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Abstract 

Systems that can measure the distance to a specific location with high accuracy are 

of great importance for both military applications and everyday life civilian applications. 

Laser range-finders currently provide the best technological answer to that challenge. 

Compared with microwave frequency-based radars, laser range finders can provide better 

resolution, immunity to electro-magnetic interference, reduced probability of intercept by 

an adversary, and integration with fiber-optic distribution of data. Ranging measurements 

can be brought together with angular scanning to form laser-radars, or ladars. Laser 

range-finders and ladars are used in target acquisition and classification, three-

dimensional imaging, climatology, atmospheric studies, planetary studies, machine 

gesture control, collision avoidance in vehicles, mapping in construction sites, and in many 

other circumstances.  

High ranging resolution is normally achieved using short and intense pulses. 

However, this conceptually simple implementation suffers from few drawbacks: the 

transmission and processing of such pulses could be difficult, as short rise and fall times 

are needed. High instantaneous power levels might raise safety concerns. Pulsed laser 

sources might become bulky and expensive. Lastly, the use of intense and short pulses 

raises the probability of interception by an adversary, a major disadvantage in many 

defense applications.  

Alternatively, temporally extended waveforms or sequences, in conjunction with 

proper compression techniques at the receiver end, may be used instead isolated intense 

pulses. The correlation of extended waveforms with a proper reference effectively 
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compresses their entire energy into an intense and narrow virtual peak with low residual 

sidelobes. The high resolution and low background achieved with a single intense pulse 

might be replicated, at least in principle, with significant added value: the instantaneous 

power of the extended waveforms can be orders-of-magnitude lower, making them safer 

and simpler to generate in a real-world system and more difficult to intercept. 

Normally, high-quality sequence compression relies on the transmission and 

detection of phase information. However, the measurement of optical phase requires 

comparatively complex coherent receivers. Unlike most protocols, sequence compression 

in this work is incoherent: the amplitude of the laser transmitter is modulated by a 

unipolar, binary sequence, and simple direct detection of intensity is implemented in the 

receiver. Nevertheless, the compression algorithms are able to achieve the effective 

sidelobe suppression performance that usually requires the processing of phase codes. 

Previous laser-ranging experiments by our group employed the compression of 

aperiodic sequences, which required 'dead-times' between successive acquisitions. The 

incoherent compression protocol was recently extended to support the repeating 

transmission of periodic sequences alongside cyclic correlation processing. Periodic 

transmission provides larger freedom in choosing the modulation sequences and the 

sequence length. The protocol is described at length in this work. 

The research project described in this thesis was dedicated to the realization of a 

continuously-operating laser range-finder setup, based on the incoherent compression of 

periodic sequences. First, a model was established for the quality of compression in a real-

world setup. While the mathematical periodic correlation of the codes used would ideally 

provide ranging sidelobes of zero magnitude, noise in the receiver introduces finite 
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sidelobes which restrict performance. This analytic model enables the simple prediction of 

the system's peak-to-sidelobe ratio, based on the signal-to-noise ratio of measurements, 

and defines the performance envelope of the proposed range finder in terms of range, 

aperture size, acquisition duration and transmitted power. The model is corroborated by 

numerical simulations and controlled indoor experiments.  

A laser range finder setup was put together based on 'off the shelf', comparatively 

low-cost components, developed for optical communication purposes. Many of the 

components used are of small footprint and light weight, or at least can be made that way 

without much effort. The setup was used in outdoors ranging measurements at 270 m 

distance, more than five times longer than that of previous demonstrations. The peak 

transmitted power was only 600 mW. Measurements could be performed at signal-to-

noise ratios of -24 dB, with acquisition times of 50 µs only, and without averaging over 

repeating traces.  

The thesis is organized as follows: An introductory background to laser range-

finders and ladars is given in chapter 1. Emphasis is given to noise sources, and to 

common implementation architectures. Chapter 2 describes protocols for the incoherent 

compression of sequences with suppressed sidelobes. Detailed analysis of the proposed 

laser range-finder system, employing the incoherent compression of periodic sequence, is 

given in chapter 3.  Experiments are reported in chapter 4, and concluding perspectives 

are given in chapter 5. The critical comparison between range-finder setups that employ 

sequence compression and those that are based on time-of-flight is provided.  
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1. Introduction: Background on 
ranging measurement systems 

1.1 Early beginning 
 

It is a well-known fact, proved first by the German physicist Heinrich Hertz in his 

1887 experiment [1], that radio waves react differently with different materials. While 

they penetrate quite easily in free space and through insulators, they are reflected back 

from conductors [2-4]. This principle is underlying RADAR (RAdio Detection and Ranging) 

operation. The development of semi-radar systems began of the early 20th century. 

Christian Huelsmeyer's "Telemobiloscope", developed in 1904, was the first form of a 

radar sensor. It used radio waves at tens of kHz. The setup consisted of a transmitter, an 

antenna and a receiver. Its original use was to detect metallic objects, in particular ships at 

sea, as a form of collision avoidance. This early form of radar had a range of 3000 m. Upon 

the detection of an object, the system would sound a bell until the object cleared its path. 

The Telemobiloscope could not directly measure distance to a target and thus did not 

merit the full definition of radar. The first 'real' radar is usually credited to the German 

army, which developed it in 1935 [5, 6].  

The generation of short pulses of radio energy was the key advance that promoted 

modern radar systems. By timing the pulses on an oscilloscope the range could be 

determined, and the direction of the antenna revealed the angular location of the targets. 

With the knowledge of these two parameters, a position relative to the antenna could be 

determined. As theoretical and technical advances continued, radar techniques and 

applications expanded into almost every aspect of the modern world. 
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Lidar is a portmanteau of the words "Light" and "radar". Pulsed light sources and 

optical detectors were first used in 1938 to measure the base heights of clouds [5]. The 

term lidar was first used in 1953 [5, 7] . After the invention of the laser in 1960, and the 

1962 development of high energy Q-switched lasers sources, a new method called LADAR 

(LAser Detection And Ranging) has begun to appear. The new acronym suggested the next 

stage in the development of ranging systems, as they were now using laser sources. One 

of the first experiments to use ladar was conducted in 1963, when Fiocco and Sullivan 

published work on atmospheric observations using a Ruby laser [8, 9]. Later, in 1971, a 

ladar took part in the Apollo 15 mission, when astronauts used a laser altimeter to map 

the surface of the moon. Today laser range finders are being adapted in many aspects of 

our daily life, due to their non-contact measurement capability, high precision and low 

cost. For example, industrial range finders provide a measurement range of up to 70 m 

with an accuracy of a few millimeters [10]. Road-boundary detection and tracking 

solutions use ladar sensing as an integral part of their systems [11]. 

Ladar systems are analogous to radars in many ways, as both transmit and receive 

electro-magnetic energy, with the major difference being that they work in different 

frequency bands [12]. This difference manifests in capabilities and in choice of 

components. While radars operate anywhere from the S-band at 2-4 GHz up to the K-band 

at 24.05-24.25 GHz, ladars operate at a typical wavelength ranges of near-infrared (NIR) to 

short-wave infrared (SWIR): 800-1550 nm. In comparison to their radio frequency (RF) 

counterparts, optical waveforms are advantageous in three respects: they can carry 

broader bandwidth signals leading to better range resolution; they can provide better 

immunity to electromagnetic interference (see below); and they are readily integrated 
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with fiber-optic distribution. On the other hand, optical waveforms are sensitive to 

misalignment and to atmospheric disturbance, while RF waves are not.  

Electromagnetic interference (EMI) is a disturbance that affects an electrical circuit 

due to either electromagnetic induction or electromagnetic radiation emitted from an 

external source. The disturbance may interrupt, obstruct, or otherwise degrade or limit 

the proper function of the circuit. The source may be any object, artificial or natural, that 

carries rapidly changing electrical currents. EMI can be categorized in two types: 

narrowband EMI which typically emanates from intended transmissions (radio, television, 

cellular), and broadband EMI which is due to unintentional radiation. Ladars are immune 

to EMI since signals are transmitted as light instead of RF waves. Thus, they can carry 

signals through environments where EMI would block the transmission of RF signals.  

Optical fibers provide long-reach distribution, up to hundreds of km without 

amplification. Fiber-optic cables are easier to install than RF cables since they are smaller 

in diameter and more flexible. They can also run along the same routes as electric cables 

without picking up excessive noise. The small size, lightweight and flexibility of fiber optic 

cables also make them easier to use in temporary or portable installations. Ladar systems 

can collect reflected echoes from an object into fibers, where they can be delivered with 

little attenuation and distortion. For example, a ladar system can be placed in an outdoor 

environment, while the data processing takes place in a nearby building. A rage-finding 

system that can easily connect to a fiber-optic distribution network becomes more 

accessible and can be used in less favorable conditions.  
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1.2 Overview of ladar system performances and parameters 

1.2.1 Mono-static vs. bi-static systems 
 

Ladar systems can be categorized based on different parameters. A common 

criterion distinguishes between systems with only one aperture, which functions as both 

transmitting and receiving channels, and systems with two apertures, one for each 

channel. The one-lens system is referred to as "mono-static" (see Figure 1). It has reduced 

dimensions and less mechanical complexity compared to the second type of "bi-static" 

systems. On the other hand, mono-static systems require more internal circuitry and 

subsystems. Most ladar systems use bi-static configurations, even though they require 

larger packaging. These do not involve transmit/receive (T/R) switches and eliminate 

almost completely the crosstalk between transmission and reception channels. 

  A T/R switch is a three-port device connected to the transmitter, the receiver and a 

telescope. The switch is a directional device that routes the energy coming from one port 

to the next with minimal energy routed in the reverse direction. In a ladar system, energy 

coming from the transmitter is routed to a telescope, and collected echoes are routed 

from the telescope to the receiver. A T/R switch can be implemented based on wave-

plates that rotate the polarization of the incident beam, and a polarization sensitive beam-

splitter (PBS). A fiber-coupled circulator is another realization of a T/R switch [13].  
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Figure 1. A block diagram of mono-static and bi-static ladar systems [5]. 

1.2.2 The transmitter 
 

The signal transmitter in a ladar system (appears in Figure 1) consists of a laser 

source, which is either directly modulated or followed by an external modulator. The 

available wavelengths of laser sources largely determine the spectral range in which ladars 

operate. Gas lasers can be adjusted across a range of wavelengths, (9 to 11 μm for CO2 

lasers), by varying the isotopes used in the gas mixture and by adjusting feedback into the 

cavity. They are however restricted to discrete wavelengths (a.k.a. lines). Solid-state lasers 

may also operate at few discrete lines, sometimes with only one. For example, a Nd:YAG 



6 
 

laser will normally lase at 1.06 μm, but it can be forced, with a loss of power, to operate at 

1.4 μm or can be doubled to 0.532 nm by a second harmonic generation process. 

Semiconductor laser diodes based on GaAs or InP compounds are available at practically 

any wavelength in the 800-1600 nm range. Their amplification to high power is the most 

efficient within erbium-doped fiber amplifiers (EDFAs) at the 1530-1565 nm range. 

Erbium-doped fibers also serve as the gain media of fiber lasers. While lasers are available 

from deep ultraviolet to long-wave infrared wavelengths, the material properties, the 

atmospheric propagation windows and cost considerations limit the wavelengths of 

practical ladar transmitters to few common choices: e.g., 1.06 μm with Nd:YAG, 1.55 μm 

with EDFAs, and the 9–11 μm band of CO2. 

Ladar systems can transmit many kinds of waveforms: continuous-wave (CW), 

amplitude-modulated (AM), frequency-modulated (FM) or pulsed. The mechanisms for 

producing these waveforms vary. Q-switches that can rapidly change the output coupling 

of the cavity are used to dump the built-up energy stored in it, producing intense, 

comparatively short pulses. Modulators imprint amplitude or phase changes on an 

otherwise CW laser. Because the alignment of these components is critical, care must be 

taken to provide very stable bases and mounts for the optical elements. The development 

of fiber-optic-based components has made the assembly of ladar elements more similar to 

that of their counterparts in radar systems [5]. 

1.2.3 The receiver 
 

Figure 1 also presents the receiver subsystem. Its function is to transform the 

optical waveform captured by the receiving lens into an electrical signal that can be 

processed to extract the desired information. Collected photons arrive at a semiconductor 
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junction photodiode, which converts them to photo-electrons current. Charge carriers are 

generated in response to light incident upon the photodiode, and an electrical signal is 

obtained by releasing and accelerating these carriers within the semiconductor. The 

magnitude of the light-induced current at the output of the photodiode is proportional to 

the intensity of incident light. Therefore, if phase information is required in a ladar, then 

mixing with a phase-locked local oscillator (LO) is required upon detection (i.e. a coherent 

receiver, see section 2.1.5 for more details) [5]. 

