to probe the fiber with
negative signals, therefore the authors proposeatralation technique that employs
unipolar signal processing based on Golay code® iHsults demonstrated an
improved dynamic range, reduced measurement tih& Bnprovement without

compromising resolution, and strong sidelobe swggio@.

Another demonstration of fiber-optic signal procegsased on Golay codes
was proposed and demonstrated by Marcelo &oéb, in the context of distributed
Brillouin fiber sensors [50]. Positive-valued elartgof the code were represented as
Brillouin gain, whereas negative-valued elementseweplaced by Brillouin loss. The
positive and negative elements were transmittegpudses of the lower and upper
frequency sidebands of a modulated Brillouin prolaee, respectively. The proposed
scheme allowed for fiber sensing over 50 km witim Zpatial resolution. The use of

bipolar Golay sequences provided a higher SNR az@gmant and stronger robustness
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to pump depletion in comparison to Brillouin optiiane domain analysis (BOTDA)

systems employing conventional unipolar sequences.

Lastly, Yair Antmanet al. also demonstrated the added value of advanced
RADAR-based phase-coding techniques in the didetb®rillouin fiber sensors and
signal processing [51]. The off-peak reflectivity dynamic Brillouin gratings
(DBGSs) over polarization maintaining fibers was ueeld considerably through the
encoding to the writing pump beams by so-calleddoé Golomb codes'. The cyclic
auto-correlation function of these binary phaseesodssumes zero off-peak values.
Golomb-coded DBGs allowed for longer variable deddépne-time probe waveforms

with higher SNRs and without averaging [51].

1.7 Research Objective

The primary objectives of this dissertation ar@rtopose, analyze, simulate and
demonstrate a better trade-off between range auduteon in simple, direct-detection
LADAR systems, using the incoherent compressiomwarhplementary Golay code
pairs. The outcome of the research program cowdllemew and innovative LADAR
configurations having a potential for lower probipiof intercept, reduced power
consumption, smaller apertures, and better perfioceat unfavorable atmospheric

conditions.
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CHAPTER

2

L ADAR with incoherent pulse compression

2.1. Incoherent pulse compression for laser ranging andetection

This chapter deals with a compression of an inaattgr detected unipolar
pulse sequences, and its application to a shogerdaser range-finder system. The
compression principle relies on a unipolar repreden of known bipolar phase
codes, such as MPSL sequences and complementaay Gades. After introducing
the underlying principle and a link budget calcaat simulations of the incoherent
compression of unipolar derivatives of MPSL cod bits and 1112 bits in length,
as well as complementary pair codes, 416 bits &&l8ts in length, are reported.
Simulations are carried out for different SNR levelNext, the incoherent
compression of the 1112 bits-long MPSL sequence #mel 832 bits-long
complementary pair are demonstrated experimentagiyng a simple optical link: the
sequences are used to drive an electro-optic amdplimodulator, and they are
recovered through simple direct detection. Thelskbs of the compressed waveform
are suppressed by as much as 46 dB and 42 dB f&L.MRd complementary codes

respectively, with respect to the main correlai@ak power. Lastly, the principle is
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used in a laser range-finder setup demonstratioalepth resolution of 3 cm was

demonstrated.

2.2. Correlation domain analysis, match-filtering and sde lobe

suppression

At the LADAR receiver, the returning echosét) are cross-correlated with a
replica of the launched waveforh{t) to obtain an impulse response:

So(®) =sO® () = [*_s®)h(x — t)dt (2.1)

The cross-correlation produces a peak at a dehlafyich corresponds to the
round-trip propagation time from the source to tdrget and back to the processing
unit. Any off-peak residual correlation manifessstackground noise in the LADAR
trace. Use of the launched waveform itself as egfeg, known as matched filtering, is
known to maximize the ratio of intended peak sttiertg that of the background in
the presence of additive white Gaussian noisedrcttannel [15]. The temporal width
of the correlation peak determines the spatialluéi®n of the laser ranging system.
The resolution is quantified as the full width alfrmaximum of the correlation main
lobe (see Fig. 2.1).

As discussed in the introduction with respect guseice coding schemes, the
reduction of correlation sidelobes is critical be tdetection of weak, multiple targets.
The sidelobe strength is sensitive to the specdicthe waveform being used. The
sidelobe suppression performance of a ranging myseguantified in terms of two
primary figures of merit: the PSLR already discuassand the integrated-sidelobe-

ratio (ISLR) (see Fig. 2.1). The PSLR is the ratiqgpower levels between the main
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lobe peak and the highest sidelobe peak, and d@rméies the performance of the
system in the presence of a point interfering distnce. The ISLR is the ratio of the
energy within the main lobe to the energy outsiderhain lobe (illustrated in Fig. 2.1
as the ratio between the red painted area and ¢lHewy painted area), and it
determines performance in the presence of dis&thunterference. Resolution is
defined as the full width at half maximum (FWHM) thie main correlation lobe. The
intersection of the impulse response with the -3 ld® (dashed), defines the
boundaries of the mainlobe for all the above.

In various LADAR applications further suppressiof the sidelobes is
necessary, in order to improve the dynamic rangg e@ntrast. The correlation
sidelobes can be suppressed by applying an amgliueighting function to the
waveform [53] or by using sophisticated compressiodes with the high sidelobe

suppression ratios, as was discussed in the Chhpter

PSLR

Resolution

relation [dB]

Con

40 30 20 10 0 10 20 30
Time [ns]

Figure 2.1 Definitions of PSLR, ISLR and resolution. [54]

2.3. LADAR Link Budget

In this section, the expected range and resolufdhe LADAR system used

in this work are estimated, taking into considematithe noise of its various
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constituent components. A NIST report defines ngsmh as“the smallest distance
separation between two distinct objects illumindigda LADAR source that can be
detected in the signal return.” [55]. As discuseadier, the spatial resolution of the

system is inversely proportional to the operatiagdwidth [15]:

D=— (2.2)

Wherec is the speed of light in vacuum alds the total bandwidth of the
transmitting source. The light source used in oxpeements is modulated by
waveforms of 1 GHz bandwidth that corresponds spatial resolution of about 15
cm.

The ranging accuracy is defined as the absolute error in the range
measurement. Unlike resolution, it is also reldte&NR considerations, according to

[28] (see Fig. 2.2):

(2. 3)

For example, a signal source of 1 GHz bandwidth &N\R of 20 dB yields
ranging accuracy of about 1 cm.

In order to estimate the optical signal to noig@réOSNR) and the electrical
signal to noise ratio (ESNR), the noise contrimsgi@f various mechanisms need to
be evaluated (see Chapter | for the introductiorthef noise mechanisms). Noise
contributions in the electrical and RF parts of sygstem include the electronic noise
of the RF amplifier, and the sampling error of ttigitizing oscilloscope. The
contribution of the RF amplifier is quantified ierins of its noise figure (&'F), and
equals to 7 dB in our case. The noise figure remssthe degradation in the ESNR

going through the amplifier. The amplifier was nged in all measurements.
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Resolution = ability to differentiate between two
objects at different range (controlled
by the "bin" size)

Accuracy = absolute error in the range measurement (largely
controlled by SNR for phase-based systems)

Figure 2.2Range accuracy versus resolution. [16]

The noise floor of the oscilloscope, while opedat maximum sensitivity, is
on the order of 0.2 mM;s. The optical-to-electrical conversion factor o€ tamplified
photo-detector that we used is 40kV/W. Hence, tkeilloscope uncertainty is
equivalent to an error of about 5 nW (-53 dBm)ha theasurement of optical power.
As seen next, this source of noise is dominatedthgr mechanisms.

Noise in the electro-optical parts of the setupstsis of the photo-detector
thermal noise, amplified spontaneous emission dicapamplifiers, and intensity
noise of the distributed feedback (DFB) laser disdarce of our LADAR system.
Detector thermal noise is often quantified in terofists noise-equivalent power or

NEP (see section 1.1.5. for more details):

Pop = NEP -\/B 2.4)

Here Py, represents the optical power at the detector jnfout which an
ESNR of unity is expected at the detector outptitislassumed here that the
integration bandwidth of the detector circuitry ofas the bandwidth of the optical

waveform.

For the lab experiments | used an avalanche phudeddetector (APD), a

device that is widely used in LADAR systems. It @ssentially a detector that
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possesses inherent electrical gain. Within a caimwead PIN photodetector, a photon
striking the detector surface has some probalohitgroducing a single photoelectron,
which in turn produces a current within the deteciccuit that can be converted to a
voltage. The APD is a detector that produces adflooavalanche of photoelectrons
from a single incoming photon. The gain of the AfDfactor) dictates how many
electrons are produced by each photon that is ssftdly converted into a useful
signal. The quantum efficiency of the detector datees the probability of causing
the avalanche. The APD detector used in the expeatins characterized by an ESNR
of unity atPp, of -43 dBm (50 nW) at 1550 nm wavelength at 1Gldndwidth, and
has an optimal performance at an M-factor 10. TE# Nalue includes excess noise
due to the uncertainty in the amplification facky which is on the order of 3.5dB.
Compared with a PIN photo-diode of equal bandwaltld thermal noise, the APD
provide an improvement of 6.5 dB in ESNR.

The variations in optical power due to RIN of thedr diode source are given

by:

PRIN — \/10RIN/10 -B - PCW 3‘2

whereRIN expresses the power spectral density of the santeesity noise, which is
assumed to be constant across the bandwidth oégttBIN is typically on the order
of -155 dB/Hz in InGaAsP laser diodes operatindl®&5 umPcy represents the
operating CW optical power. Equation (2.5) suggélsés the optical power that is
equivalent to RIN-induced noise, at a bandwidthldBHz, is -32.5 dB below the
average optical power of the collected signal. Tokected optical power levels at
our laser range finder experiments are typicallgywew, on the order of -50 dBm.