1.2.4 Resolution and accuracy 
 

One key parameter in any ranging system is its resolution, which is of high 

importance in radar/ladar systems for both military and civilian applications. Not to be 

confused with accuracy, resolution is defined as "the smallest distance separation 

between two distinct objects illuminated by a ladar source that can be detected in the 

signal return" [14]. This figure of merit is mainly controlled by the spectral bandwidth of 

the transmitted waveform of the system, as will be explained later. 

All electro-magnetic waves travel in air at practically the same speed of about 

83*10 m/s. Hence the relation between the range R  to a target and the round-trip delay 

of collected echoes t  is simply given by:  

 

2

ct
R   (1) 

where c  stands for the speed of light in vacuum. 

In Figure 2, an edge target is illustrated in order to better explain the difference 

between accuracy in resolution. The target consists of two surfaces separated in range by 

a difference R . Resolution is defined as the smallest distance separation between two 
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distinct objects illuminated by a ladar source that can be detected in the reflection of a 

single pulse [15]:  

 
1 2R R R    (2) 

Range accuracy relates to the ability of the system to consistently report the 

correct range of a target [5]. Put in other words, accuracy can be defined by the standard 

deviation of a set of repeating measurements of a single target at the same range. The top 

part of Figure 2 shows a range-finder system in which the spatial extent of the beam is 

sufficiently narrow so that it is only incident on a single target at a time. The ability to 

reconstruct R  in this case is limited by accuracy of individual measurements. In the 

bottom part of Figure 2, a wider beam is simultaneously incident on both surfaces. Here, 

the estimate of R  is limited by both resolution and accuracy considerations.  

The difference in round-trip delays between the two reflections is given by: 

 2 R

c



  (3) 

A resolution of R  therefore requires that the range-finder system is able to 

resolve a time delay differential of  . This, in turn, mandates a receiver bandwidth BW  

on the order of 1  : 

 

2 2*

c c
R

BW


    (4) 

This relation highlights the importance of broad bandwidth. A ladar system with 

pulse durations of 250 ps had been reported [16]. Ultrafast laser sources, in principle, can 

provide pulses that are shorter than 100 fs, although their incorporation in ladar systems 

might be challenging.  
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Figure 2. Illustration of ladar beams illuminating two surfaces separated in distance, 
highlighting range accuracy and resolution considerations. 

1.2.5 Lambertian surface 
 

Reflectance of radiant energy is an importance factor in ladar and laser range-

finder systems. It is a function of the target surface, and to a lesser extent of the incident 

wavelength. For diffuse surfaces, reflectance is uniform: radiation is reflected in all angles, 

equally or almost-equally. Such surfaces are referred to as Lambertian, after Johann 

Heinrich Lambert. For specular surfaces reflectance is strong at an angle that is symmetric 

to the angle of incidence, and nearly zero in all other directions. Most real-world objects 

display some mixture of diffuse and specular reflectance properties.  

The apparent brightness of an ideal Lambertian surface to an observer is the same, 

independent of the observer's angle of observation. In other words the surface luminance 

is isotropic, and the luminous intensity obeys a cosine law. For example, the regular white 

paper sheets used as targets in our experiments are well described as Lambertian 

surfaces.  
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1.3 Coherent and incoherent systems 
 

Another important distinction among ladar systems is according to the detection 

principle, between incoherent and coherent systems. An incoherent system relies on 

direct detection of intensity only, while a coherent system recovers both the 

instantaneous amplitude and phase of collected echoes [17]. The differences between the 

two are illustrated in Figure 3. In coherent systems, a fraction of the outgoing laser energy 

is split off and redirected to the receiver detector. This energy is then aligned with the 

collected ladar echoes on a photo-detector, which is operating as a classical mixer. 

Coherent ladars can operate at lower electrical signal-to-noise ratios (ESNRs) than their 

incoherent counterparts [18]. In addition, coherent systems generally allow for better use 

of sequence compression techniques [19], which rely for the most part on frequency and 

phase coding. Sequence compression is addressed in much detail later in this thesis. When 

using a coherent system, effects such as phase front distortion due to the target surface 

profile and depolarization of the signal should be taken into consideration, as they can 

significantly reduce the mixing efficiency at the receiver [17]. 
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Figure 3. Block diagrams of incoherent (top) and coherent (bottom) ladar systems [5] 
Coherent receivers in the optical domain come at a cost of significant added 

complexity [18], unlike their RF counterparts which are in extensive use. They require that 

the transverse profiles of the local oscillator and of the incident echoes across the 

detector aperture match one another, and that the coherence length of the laser source 

exceeds the range to the target [17]. These difficulties are alleviated, at least in part, in 

ladar setups that involve fiber-optic components. Yet, the tracking of relative phases and 

states of polarization between the two waveforms remains cumbersome. An intermediate 

and highly appealing approach is the direct detection of waveforms followed by proper 

post-processing, which recovers some of the added values of coherent systems. This 

concept was suggested by Prof. Levanon and was implemented in a ladar system by our 

research group [20-22]. It is addressed at length in subsequent sections. 

1.4 Probability of intercept  
 

The probability-of-intercept (POI) is an important metric of any ladar/radar system 

used in the military and electronic warfare applications. In many cases one wishes to 

search for a target or track after one, and remain hidden from the followed object. The 
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POI is defined as the probability that the investigated object would be able to identify the 

ranging measurement, using passive radar detection equipment (such as a radar warning 

receiver – RWR). Systems designed for a low POI are often referred to as low-probability-

of-intercept radars (LPIRs). 

Measures for reducing the POI include use of broad frequency bandwidths [23], 

frequency hopping, using a frequency-modulated continuous-wave signal instead of short 

and intense pulses, and using only the minimum power required for the task. Pulse 

compression, which is addressed in detail in section 2.2, is a specific approach for reducing 

the instantaneous peak power levels, and hence the POI, while retaining high resolution. 

Compared with radar systems, ladars typically exhibit reduced angular sidelobes and back-

lobes, and their transmission may be better focused into a smaller volume. This makes 

them inherently better immune to interception.  

1.5 Noise mechanisms 
 

Ladar systems performance is degraded by the inevitable presence of noise. 

Several noise mechanisms must be taken into consideration: photon counting fluctuations 

('shot noise'), laser speckle caused by reflections from rough surfaces, thermal noise due 

to fluctuations in current along electrical conductors, presence of ambient light, amplified 

spontaneous emission (ASE) at the output of optical amplifiers, and intensity noise of laser 

transmitters. These are addressed below.  

1.5.1 Shot noise 
 

Shot noise is fundamental to photo-detection. It originates from the particle nature 

of light. The term shot noise, sometimes referred to as quantum noise, relates to the fact 
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that optical energy arrives at discrete 'packets' of photons with a quantum of h . Here h  

is Planck's constant, and   denotes the optical frequency. These energy quanta arrive at 

the detector at random instances. The random arrival times manifest in current 

fluctuations, even when the incident optical intensity is entirely deterministic. Additional 

fluctuations are generated if the incident intensity is itself stochastic, for instance due to 

relative intensity noise (RIN) of laser sources or ASE. The term “shot noise” draws an 

analogy between electrons and the small pellets of lead that hunters use for a single 

charge of a gun. The analogy is due to Walter Schottky, who predicted in 1918 that a 

vacuum tube would have two intrinsic sources of time-dependent current fluctuations: 

Noise from the thermal agitation of electrons (thermal noise), and noise from the 

discreteness of the electrical charge (shot noise).  

Photo-electrons are generated randomly and independently. The process may be 

described in terms of Poisson statistics: the variance in the number of emission events is 

equal to the average count. The power spectral density of the photocurrent is given by 

2S eI , where e  is the single-electron charge and I  is the mean current value [18, 24] . 

The factor of 2 appears because positive and negative frequencies contribute equally.  

Figure 4 illustrates the effect of random arrival times on the number of photons 

counted by a detector with a finite integration window. The number of photons measured 

during the detector integration time is a random variable with Poisson distribution [18].  

The mean current I  equals to the expected number of photo-counts (denoted by N ), 

multiplied by  and divided by the integration time T . N , in turn, is determined by the 

incident intensity 
inP  , and : 

e

T
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Here 0 1   is the detector internal efficiency and R  is defined as the 

responsivity of the detector in [A/W]. The variance in photo-current, in turn, is given by 

the power spectral density multiplied by the receiver bandwidth: 
2 2S S BW eI BW      

[18, 25]. The ESNR is defined as the ratio  2 2 2SI I e BW   . Therefore, at the limit in 

which shot noise is the dominant noise mechanism, ESNR can be improved by increasing 

the source optical intensity.  

 

Figure 4. Effect of random arrival times on the number of photons counted during a fixed 
interval. If the photons arrive at predictable intervals, six photons are counted. Random arrival 
times here show eight photons being counted in the specific example [5]. 

The detected power levels in our experiments are typically between 1-10 nW, 

generating currents on the order of 1-10 nA. Given a bandwidth of about 1 GHz, the shot-

noise limit to the detection ESNR is in the range of 3-30 (5-15 dB). As will be seen later in 

this section, the ESNR is restricted to much lower values by other mechanisms.  

1.5.2 Speckle noise 
 

Speckle effects are caused by interference occurring at the photo-detector from a 

large collection of independent coherent radiators. Such interference occurs when the 
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laser beam is reflected from a rough surface on the scale of the optical wavelength, as the 

vast majority of surfaces are. Subject to illumination by monochromatic light, the wave 

reflected from such a surface consists of contributions from many different scattering 

points. The detected wave-front formed at the location of the receiver consists of a 

superposition of multitude of amplitude spread functions, each arising from a different 

scattering point on the object's surface. As a result of the object roughness, the various 

spread functions add with different and arbitrary phases, resulting in a complex pattern of 

interferences. 

The number of photons detected subject to speckle phenomena can be modeled in 

terms of a negative binomial random variable [24]. Speckle becomes dominant for highly 

coherent sources [5]. Much like the case of RIN discussed below, noise due to speckle 

scales with the source intensity. Therefore, the ESNR of a system limited by speckle-

induced noise cannot be improved by simply raising the power. Methods to reduce 

speckle usually rely on the super-position of several uncorrelated speckled images on an 

intensity basis [26, 27]. The increase in the signal-to-noise ratio provided by these 

methods is proportional to the square root of the number of patterns. 

1.5.3 Ambient noise 
 

Ambient or background noise in the context of ladar system measurements 

constitutes any light or signal that is collected by the detector and does not originate from 

the laser transmitter. For most practical scenarios, the background radiation is sunlight 

that falls within the receiver’s instantaneous field of view (FOV). The background photons 

collected by the sensor carry no information concerning the range to the target, but the 

shot noise that is associated with them contributes to the overall noise to the ladar system 
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measurement. The variance and mean value of background photo-electrons are 

proportional to the optical bandwidth of the ambient light source and to its intensity [5]. 

Most ladar systems use optical bandpass filters to eliminate background at wavelengths 

other than that of the intended source. 

1.5.4 Noise due to amplified spontaneous emission of optical amplifiers 
 

Many ladar transmitters at 1.55 µm wavelength use EDFAs for high power 

transmission. An EDFA would be placed as the final component prior to the transmission 

aperture. Photo-current noise in the detection of amplified signals stems from both the 

interference between signal and ASE (known as 'signal-spontaneous interference'), and 

the detection of ASE power itself (sometimes referred to as 'spontaneous-spontaneous 

interference' [18]). ASE spans the entire gain bandwidth of the EDFA, which is on the order 

of few THz. However, an optical bandpass filter is used to restrict the bandwidth of ASE 

that reaches the detector to several GHz, on the order of the electrical bandwidth. In this 

condition, the dominant EDFA-induced noise term stems from the interference between 

the desired signal and those ASE components that fall within the optical filter passband. 

The ESNR of the photo-current following the detection of the optically amplified signal is 

given by: 

 
 (6) 

Here 
inP  refers to the optical power at the EDFA input, and G  is the power gain of 

the amplifier. The noise figure of the EDFA is denoted as NF , and it equals 3 dB for ideal 

devices.  Practical high-power amplifiers have noise figures on the order of 6–8 dB. 

 2 1

inP

h NF G BW    
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The parameters of our experiments that are relevant for the estimate of ASE-

induced noise are the following: the optical power at the input of the EDFA was that of a 

small form-factor pluggable (SFP) transmitter, on the order of -2 dBm. The amplifier power 

gain was 27.5 dB, and its noise figure was 5.5 dB. When using an optical filter with a 

passband width of few GHz, an ASE-limited ESNR larger than 20 dB is expected. As seen in 

the following subsections, noise due to other mechanisms is several orders of magnitude 

stronger. ASE noise is therefore not considered further in this work. 

1.5.5 Relative intensity noise  
 

Relative intensity noise (RIN) refers to the instability in the power level of a laser 

source, due to inevitable spontaneous emission within the cavity. RIN can become more 

severe due to instabilities in the drive current of a laser diode, or as a result of cavity 

vibrations and fluctuations in the laser gain medium [18]. RIN is quantified in terms of the 

power spectral density of the intensity fluctuations, normalized to the average power. The 

power spectral density is considered as a constant within the bandwidths of interest, and 

measured in units of dB/Hz. The variance in photo-current due to optical power 

fluctuations of the laser source is given by: 

 
  

2
2 2 1010

RIN

RIN R P BW    , (7) 

where P  is the average power. Typical RIN values for semiconductor laser diodes 

operating at 1.55 µm are on the order of -155 dB/Hz for DFB lasers and -130 dB/Hz for 

Fabry-Perot lasers. First order considerations suggest that the current variance due to 

RIN scales with the source power squared, thus the ESNR cannot be improved by 

increasing the signal power. More elaborate calculations show that at a given frequency, 
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RIN decreases with an increase in the laser power as 3P  at low intensities, but this 

behavior changes to 1P  dependence at high intensities [18].  

The RIN of our SFP laser transmitter is -120 dB/Hz. When integrated over a 

bandwidth of 1 GHz, the intensity noise of the laser source sets a limit to the ESNR on the 

order of 30 dB. Hence RIN may be neglected in our experiments as well. 

1.5.6 Avalanche photo-diode excess noise 
 

An avalanche photodiode (APD) is a highly sensitive semiconductor electronic device 

that can generate multiple photo-electrons following the detection of a single photon. 

APDs rely on impact ionization processes to generate an avalanche multiplication effect of 

photo-induced carriers [28]. APDs serve as a built-in first stage of amplification, providing 

an internal current gain by a factor of up to 100 in silicon devices.   

APDs can be thought of as a combination of a light detector and an electrical 

amplifier. Like any other amplifier, they introduce noise that is stronger than the 

fundamental shot-noise limit, which is often quantified in terms of a noise figure. Excess 

noise stems from the stochastic nature of the multiplication process. It intensifies with the 

avalanche gain, and therefore imposes a limit on the maximum gain. Use of APDs is 

advantageous in overcoming additive detector noise that is independent of the photo-

current. However, above a certain optimum gain, the scaling of excess noise outweighs 

the benefit of signal amplification, and larger multiplication degrades the ESNR rather 

than improve it.   

The detection of a photon within the semiconductor junction generates an electron-

hole pair, known as primary carriers. The carriers are accelerated across a gain region by 

large external fields, generating additional (or secondary) carriers through impact 
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ionization. The probability density function of the number n  of secondary carriers 

generated from a  primary carriers is given by the formula developed by Robert J. 

McIntyre [29]: 
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Here M  is the mean amplification factor of the avalanche process, and k  is a 

parameter describing the ratio of impact ionization rates of electrons to holes. The 

McIntyre distribution is very different from the Gaussian distribution for small numbers of 

primary photo-carriers. It approaches the Gaussian limit for a large number of primary 

carriers, according to the central limit theorem. The Burgess variance theorem [30, 31] 

gives the variance of the multiplied output n , driven by a  primary carriers generated by 

Poisson process and injected into a multiplier characterized by stochastic gain m  with 

mean value M  [32]: 

 2 2 2var( ) var( ) var( ) [ ]n M a a m M F a e    (9) 

Here F  is the excess noise factor, defined by: 
2

2

m
F

M
 . 

The factor F  describes the ratio between the photo-electrons variance following 

multiplication, and the variance of a shot-noise limited, ideal process with deterministic 

gain M  (hence the term 'excess noise'). The excess noise factor is gain-dependent. For 

most linear-mode APDs, it is given by  [33]:  

 21
[1 (1 )( ) ]

M
F M k

M


    (10) 

 Typical k  values for InGaAs APDs are between 0.5 and 0.7 and typical average gain 

values M  are between 10 and 40, as can be seen in the right column of Table 1. For a 

maximal gain of 40 and k  = 0.5, the excess noise according to Eq. 10 is ~ 20.9. 
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Table 1. Characteristics of common avalanche photodiodes [18] 

 

   The parameter k  also represents the slope of the excess noise curve as a function 

of gain, in the limit of high gain (see Figure 5), except for the single carrier multiplication 

case (i.e. k =0), in which 2F  in high gain. Thus it is not possible to increase the gain 

without elevating the excess noise, as demonstrated in Figure 5.  

 

Figure 5. APD excess noise figure as a function of average gain (Eq. 10). The excess noise factor 
increases with avalanche gain, with a slope that approached k  at the high-gain limit. 

 

The shot-noise limit to the ESNR expected in our experiments is between 5-15 dB 

(see previous sections). Our InGaAs APD is typically operated at an average gain of 40. 

Excess noise of the APD is therefore expected to degrade the shot noise-limited ESNR by a 
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factor of about 13 dB. Even so, noise due to the APD is dominated by additive thermal 

noise that is more severe, as discussed next. 

1.5.7 Additive noise of the sampling oscilloscope circuitry 

The standard deviation of our sampling oscilloscope reading, while operated at 

maximum sensitivity of 1 mv per division and with no input present, is on the order of 300 

µV. The noise is well approximated by Gaussian statistics. It is therefore regarded as an 

additive white Gaussian noise source. The optical-to-electrical conversion factor of our 

APD is 40 kV/W. Hence, the oscilloscope noise is equivalent to an uncertainty of about 7.5 

nW (-51.2 dBm) in the measurement of instantaneous optical power. Thermal noise at 

receiver output also follows Gaussian statistics, albeit with larger variance. We therefore 

combine the two mechanisms into a single additive noise representation, where the 

oscilloscope noise adds a small correction to the thermal noise variance. 

1.5.8 Thermal noise 
 

Any conductor at a finite temperature is subject to free electron movement; this 

random movement becomes more significant with increasing temperature. The 

movement of each electron represents a random electrical current and causes time-

dependent EM fields and radiation. Assuming the conductor has a finite resistance, this 

random streaming of current creates voltage between the two ends of the element 

according to Ohm's law, which is referred to as thermal noise. In an optical receiver, the 

load resistor adds such fluctuations to the current generated by the photodiode. Thermal 

noise is independent of the incoming optical power. Practically, thermal noise may be 
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estimated by measurements of the current that flows through the detector circuit when 

no light is incident.  

 Thermal noise is of Gaussian statistics, and its power spectral density is uniform 

over a wide range of frequencies ('white Gaussian noise'). The effect of thermal noise on 

system performance is often quantified in terms of the so-called noise-equivalent power 

(NEP), defined as the minimum input optical power that is required for an ESNR of unity, 

when measured over a bandwidth of 1 Hz. The incident optical power 
PDP  that is 

necessary for an ESNR of unity at a bandwidth BW  is given by: 

 
PDP NEP BW   (11) 

Like in the shot noise-limited case, the ESNR of a thermal noise-limited system 

improves with the incident optical power. The NEP value of the photo-detector used in 

our experiment is 0.63 pW/Hz1/2, corresponding to 
PDP  of 20 nW at 1 GHz bandwidth. The 

above estimate suggests that the ranging measurements reported in this work are taken 

at ESNR levels well below unity, typically in the range of -15 dB to -35 dB. Subject to these 

conditions, all other sources of noise discussed in this section may be neglected. In the 

performance analysis of subsequent chapters, thermal noise will be the only noise 

mechanism taken into consideration (with a small correction due to the oscilloscope 

circuitry as noted above).  

  



23 
 

1.6 Overview on existing ladar techniques 
 

The most commonly-used ladar technique relies on time of flight (ToF) 

measurements in incoherent systems. In ToF ladars a laser source launches a short pulse, 

and the receiver calculates the time it took that pulse to make a round trip to the target 

and back. This time equals to the round-trip distance divided by the speed of light as in 

equation 5. A 1 ns-long two-way delay, for example, represents 15 cm of range to the 

target. In this concept, the measurement accuracy depends on the pulse width, the 

detector electronics bandwidth, and the processor implementation as will be addressed in 

the next paragraph. An illustration of a ToF laser range-finder is shown in Figure 6. In order 

to achieve a long measurement range with good accuracy, intense and short pulses are 

necessary. However, the processing and transmission of such pulses is difficult and 

potentially unsafe. In addition, the overall signal energy falls off when using short pulses 

and the ESNR is thus degraded. A typical peak power of 10 kW is required to measure the 

range to a target that is 1 km away using this method [34]. High instantaneous power 

levels also elevate the POI of the transmission.  

 

Figure 6. Illustration of a laser range finder system based on the time-of-flight principle. Key 

performance metrics include the synchronization precision between source and detector, pulse 

width and power, and detector bandwidth [15]  



24 
 

 A precise clock is of high importance in TOF-based ladar systems. As can be seen in 

Figure 6, a start signal is simultaneously introduced to the processor and transmitter. This 

signal activates an internal counter, illustrated as a clock in the right side of Figure 6. A 

return echo passes through the receiver lens, photo-detector and subsequent circuitry, 

and generates a 'stop' signal. Assuming the clock frequency is 
clkf , the distance to the 

target can be calculated according to equation 6: 

 

2 2

clk

clk

c N T c N
R

f

  
  . (12) 

Here N  is the number of digital counts of the processor. A bound on resolution, 

regardless of pulse width, is given by the clock rate:  
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Today's TOF ladar systems use various super-resolution algorithms in order to 

improve the accuracy and resolution of the system. For example, a state-of-the-art TOF 

system with 0.25 ns pulse width, and without any other components-related limitations, 

should be restricted to a maximal resolution of 37.5mm, as min 37.5
2

c
R mm


   . 

Nevertheless, many commercial direct TOF ladars report range accuracies of 10 to 20 mm 

using super resolution methods, originally developed for image processing [35-37]. 

Another ranging measurement technique is based on RF phase-shifts. In a phase-

shift range-finder, the optical power is modulated (either externally or directly) with a 

constant radio frequency. The basic operating scheme in the direct modulation 

implementation is shown in Figure 7. A sine wave of frequency 
RFf  is generated by the 

main oscillator and modulates the drive current of the laser diode. A photo-diode collects 

part of the reflected laser beam. Measurement of the distance is deduced from the RF-
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domain phase difference between the photo-detected current and the original out-going 

signal [38-40]. In this technique the accuracy and resolution are limited by drifts in 

frequency, cross-talk between transmitter and receiver channels, and signal distortions 

[41, 42].  

 

Figure 7. Block diagram of a radio-frequency phase shift-based ladar. 𝐃: distance.  𝐄𝐥𝐨: Local 
oscillator. 𝐄𝐦: modulation.  𝐄𝐫: received.  𝐄𝐢𝐟𝐫: Intermediate frequency of received signal.  𝐄𝐢𝐟𝐦: 
Intermediate frequency of modulated signal.  𝛗: phase difference [43] 

The detection concept is illustrated in Figure 8, for an arbitrary 
RFf  of 20 MHz. The 

two currents, that of the return echo and that of the original outgoing signal, are 

presented together as function of time. The phase shift between the two signals depends 

on the TOF between the transmitter to the object and back to the detector:  
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Therefore, the distance d  to the target would be: 
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The measurement resolution scales with the radio frequency, and its accuracy is 

proportional to the system ability to measure as small phase shifts 
min  as possible:  
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Higher 
RFf provides better range resolution.  

The range of unambiguous measurements is restricted by the sine wave 

periodicity: 
2

nar

RF

c
d

f
  . A tradeoff exists therefore between accuracy and unambiguous 

measurement range. The tradeoff manifests in a restriction on the number of resolvable 

distances, which is independent of the modulation frequency: min min

max 2

d

d




  

 

Figure 8. Phase shift calculation of the signal's time of flight. The modulation frequency 

establishes the maximum range of unambiguous distance measurements [15]. 