Therefore, RIN-induced noise is negligible.
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The erbium-doped fiber amplifier (EDFA) used in @xperiments amplifies
the transmitted signal power at the laser diodeuwtuty a gairG of 25 dB, up taPt =
25dBm. Photo-current noise in the detection of amegl signals stems from both the
interference between signal and ASE (known as asigpontaneous interference’),
and the detection of ASE power itself (sometimderred to as 'spontaneous-to-
spontaneous interference') [14]. ASE spans theeegtin bandwidth of the EDFA,
which is on the order of 4 THz. However, an opticahdpass filter is used to restrict
the bandwidth of ASE that reaches the detectoeversl GHz, on the ordd. In this
condition, the dominant EDFA-induced noise termmsefrom the interference
between the desired signal and those ASE comportleatsfall within the optical
filler passband. The ESNR of the photo-currentofeihg the detection of the

amplified signal would be:

Pew/(2-hv-NF -G - B) (2.6)

Here the noise figur&/F of EDFAs is on the order of 3 (5 dB), ahd =
1.28e-19 [J] is the energy of a photon at 1550 rmelength. Assuming®.,, of 1
mW (0 dBm) at the laser diode output, the ESNRvier d.,000 (30 dB). In similarity
to the preceding discussion RFN, noise due to optical amplification can be
neglected with respect to thermal noise. In sumgmae conclude that the system
ESNR would be dominated by thermal and multiplmathoise in the APD receiver,
and by noise of RF amplifiers (when used).

With the noise of the detection setup established, evaluate next the
expected optical power that is reflected from apet and is incident upon the
receiver. The optical power of the collected echBest the input of the photo-
detector is given by the LADAR range equation [16]:
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p = Df - pe-dA - Py
r RZ.QR.(gt.R)Z

(2.7)
Here Dy is the diameter of the circular receiver apertare] p; is the target
reflectance parameter. Typical values for this peter range from as little as 2% to
as high as 25% at long wavelengths. The reflectafioghite walls used in most
experiments was estimated @s= 7%.dA is the target surface are®,is the laser
beam angular divergence anghg, is the angular dispersion of light reflected from
the target surface, aritlis the one-way distance to the target. The beaerglenced;,

is given by the diffraction limit [16]:

1.22-1
D¢

0, = (2.8)

In our experiments, the wavelength was= 1550 nm and the transmission
aperture diameter wds = 10 cm, leading to an angular beam divergence of 0.02
mrad. In these conditions the illuminating beanthi& target plane is smaller than the
target surface area, anth simply becomes the projected area of the bearheat t

target:

-0 - R?
4

dA = (2.9)

For a Lambertian reflecting target, such as thass un our experiments, the
solid angle 8 over which reflected radiation is dispersed takes value ofz
steradians. Substituting the above parameterstiet@. ADAR receiver budget range

equation (2.7), the following simple expressionliained:

2,
P ==R2p, (2.10)

Simulations and experiments of compressed sequaniggest that the lowest

ESNR in which the correlation peak of an incohdyeodbmpressed, 1000 bits-long
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sequence could still be observed is about -20 digrdfore, the longest measurement
distance is that for which the incoming signal poweis 10 dB below the NEP of the
photo-detector. This minimal received power is ¢gfi@re estimated to be on the order
of -53 dBm. Assuming a transmitted power of 25 dBnd the receiver circular
aperture of 10 cm, the signal power would drophiat timiting level forR of about
100 m. The working distance can be further incréasdth averaging as was
discussed in section 1.5. The OSNR (in dB) in whilsl main correlation peak
remains discernible is improved by a factorvVof, where N is the number of

independent recordings to be averaged.

2.4. Coding principle

The primary motivation for incoherent pulse compies is to try and obtain
the sidelobe suppression performance that can deéded by phase-coded pulse
sequences, while employing simple direct detectemhnique that is fundamentally
phase-insensitive. The principle is of particulangequence in LADAR schemes,

since it eliminates the need for complicated optcherent receiver.

24.1 Coding procedure

Consider a bipolar code of leng¥hc[n], such as an MPSL sequence or other
(see Chapter 1 for the discussion of different phamded pulses sequences),
wheren = 1..N. A unipolar code oflength 2N is generated based afin] by
applying Manchester coding: dfn] =1, then T[2n—1] =1 andT[2n] = 0.
Forc[n] = -1, T[2n—1] =0 andT[2n] = 1 are choseninstead[48]. Manchester

coding converts the bipolar phase information putse-position modulation, and it is
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used in optical communication [56]. Tloede T would later be used in intensity
modulation of the LADAR light source

A bipolar matched filtering sequenBeof length2N is constructed in a similar
manner:R[k] is set tol if T[k] =1 and equalslif T[k] =0, k = 1..2N [48]. The
code R is digitally stored at the receiver for post-détat processing. Using a
matched bipolar reference signal instead of a uaipsignal results in a cross-
correlation (betweeff andR) with an average value of zero. Since the sequgnse
used only digitally, its bipolar nature does no¢xurden the LADAR setup.

As an example, the construction®andR codes corresponding to the Barker
13 bipolar sequence is illustrated in Fig. 2.3. Ttamsmitted signal (top) is a dense
batch of narrow pulses. In the absence of noigectdy detected reflections from
targets would be scaled and delayed replicas ofrmsmitted signal. The reference
signal (bottom) is a dense batch of bipolar pulsesed numerically in the receiver.
The aperiodic cross-correlation between these twdeg is shown in Fig. 2.4
(bottom), alongside the aperiodic auto-correlavbithe original Barker 13 sequence
itself (top). With the exception of the two sidedsbimmediately adjacent to the main
correlation peak, the cross-correlation replicattes sidelobe suppression of the
original bipolar code [48]. In contrast, the autorelation of a unipolar
representation[n] of the Barker code itself, in which -1 symbols amaply replaced
by 0,exhibitsinferior sidelobe suppression performance (Fig, Ceter).

The cross-correlation sidelobes can be further mgsed using a mismatched
filtering process, in which the sequenkeis replaced by a longer code whose
coefficients are not restricted #d. Substantial sidelobe suppression can be obtained

at the cost of a modest degradation in the centaklation peak power [15]. The
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sequence® can be designed to maximize the ISLR, accordingritaciples described

in sec. 6.6 of [15].

AU nn
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1
0 5 10 15 20 25
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Figure 2.3 Transmitted codd (top) and matched filtering cod@ (bottom) corresponding to the
Barker 13 code: [+1 +1 +1 +1 +1 -1 -1 +1 +1 -1 ¥H#1].
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Figure 2.4 Top — aperiodic auto-correlation of the Barker Hifolar code: [+++++--++-+-+]. The
correlation peak is 13, whereas the maximal sideleduals unity. Center — aperiodic auto-correlation
of a unipolar representation of the Barker 13 cddi#11100110101], showing a weaker central peak
and inferior sidelobe suppression. Bottom — apérsiotbss-correlation between the transmitted cbde
and matched filtering codB corresponding to the Barker 13 bipolar code (sge E3). With the
exception of the two time slots in the immediateinity of the central peak, the suppression of
sidelobes reaches that of the original bipolar eaqe [44].

In coherent receivers, negative sidelobes (sucin dsg. 2.4. bottom) can
cause two problems [48]: 1) they could mask-outrtteen lobe of a nearby weaker
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target; and 2) due to possible phase change ofdhreer frequency of the reflected
signal, negative sidelobes can change their siggether with measurement noise,
the negative sidelobes could lead to false alarmmiss-detections. In incoherent
receivers, the current that is directly providedalyyhoto-detector is phase insensitive,

so problem 2 in unlikely to happen.

The strong negative sidelobes can still mask a aretdcget, but only if the
delay difference between the two targets matchesltination of a single code bit. For
a relatively wide reflection targets, the negatsidelobes can be differentiated,
emphasizing edges while still maintaining the systesolution [48]. Without loss of
generality, the two negative sidelobes immediaseljacent to the main correlation

peak will be neglected for the rest of this chapter

2.5. Simulated sidelobe suppression

In order to evaluate the proposed method for initepulse compression, its
performance was simulated for two Manchester-cdd@&Ls that are 82 and 1112
bits long, respectively, and two complementary paides that are 416 and 832 bits
long, respectively. The MPSL and complementary paites themselves are provided

in Appendix A.

2.5.1. MPSL 82

First, 82 bits-long MPSL code was used. The trattechi Manchester coded
sequencd’ is illustrated in Fig. 2.5 (top), alongside itstoteed referenc& (center).
The noise-free aperiodic cross-correlation betwibese two codes is shown in Fig.

2.5 (bottom), with a PSLR of 26.24 dB. The misschatl referenc®, specially
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designed for the sequenEeis illustrated in Fig. 2.6 (center), alongside tioise free
aperiodic cross-correlation betwedhand R. Note that the sequende is three time
longer thamk, and that its values are not restricted-io The PSLR is improved by 8

dB, while the main lobe power is attenuated bydB9Fig. 2.6, bottom).

Manchester-coded MPSL 82
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Figure 2.5 Transmitted cod& (top) and matched filtering code(center), corresponding to the MPSL
82 code. Bottom — aperiodic cross-correlation betwthe transmitted code and matched filtering
codeR.

Next, additive Gaussian-distributed noise was thiced to the simulation.
The incoherently compressed forms of the 82 bigHIBIPSL sequence are shown in
Fig. 2.7, for different SNR values and for both ona&td and mismatched filtering. At
a high SNR of 20 dB, the PSLR of the match-filtessjuence was 26 dB, and a
mismatched filter further improved the PSLR to ¥ dith a 1 dB attenuation of the
main lobe (Fig. 2.7, top row). When the noise amgha power levels are equal
(center row), the simulated PSLR was 16.4 dB, amel sidelobe suppressions
obtained with matched and mismatched filters weeetally equal. At a negative
SNR of -5 dB (bottom row), the main correlation lpestill can be recovered at a

PSLR of about 6.7 dB. Here too, the mismatchedrfdtave no benefit in the sidelobe

suppression. Sidelobe suppression was furtherdt@stan extremely noisy condition,
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at which the applied noise power was 100 timeselatgan that of the signal (Fig.

2.8). In this scenario, the main correlation peak ©o longer be recovered.

Manchester-coded MPSL 82
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Figure 2.6 Transmitted cod& (top) and miss-matched filtering co@e(center), corresponding to the
MPSL 82 code. Bottom — aperiodic cross-correlati@tween the transmitted codeand matched
filtering codeR.
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Figure 2.7 Cross-correlations of incoherently compressedp@®es-long unipolar sequences. Both
matched (left, blue) as well as mismatched (riptack) filters were used in the compression pracess
Top row: simulated compression with a signal-toseoratio of +20 dB. Center row: simulated

compression with a signal-to-noise ratio of 0 dBttBm row: simulated compression with a signal-to-
noise ratio of -5 dB.
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Figure 2.8 Cross-correlations of an incoherently compres82dyulses-long unipolar sequence with a
signal-to-noise ratio of -20 dB. Both matched (l&fue) as well as mismatched (right, black) fdter
were used in the compression process.

2.5.2. MPSL 1112

Similar simulations were also carried out for a4 bits-long MPSL code. The
transmitted Manchester coded sequéenas illustrated in Fig. 2.9 (top), alongside its
matched referenc® (center). The noise-free aperiodic cross-cor@mabetweenr
and T is illustrated in Fig. 2.9 (bottom) with a PSLR38.3 dB.

Here too, the sidelobes can be further suppressied) @ specially designed
mismatched sequenck (Fig 2.10 center). The noise-free aperiodic crossetation
between R andT is illustrated in Fig. 2.10 (bottom). The PSLRtlnis case equals

51.6 dB, with a 0.9dB attenuation to the main lobe.

Manchester-coded MPSL 1112
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Figure 2.9 Transmitted cod& (top) and matched filtering code (center), corresponding to the MPSL
1112 code. Bottom — aperiodic cross-correlatiomvben the transmitted codeand matched filtering

codeR.
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Manchester-coded MPSL 1112
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Figure 2.10 Transmitted cod& (top) and miss-matched filtering code (centeryesponding to thé&
(center), MPSL 1112 code. Bottom — aperiodic cixsselation between the transmitted cddand
miss-matched filtering codg.

Sidelobe suppression at +20 dB, 0 dB, and -20 dB &Nels are illustrated in
Fig. 2.11. At a high SNR of +20 dB, the PSLR of thatched filtered sequence
reached 31.8 dB (top row), and a mismatched filteher improved the PSLR to 43
dB with 1 dB attenuation of the mainlobe. At an SNRel of 0 dB, the PSLR for
matched and mismatched filtering reached 25.2 dB2h6 dB respectively, with a
miss-match-induced loss of 1 dB to the mainlobeis Tihme, long length of the
sequence allowed for a recovery of the main lolmnet poor SNR levels as low as -
20 dB, with a PSLR of approximately 9 dB in botls&sa As mentioned before,
mismatch filters provide no added value for SNRels\below O dB.

While the using of MPSL code brings together thapdicity of incoherent
direct detection and the sidelobe suppressions¢haing of the obtained performance
is rather difficult. The further suppression of #idelobes may be pursued in one of
two manners: first, since the PSLR scales with lémgth of the MPSL sequence,

longer codes may be used. However, the searchufdr sodes is a daunting task.
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Alternatively, the incoherent compression of compdatary code pairs, whose length

can be scaled arbitrarily following simple desigies, is presented next.
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Figure 2.11 Cross-correlations of an incoherently compres&dd?2 pulses-long unipolar sequence.
Both matched (left, blue) as well as mismatcheghri black) filters were used in the compression
process. Top row: simulated compression with aadigrnoise ratio of +20 dB. Center row: simulated
compression with a signal-to-noise ratio of 0 dBttBm row: simulated compression with a signal-to-
noise ratio of -20 dB.

2.5.3. 416 bits-long complementary pair

This time, 416 bits-long complementary pair codesessimulated. The pair
of complimentary codes is characterized by theofailhg useful property: the auto-
correlation sidelobes of one code are equal in magm to those of the other code,
albeit with an opposite sign [14]. Adding the mad#Hiltered forms of the two codes
together, therefore, reduces the sidelobe powestidadly [15]. The advantage of
using complementary code pairs is two-fold: 1) kmIMPSL sequences, their length
is scalable through several simple procedures ddijie of which were described in
previous sections; and 2) the obtained sideloberesgpion is equivalent to, or better
than, that of a mismatched-filtered MPSL sequericgnailar length.

The generation of a new complementary pair starts ane or two of the

primitive pairs listed in Table | (Section 1.3, @ker 1), followed by the application
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of one of several construction rules. The procedizne be repeated as needed. A
recent detailed description of the presently knogamstruction rules, including
proofs, appears in section 7.3 of [45]. The mosidaonstruction rule [32], which

creates the pairc{ d} based on a paird, b}, is:
{c,d} = {cat(a, b),cat(a,—b)} (2.11)

where cat 4, b) stands for concatenation of the two sequermesnd b. The
expression-b implies polarity reversal of the elements of sewad. This basic
construction rule increases the length of the secpein the new pair. The same rule

can be used to create a different pair from theesamnginal pair:
{e, f} = {cat(b,a),cat(b,—a)} (2.12)

The 416 bits-long code pair was generated by apglihe above rule to the
26 element primitive pair of Table | (Section 1CGhapter 1), 4 times in succession.
The transmitted Manchester coded sequefices illustrated in Fig. 2.12 (top),
alongside its matched referenkgcenter). The noise-free aperiodic cross-cormaati
betweenR and T is illustrated in Fig. 2.12 (bottom) with a PSLR-68.4 dB. The
ideal zero-sidelobes correlation property of themplementary pair is nearly
preserved by the Manchester encoding, with a PSLR20I, whereN is the length of
the each code in the pair [57].

Sidelobe suppression at +20 dB, 0 dB, and -20 dB &Nels are illustrated in
Fig. 2.13. At a high SNR of +20 dB, the PSLR reaché.7 dB (top row). At an SNR
level of O dB, the PSLR reached 25.7 dB (centet)loiv SNR level of -20 dB the

PSLR is degraded to 8 dB (bottom row), though nhatie remains discernible.

46



1.5 ; ‘ : :
g 1
o o
— [= L L L L L L L
O'“‘b 500 1000 1500 2000 2500 3000 3500
g Samples
% 2 ; ‘ ‘
-
:g (6} -
g _20 500 1000 1500 2000 2500 3000 3500
Samples
g o ‘
I | | 11T ]l-LllIlllll]l]IJ
E 4000 4500 5000 5500
Samples

Figure 2.12 Transmitted codd (top) and match-filter codR (center) corresponding to the 416 bits-
long complementary pair code. Bottom — aperiodwsstcorrelation between the transmitted c@de
and the matched-filter code
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Figure 2.13 Cross-correlations of an incoherently compreséé6, pulses-long complementary code.
Top row: simulated compression with a signal-toseoratio of +20 dB. Center row: simulated
compression with a signal-to-noise ratio of 0 dBttBm row: simulated compression with a signal-to-
noise ratio of -20 dB.

2.5.4. 832 bits-long complementary pair

Lastly, 832 bits-long complementary pair codes vemeulated. The code was
generated by applying the complementary pair aeatule to the 26 element
primitive pair of Table | five times {2x 26 = 832; see Section 1.3, Chapter 1). The

transmitted Manchester coded sequehéillustrated in Fig. 2.14 (top), alongside its
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matched referenck (center). Following the enlargement of the codwglle by factor
of 2, the noise-free aperiodic cross-correlatiolmieenR and T has a PSLR of 64 dB
(Fig 2.14 bottom).

Again, sidelobe suppression at +20 dB, 0 dB, arfildB SNR levels are
illustrated in Fig. 2.15. At a high SNR of 20 dBetPSLR reached 50 dB (top). At an
SNR level of 0 dB, the PSLR reached 29 dB (cenfgrjow SNR level of -20 dB the
PSLR is degraded to 13 dB (bottom).

Manchester coded 832 complementary pair

T T T T
g -
0
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Samples
T T T
?
2 0 il
n
_ 1O 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
0 Samples
S, 0 T
o
O
T)‘ 64 ------- AN — r— -
X 5000 5500 6000 6500 7000 7500 8000
Samples

Figure 2.14 Transmitted cod@& (top) and matched filtering code(center), corresponding to the 832
bits-long complementary pair code. Bottom — apéci@doss-correlation between the transmitted code
T and matched filtering code
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Figure 2.15 Cross-correlations of an incoherently compres88&, pulses-long complementary code.
Top: simulated compression with a signal-to-noiator of +20 dB. Center: simulated compression
with a signal-to-noise ratio of 0 dB. Bottom: siiaied compression with a signal-to-noise ratio2df -
dB.
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2.6. Experimental sidelobe suppression

The set-up for laser ranging measurements usirgnarent pulse compression
is shown in Fig. 2.16. Light from a laser diodel&50 nm wavelength passed through
a Mach-Zehnder electro-optic intensity modulatorZ), driven by an arbitrary
waveform generator programmed to the transmissiequencd’. The average
transmitted power was 100 mW and the collimatints laperture was 25.4 mm. The
sequence was constructed from a 1112 bits-longnmim peak-to-sidelobe ratio
(MPSL) bipolar code or from 832 bits-long complertaen pair code, following the
above procedure. The coding symbol duration waspa00'he codes were repeatedly
transmitted every 2 ps-long intervals. The measargr®NR was controlled by the

addition of ASE of variable power from an EDFA.

Reflector

3

Noise EDFA

Laser diode

Rt EDFA x Broadband
H : detector
Arbitrary — H
waveform D'g'ta.l ---1 Oscilloscope |-
generator RIOEEsSINg

Figure 2.16 Experimental setup for LADAR measurements usingolirerent pulse compression.
MZM: Mach-Zehnder modulator. PC: polarization coligr. EDFA: erbium-doped fiber amplifier.
Black solid lines denote fiber connections, blush#al lines represent electrical cables, and orange
dash-dotted lines describe free-space propagation.