Phase shift-based ladars can be implemented with homodyne or heterodyne 

detection systems [42], meaning that the frequencies of the transmitted and the 

reference signals can be identical or with a known difference, respectively. Both concepts 

require a very stable oscillator. Figure 9 illustrates an example of implementation based on 

heterodyne detection. 
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Figure 9. A heterodyne detection system of a radio frequency phase shift-based ladar 
[43] 

Another common technique for ranging measurements is based on linear 

frequency modulation (LFM) of the laser signal [20, 44, 45]. The basic concept of an LFM 

ladar is illustrated in Figure  10 . The driving current to a laser diode source is being 

modulated by a repeating ramp waveform, resulting in a periodic linear frequency chirp, 

thus the instantaneous frequency of the waveform varies linearly with the time: 
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In Eq. (17), T  represents the pulse duration and 
0f  is the central frequency of the 

waveform. Since the magnitude of the signal is limited to the duration T  and is zero 

elsewhere, the frequency is linearly sweeping between 0
2

B
f   to 0

2

B
f  . A laser output 

modulated with LFM waveform is launched simultaneously towards the object and 

towards a reference mirror at a known distance. The reflected signals are then 

superimposed in a square-law detector. The beating term, which is oscillating at some 

intermediate frequency 
IFf , is further amplified and measured with a frequency counter. 

Due to the nature of the LFM waveform, the intermediate frequency 
IFf  is proportional 

to the time delay between the transmitted and received waveforms. Thus, with 
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knowledge of the sweep bandwidth and repetition rate of the LFM waveform, the 

distance to the target can be obtained.  

 

Figure  10 . Block diagram of a linear frequency modulation-based laser range finder [46]. 

The amplitude of the beating term at 
IFf  is proportional to the field amplitudes of 

both the collected echo signal and the reference signal, unlike the detector output in a 

TOF system which is proportional to the signal power level. This relation suggests that the 

dynamic range of an LFM lidar is twice that of a TOF implementation (in a logarithmic 

scale). Note that the LFM-based ladar is a specific case of a coherent system. The larger 

dynamic range is a generic attribute of such systems. 

LFM-based ladars are limited by the nonlinear frequency response of the laser 

diode, leading to variations in the intermediate frequency 
IFf . Another limitation is due to 

the laser diode phase noise [47, 48]. Frequency-modulated laser diodes with narrow 

spectral linewidths are in general preferable for highly accurate range measurements. 

An alternative laser range-finder method, which we examine in this research, is 

based on the transmission of long sequences in conjunction with proper compression 

techniques at the receiver end. Sequence compression could provide high ranging 
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resolution with an improved ESNR, while alleviating the need for handling intense peak 

power levels [49]. The sequences may be either deterministic or stochastic waveforms. 

1.7 Ladar applications 
 

Since their initiation in the early 60's ladar systems develop rapidly [5], primarily 

due to the development of small-size and low-cost laser sources, high-power optical 

amplifiers, high-rate modulators and low-noise detectors. Although the main objectives of 

ladars remain the measurements of targets locations, nowadays they are used in a variety 

of applications. The military uses ladars for the identification of targets, such as tanks, and 

in 'friend of foe' recognition systems. Ladar's ability to differentiate between distances, 

combined with complex algorithms, enable robots to identify terrain from objects in their 

path. This kind of autonomy is useful in unmanned aerial vehicles, and in specific task-

autonomous robotics such as in bomb disposal units. A recent example is the Boeing AH-6 

helicopter that performed a fully autonomous flight in June 2010, using ladar to avoid 

obstacles [50, 51]. Ladars have penetrated to the automotive industry as well, in the 

monitoring of distance to the vehicle in front or behind. In the event that the vehicle in 

front slows down or is too close, the car may automatically apply the brakes to slow-down 

or stop [11].  

Two-dimensional (2-D) and three-dimensional (3-D) imaging can be done using 

ladars, with both scanning and non-scanning systems [52] . A ladar 3-D image is simply a 2-

D matrix of multiple range measurements, whereby each pixel is taken at a different line 

of sight. 3-D gated viewing technique is the common form of non-scanning ladar system, 

in which a high speed gated camera is used. A ladar scanning system uses mirrors in order 
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to obtain high resolution images. The ability to produce 3-D images is important for many 

applications such as mapping and cartography, flood modelling, target recognition and 

machine gesture control. In addition, synthetic aperture imaging can be extracted with the 

use of ladar [53, 54]. 

Ladars also have a unique ability to detect particles in both water and air, as they 

can detect wavelength-scale objects or features. They are particularly sensitive to aerosols 

and cloud particles. In addition, certain target molecules of interest exhibit absorption at 

specific wavelengths within the operation spectrum of ladar systems. Pollutants such as 

carbon dioxide, sulfur dioxide and methane are all detectable with ladar. This ability 

allows researchers to monitor and effectively reduce pollutants buildup when and where 

needed  . Lastly, ladars are key elements in vibrometers, devices that measure the surface 

vibrations of remote objects. Coherent detection ladar systems are used for measuring 

the Doppler shifts of echoes reflected from objects, within vibrometers [53] and in wind 

analysis applications [34]. 
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2. Introduction: pulse compression 

2.1 Pulse compression principle 

 

Sequence compression is a well-known technique in the radar community, which 

has been investigated over many years. Our research implements this technique within a 

laser range-finder system. Philip Woodward first suggested that a long pulse is transmitted 

in order to accumulate the energy required for detection with good ESNR, while at the 

same time the pulse is modulated/coded at a broad bandwidth which allows for high 

resolution [49]. The received echo is processed in a matched-filter to yield a narrow 

compressed shape, which is characterized by a single, narrow peak accompanied by 

residual responses at other instances (ranges), called time or range sidelobes. The width 

of the main peak depends on the bandwidth of the transmitted pulse, and not on its 

duration [12, 46, 55]. The timing of the "virtual peak" is related to the ToF of the collected 

echoes, and therefore provides the distance to the target. 

The correlation traces of most codes, even those that are carefully constructed, 

contain sidelobes which may conceal the existence of additional, weaker targets. 

Researchers continue to look for ways to suppress these sidelobes as much as possible. 

Frequency weighting of the output signals is usually employed for that purpose. In these 

so-called mismatched filtering receivers, the magnitude of the main peaks is moderately 

compromised in exchange for more effective sidelobe suppression. The presence of noise 

in all practical systems elevates the magnitudes of side-lobes beyond those of the ideal 

mathematical correlation functions. Many pulse compression techniques have been 

investigated and reported in the literature [12, 19, 56-66]. 
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The matched-filtering concept led to significant technological development in 

radar/ladar, in form of the design and synthesis of waveforms having favorable pulse 

compression properties [46, 56, 67]. The two significant design objectives of high 

performance ranging systems, namely long range (requiring high energy content) and high 

resolution (requiring short pulses/wide bandwidth), can be obtained simultaneously by 

the use of pulse compression techniques [19, 49]. The instantaneous transmission peak 

power that is necessary when using pulse compression can be orders of magnitude 

weaker than that of single-pulse TOF systems. The system therefore becomes less 

susceptible to interception and jamming by an adversary. In addition, TOF systems often 

rely on mode-locked, high-peak-power laser sources, which tend to be bulky and 

expensive. Sequence compression ladars may be realized through the modulation of laser 

diodes and their subsequent amplification, using readily-available optical communication 

components . 

The compression ratio of a sequence is defined as the product of its duration and 

bandwidth. Typical compression ratios are in between 100 to 300, but could be as high as 

510 [12]. In contrast, the compression ratio of single pulses is on the order of unity. 

2.2 Pulse compression metrics 
 

The mathematical correlation between a sequence and its exact replica results in a 

main peak, which occurs when the temporal offset between the two sequences is zero: 

every bit in the sequence is multiplied by an equal value of the replica. The correlation at 

nonzero relative offset between sequence and replica is weaker than the main peak, 

however in most cases it does not vanish entirely. These so-called sidelobes of the 
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compressed sequence represent noise, and may conceal overlapping weaker targets. The 

design of sequences and compression protocols therefore attempts to suppress the 

correlation sidelobes as much as possible. Sidelobe suppression is quantified in two 

metrics: the ratio between the magnitude of the main peak and that of the strongest 

sidelobe (peak-to-sidelobe ratio, or PSLR), and the ratio between the integrated energy 

within the full width of the main peak to the overall integrated energy outside the main 

peak (integrated sidelobe ratio, or ISLR). The temporal resolution of the measurement is 

typically represented by the full width at half maximum of the main peak. It is inversely 

proportional to the bandwidth of the modulation sequence and of the receiver. PSLR, ISLR 

and resolution are illustrated in Figure 11.    

 
Figure 11. Illustrations of the peak-to-sidelobe ratio (PSLR), integrated sidelobe ratio (ISLR), and 
spatial resolution of a compressed waveform [20]. 

2.3 Compression of frequency-modulated waveforms 
 

In principle, any form of modulation can be used for sequence compression. 

However, most of the effective compression protocols rely on either frequency or phase 

modulation. Frequency coding includes the use of LFM waveforms which were already 

introduced, and more advanced variants of frequency sweep such as non-linear frequency 

modulation (NLFM), stepped LFM, and discrete frequency shift (time-frequency coding) 

waveforms. Phase coding includes binary-phase sequences (Barker codes, compound 
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Barker codes, M-sequences, maximum peak-to-side-lobe ratio (MPSL) codes, Golay codes 

etc. [12, 57-60]), and poly-phase codes (Frank codes, P1, P2, P3, P4 codes etc. [12, 61-66]). 

Many researchers have contributed to the development of different pulse compression 

waveforms [12, 56-66, 68-71].   

While LFM and NLFM are in extensive use in many applications, both suffer from 

several drawbacks. Due to lack of high quality analog to digital converters (ADC) at the 

necessary high sampling rates, the implementation of the associated digital signal 

processing scheme is complicated [72]. The ambiguity between delay and frequency offset 

that is inherent to LFM waveforms make the measurements of Doppler frequency shifts 

difficult [56, 72]. The output of the LFM matched filter displays comparatively strong range 

sidelobes (the first sidelobe is approximately –13.2 dB below the desired peak), which can 

be reduced at the cost of compromising the ESNR [19]. NLFM waveforms require strict 

phase control and rather difficult to generate and process [12, 72].  

2.4 Compression of phase codes 
 

In phase-coded waveforms, the frequency remains constant but the phase of each 

sub-pulse is switched between M  pre-determined values. Each pulse of length pT  is 

divided to set of N sub-pulses of identical duration: pT T N . The phase of each sub-

pulse is chosen as either 0 or   in binary phase codes ( M = 2, as shown in Figure 12), or 

from a set of values 2 M  when M  is an integer greater than 2 (poly-phase codes). 

Individual sub-pulses are also referred to as chips [72] or bits [19]. In phase coding, the 

pulse compression ratio is on the order of N , the number of sub-pulses. The output of the 

matched filter is typically a narrow peak of width T  (main lobe), which is about N times 
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stronger than the instantaneous power of the extended, received echo. The compression 

of phase codes requires coherent detection [5, 19, 34, 73], which can also operate at 

lower ESNR conditions than those of incoherent systems. Direct, incoherent detection, on 

the other hand, can only support the compression of amplitude codes. 

 

Figure 12. Illustration of a binary phase-coded signal [12]. 
 

2.4.1 Compression of aperiodic sequences: Barker and MPSL codes 
 

 Perhaps the most well-known category of phase sequences are the Barker codes 

[57, 60, 61], named after their inventor. These are N bits-long codes characterized by a 

main lobe of magnitude N  in their aperiodic auto-correlation function, and sidelobes that 

are bound by a magnitude of unity. Barker codes therefore have a PSLR of N . The 

autocorrelation of the Barker 13 sequence is presented as an example in Figure 13. 

Unfortunately, Barker codes only exist up to a length of 13 bits. Longer codes, which do 

not meet the Barker condition of unity magnitude sidelobes but nevertheless provide 

PSLRs that are larger than 13, are known and widely employed. The search for new and 

improved codes with better PSLRs and ISLRs is ongoing since WW-II. 
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Figure 13. Aperiodic cross-correlations of the Barker 13 code. 

 

Binary phase codes that provide the best possible PSLR for a given length are called 

MPSLs. The search for MPSL codes requires exhaustive computer analysis.  Figure 14 lists 

the peak sidelobe level of each MSPL code up to a length of 48 bits. The code length is 

given in column 1, and the number of MPSL codes of this length is given in column 2 

(excluding time reversals). The achievable peak sidelobe level for each length is given in 

column 3. The optimal ISLR achieved over all codes of the particular length is given in 

column 4 (in dB). A single 'sample' code with the noted peak and integrated sidelobe 

levels is given in column 5, where 'O's are used to represent '-1's. A curious feature of 

MPSL codes at these lengths is that their best ISLRs are in the range of 8-10 dB.  



37 
 

 

Figure 14. Minimum peak sidelobe (MPSL) binary phase codes for all lengths up to 48 bits, 
including Barker codes [74]. 