The modulated waveform was amplified by a second-A[Rnd launched
towards a movable retro-reflector via a fiber cliator with 55 dB isolation and a
collimating lens. Reflections were partially colied by the lens, directly detected by

a photodiode with 12 GHz bandwidth, and sampled laygitizing oscilloscope of 6
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GHz bandwidth. The detected sequences were conegrebsough matched and
mismatched filtering, carried out using offline rséd) processing.

In a first set of experiments, the retro-reflecteais placed a short distance
(tens of cm) from the lens, and the detection SN waried through adjusting the
power of both the laser diode and ASE noise sourcehis manner the reflected
signal remained above the thermal noise of the quetéctor, and the SNR was
guantified by switching the ASE noise on and off.

First, 1112 bits-long MPSL code was used as thestnitting signall’. The
cross-correlations of incoherently compressed LADAR shown in Fig. 2.17,
alongside the simulated correlations of compressmde-free sequences. At a high
SNR of +20 dB, the PSLR of the experimentally amdi sequence following
matched filtering reached 33 dB, in agreement wvilte design prediction. A
mismatched filter further improved the PSLR to 45 @vhile the peak power of the
main correlation lobe was only 1 dB lower than tbatained with a matched filter.
The results come close to the simulated 43 dB P&LiRe mismatched MPSL code

(see Fig 2.11 top row).

Incoherent compression could still be carried m@newhen the measurement
SNR was drastically degraded to -20 dB (Fig. 2dbttom row) in a good agreement
with the simulation results (see Fig. 2.11 bottaw): Here the sidelobe suppressions
obtained with matched and mismatched filters weeetrally equal, as the added
value of the mismatched filter was overshadowedhiyintense additive noise. The
results demonstrate the potential of the incohecentpression scheme at poor SNR

conditions.
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Figure 2.17 Cross-correlations of an incoherently compresddd?2 pulses-long unipolar sequence.
Both matched (left, blue) as well as mismatcheghri black) filters were used in the compression
process. Top row: simulated compression of noise-fsequences. Center row: compression of
experimentally obtained LADAR echoes, detected witfignal-to-noise ratio of +20 dB. Bottom row:
compression of experimentally obtained LADAR echaketected with a signal-to-noise ratio of -20

dB.

Next, the matched-filtered, incoherent compressibrcomplementary code
pairs was demonstrated in a laser rangefinder ewpat. The 832 bits-long
complementary pair code was used as the transggignalT. The cross-correlations
of incoherently compressed LADAR are shown in Rd.8, alongside the simulated
correlations of compressed noise-free sequences high SNR of +20 dB, the PSLR
of the experimentally obtained sequence followingtahed filtering reached 42 dB
(see Fig 2.18, center). The sidelobe suppressian isrder of magnitude better than
that of a longer match-filtered MPSL sequence. Tdwmmparable incoherent
compression of the MPSL sequence required a preuvisenatched filter of 3336
coefficients [44]. Once again, compression cotilttse carried out at SNR level of -
20 dB. The PSLR in this case degraded to 10 dB i@, bottom) in a good

agreement with the simulation results (see Figh Bdttom).
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Figure 2.18 Cross-correlations of an incoherently compres88@, pulses-long complementary code.
Top: simulated compression of noise-free sequer@ester: compression of experimentally obtained
LADAR echoes detected with a signal-to-noise ratio +20 dB. Bottom row: compression of
experimentally obtained LADAR echoes detected wilignal-to-noise ratio of -20 dB.

The full width at half maximum of the main corrétet lobe, signifying
resolution, is 200 ps as expected. The resultstiite the simple scaling of the

proposed principle and carry a promise for highfggerance in simple-architecture

laser range-finders and other photonic systems.

2.7. Laser range-finder measurements

Preliminary ranging performance was illustratedptacing the retro-reflector
several distances away from the collimating leree T112 bits long MPSL code was
used. The average transmitted power was 100 m\Wtdlienating lens aperture was
25.4 mm, the symbol duration was 200 ps and thekagninterval of the digitizing
oscilloscope at the output of the receiver was S0HRirst, the retro-reflector was

placed 6 meters away from the collimating lens.
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Figure 2.19Experimental cross-correlations of an incohereatignpressed, 1112 pulses-long unipolar
sequence collected from a reflector that was pl&ced away from the collimating lens at an optical
SNR of +20 dB. Top: compression using matchedrfiB@ttom: compression using mismatched filter

The SNR of the collected reflection was 20 dB. Boihtched and mismatched
fillers were used in the pulse compression. Fig9 2displays the compressed
waveforms as function of absolute distance. The RPSbr the matched and
mismatched filters were 32.3 dB and 36.6 dB respagt with mismatch-induced
loss of 1 dB.

Next, the retro-reflector was placed 50 meters afn@y the collimating lens,
and the SNR of the collected reflection was +18EiB.2.20 displays the compressed
waveforms as function of absolute distance. TheR&Sthis time were 31.7 dB and

38.2 dB respectively, with 1 dB induced mismatcsslo

53



o
k=1 SNR +18 dB
5.
o
I
@
0 10 20 30 40 50 60 70
Distance [m]
o Al e
= SNR +18 dB
5]
O30 -
©
@
0 10 20 30 40 50 60 70
Distance [m]

Figure 2.20Experimental cross-correlations of an incohereotisnpressed, 1112 pulses-long unipolar
sequence collected from a reflector that was pl&@ch away from the collimating lens at an optical
signal to noise ratio of 18 dB. Top: compressiomgamatched filter. Bottom: compression using
mismatched filter.

Lastly the ranging precision of the system, defibgdits ability to recover
relative changes in the distance of a single targeis evaluated by placing the
reflector 50 m away from the collimating lens, afdhnging its position by 2.5 cm.
Fig. 2.21 displays the compressed waveforms astiomof delay for the two
reflector positions. A mismatched filter was usedhie compression process. The full
width of the mainlobe at 70 dB below the peak ipragimately 4 cm, in agreement
with the pulse duration and sampling rate. The P8t Roth curves is above 35 dB.
The two peaks are approximately 2.4 cm apart, ireagent with the reflector

position change.
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Figure 2.21 Cross-correlations of incoherently compressed,21piilses-long unipolar LADAR
echoes. The distances between the LADAR lens aradra-reflector were 50 m (blue, dashed) and
50.025 m (red, solid). The measurement SNR was B8 Ad mismatched filter was used in the
compression.

2.8. Concluding remarks

In this chapter, a LADAR system based on incohepeitde compression was
proposed and demonstrated. The system relies oplesimtensity modulation and
direct detection of dense position-coded MPSL seges and complementary code
pairs. The compression is achieved through crogglating the received echoes with
matched or mismatched filters stored at the receilVbe principle is of particular
consequence for photonic applications, in whichegeht detection is more difficult
to implement. A PSLR of 46 dB was achieved for natrhed filtered, 1112 bits long
MPSL code, and 42 dB for matched filtered 832 lntsgy complementary pair. The
spatial resolution of the experimental demonstratsoestimated as 3 cm. A change in
range of 2.5 cm was accurately recovered in a Bi§R measurement. The ranging
accuracy for SNR of 20dB and transmitted pulse lwaft200ps is estimated as 2 mm.

The systems link budget suggests a maximum opgralistance of about 100 m
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(without averaging), limited primarily by the detec noise and the maximum
transmitted power. Averaging can further extendniiaimum operating distance.
Until this stage, the compression principdas demonstrated based on
reflections from a retro reflector that was plagedront of the ranging transmitter. In
the next chapter, ranging measurements to a tiedlismbertian reflecting target are

reported, which further substantiate the applicggtaf the proposed technique.
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CHAPTER

3

Incoherent pulse compression from a realistic target

3.1 Incoherent pulse compression from a realistic Lamb@ian

reflecting target

This chapter presents laser ranging measuremerasréalistic Lambertian
reflecting target, using incoherent pulse compoessif various sequences. The
bipolar codes are converted to unipolar representatusing the pulse position
modulation algorithm, and used in intensity modolatof a laser ranging source, as
was described in subsection 2.4.1. The reflectédexfrom a target are directly and
incoherently detected and the range to the targeéxtracted based on cross-
correlation with a reference sequence. Calculatafrice compressed forms a of 416
bits-long code pair and 1112 bits-long MPSL codehie presence of additive noise
and at different ESNR levels are provided in sec#®. While the initial experiments
demonstrated the compression princ{gke section 2.6), they nevertheless relied on a

reflection form a retro reflector placed in frorttbe ranging transmitter.

Two classes of phase codes were employed in lasgjing experiments of
realistic targets. In a first set of "short rang&periments, we have demonstrated the

incoherent pulse compression of a pair of 416 Ibitgr complementary codes (section
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3.2). Ranging measurements towards the white wallsthe laboratory were
successfully preformed in the presence of addmioise at ESNR values of -20 dB
[49]. In a second "long range" set of measuremewts, used 416 bits-long
complementary code pairs as well as 1112 bits-MREL that were transmitted to a
maximum distance of 70m. The experiments were edhrout in the corridor of the
Faculty of Engineering building. The target was hitev paper poster mounted on
movable chassis. The PSLR in the experiments wagiaement with predictions.
Here too, incoherent compression was successfatlyed out at ESNR values as low
as -20 dB. The distance to the target could bevered based on weak collected
echoes, with an average optical power as low ad\V3 without averaging over

repeating measurements.

3.2  Short range realistic target experimental setup andesults

The experimental setup for laser ranging measuremesing the incoherent
compression of a complementary code pair is showiigure 3.1. Light from a laser
diode at 1550 nm wavelength passed through a Matimder electro-optic intensity
modulator (MZM), driven by an arbitrary waveformngeator programmed to the
transmission of the code pair. The coding symbehtion was 1 ns, corresponding to
an expected spatial depth resolution on the ortl@é5am. The 416 bits-long codes
used in the experiment were the same as thoseeditfulations (Chapter 2, section
2.5.3). The codes were repeatedly transmitted e§ery, with the interval between
the complimentary pairs equal to 3us. The modulatadeform was amplified by an

erbium-doped fiber amplifier (EDFA) to an averagépmt power of +23 dBm, and

58



launched towards a white wall through a collimat®igens. The distance to the wall

was 8 m.