The maximum code lengths for which the peak sidelobe levels are 1, 2 and 3 are 13 

bits, 28 bits and 48 bits, respectively. MSPL codes are only known for a limited set of 

specific lengths, up to 1,112 bits [75]. 

2.4.2 Complementary Golay code pairs 
 

Another approach for sidelobe suppression is the compression of complementary 

binary sequences. A complementary code pair, otherwise known as a Golay sequence pair, 

is defined by the following property: a pair ,k kA B  of two L-element sequences is said to be 
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complementary if the sum of the aperiodic auto-correlations of the two sequences is zero 

for all nonzero shifts [59]. Thus, the sum of the autocorrelations of the two sequences is a 

discrete-time delta function: 

 *   * 2n k n n k n kA A B B L     (18) 

Here the symbol   denotes the correlation operator. Golay had derived a number 

of iterative construction procedures for the generation of complementary code pairs. The 

most widely-used protocol is the appending of an L-element code pair to generate a new 

2L-element code pair [76]: 

 |

A |

A A B

B B

  
   

   
 (19) 

Here B denotes the complement of B , obtained by swapping 1’s and -1’s, and | 

denotes the concatenation of sequences, e.g., |A B  is obtained by appending the 

elements of code B  to the right of the elements of code A . An example for the 

procedure is presented next. Starting with a 2L   bits-long Golay pair, Golay codes of 

lengths 4 and 8 can be readily derived: 

 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

       
      

          
 (20) 

This procedure may be continued on to generate sequences of lengths which are 

powers of two. In a practical application, the transmission of the two sequences must be 

distinguishable in time, frequency, or polarization.  

In contrast to MPSL sequences, the synthesis of long complementary pairs based 

on the appending of shorter ones is relatively simple. The two-element code pair shown 

above is just one example of primary pairs ( 
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Table 2 [77]), which may be concatenated at will following several protocols, one of 

which was described above. The procedure can be repeated as needed.  

Table 2. Primitive complementary code pairs [76,77] 

N sequence a sequence b 

2 ++  +- 

10 ++-+-+--++ ++-+++++-- 

10 +++++-+--+ ++--+++-+- 

20 ++++-+---++--++-+--+ ++++-+++++---+-+-++- 

26 ++++-++--+-+-+--+-+++--+++ ++++-++--+-+++++-+---++--- 

Note that complementary pairs cannot be found in all lengths. It can be shown that 

the possible lengths must comply with: 

 2 10 26 ,    ,  ,    0N         (21) 

Where ,   and   are integers. On the other hand, a large number of code pairs 

is available for each of the above lengths. This large choice, shown in Table 3 , helps reduce 

the probability of intercept and jamming of complementary pair-encoded transmission by 

an adversary. Table 3  lists the number of known complementary pairs for all lengths up to 

100 [78]. 

Table 3. Number of complementary code pairs available for lengths N < 100 [77] 
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2.4.3 Compression of periodic sequences: Legendre codes 
 

Legendre sequences{ }mL , 1,2....m N , are binary phase codes, available at lengths 

4 1N k   where k  is an integer and N  a prime [12]. There are 519 available Legendre 

sequence lengths between N = 1,000 and N = 10,000. Element mL  equals 1 if m  is a 

quadratic residue modulo N : if an integer l  exists such that 2 mod modl N m N . If m  is 

not a quadratic residue modulo N , then 1mL     instead. The periodic auto-correlation 

of  mL  has a peak value of N  at offsets that are multiples of N , and all its sidelobes are 

equal to -1.  

2.5 Amplitude representation and incoherent compression of low-

sidelobe phase codes 
 

The primary motivation for incoherent pulse compression is to try and obtain the 

sidelobe suppression performance that can be provided by phase-coded pulse sequences, 

while employing a simple direct detection technique that is fundamentally phase-

insensitive. The principle is of particular consequence in ladar systems, since it eliminates 

the need for complicated optical coherent receivers. Generally speaking, sidelobe 

suppression of phase and frequency codes is superior to those of amplitude sequences. A 

transformation of phase sequences into the amplitude domain, while retaining for the 

most part their favorable pulse compression attributes, would be highly desirable.  

A powerful approach for the processing of incoherently detected pulse sequences, 

was introduced by Prof. Nadav Levanon of Tel-Aviv University [19, 49]. The procedure 

translates the phase variations into pulse position modulation (PPM). It is known in 

communication as Manchester coding [79]. First, a binary phase code is chosen. Second, 
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an amplitude-only transmitted pulse sequence T is created based on PPM according to the 

chosen binary sequence (see an example for the Barker 13 code in Figure 16). Each '1' 

pulse is replaced by a '1,0' sequence (left side of Figure 15), and each '-1' pulse by '0,1' 

(right side of Figure 15). This code T is used in intensity modulation of the ladar light 

source. In the third step, a matched reference sequence R is generated by replacing each 

'0' in T by '-1' instead (see Figure 16, drawn again for Barker 13). The code R is digitally 

stored at the receiver for post-detection processing, so that the transmission or 

measurement of phase information is not required. The cross correlation between R and T 

produces sidelobes that are as weak as those of the original phase code, with the 

exception of the two negative sidelobes immediately adjacent to the main peak which 

remain relatively large [19, 49] (see Figure 17). The application of this compression 

protocol in an incoherent laser range was successfully demonstrated by our group [23, 

75]. 

 

Figure 15. Manchester coding principle. Left: A “1” is represented by a pulse in the left-half time 
slot. Right: A “-1” by a pulse in the right-half time slot. 
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Figure 16. Transmitted (solid) and reference (dash) signals, based on Manchester-coded Barker 13 

sequence [49]. 
 

 

Figure 17. Cross-correlation between transmitted and reference signals of Figure 16 [49]. 

The merit of the PPM-based protocol becomes apparent when one considers a 

naïve potential alternative, in which a unipolar version of the Barker code is transmitted, 

received and match-filtered. In this approach, every '-1' symbol of the original Barker 13 

code is simply replaced by '0'. However, the PSLR obtained in the matched-filtering of this 

unipolar version is degraded from 13 to 1.8 [23].   

The two negative side-lobes, in principle, may cause two problems [49]: 1) they 

could mask-out the main lobe of a nearby weaker target; and 2) due to possible phase 

changes of the carrier frequency of the reflected signal, negative sidelobes can change 
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their sign. The latter problem, however, would not occur in incoherent receivers. The 

strong negative side-lobes can still mask a weaker target, but only if the delay difference 

between the two targets matches the duration of a single code bit. For targets of large 

depth, the negative sidelobes can be differentiated, emphasizing edges while still 

maintaining the system resolution [49]. Without loss of generality, the two negative 

sidelobes immediately adjacent to the main correlation peak will be neglected when 

employing this compression protocol. 

An alternative approach to incoherent compression, that is free of Manchester 

coding, relies on the transmission of a straightforward unipolar version of the original 

binary phase code, with each -1 replaced by 0. As noted above, the matched filtering of 

these sequences is ineffective. Instead, the collected replicas are digitally cross-correlated 

against a mismatched filter (MMF), which is longer than the original sequence and 

contains 'analog-like' values that are not limited to 1 or -1 [19, 56] . The MMF is designed 

to optimize the ISLR. It is able to effectively remove the side-lobes from a pre-defined 

window around the main peak. The middle subplot in Figure 18 shows an example of a 

ISLR-optimized MMF of length 65 (=5x13), in which the suppression of side-lobes in the 

vicinity of the intended main lobe is emphasized (bottom subplot).   
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Figure 18. Aperiodic cross-correlations between a unipolar representation of the Barker 13 code 
and a mismatched reference. Top: Transmitted code. Center: reference mismatched filter. 
Bottom: aperiodic auto-correlation [80]  

 

Incoherent compression will maintain its favorable correlation properties even if 

both sequences (transmitted and reference) are spread by inserting any fixed number of 

“zeros” between sequence elements (“zeros padding”). Figure 19 displays an example in 

which 4 zeros were inserted after each ‘1’ or ‘0’ in the transmitted signal, (and also after 

each element of the mismatched filter), of the unipolar representation of Barker 13. The 

range resolution is still determined by the duration of a sub-pulse. 
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Figure 19. Incoherent compression of a Barker 13 code with zero padding [80] 

 

To conclude, two protocols have been proposed thus far for the incoherent 

compression of codes that are based on phase sequences, such as Barker or MPSL codes: 

one is based on the representation of each bit in the original phase sequence through a 

PPM protocol to a two amplitude bits and the other on the transmission of a unipolar 

version. Compression of the first relies on cross-correlation with a binary phase reference, 

whereas that of the second involves a long MMF. Both can achieve high PSLRs. Both 

methods, however, are limited to aperiodic sequences.  

2.6 Earlier range-finder experiments by our group using incoherent 

pulse compression 
 

As stated already, ToF-based ladars are characterized by kW-level peak 

transmission power, which potentially raises both their POI and their cost. The traditional 
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implementation of the alternative, namely pulse sequence compression, requires 

coherent receivers that are comparatively complicated. Incoherent compression protocols 

are relatively new, and were only recently incorporated in laser range-finder experiments. 

A first laser range-finder experiment by our group ([23], 2012), involving the incoherent 

compression of an aperiodic waveform, is briefly described below as background for the 

current research.  

Light from a laser diode at 1550 nm wavelength was modulated by a Manchester-

coded representation of a 1,112 bit-long MPSL (see above). The duration of each bit in the 

symbol was 200 ps. The waveform was amplified to an average power of 100 mW and 

launched towards a retro-reflecting mirror. The collected echoes were detected by an APD 

receiver, sampled by a digitizing oscilloscope, and cross-correlated with the proper 

reference sequences using off-line processing.  

At first, the retro-reflector was placed at 6 m distance. The reflected echo was 

collected with a high ESNR of 20 dB. Figure 20 displays the compressed form of the 

collected echo as a function of absolute distance. Two types of reference sequences were 

used: the bipolar, Manchester-coded sequence ('matched filter'), and a longer, 

mismatched filter. The PSLRs obtained using the matched and mismatched filters were 

32.3 dB and 36.6 dB, respectively. The mismatched filter reduced the magnitude of the 

main lobe by 1 dB.  
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Figure 20. Experimental cross-correlations of an incoherently compressed, 1112 pulses-long 
unipolar sequence detected at an optical signal to noise ratio of 20 dB. The sequence was 
reflected from a mirror at 6 meters distance. Top: compression using a matched filter. Bottom: 
compression using a mismatched filter [23]. 

 

In a second part of the experiment, the retro-reflector was placed 50 meters away 

from the setup. The ESNR of the collected reflection was 18 dB. Figure 21 displays the 

compressed waveforms as function of absolute distance. The PSLRs using matched and 

mismatched filters were 31.7 dB and 38.2 dB, respectively, with mismatch loss of 1 dB to 

the main lobe magnitude. Experiments were successfully carried out at reduced ESNR 

levels as low as -20 dB [75] and were also able to recover an offset of the target distance 

by as little as 2.5 cm [75] as demonstrated in Figure 22 . 
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Figure 21. Experimental cross-correlations of an incoherently compressed, 1112 pulses-long 
unipolar sequence measured at an optical signal to noise ratio of 18 dB. The sequence was 
reflected from a mirror at 50 meters distance. Top: compression using a matched filter. Bottom: 
compression using a mismatched filter [23].  
 

 

Figure 22. Cross-correlations of incoherently compressed, 1112 pulses-long unipolar ladar 
echoes. The distances between the ladar lens and a retro-reflector were 50 m (blue, dashed) and 
50.025 m (red, solid). The measurement optical SNR was 18 dB. A mismatched filter was used in 
the compression. The two peaks are approximately 2.4 cm apart [75]. 
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While these experiments provided convincing first proof to the novel concept of 

incoherent pulse compression, they were nevertheless restricted to a short range of 50 m 

and to indoors operation. The ranging of targets which reflect light in all directions 

(Lambertian reflectors) is much more challenging than those of retro-reflectors. 

Measurements become more difficult at longer distances, and at outdoors environments.  

The use of an aperiodic sequence resulted in dead-times between measurements. 

Last, the results could not be compared with a model for the expected PSLR in the 

presence of detector noise. Limitations and trade-offs among range, aperture size, 

acquisition time and transmission power were not formulated prior to the current 

research (see subsequent chapters).  

2.7 Motivation and objectives 

2.7.1 Research objectives 
 

The primary objective of the current research project is the demonstration of a 

laser range-finder setup with hundreds of meters range and 15 cm resolution, based on 

direct detection of amplitude-modulated sequences and subsequent incoherent pulse 

compression protocols. Periodic sequences will be used, allowing for continuous 

measurements without dead-times.  

Another significant objective is the formulation of relations between range, 

resolution, acquisition duration and other system parameters, for real-world incoherent 

compression setups that are limited by additive noise. The results would permit the 

identification of tradeoffs among system parameters, and support the critical comparison 

with other embodiments, in particular TOF systems.  
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3. Principle of operation and 
analysis 

3.1 principle of incoherent compression of periodic sequences 

3.1.1 Amplitude representation of periodic barker codes 
 

The compression of periodic sequences, which are repeatedly transmitted without 

breaks, has two potential advantages. First, their use in radars or ladars enables the 

ranging and tracking of targets with no dead times. Second, several families of periodic 

sequences exist for which the value of correlation side-lobes equals exactly zero. Perfect 

correlation of aperiodic sequences requires the addition of code pairs as discussed above. 

(It is important to remember, however, that perfect correlation does not hold in the 

presence of noise.) These periodic waveforms have high average duty cycles (near 50%), 

and they are therefore often described as “quasi-CW non-coherent waveforms”.  

The Barker 13 sequence can be used as the basis of a periodic waveform, with 

some changes necessary in its correlation processing. The waveform to be transmitted, in 

this case, is repeating over a unipolar representation of the original phase sequence: [1 1 1 

1 1 0 0 1 1 0 1 0 1]. It is compressed through its periodic cross-correlation with a modified 

reference: 11111 11 1 1refS bb b b . The choice of 2b    provides perfect periodic cross-

correlation, in the sense that all sidelobes vanish to zero (see Figure 23). Compared with 

the aperiodic auto-correlation of the original Barker 13 sequence, the magnitude of the 

main periodic cross-correlation is reduced to the number of '1' symbols in the code: 9 

instead of 13. On the other hand, the aperiodic cross-correlation contains nonzero 

sidelobes of unity magnitude, which are eliminated in the periodic representation. The 
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compression of unipolar, periodic representations of different Barker codes would require 

different values of b , as noted in  Table 4. 

 

Figure 23. Periodic cross-correlation between a unipolar representation of the Barker 13 code 
and its bipolar reference. 

 

Table 4. Values b  of the reference sequence required for the compression of unipolar, periodic 

representations of different Barker codes, providing zero sidelobes [80]. 

Barker length b  value 

13 -2 

7 -1 

5 -3 

4 -2 

3 -1 

As mentioned before, Barker codes are known only up to a length of 13 bits. 

Therefore their employment in a periodically-coded ladar system would provide a range of 

unambiguous measurements of only 13 resolution cells. Longer periodic sequences, with a 

duty cycle as high as possible and zero correlation sidelobes, are therefore necessary. 

Several families of codes meet these requirements, such as Ipatov sequences, Shift 

register sequences and Legendre sequences. 
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3.1.2 Amplitude representation and incoherent compression of Legendre 

codes 
 

Legendre sequences, introduced in the previous chapter, may be used in 

incoherent ladar systems in the following manner: a unipolar version of the code noted as

 mL , consist of '1' and '0' symbols, is periodically transmitted and detected. The 

waveform is compressed by its cross-correlation with a reference sequence, in which 

every '0' symbol is replaced with '-1', noted as mL



. (This reference sequence is, in fact, 

the original Legendre sequence which is a bipolar phase code). The value of b , in the 

terminology of the previous discussion, equals -1 in this case. The outcome of the periodic 

cross-correlation of a 4,003 bit-long code is shown in Figure 24 for 1 ns bit duration. 

Perfect correlation with zero sidelobes is demonstrated.   

 

Figure 24. Periodic cross-correlation between a unipolar representation of a 4,003 bit-long 
Legendre code and its bipolar reference. The bit duration of 1 nsec corresponds to a 600 meter 
range of unambiguous distance measurements.   
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3.2 quantitative performance analyses in the presence of noise 

 

This section is dedicated to the performance analysis of incoherent sequence 

compression in the presence of additive detector noise, which is the dominant noise 

mechanism in practical setups. Additive noise leads to the formation of finite sidelobes. An 

analytic model for the PSLR is provided and validated by numerical simulations. 

Performance bounds and tradeoffs among range, acquisition time, transmitted power and 

aperture diameter, imposed by detector noise, are addressed. 

3.2.1 Ladar link budget  
 

The collected optical power, 
rP  , is only a small fraction of the transmitted optical 

power 
tP . The attenuation between the two depends on the atmospheric transmission, 

diffraction of the beam in free space, the aperture size of transmitter and receiver, and 

the size of the target. Light that is propagating through the atmosphere is subject to 

absorption by its constituent molecules (roughly 78% of 
2N  ,21% of 

2O  and 0.03% of  

2CO ), and to absorption and scattering by suspended dust particles [81, 82]. This 

attenuation is wavelength-dependent, as shown in Figure 25. Fortunately, near-infrared 

light at 1.55 µm wavelength has a negligible absorption in air. Rayleigh scattering depends 

on the size of particles. It decreases with the wavelength to the power of four. However, 

wavelength dependence within the operational range of EDFAs is negligible. 
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Figure 25. Transmittance of the atmosphere at sea level over 1 nautical mile path length [83].  

 

The optical power of the collected echoes 
rP  at the input of the photo-detector 

can be calculated by the lidar range equation [5]: 
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 (22) 

Here 
RD  represents the diameter of the circular receiver aperture, and 

t  denotes 

the relative fraction of incident power that is reflected from the target surface. Reflectivity 

varies between 2% and 25% [5], and depends on both surface parameters and 

wavelength. The reflectivity of a standard, white sheet of paper used in most of our 

experiments, at 1550 nm wavelength, was measured separately to be on the order of 

7%t  . Also in the above equation, dA  is the target surface area, 
t  is the angular 

divergence of the transmitted beam, 
R  is the angular extent of light reflected from the 

target surface, R  is the one-way distance to the target, and 
a  is the atmospheric 

transmission which is taken as unity.  
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Theoretically the transmitted beam divergence may be estimated based on the 

diffraction limit: 
1.22  

t

tD





 , where 

tD  is the diameter of the transmitter aperture. For 

the 9 cm lens used in our setup, a lower bound on the divergence angle of ~21 µrad is 

obtained. In practice, reaching the diffraction limit is difficult, and a more realistic 

estimate can be made by measuring the beam spot size on the surface of a target at a 

known distance. Our measurements indicate a 200 µrad divergence angle for our setup. 

Assuming that the area of the target is larger than that of the incident beam, dA

simply becomes the projected area of the beam at the target [5]: 

 2 2

   
 

4

t R
dA

  
  (23) 

For Lambertian surfaces, the reflection angle equals  steradians, as the reflected 

power has no preferred direction. Substituting these relations into Eq. 22 yields a simpler 

expression: 

 2
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  (24) 

The optical power loss in collecting reflections from a sheet of paper at 270 m 

distance, using our experimental setup, are estimated as 87 dB: nearly nine orders of 

magnitude.   

3.2.2 SNR at the thermal limit 
 

The quality of ranging measurements is determined primarily by the ESNR. In the 

following, a model for the ESNR and its effects on the quality of sequence compression is 

provided. Consider a laser range-finder in which the duration of each symbol in the 

transmitted unipolar representation of a Legendre code  mL  is  , and the average 
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transmitted power is tP . The optical power of transmitted '1' symbol pulses is therefore 

about 2 tP , while no power is transmitted during '0' symbols. The average optical power 

that is collected by a receiver follows Eq. 24.  

The voltage at the detector output is sampled at   intervals to generate a 

sequence  ms  which is a scaled replica of  mL :    2m D r ms R P L , where DR  = 40 kV/W 

is the responsivity of the APD and associated circuitry. The detected sequence is subject to 

additive noise  mn , due to thermal current fluctuations in the electronic circuitry of the 

APD (and to a lesser extent of the sampling oscilloscope). Since rP  is typically weak, on 

the order of 1-10 nW in our experiments, these fluctuations constitute the dominant noise 

mechanism (refer to section 1.1.5 section for a detailed analysis). The process  mn  is 

well-modelled as a white, Gaussian noise, and it is quantified in terms of the noise-

equivalent power of 0.63[
W

Hz
]. The standard deviation of the voltage noise  mn  is 

given by: 
n DR NEP BW     = 800 µV. The measurement ESNR is defined as the ratio 

between the average photo-current squared and the variance of the noise photo-current:  

  22 2 2 4

2 2 4 216

tD r

D

PR P D
SNR

R NEP BW R NEP


 

 
 (25) 

It is assumed here that the measurement bandwidth is matched with the symbol 

duration: 1BW  .  

3.2.3   SNR after correlation 
 

The detected sequence    m ms n  is truncated to a length of M  symbols and 

correlated with the digital reference sequence  mL



. For simplicity we assume that M  is 
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an integer multiple of the Legendre code length N , i.e. we record an integer number of 

Legendre sequence cycles. The periodic cross-correlation can be separated in two 

functions:  

              [ ]m m m m m m ms n L s L n L
  

  
       (26) 

 

The term    m ms L



  has a deterministic result (Figure 24). Due to the perfect 

correlation properties of the incoherently-compressed Legendre code, it equals zero for all 

offset values that are not multiples of the sequence length N . The deterministic peak 

value at offsets that are multiples of N  is   0 1 D r D rC M N N R P MR P      .  The 

second term of Eq. 26 is stochastic with zero mean and Gaussian statistics since it is 

represents a linear combination of M  independent, zero-mean Gaussian variables. The 

variance of the correlation outcome, for all offsets, is therefore 2 2

C nM    . We may 

define the signal-to-noise ratio following the cross-correlation operation as the ratio 

between the magnitude squared of the correlation peak and the noise variance: 

 2 22 4
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     (27) 

Here T M  is the acquisition duration. M  can be effectively increased by 

averaging the raw data. The number of averages (denoted as averageN ) multiplies the 

number of bits in single trace, yielding a new number of effective collected bits:

ave averageM M N  . 

 

3.2.4  Sidelobe statistics 
 

Let us denote the magnitude squared of the correlation sidelobes, normalized to
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2

0C , as x . For all off-peak positions x  represents the magnitude squared of a single 

Gaussian variable with zero mean, thus its probability distribution function (PDF) is 

described by the chi-squared distribution with a single degree of freedom: 2~ (1)x  . The 

normalized distribution with any number k  of degrees of freedom has a mean value of k  

and variance of 2 k  (in our case k  equals 1). Since we scale the distribution variable by 

22

0C C , the mean value x  is given by: 
22

0
1C corrC SNR  , and the variance 2

x  equals 

2 22 2

0
2( ) 2C C x  . The PDF may be written explicitly as: 

 
  2exp

2

corrx SNR

corrSNR
p x

x







 (28) 

Note that  p x  is only defined for 0x  . The PDF can serve in the evaluation of the 

PSLR: the highest value of x  among a certain number of sidelobes considered within the 

measurement range of interest. In the following we relate to 1N   sidelobes, representing 

the maximum range of unambiguous measurements. An estimate can be given based on 

the cumulative distribution function (CDF) of x ,    
0

' d '
x

F x p x x  : The most probable 

PSLR is the value x  for which    1 1 1F x N   , i.e. we anticipate that the worst 

sidelobe, which is the PSLR by definition, will occur with a probability of one out of all 

sidelobes in the region of interest.  

First, let's draw  1 F x  as a function of 
x

x 
 . The graph in Figure 26 represents 

the probability to observe a sidelobe magnitude of a certain value, or worse. The CDF of 

the chi-squared variable with k  = 1 is given by 
1 1

( ) ( , )
2 2

x
F x 


  , where ( , )a x  is the 

lower incomplete Gamma function. This graph can be used for our purpose in two ways:  

 Choose a specific sidelobe magnitude, and find the probability that a sidelobe of 
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this particular value or worse should occur in a given experiment. For example, the 

probability of a sidelobe reaching a value that is 5 dB or more above the average 

magnitude 1
corr

x
SNR

  is about 0.1.    

 Choose a specific probability that is sufficiently low to be considered acceptable, 

given the experimental details, and find the PSLR value that follows this 

probability. For example: an occurrence of one sidelobe in every 1,000 (i.e. a 

probability of 0.1%), corresponds to a sidelobe magnitude of about 10 x . In the 

following analysis, we consider a probability of one sidelobe among 1N  . 

 

Figure 26. 1-cdf(x) as a function of x normalized by <x>. Both axes are plotted in log scale. 

During our experiments we used the 4,003N   bits-long Legendre code. 