The relative reflectivityp, of the white wall target was evaluated in the
following manner: a laser beam of known power veasthed towards the target wall
from few cm range at a known angular offsét from normal incidence, and a free-
space integrating sphere power meter was placelbses as possible to the wall at the
opposite angle-6 of specular reflection. The power meter was ableollect the vast
majority of scattered power, whose angular scaiectentered at the direction of

specular reflectanced. The measurements provided an estimatp,afqual to 7%.

Reflections from the wall were partially collectby a telescope mirror of 20
cm aperture into a multimode fiber with a core déden of 200um, and detected by
an InGaAs APD. The bandwidth of the APD was 1 GHad its NEP at that
bandwidth was -43 dBm. The output of the APD wam@ad by a real-time
digitizing oscilloscope of 6 GHz analog bandwiddind the detected sequences were
incoherently compressed through digital match+iiitg of both codes, using the
corresponding bipolar reference sequences as dedan the previous chapter. The
cross-correlation of the two codes were then addeeéther to obtain a ranging

measurement with low sidelobes.

The average optical power of the collected reftectechoes was -41 dBm,
representing an estimated ESNR of +4 dB. The deepower is approximately 14
dB lower than expected, due to alignment diffi@dtiand transmission losses at the
coating of the telescope mirror. Further, the tnaitted optical power was lowered
through reducing the output power of the EDFA idayrto measure the PSLR at

different SNR scenarios.
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Figure 3.1 Experimental setup for laser ranging measuremssitgy incoherent pulse compression of
complementary code pairdPD: avalanche photo diodelmp.mod.: amplitude modulatorAWG:
arbitrary waveform generatoEEDFA: erbium-doped fiber amplifier. Blue solid linesnid¢e optical
fibers; green solid lines denote radio-frequen@ctical cables; dashed, red lines denote freeespac
propagation.

Figure 3.2 shows the experimentally obtained, iecehtly compressed code
pair echoes. The traces shown in the four paneleesmond to average received
optical power levels of -41 dBm, -47 dBm, -50 dBnda53 dBm. The distance to the
reflecting wall target is clearly identified in dfiaces, with PSLR values of 28 dB, 18
dB, 13 dB and 8 dB, respectively. Ranging measunésnat ESNRs below -20 dB
required averaging over multiple repetitive trarssions of the two codes. Figure 3.3
shows the incoherently compressed code pair detetten average optical power of -

63 dBm, following 1024 averages. The range to #inget was measured with a PSLR

of 20 dB.
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Figure 3.2 Incoherently compressed forms of experimentallyaimied complementary code pairs,
reflected from a white wall located 8 m away frome faser range-finder. The length of each code in
the pair was 416 bits. The duration of each trattethisymbol was 1 ns. The average optical power
levels of the collected echoes were -41 dBm (tft, lel7 dBm (top right), -50 dBm (bottom left), é&n
-53 dBm (bottom right). The distance to the targetild be resolved in all measurements. The
corresponding PSLR values were 28 dB, 18 dB, 12amB8 dB, respectively.

The results are in a good agreement with the stk performed in Chapter
2, subsection 2.5.3. The obtained PSLRs of 28 dBlhtdBm optical power level
(ESNR =4 dB), and of 8 dB at -53 dBm optical povesel (ESNR = -20 dB), agree

well with the corresponding simulation predictions.
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Figure 3.3 Incoherently compressed form of an experimentaltyained complementary code pair,
reflected from a white wall located 8 m away frome taser range-finder. The length of each code in
the pair was 416 bits. The duration of each trattethisymbol was 1 ns. The average optical power
level of the collected echoes was -63 dBm, andrdweived waveform was averaged over 1024
repetitions. The distance to the target could kelved with a PSLR value of 20 dB.

3.3 Comparison of experimental and predicted link budgés

As discussed in section 2.3, the solid an@je over which radiation is
dispersed from a Lambertian target takes the vafue steradians. Following the
expression obtained in section 2.3 (equation Zdfxinted here for convenience with
addition of a coupling loss factor), the expectptiaal power collected at the receiver

can be estimated as:

.T;-D3 -
P = Pt ZL.ZI; Pt (3.1)

Where P, is the transmitted optical power (23 dBm)D, is the receiver
circular aperture (20 cmp, is the target reflectance parameter (0.07) Rnd the
one-way distance to the object (8 m). Substitutirgabove parameters into equation,
we find that the excess coupling loss of the sdtyp is about 14 dB. The setup

should be modified to reduce these excess lossesa(sext section).
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The experimental results suggest that a lowest EBN&ich the correlation
peak could still be observed without averages aepeating patterns is -20 dB,
corresponding to a received optical powkrof -53 dBm at the input of the APD.
When 1,024 averages were used, a good PSLR of 20adBobtained for a received
optical powerPB,. of only -63 dBm (corresponding to an ESNR of -48 without
averaging). Averaging improves the ESNR byl@&§(1024) = 30 dB, to the order of -
10 dB. The observed PSLR is an agreement with éxfiec for this ESNR level. The

ESNR and PSLR levels fé}. of -53 dBm and -63 dBm are summarized in Table 3:

TABLE 3 Signal-to-noise improvement by averaging process

Pin [dBm] ESNR [dB] PSLR [dB]
-53, no averaging -20 ~8
-63, no averaging -40 N/A
-63 with 1,024 averages -40+30=-10 ~20

3.4 Ranging measurements to a realistic target at 70 wistance

Prior to a second set of experiments, the optiadigof both transmission and
receiving were improved to reduce the excess cogplosses of the setup. The
collimating lenses on both paths were replacedibly-uality aspheric lenses of 10
cm diameters. The lenses were mounted on mecharecahes which allowed for
precise, three-axis position adjustments. Thestratted optical power this time was
21 dBm and the distance to the target was variéddssn 20-70 m. Figure 3.4 shows
the experimentally collected optical power levdlslifferent distances, alongside the
corresponding predicted values. The results shoat #oupling losses were

effectively reduced to a marginal value of 1 dB.
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Figure 3.4 Measured and calculated received optical powessfaaction of distances.

Next, ranging measurements were performed using the 416 puses-I
complementary code pair and the 1112 pulses-lon§IM§equence. The duration of
each transmitted symbol was 1 ns and the distameewthite poster target was 70m,
limited by the length of the corridor. The trangeuk optical power at the collimating
lens output was varied between 19-21 dBm. The spamrding, received optical
power levels were between -55 and -53 dBm. Sulbigettie experimental conditions,
a transmission power of +21 dBm resulted in a ES¥IRR0 dB, the minimal value
required for reliable ranging measurements. Fig8r& (top row) shows the
incoherently compressed forms of the collected eshtor the complementary code
pair and the MPSL. Valid measurements were obtaineldoth cases, with PSLR
values of 8 dB and 9 dB.

The bottom row of Fig. 3.5 shows the incoherenthmpressed form of
reflected echoes, collected when the transmittedepovas reduced to +19 dBm
(ESNR of -24 dB). The PSLR was 2.5 dB and 3.5 dBtlie two codes. These PSLR
values are too low to be considered acceptable.

Figure 3.6 shows the incoherently compressed fofrth® 416 pulses-long

complementary code pair, collected at an ESNR &fdR and following 256 averages
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over identical patterns. The averaging improvesBEB&IR of an effective value of -2
dB. The range to the target was measured with &RR8L25 dB, in agreement with
calculations. Again, the measured result fit theotletical value and shows that the
working distance can be further increased: the $NgRovement of 24 dB boost the

PSLR to an easily discernible value.
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Figure 3.5 Experimental cross-correlations of incoherentlympoessed, MPSL (black color) and
complementary code pairs (blue color) unipolar seges, reflected from a white poster located 70 m
away from the laser range-finder. The length of pl@mentary code in each pair was 416 bits and the
used MPSL consisted of 1112 pulses. The duratiorawh transmitted symbol was 1 ns and the
transmitted optical powers were 21dBm (top row) ddiBm (bottom row). The average optical
power levels of the collected echoes were -53 d&®m keft and right), and -55 dBm (bottom left and
right). The corresponding PSLR values were 8 dBB93.5 dB and 2.5 dB, respectively. The distance
to the target could be resolved reliably only ie theasurements of the top row. The mismatch filter
losses are 0.59dB (top right) and 1.27dB (bottaht}i
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Figure 3.6 Incoherently compressed form of an experimentaliyained complementary code pair,
reflected from a white poster located 70 m awaynftbe laser range-finder. The length of each code i
the pair was 416 bits. The duration of each tratisthisymbol was 1 ns. The average optical power
level of the collected echoes was -56 dBm, and rdeeived waveform was averaged over 256
repetitions. The distance to the target could Belved with a PSLR value of 25 dB.

3.5 Chapter conclusion

Ranging measurements using incoherent pulse cosipnesere demonstrated
experimentally. The results were extended to tloegssing of echoes reflected from a
realistic target. The large gain provided by theplemented codes allows for the
processing of very weak reflected echoes. The rémglee target could be recovered
even when the optical power of the received sigresd -53 dBm, or 10 dB below the
NEP of the APD used, without averaging over repgapatterns. The processing gain
of incoherent pulse compression can be leveragedrtis laser ranging systems with
smaller receiver apertures and/or reduced trarstngbwer and energy consumption.
Low-power ranging systems which take advantage sif@g processing gain would
be better immune against interception and jammingrbadversary.

The experiments reported above demonstrated stickteasging up to a
distance of 70 m. The transmitted optical powet thas necessary to perform the
measurement without averages was +21 dBm (125 mWl)the duration of the

measurement was only 2.5 microseconds.
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This transmitted power is only 1 dB lower than theximum power that
could be launched using the presently available ADOmerefore the maximum range
that can be currently measured without averagebasit 80-90 m. There are several
feasible solution paths, however, for extendingrttgasurement range:

e Direct splicing of the EDFA output fiber to the misamission collimator.
Potential improvement with respect to current expent: 5 dB (the
maximum output optical power of EDFA in use is «Hm).

e Using of EDFA with higher output power. Potentighgrovement with
respect to current experiment: 14 dB (state-ofetidrigh power EDFAs can
allow more than +40 dBm of output optical power).

e Increase of the collection aperture from 10 cn) (¢"25 cm (10"). Potential
improvement with respect to current experimentB8 d
With implementing all three solutions, the optiqgawer collected by the

receiver may be increased by a factor of about(230@B). Given such improvement,
the marginal ESNR of -20 dB can be reached forgetaange that is about 20-21
times longer than the 70 m of the current experimewards 1.4 km. Further

increase in range towards few kilometers would havesly on the extension of the
transmission duration in one of the two followingys, or via a combination of both:

Increasing the length of the codes, and/or avegaguer a number of repetitions. A
three-fold increase in range from 1 km to 3 km, édaample, reduces the collected
optical power by a factor of 10 and the ESNR bwe&dr of 100. The ESNR can be
recovered by increasing the length of the code Iligctor of 100, towards 100,000
bits, or by employing about 100 averages. An ithatste example of the benefit of

averages is seen in Figures 3.6, where 256 avevegresused. The 70 m range to the
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target could be measured with PSLR that was b#ttar 25 dB, whereas the range
could not be recovered at all with the same tratisthpower but without averages.

The transmission duration of codes that are 1000i80dong would be several
hundreds of micro-seconds. While complementary quales can be scaled to such
lengths, the experimental realization of measuresngased on such long codes might
run into difficulties in pattern generation, samgli and the transfer and processing of
data using current equipment. It is therefore ikt a combination of longer codes
alongside averaging over tens of repetitions shbel®employed instead in the next
sets of experiments. Averaging induces dead-timerlmads between repeating
transmissions, which are likely to extend the oNéransmission duration to the order
of milliseconds.

The next chapter (Chapter 4) addresses potent@adps of an incoherent
LADAR system, and the possibility of acquiring 3bhages. So far, the provided
simulations and experiments have been limited®-B” ranging system (that is, the
depth measurement of single point). Acquisitions3Dfimages would require a fast
and precise angular scanning capability in two disi@ns in order to create a range
image. The corresponding metrics will be discussed.

Experiments thus far were carried out inside umsiégrwalls, at indoor
conditions. When going outdoors, atmospheric effébait change the air refractive
index should be considered as well. The air refradhdex is primarily a function of
atmospheric pressure, temperature, and humiditgsdtsources of uncertainty, and

methods for avoiding and correcting these erroesalso addressed in Chapter 4.
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CHAPTER

A

Research Discussion and Summary

4.1. Summary

In this research, high-resolution laser rangingtesyswith strong sidelobe
suppression was proposed and demonstrated expéaligenThe sidelobe
suppression was obtained through an incoherene mampression process that was
proposed by Prof. Nadav Levanon of Tel-Aviv UnivgrsThe compression relies on
the transmission and direct detection of Manchesided, unipolar representations of
a chosen binary phase sequence, and its matchedmatched filtering by a stored
bipolar reference on receive. The extent of sidelslppression nearly replicates that
of the original bipolar sequence, even though phlsset maintained and a simple
incoherent receiver is employed. This principleoigparticular interest for photonic
applications, in which coherent detection is mafgcdlt to implement.

Simulation and experiments demonstrated rangingsorements to a white
wall target located up to 70 m away, at a negad®&R of -20 dB, using a modest
transmitted power of only 200 mW, with the acquosittime of only few micro-
seconds and without averages. Two different codeguences were employed, with
similar performance: one was drawn from a 1112dwig bipolar MPSL sequence,
and the other constructed from a complementaryqiadrl6 bit-long sequences. The
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noise tolerance of the proposed configuration canldveraged towards a longer
measurement range, lower launch power and enenmgguagption, reduced apertures
and improved operation at unfavorable atmosphemditions.

Range and resolution limitations were as followkse Bystem resolution was
proportional to the duration of a single pulseransmitted code sequence, and was
set to 15 cm for the 70 m range measurements. d¢@ution was chosen to match
that of typical airborne LADAR systems. The 1 GHantwidth of the APD was
chosen to match that requirement. The theoretidalabe suppression at high SNR
values scales with the length of the sequences. Usdtiat respect complementary
code pairs, whose lengths are arbitrarily scalahte, advantageous over MPSL
sequences. In practice, however, PSLR is oftertduinby additive noise, primarily
thermal and multiplication factor noise of the APDhe experimentally obtained
ranging performance agrees with simulations. Raragebe increased beyond 1 km
with higher transmission power, larger receiver rape, longer code pairs,
compromising resolution, and/or averaging over mome repetitions. Tradeoffs

among these parameters are addressed in the caahse

4.2. Parameter tradeoffs

In this subsection, | illustrate the tradeoff am@agge, resolution, transmitted
power, aperture size and length of code in an ieeattly-compressed laser range
finder.

On the one hand, the signal-to-noise consideratimars be expressed as

Pr
EP-\VB '’

2
ESNR = — b \whereOSNR and ESNR denote the

EP2-B

follows: OSNR = =

optical and electrical signal-to-noise ratios respely, B is the detection bandwidth,
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andNEP is the noise-equivalent power of the detectomiitsuof Watt per H%. NEP

is defined so that aBSNR of unity is obtained when the received optical pow.
equalsNEP - V/B.

On the other hand: the resolution is givemby= %. Hence:

2,
ESNR = 22222 (4.1)
NEP<-c
2,
Further, the collected optical power equ&s= DZRZP-Pt, where p is the

relative power reflectivity of the target surfaég,is the diameter of the receiver lens
aperture,R is the range to the target, aRdis the transmitted optical power at the

output of the ranging system. Putting it all togeth

D} - p?

ESNR = 16R* - NEP2:¢c

20z - P? (4.2)

The maximum rang®,,,, IS obtained when the ESNR is reduced to its minmu
tolerable valueESNR,,in:

D - p?

ESNR iy = —5———
min - 16RE .- NEP2-C

. 2Az - P? (4.3)

Our experiment suggest that the value BSNR,;,, using a pair of
complementary codes of 416 bit each, is approxiiypa2® dB (0.01). The selection is

somewhat arbitrary, yet it provides useful perfongeestimates. The ESNR scales

832

with the number of bitd,;;, so that:ESNR,,;, = 0.01- . Solving for the

bits

maximum range, one finds:

D} - p? D} - p?

Riax = -2Az-P? =
max = 16 NEP? ¢ ESNRyyy - ' 16-NEP? -c-8.32

202 Nyies * P2

71



D - p?

= 66.5-NEP2 -c Az - NbitS ' Ptz (44)

Many of the parameters above represent constrafrmsir setupNEP = 1.5
pW/HZ% D, = 10 cm,p = 0.07,Az = 15 cm. Plugging in these constants, the above

trade-offs expression reduces to:

Rpox = 1.5-10% Nyjps - P2 (4.5)

For example, Figure 4.1 illustrates the maximumgeams a function of
transmitted power, using a complementary code paich 416 bits long. The range

for the maximum ‘reasonable’ transmission powdr \&f is about 200 m.

20

— 832 bits

=
a1
o
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Maximum range [m]
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o

0O 02 04 06 08 1
Transmitted power [W]

Figure 4.1 Maximum ranges as a function of transmitted powgiéng a complementary pair of 416
pulses-long codes.

In the Figure 4.2, the maximum range is drawn agetion of number of bits
in the code, assuming a transmitted power of 1 "Mweé take a 1 km range
requirement as a constraint, and 1 W transmissiovep as an upper limit, the code

needs to be about 700,000 bits long. The measutdmenwould be about 1.4 ms.
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Figure 4.2 Maximum ranges as a function of number of bita tomplementary code pair.
Transmission power of 1W is assumed.

If the code is not long enough, then averageseqeired. The number of bits
in all averaged measurements combined would nedx t600,000. If the code has

700 bits, for instance, 1,000 averages would beired.

4.3. Comparison between time-of-flight and sequence comgssion

As discussed earlier in this dissertation, the ltgmm of ToF and sequence
compression systems is in principle the same, geavihat the duration of individual
sub-pulses within the sequence matches that of sihgle pulse of the ToF
configuration. When the overall transmitted enesgié the two configurations are
equal, their ranging performance in the presencalditive noise should be the same
as well. The ranging sidelobes of a ToF systemspete-free operation, are ideally
zero, whereas those of sequence compression coatfius are non-zero but
extremely weak. This theoretical difference cancels however, in the presence of

even modest additive noise.
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One major advantage of the sequence compressitocptas in the reduction
of the peak power level that is transmitted, byetdr that equals the number of bits
in the sequence. Lower transmitted power provideteb safety, and also better
immunity against interception and jamming by aneadary.

Another significant difference between the two @aghes has to do with their
engineering realizations. Driven by continuing pess of fiber-optic light sources,
amplifiers and modulators, sequence compressioaebia8DAR systems at 1550 nm
wavelength can be much smaller, lighter and lovest-compared with their ToF
counterparts. The experimental setup used in tbi&kwmcluded external electro-optic
modulators, driven by 1Gbit/s sequences. Directutaitbn of the driving current of
laser diode sources is also possible at this madgkeicing the size and complexity of the
transmitter even further. In contrast, lights sesrof ToF LADARs are typically
pulsed fiber lasers, which are much more compledsyband expensive. Although
certain specialty laser diodes are capable of géngrintense and narrow isolated
pulses with sufficient energy, their pulse repefitrates are restricted to tens of kHz.
These rates are increasingly insufficient, in pattr in emerging applications such as
2D scanning systems that are addressed latersichiapter.

The optical communication market proposes a laglection of low-cost,
readily available components at 10 Gbit/s rateshaglder. These could allow for sub-
cm depth resolution, while maintaining a low peabwpr transmission. Higher
modulation rates also make the use of longer codese practical, and therefore

enable ranging measurements at even lower ESNRsuwtiaveraging.
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4.4. Atmospheric considerations

Through the course of this research we did notesdthe ranging system
performance limitations that are due to atmosphsiditions. First, imperfect optics
and scatter and turbulence in the atmosphere tead £xpansion of the illumination
beam with range. Good industrial LADARs with nedfrection limited optics
achieve beam diversion angles of around 0.2 mraein Eo, a finite beam diameter of
around 20 mm is obtained at 100 m range [55]. Biffion therefore sets a limit to
lateral resolution in scanning LADARS.