According to Figure 26, we may expect that a sidelobe with a magnitude of 13.4 x  or 

higher ( ~ 11.3 dB above x ) should occur with the corresponding probability of 1
4002

 

(0.025%) . A zoom in on the region of interest appears in Figure 27.  In our experiments 

(reported in section 4) we consider 200 sidelobes. For that choice, the expected 
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magnitude of the strongest sidelobe is 7.9 x , corresponding to a 9.0 dB difference 

between PSLR and corrSNR   on a logarithmic scale.   

 
Figure 27. Zoom in on the 1-cdf(x) curve in the region where the probability values are near 
0.025%, corresponding to one sidelobe out of 4,002. This number of sidelobes represents the 
maximum range of unambiguous measurements using our 4003 bits-long code. The y axis is now 
plotted in a linear scale while the x axis remain in log scale. 

 

The above prediction was examined through numerical simulations of the 

incoherent compression of  mL , in the presence of additive noise with different values of 

2

n  . The length of the simulated traces M  was chosen to match the code period N . 

Figure 28  shows a scatter diagram of the calculated PSLR values as a function of corrSNR , 

for 3,000 realizations (plus signs). The straight solid line denotes the predicted PSLR based 

on the CDF of the chi squared distribution. A linear fit to the numerical results yields a 

slope of 1.003 and an intercept of -11.2 dB between PSLR and corrSNR , in excellent 

agreement with the proposed model. The root-mean-squared difference between the 

predicted and calculated PSLR levels is 1 dB. The results suggest that the sidelobe 
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performance of a range-finder based on incoherent compression can be simply estimated 

based on its ESNR.    

 

Figure 28. Plus signs: simulated peak-to-sidelobe ratios (PSLRs) of 3,000 
realizations of a 4,003 bits-long Legendre sequence, with additive noise at 
different electrical signal-to-noise ratios (ESNRs), following incoherent 
compression. Results are plotted against the SNR following correlation. Solid 
line: predicted PSLRs based on the probability distribution function of the 
sidelobes magnitude. (The line is not a fit to the simulations results). The root-
mean-squared difference between simulations and prediction is 1.0 dB.  

 

In order to reduce the probability of false alarms, we arbitrarily define the 

minimum acceptable PSLR as 10 dB. Based on this criterion, and the above analysis, we 

may estimate the minimum required value of corrSNR , and the trade-offs among range, 

aperture size, transmission power and acquisition duration imposed by detector noise:  

 22 4
min

4 2
160

16

t
corr corr

P TD
SNR M SNR SNR

R NEP


      (29) 

Therefore, the longest measurement distance is that for which the incoming signal 

power 
rP  yields an ESNR value that, after multiplication by M , is greater than 160. For M  

equals 4N , i.e. an acquisition duration that covers four code cycles, the minimum 

required ESNR  will be 
160

0.01 20
4 4003

dB  


. Given that the noise-equivalent power of 

the APD at 1 GHz bandwidth is -47 dBm, the minimal optical power that must be collected 
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by the receiver may be estimated as -57 dBm (note that the ESNR scales with the optical 

power squared). Given a typical average transmitted power of +27 dBm, the largest 

acceptable link budget loss is 84 dB. For the reflectivity of our targets and diameter of the 

receiver aperture in our setup, this link budget corresponds to a maximum range of about 

200 m. Range may be extended using larger apertures (linear improvement), higher 

transmitted power (square root dependence), or longer acquisition durations (fourth-root 

improvement).  
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4. Experimental results 

4.1 Experimental setup 
 

The experimental setup for laser ranging measurements using the incoherent 

compression of a Legendre sequence is shown in Figure 29. Light from a laser diode at 

1550 nm wavelength, within a small form-factor pluggable (SFP) gigabit Ethernet 

transmitter, was directly modulated by the output voltage of an arbitrary waveform 

generator (AWG). Interface to the SFP transmitter was provided through an evaluation 

board. The AWG was programmed to repeatedly transmit a 4,003 bits-long unipolar 

sequence, which was drawn from a bipolar Legendre sequence (for details of sequence 

construction see chapters 2 and 3). The duration of each symbol in the code was 1 ns, 

which corresponds to a ranging resolution of 15 cm. 

 
Figure 29. Experimental setup for laser ranging measurements using incoherent pulse 
compression. SFP: small form-factor pluggable. 𝑬𝑫𝑭𝑨: erbium-doped fiber amplifier. APD: 
avalanche photo diode. Solid blue lines denote fiber-optic paths. Dashed black lines denote 
radio-frequency cable paths. Red denoted free-space propagation. 
 

The modulated signal was amplified by a variable EDFA, to an average output 

power on the order of 300-500 mW. The beam from the standard single-mode fiber at the 

EDFA output was expanded by a collimator lens of 9 cm diameter, and launched towards 
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potential targets. A receiver lens, similar to the one used in transmission, collected a 

fraction of the reflected light into a multi-mode fiber of 200 µm core diameter which 

terminated in an APD of 1 GHz bandwidth. The APD and its associated trance-impedance 

RF amplifier converted the incident optical waveform into a voltage trace, with a 

responsivity of about 40 kV per W. The output of the amplifier was sampled by real-time 

digitizing oscilloscope of maximum analog bandwidth of 6 GHz, and stored for subsequent 

off-line processing. Photos of the optical table holding the experimental setup and 

peripheral equipment (such as DC power supplies) are shown in Figure 30 and Figure 31. 

The ladar system components are listed in Table 5.  

 

Figure 30. Laser range finder experiment setup outside the Music Department building in Bar-
Ilan campus. 
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Figure 31. Top view of the optical table and main fiber-optic components of the experimental 
setup. 

 

Table 5. List of components for incoherent pulse compression ladar setup 

Component Manufacturer Model 

AWG 5 GS/s Tektronix AWG7051 

SFP laser E2O  

EDFA Amonics AEDFA-27-M-FA 

APD Voxtel RIP1-NJAF 

Electronic support model Voxtel W001 

Oscilloscope 6 GHz Agilent 90604A 

Red light LD Laser Components FP-FC-650-30P 

Green light LD Laser Components FP-SMA-532-4M 

Multi-mode-fiber       Thorlabs  M72L05 

4.2 Alignment procedures 
 

In an operational bi-static laser range finder or ladar, the mechanical-optical 

alignment of transmission and collection paths is performed during assembly. In our 

setup, coarse initial alignment was performed with the assistance of visible light 

transmission. To that end, light from a 30 mW, 630 nm (red) laser diode was launched 

towards the white-paper target through the single-mode fiber leading to the transmitter 
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lens, and light from a 4 mW, 532 nm laser diode (green) was launched through the multi-

mode fiber leading to the receiver lens. The positions of the output facets of both fibers 

were translated by three-axes, manual linear stages, until both beams appeared in overlap 

on the target surface (see Figure 32 and Figure 33). The red ("transmitter") beam was 

focused to produce a spot that is contained within the green one ("receiver beam").  

While the coarse alignment is carried out with visible light, ranging measurements 

are made with a 1550 nm source. As different wavelengths focus in different plains, due to 

chromatic abberations [84, 85], a second, fine alignment phase was needed. To that end, 

the visible laser diode connected to the transmitter channel was replaced by the 1550 nm 

SFP and the EDFA connected at its output. The EDFA output was launched through the 

transmitter lens as in Figure 29, and the output of the multi-mode collector fiber was 

monitored by a sensitive, low-bandwidth optical power meter. The positions of both 

transmitter and receiver fiber facets were carefully adjusted to maximize the collected 

power. At the conclusion of this alignment stage, the power meter was replaced by the 

APD photo-receiver, and ranging measurements could begin.  

 
Figure 32. Green laser spot on the target surface, 270 m from the range-finder setup. The beam 
was launched through the optical path of the receiver lens. 
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Figure 33. Red laser spot on the target surface, 270 m from the range-finder setup. The beam 
was launched through the optical path of the transmitter lens. 

 

4.3 Evaluating the link budget  
 

After the alignment procedure, the optical link budget could be evaluated as 

follows: the continuous, unmodulated output of the SFP source was amplified to an 

optical power of +21 dBm at the output of the EDFA, and the reflected optical power 

collected by the multi-mode fiber was measured for several target distances, up to 100 m. 

The results are plotted alongside the predictions of the theoretical link budget in Figure 34. 

The average difference between theory and experiment is 2 dB. This modest difference 

could be due to coupling losses of the light from the 9 cm-wide receiving aperture into the 

200 micron multimode fiber.   
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Figure 34. Received optical power vs. range. The red line indicates the theoretical prediction (Eq. 

24), for 
t  = 7% and 21tP dBm . The blue line represents the experimental results.  

4.4 Indoor ranging measurements at100 m distance 
 

In a first experiment, the target was placed indoors at 100 m distance. The 

reflected echoes of the coded transmission were collected at different ESNR levels and 

different acquisition durations. PSLRs were noted as the magnitude of the highest sidelobe 

within a 60 m-wide range of interest, centered at the main lobe. For our expected ranging 

resolution of 15 cm, this range of interest contains about 400 sidelobes. As the sidelobe 

magnitudes have a zero mean, they have equal chance of being negative or positive. 

Negative correlation values were discarded in our analysis, leaving half the number of 

sidelobes, on the order of 200. Figure 35 shows the obtained PSLR levels as a function of 

ESNR for different acquisition times. 
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Figure 35. PSLR level as a function of ESNR, taken at different acquisition times. The 
measurement was done at a distance of 100 inside the Faculty of Engineering building. Colors 
denote the acquisition durations (see legend). 

4.5 comparison between simulation and measurements 
 

The data of Figure 35 is then plotted again in Figure 36 against the 
corrSNR  

parameter, which is defined as *ESNR M  (see previous chapter). Data collected with 

different acquisition durations fit on a single curve. A linear fit to the measured PSLRs 

(dashed line) yields a slope of 0.963 and an intercept of -10.3 dB. The CDF of the sidelobes 

magnitude suggests that the difference between ESNR and PSLR, when considering 200 

sidelobes, should be 9.0 dB. Agreement between model and experiment is therefore very 

good. The difference between predicted and measured PSLRs is only 1.3 dB (see Figure 28). 

The results demonstrate that the experimental performance of the laser range-finder is 

limited by additive detector noise. 
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Figure 36. Circles: measured PSLRs of repeating, 4,003 bits-long Legendre sequences, collected in 
reflection from a target at 100 m distance in indoors laser range-finder experiments. PSLRs were 
noted following the incoherent compression of the collected echoes. Experiments were carried 
out using different acquisition times between 10-200 µs (see legend for colors), and at different 
ESNR levels. Solid line: predicted PSLR values. Dashed line: a linear regression of experimental 
PSLR values. The offset between predicted and observed PSLR values is only 1.3 dB. 

4.6 Outdoor ranging experiments at 273 m distance  
 

In a second experiment, the target was placed outdoors at 273 m distance away 

from the system's lenses. The diameter of the transmitted beam on the target surface was 

20 cm. The average transmitted power was 25.5dBm, after the EDFA amplification, which 

corresponds to peak power of ~600 mW in our 50% duty cycle code. The collected optical 

power was -59 dBm, in good agreement with the link budget prediction of Eq. 24. The 

measurements were carried out at night, and the collected ambient light was estimated to 

be below -70 dBm, which is the noise floor of our low-bandwidth optical power meter. 

The reflected laser echoes were collected in two different scenarios: 

1. Following initial alignment towards a single white paper target, 273 m away 

from the setup.  
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2. Following the placement of two white paper targets, one 273 m away from 

the setup and another that was closer by approximately 1.2 m. The 

transmitter and receiver lenses were aligned using the above procedures so 

that the two apertures were in partial overlap with both target surfaces.  

4.6.1   Single target results 
 

In the first two stages of the experiments, echoes were recorded with acquisition 

times of about 50 µs, 100 µs and 200 µs. Averaging was performed over 1, 4, 16, 256 and 

1024 repetitions of identical raw traces prior to their post-processing. Preliminary data 

analysis was carried out on the spot using a matlab code, executed on a laptop computer. 

Complete data analysis was preformed over several days following the experiment.  