The refractive index of air is primarily a functiaf atmospheric pressure,
temperature, and humidity. For visible or nearanéd light, variations in the
refractive index over modest distances are primaail function of temperature
gradients, with only small additional contributiofi©m humidity and pressure
variations. In the visible spectrum, a 1 °C incee@s air temperature lowers the
refractive index by a little less than 1 ppm. Indeariations associated with
atmospheric turbulence lead to short-term fluctregtiin the collected optical power,
known as scintillations. Scintillations power drage stochastic in nature, and could
reach as much as 30 dB.

Methods for mitigating the effects of index fluctieas are discussed, for
instance, in the NISTIR 7117 report by Stones €f58]. The general problem of
beam propagation through a turbulent medium, wheeeemperature distribution is
given by a statistical distribution, can be treatesihg the Helmholtz scalar wave
equation with the refractive index described stiagfly in terms of its power
spectrum [58]. Additional atmospheric considemagiguch as spatial variations in the

structure function and double-pass effects (entthmaekscatter) are discussed by
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Andrews and Phillips [58]. Atmospheric effects habeen incorporated into

comprehensive LADAR models by Burtehal. [59]

4 5. Future work directions

Further work could extend incoherent LADAR systerapability towards 3D
imaging. Acquisition of 3D images would requireastfand precise angular scanning
capability in two dimensions. A 3D scanner is aidevhat analyzes a real-world
object or environment to collect data on its shdpe collected data can then be used
to construct digital three-dimensional models. Thepose of a 3D scanner is to
create a cluster of geometric samples on the suidache object. These points can
then be used to extrapolate the shape of the ofgigmbcess calleeconstruction). A
3D scanner collects distance information aboutas@d within its field of view. The
"picture” produced by a 3D scanner describes thiawnice to a surface at each point in
the picture. This allows the three dimensional f@siof each point in the picture to
be identified.

An active 3D laser scanner uses laser light to probe the subject. At the thafar
this type of scanner is a laser rangefinder. Therleangefinder finds the distance of a
surface by methods described in Chapter 1. The lasgefinder only detects the
distance of one point in its direction of view. Bhthe entire field of view is scanned
one point at a time by changing the rangefindeirsction of view. The viewing
direction of the laser rangefinder can be changtrtbreby rotating the range finder
itself, or by using a system of rotating mirrordieTlatter method is commonly used

because mirrors are much lighter and can thustiéebmuch faster and with greater
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accuracy. Typical 3D laser scanners can measurdiskence of more than 100,000
points every second.

Many different technologies can be used to builds@Bnning devices. Each
technology comes with its own limitations, advaesgnd costs. Most LADAR
systems must sequentially illuminate each pixelaimange image. A number of
scanning technologies are available todiygle beam scannerspolygonal scanners,
galvanometric scannersacousto-optics scannerselectro-optic scannersholographic
scannerstilt platform scannersand beam array scanners [60-66]. The latter orse
probably the most interesting due to its small disiens, ultra-light weight and
rapidly steering capabilities.

The mirrors, prisms, and spinning polygons usedade@go are all made of
precision glass or ceramics in forms controlled rogcro fabrication technology.
Their large mass and size impose limits to achievamgular deflection rates.
Microfabrication process available today point thay onward. With reduced size
comes reduced inertia, which in turn permits fastanning and opens avenues to
mass fabrication.

In the consumer market, the requirements for faahising could be very
severe. For example, in order to provide video lgicgparray (VGA) with 480 x 640
pixel resolution and at 30 frames per second, tterser must make 9.2 million
ranging measurements per second. The duration ahaimidual measurement is
therefore only ~100 ns. The high repetition ratehgits the application of most
pulsed laser sources. Elaborate modulation schefr@¥/ sources in needed instead.

For more than a decade the research laboratoriemanfy semiconductor
manufacturers and telecommunications equipment faetwers have been working

hard on the development of micro-mirror arrays (MM#Aheir first applications were
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in digital projection equipment, which has now exged into digital cinema
projectors, with sometimes more than two milliorcratmirrors per chip switching at
frequencies of up to 66 kHz [60]. Later these MMWere used on telescopes to
enhance fuzzy images, and studies are underwagetdhem for the next generation
space telescope and for a multi space object speeter [61]. Recently MMAs are
finding applications in the telecommunications nedrls optical multiplexers and
cross-connect switches. Most MMAs are fabricatednfsilicon and thus fall into the
general category of Micro-Electro-Mechanical-Sysse(MEMS). The size of an
MMA mirror is usually less than a mm across, ituiegs very low power to move,
and it can move fast - typically in milliseconds.

The first generation of MMAs was binary, which me#trat the micro-mirrors
could only assume two positions. In the last fewrgea new generation of MMAs is
being introduced, which are equipped with servotrmdn These are sometimes
referred to asscanning MMAs (SMMA), because the micro-mirror tilt angle is a
function of the input command signal [62]. These N\BA& are available in array
topologies. The size of the micro-mirrors is in roioeter scale, and they have an
octagonal shape. The micro-mirrors are driven legtebstatic actuators, which are
located behind the reflecting front facet of theroms. By modulating the voltage of
the mirror pads about the bias level it is possiblgenerate controlled rotations of
the micro-mirrors. The range of rotation is a fesgkes, which corresponds to a laser
beam rotation that is twice as large. The resofraguencies of the micr-mirrors are
in order of few kHz.

Micro-mirror arrays could prove a very useful teclngy for LADAR
sensors. Micro-mirrors can act as a distributechiseathat generates a large number

of micro-beams, which can scan the workspace frdfardnt angles and positions.
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An alternative use of the micro-mirror arrays cobklthat of an optical switch that
routes a laser beam to various optical fibers, twiien become the generators of the
LADAR beam scanning action. There are various tegles to split laser beams with
arrays of micro-scanners and to generate micro-betimat can scan in many
directions from different locations [55]. In temalocations where sharp transitions
exist, directed scanning from multiple micro-scasn& overlapping workspaces can
be used to increase the mapping resolution. Thaiteiobservations should be
collected by the same controller and combined twide a high-resolution 3D image
of the scene (stitching or registering procedusé).[

Many industrial companies are working now on creatsophisticated laser
ranging systems, be it mobility LADAR for unoccugiground vehicles, control of
construction machinery, gaming gesture control mgpéction of manufacturing
processes. The above research towards small, insixpe accurate, and fast LADAR

systems is relevant to all these applications.
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Appendix A

Autocorrelations of coded sequences

Barkerl3 (Peak = 13):

T=[+1+1+1+1+1-1-1+1+1-1+1-1+1]

Autocorrelation of Barker 13

Correlation

0
5 10 15 20 25
Bits

Figure Al. Autocorrelation of Barker 13 code.

MPSL82 (Peak = 82):
T=[+1+1+1+1-1-1+1-1+1+1-1-1+1-1-1-41+1+1+1-1+1-1-1+1+1+1-1-1-1-1-1--1
141 +1-1-1+1+1+1-1-1-1+41+1+1-1+41 4140 +1+1-1 41 +141-1 41 +1-1-1+1-1+1-1+1

+1-1+1-1-1+1-1+1-1+1+1+1+1 +1]

85



Autocorrelation of MPSL82
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Figure A2. Autocorrelation of MPSL82 code.

MPSL1112 (Peak = 1112):
The 1112 bits-long MPSL sequence is proprietaryaf. Levanon, and cannot be
specified here. Its auto-correlation trace is gibetow as indication of its favorable

sidelobe properties.

Autocorrelation of MPSL1112
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Figure A3. Autocorrelation of MPSL1112 code.
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Golay416 (Peak = 832 — twice number of bits):
T=[1-1-1+1+1-1-1-1+1-1+1+1-1+1-14+1+1-1-1+1-1-1-1-1-1-1-1-1+1-1+1
+1-1+1-1-1-1-1-1+1-1+1+1+1-1-1+1+0-%-1-1+1+1-1-1-1+41-1+1+1-1+1-1+1-1
+1+1-1-1+1-1-1-1-1+1+1+1+1-1+1+110+1-1+1+1+1+1+1-1+1-1-1-1+1+1-1-1-
1-1-1-1+1+1-1-1-1+1-1+1+41-1+1-1+1+0+1-1-2+41-1-1-1-1-1-1-1-1+1-1-1+1-
1+1-1-1-1-1-1+41-1414141-1-1+1+1+2#01+1-1-1+41+1+1-1+41-1-1+41-1+41-1+1-1
-1+1+1-1+1+1+1+41-1-1-1-1+1-1-1+1-1+1-1-1-1-1-1+1-1+1+1+1-1-1+1+1+1
1-1-1+1+41-1-1-1+1-1+1+1-1+1-1+1-1#+0-1-1+41-1-1-1-1-1-1-1-1+1-1-1+141-
+1-1-1-1-1-1+41-1+1+1+1-1-1+1+1 419194 +1+1-1-1-1+1-1+1+41-1+1-1+1-1+1L+
-1-1+1-1-1-1-1+1+1+1+1-1+1+1-1-141+1 +1 +1+1+1-1+41-1-1-1+1+1-1-1-1+1+1
+1-1-1+1+1+1-1+41-1-141-141-14+1-1+01+1-1+1+1+1+1+1+1+1+1-1+1+1-1-1+1
-1+1+41+41+1+1-1+41-1-1-1+41+1-1-1-1-11-1+1+1-1-1-1+1-1+1+1-1+1-1+1-1+1
+1-1-1+1-1-1-1-1+1+1+1+1-1+1+1-1+0-1 41 +1+1+1+1-1+1-1-1-1+1+1-1-1--1
1-1-1+1+1-1-1-1+41-1+1+1-1+1-1+101#+1-1-1+41-1-1-1-1-1-1-1-1+1-1-1+14
+1-1-1-1-1-1+1-1+1+1+1-1-1+1+1+1-11-1+1+1-1-1-1+1-1+1+1-1+1-1+1-1+1
+1-1-1+1-1-1-1-1+1+1+1+1-1+1+1-1+0-2 421 +1+1+1+1-1+1-1-1-1+1+1-1-1--1
1-1-1+1+1-1-1-1+1-1+1+1-1+1-1+1101#+1-1-1+1-1-1-1-1-1-1-1-1+1-1-1+14
+1-1-1-1-1-1+1-1+1+1+1-1-1+1+1+1+0#+1-1-1+1+1+1-1+1-1-1+1-1+1-1+1-1-
1+1+1-1+41+1+1+1-1-1-1-1+1-1-1+1#1+1-1-1-1-1-1+1-1+1+1+41-1-1+1+1+1+
+1+1-1-1+1+1+41-141-1-1+41-1+1-1+180+1+1-1+1+1+1 41 +1+1+1+1-1+1+1-1-1
+1-1+1+1+41 4141 -1+41-1-2-2 42141 -2-1-1#0+42 -1 -2 +1+1+1-2+1-12-2+41-12+41-1+41 -
1-1+1+1-1+1+1+1+1-1-1-1-1+1-1-1+1-#+1-1-1-1-1-1+1-1+1+1+1-1-1+1+01+
-1-1-1+1+1-1-1-1+1-1+1+41-1+41-1+1+0+1-1-1+1-1-1-1-1-1-1-1-1+1-1-1+1-
1+1-1-1-1-1-1+41-1+1+1+1-1-1+1+1+#1#1+1-1-1+1+1+1-1+41-1-1+1-1+1-141-

1+1+1-1+1+1+1+1-1-1-1-1+41-1-1+1-#141-1-1-1-1-1+1-1+1+1+1-1-1+1+1 +1]
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Figure A4. Autocorrelation of Golay416 code.



0222397 )9

0291 199N

09N NNIYY
MINDIL NIV

0992100 NNIYA

DN NNIYA

09129099 NNIYY

L ettt e ettt e et enteennneens 8PN
L ettt e et e nane e NI .1
L e IVION NN DY Yypa 1.1
14 e D019 5¥ MOIN MITO NONT 1.2
20 ettt DYOWUNN DITIP NN 1.3
28 VTP XY NONTN DY NDDIAN VY N7OND NN 1.4
25, DYOUN OITIP N VINOYW MYNNIND WYID NIND DN NDY 1.5
27 e DMVAN DX Y2)-HY MNX TIVYA NINI PTIPA DVIDY 1.6
28 ettt enes IPNNRN MILVN 1.7

290000000000000000000000000000000000”’0)”””7 N’ nv’n’ b” vv’:”n ﬂt,,’ ””:” 02

29 e e e VD D757 MOIYNI NOVIIMP NI NONTI VIDY 2.1
30 i TN NN DY MVPN NININD TN 7 PIONP NN 2.2
Bl V0N NN PAONN 1IND 2.3
3 ettt PPN PIPY 2.4
0. et NI MINXIN 2.5

B NP NNV NMYNRI NDN NINNIN 2.6



52 .................................................................................... "]]\J]']I ID 2.;

493019 NVYN IN NNV NI NYVITMP KD NOINTA YINIY .3

7N
57000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 , ,

LY Y0290 NLYWN DX NNV MTITNI MVIIMP RON NONTI VIDY 3.1
58ttt NP ANVY IR PINN DI MTTN 3.2
62 i 7PN MINRXIND NONN MNXXIN P2 NINNYN 3.3
63, D>IVN 70 DY PNINA MR PINN NVYNI DR NNV MTTN 3.4
B0, ettt DYV 3.5

69000000000000000000000000000000000000000beboooﬁﬁﬁoooobbbooobbbboooobﬂ’:n”ﬂ n’:,v’ 1’,1 04

09 e DYV 4.1
70 ettt DYIVNI9 P2 POV OON’ 4.2
73, MOIN MITO NDXNT PAD TN DD MTTN P2 RNV 4.3
7 e N9DINVNN NYIVN 4.4
76 TNY NTIAYY DN 4.5
B0 ettt ettt et e e enae e MNPN NOPWA
85 e (NPPXID MITO DY PXINP-IVIN) NID)

- 2 N D92y V8PN



VY70

D) D DYNNN DMWY NI MBDWYN MY PN DM PIITI2 NNV MTTN
DINNA D) ,N”I1) MIIWNI OWHI-NPINY PTI ODXD YINYD MNYNL .DMNIAN DIMYMY
LIV YIN OYYI MMN IRV DINDY MY MIIWYNI NNV MTTHY DD DOWNIVNN SVIND
DYLVAN DTN DY) )2 D ANV DM TSIV MTDTH IWINY 7o) INY OOVT)H
MOPA DIXXMN NPND OO NPTTN NPLIIMIVPONR NMYIAN 92 INY DNON DTV
.DMVMN DX YAX-HY 17 PNINDY

MOIWNI YINY DWVWP DN M) PADN Y1 DMISP DONY HY DNV DNPY
P9 DIPINKRY IWNR DMNP DXDDI19 VINIWN DN SMNA NDPD NNND DOV, NPYYN
DN 7o INRXINDY ,ATIVNN MIRD DY NODDN YNNI NP NN LPY DY DNIN AT
DY 19 9901 YV MOIN MITOA wHNYND 1NN PN OPOpNNn DTN WYID MIND
MPOV NN ,NMAY NOND MINVNX OOIN DIINI DMYIT DOPODN MY ,DINP DO
MITOY MMN DY NHNIND NNODN N ,PIONP-IVIN NMYNNNT TIDY .NIRNND NONT
NN DY ,NNNXIY-NIN NS NI NN TIND DNYY PININN YD NN DINTY MWy DOWVINN
TN YPIN WY NN PN IR NYD NIYIRND N NPV ,TD DIWN .MM TN
SV YN PADNN  DYNIVHYN MNIN NIDINT PNNXIY AP D991 vindwa DdXYaApNNN
N NNV NVIVO NN IWIRND 2T 27N OITO NNO TN NPNY 91D MDIN MITD
Y DN TN WYY TIIRN DY NYPN QDN MMND DY

MMN DY OV TITP MYSNNI NN TPV NNV MTTH NN N NTIAY NIVN
MTTIPN MITOA NUNNWYN NYNIND NN NNV TH NN .OMININX MNIN KV NONTY ,1IMY
272 .7ODM) TS AMNX DY M) IV NNV MTTN IWIND TN YY DINNND T
TITP UKD NI YTIP2 VINOY MIAYNHN MDY NONT MOYOY M0 OMNTIN DMIPNN
VIOV N8N NPLIN MDIWNI MININ NTTH 00N .DXNIND DWW NN NNNW
VMNP RY NONT NVIWIA DOYHNYN NN ,PANDINY .DIV»Y D¥IDN D1VITIMP DVOPNI
YTIP N NVOYA . DIAN DN NVIDIDNND NAY 2T /99 YT DY NNINKD NNMY IWN NIVTN
LDV TIPPY DIMINON MYSNNI ,DMIAVIP-TN NN STIPY DMINMNI DPIMIP-IT MIND
ND) T DY DT NIVNN DXIIRMINN MMXD .IVON NPN NDNRD DXVNYN 1ON NN

D190 1IN VIPNN PN MNY IYR YAVIP-IT TP OY PNONP DMWY 1910 INRDY ,NNNIY
X



LYND NNRNYN TPXONPN DINRNHN ,DOOIMP OPX NOYPI NDYN POINY 19 DY N
INPNRN PAVIP-YTN NIRON TP WINIYA MDAPNNN MDD TN NMIN NN PLIYND
DY H0IP-TH NN PO J9IND DITIN NOIIMP KD NONT HY DDIANN I»ON PNV TN
DT N (2 =) ,NPO0PN T8 NN NDAPY POINND NP (1 : MY N2 OXNP OND NY
DTN NPNIDITY DIWN DY TNN TN MNX NX DOV WK ,Golay TP DIWNT ,DMOUN
MX YON2 NNONN TTHI NIVNRY PNINN .0VN 70 DV 2N PNINA N’ 15 NN MHVINY

93NN MON NTTHN NNV (100 19 MXIN MINNN PN NP wyI) -20 dB -5 Ty ,0091) wyd

MXNIN .OPON> DMINP DNINT NI-DY NN MYNNNI DIVN NINNDD WIND NVY RIN ,NI0NN
NNV MTTHI MOVIIMP RON NONTH PIPOY DY NINDN NPD NNXTH NNYRID MINONND DN
JOIR PINND NVYNI DN
N OMIIN MMNX NODXNTYY 1Y NNV THY INTPN : AN 1IN NNININD NTIAYN
DIV P IRNYMN IINMY MTNHPN D) MM NPYH OMIWPN MO0 »MPo .1 Pr9a
MMN DY POUIIMP N NONT DY NODIAND I ANV TH NIIWH .NT PI9 DWWV
Y P92 0N N DN NP PRI OMNIYRI NTIYH NNPDM NPIOIDID .2 P91 NVNIN
9390 YN IXMN PINHD NOLYN J2Y DX ,D00VN 70 DY NNVD TY PN NYTTND WIPM 3 P9
7792 DY NTIAYN TYNN Y20 1PT DIDD ,NDAY .2NT NMT NNV MDY YN NINRND NN

4



'919 7V IN'"'NIA NN AYXIA YZRnn NTIAY
NUL'0NANIINA NOTIN7 NVIPONN PITY 'AN
|'7'N-12



[9"N-12 ND'01DMIN

NIV'Y NIYXNNA T2 NIV DT TN
NI'LINNIP X7 NO'NT

"n1o1017'97 MVIT" ANIND N7 W7 NIAN

NN
1702 TINA INIT

noTIN? NnL7IFON

|7'"N-12 NV'ONANIIX W V10T WAIN

n"ywUn "nwun ]A NN