The electrical ESNR upon detection was -24 dB. The corrSNR  values were 22 dB for a 

single 50 µs-long record, 29 dB for a single 200 µs-long acquisition, and as high as 55 dB 

when 200 µs-long records were averaged over 1024 realizations. Figure 37 shows the 

compressed form of a reflected echo, acquired over about 50 µs (12 code cycles). Figure 38 

demonstrates the compression of ~100 µs-long trace (24 code cycles), corresponding to

25.8corrSNR dB . The full-width at half maximum (FWHM) of the main correlation peak 

was 14 cm, and the PSLRs of the compressed traces were 14 dB for the 50 µs case and 18 

dB for the 100 µs case, within 1 dB of predictions. As before, PSLRs were noted among 200 

sidelobes. A horizontal red line in both figures illustrates the PSLR level. The main lobe was 

artificially placed in distance zero. Figure 39 shows the measured PSLRs for several 

experiments as a function of corrSNR . While deviations from predicted values are 

somewhat larger than those of Figure 36, agreement remains good. 
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Figure 37. Incoherently compressed form of a CW laser range-finder trace, following reflection 
from an outdoor target at 273 m distance. The intensity of the transmitted waveform was 
repeatedly modulated by a unipolar representation of a 4,003 bits-long Legendre sequence, with 
a symbol duration of 1 ns (ranging resolution of 15 cm). The trace was acquired at an ESNR of -24 
dB, over 50 µs. The horizontal red line represents the highest sidelobe amplitude. 
 

 

Figure 38. Incoherently compressed form of a CW laser range-finder trace, following reflection 
from an outdoor target at 273 m distance. The intensity of the transmitted waveform was 
repeatedly modulated by a unipolar representation of a 4,003 bits-long Legendre sequence, with 
a symbol duration of 1 ns (ranging resolution of 15 cm). The trace was acquired at an ESNR of -24 
dB, over 100 µs. The horizontal red line represents the highest sidelobe amplitude.  
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Figure 39. Plus signs: measured peak-to-sidelobe ratios (PSLRs) of repeating, 4,003 bits-long 
Legendre sequences, collected in reflection from a target at 273 m distance in outdoors laser 
range-finder experiments. PSLRs were noted following the incoherent compression of the 
collected echoes. Solid line: predicted PSLR values. 
 

4.6.2   Dual targets results 
 

In this phase of the experiment we examined the ability of the range-finder setup 

to resolve two targets, closely separated in distance. The illuminated object was an edge 

target as illustrated in Figure 40, and the distance between the two plains was 1.2 m. The 

detected optical power was lower than that of the previous phase: -61dBm, thus the ESNR 

value was -28 dB. Recordings were taken at acquisition times of 200 µs only, 

corresponding to 25corrSNR dB  without averaging. The incoherently compressed form of 

the reflected echo is shown in Figure 41. The analysis of the trace could recover the two 

targets with the expected separation, albeit with poor PSLR of only 6 dB.  
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Figure 40. Illustration of the edge target used in the outdoor experiment in order to 
demonstrate the simultaneous ranging of two reflections. The arrows indicated the transmitted 
beam orientation.  

 

 

Figure 41. Incoherently compressed form of a CW laser range-finder trace, following reflection 
from outdoor targets at 273 m distance. The intensity of the transmitted waveform was 
repeatedly modulated by a unipolar representation of a 4,003 bits-long Legendre sequence, with 
a symbol duration of 1 ns (resolution of 15 cm). The range-finder beam was in partial overlap 
with two white paper targets, separated in depth by 1.2 m. The trace was acquired at an ESNR of 
-28 dB, over 200 µs, with averaging over repeating raw traces. 

 

In order to further demonstrate the detection of two adjacent targets with a single 

illuminating beam, a measurement with 1024 averages was taken. The duration of each 

single trace remained as before (200 µs), and the averaging was carried out on the raw 
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data, prior to correlation processing. The value of corrSNR in that analysis was 55 dB. The 

compressed trace is presented in Figure 42. Two clear and isolated peaks appear in the 

middle of the trace, with the expected separation of 1.2 m.  

 

Figure 42. Incoherently compressed form of a CW laser range-finder trace, following reflection 
from outdoor targets at 273 m distance. The intensity of the transmitted waveform was 
repeatedly modulated by a unipolar representation of a 4,003 bits-long Legendre sequence, with 
a symbol duration of 1 ns (resolution of 15 cm). The range-finder beam was in partial overlap 
with two white paper targets, separated in depth by 1.2 m. The trace was acquired at an ESNR of 
-28 dB, over 200 µs, and averaged over 1,024 raw traces prior to compression. 

 

A third, weaker peak may be seen to the right of the two main ones, above the 

horizontal red line which indicates PSLR. This peak does not represent a noisy sidelobe. It 

is believed to be due to multi-path (double bounce) of the incident beam between the two 

targets (see illustration in Figure 43). The timing of this peak agrees with that conjecture.  
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Figure 43. Illustration of possible multi-path of the incident laser range-finder beam between the 
two target surfaces, potentially leading to the generation of a third peak with separation of 
2 R .   
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5. Summary and discussion 

5.1 Summary of main results 
 

A continously-operating laser range-finder setup, based on a recently-proposed 

protocol for the incoherent compression of periodic uinpolar sequences, was analyzed and 

demonstred experiementally. The measurement is based on simple direct detection, and 

the transmission or aquistion of phase information is not required. The periodic cross-

correlation between the transmitted unipolar sequence and its reference is 

mathematically perfect, with zero off-peak sidelobes. 

The results extend upon previous reports of our group in two main respects: First, 

a model for sidelobe magnitude statistics in the presence of additive detector noise is 

provided. The model is supported by numerical simulations and controlled indoor 

experiments. Second, the experimental demonstration of the incoherent compression-

based range finder is extended to outdoor experiments at 270 m range. The measurement 

distance is more than five times longer than that of the previous demonstration. The 

range to the target could be measured at ESNR conditions as low as -24 dB, with peak 

transmitted power levels of 600 mW only, and with acquisition times of only 50 µs. The 

ability to distinguish between two targets at closely-spaced depths was demonstrated as 

well. 
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5.2 Comparison between ToF to coded ladar 
 

It is worthwhile to compare the performance of a laser range-finder based on 

incoherent pulse compression with that of a ToF implementation. The two systems are, in 

principle, equivalent under noise-free conditions. However, performance could become 

markedly different when additive noise is considered. We suppose that both systems use 

the same receiver and the same collection aperture, and provide the same resolution z  

and measurement repetition rate 1 T . A comparison can be drawn based on two possible 

constraints, depending on application. In a so-called 'energy-limited' range-finder, it is 

assumed that the two systems transmit equal overall energy E  per acquisition. tP   of the 

sequence-coded range finder would then be E T , leading to:  

 2 4 2

4 2

1

16
corr

D E
SNR

R NEP T


  (30) 

In contrast, the transmitted power of a single pulse in a ToF range finder would be 

peakP E  , with a measurement ESNR of:  

 2 4 2

4 2
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    (31) 

For equal energy consumption, resolution, repetition rate and aperture size, and 

using the same detector, the ESNR provided by a time-of-flight laser range-finder would 

be orders of magnitude higher than that obtained using incoherent compression. On the 

other hand, in so-called 'intercept-limited' applications, the constraint on transmission is 

the maximum allowed peak power, rather than the overall energy. If 
peakP  of a ToF system 

is restricted to 2 tP  of a corresponding sequence-coded realization, we find that:  

 22 4

4 2

4 4

16

t
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SNR SNR

MR NEP


   (32) 
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The preference of one implementation over the other is therefore critically 

dependent on the circumstances of the specific application at hand. The above 

comparison does not take into account potential complexity or cost associated with the 

generation of short and intense pulses. 

5.3 Proposals for future work 

5.3.1 Range extension 
 

In our outdoors experiment, a PSLR of 14 dB was achieved with an ESNR of -24 dB 

and acquisition duration of 50 µs. This PSLR is slightly higher than the arbitrary criterion of 

10 dB we had chosen, and agrees well with our predictions based on noise statistics. The 

maximum attainable range, subject to given ESNR and resolution, scales linearly with the 

receiver aperture diameter D , with the square root of the available transmitted optical 

power 
tP , and with the 4th root of the number of acquired bits M  (see Eq. 27). Therefore, 

the extension of measurement range towards 1 km (about 4 times the range of our 

longest experiment), would require either of the following: 

 An average transmitted power approaching 39 dBm (~8 W), 16 times higher than 

the average power used in the present setup. This average power is impractical 

with current EDFA technology.  

 A receiver aperture diameter of 36 cm, 4 times larger than the present one. This 

aperture size is impractical either. 

 Acquisition times longer by a factor of 256, on the order of 12 ms. Such acquisition 

duration might be a viable option, depending on the constraints of specific 

applications. 
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Partial combinations of the above are of course possible as well: for example, 

raising the transmitted power to ~1.5 W, and increasing the acquisition time to about 0.8 

ms.  

5.3.2 A ladar system with mechanical scanning 
 

The extension of the current range-finder setup to a ladar system would require 

the introduction of angular beam scanning. A first step in that direction could involve the 

1D or 2D scanning of the transmitting aperture. A 1D or 2D scan of distance to objects may 

be obtained, provided that the field of view of the receiving aperture is large enough to 

cover the entire scanning range of the incident beam on the target plane. This 

implementation would be limited by the collection efficiency of the receiving aperture, 

which would be operating in a large defocus. Alternatively, both transmit and receive 

aperture can be scanned in synchronization, in 1D or 2D. Synchronous operation is 

guaranteed in mono-static lidar embodiments. Primary challenges would involve the rate 

and precision of mechanical scanning, and the time required to map out an entire scene 

given the ESNR constraints (see earlier discussion).  

Scanning requirements might be relaxed in case a 1D or 2D array of high-rate APDs 

is used at the receiver. In this case, the transmitted beam will be de-focused to interrogate 

a large area. Here too, scanning is avoided at the expense of reduced power collected by 

each pixel. Intermediate approaches, combining partial scanning and a number of 

detectors, may be considered as part of a system optimization.       
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5.3.4 Development of a system prototype 
 

The experiments reported in this thesis still involved a number of laboratory 

instruments, most notably a digitizing oscilloscope and an AWG. Both instruments may 

well be replaced by application-specific hardware in a working system: an FPGA and a data 

acquisition card, respectively. The digital post-processing of the sampled waveforms may 

be carried out in real-time.  

An important potential advantage of the incoherent compression setup is its 

possible implementation using small-form factor, readily available low-cost transmitter 

components. Our experiments already make use of an SFP Ethernet transmitter. Future 

work would include the use of tapered semiconductor optical amplifiers (SOAs) instead of 

EDFAs, to realize integrated, miniaturized transmitters. While the size of an EDFA module 

is at least several cm in each dimension, high-power SOAs may be housed in a 14-pin 

butterfly package on a significantly smaller heat-sink. An SOA may be also integrated 

monolithically with a laser diode transmitter. Lastly, the transmitter and receiver 

apertures may be combined to a single lens in a mono-static configuration, with proper 

separation between outgoing and incoming waveforms [86]. 
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 תקציר

בעלות חשיבות רבה הן  הינן מערכות המסוגלות למדוד מרחק למטרה בדיוק גבוה

 במגזר הצבאי והן במגזר האזרחי. מד טווח לייזור )מט"ל( הוא נכון להיום הפיתרון ישומייםל

מגנטיים -, המבוסס על גלים אלקטרו)ראדאר( המכ"מהטוב ביותר לאתגר זה. לעומת  הטכנולוגי

הפרעות בפני רזולוצית מדידה גבוהה יותר, חסינות  לספק מסוגל בתחום הרדיו, מד טווח לייזר

עם מערכות המבוססות  נוחה מגנטיות, סיכוי נמוך יותר לגילוי ע"י צד שלישי ואינטגרציה-אלקטרו

ר מבוסס לייזר, או אראדלקבלת סורקת מט"ל יכול להשתלב יחד עם מערכת  .אופטיים סיבים

תמונות תלת מימד, ליצירת ליידר ומט"ל משמשים למציאת מטרות וסיווגן, בקיצור ליידר. 

מחוות, מניעת תנועות האטמוספירה, מחקרים פלנטריים, שליטה על מכונות ע"י  חקראקלימאות, ב

 תאונות ברכבים, מיפוי באתרי בנייה, ועוד במקרים רבים ושונים.

גת בעזרת שידור פולסים קצרים בעלי עוצמה שגבוהה בדר"כ מו ברזולוציהמדידת טווח 

אות של פולסים אלה הזה סובל ממספר חסרונות: השידור ועיבוד פשוט ויעיל , רעיון ואולםגבוהה. 

הספקי שידור גבוהים קצרים מאוד. הנדרשים ירידה העלייה והזמני מאחר ו כים,להיות מסובעלולים 

, ולבסוף. מקורות לייזר פולסים עלולים להיות מגושמים ויקרים. ייםבטיחות סיכוניםלהוות עלולים 

ע"י צד שלישי, חיסרון לגילוי  ןשימוש בפולסים קצרים בעלי הספק שידור גבוה מעלה את הסיכו

 משמעותי במערכות צבאיות.

עשוי  ,במקלט מתאימותטכניקות דחיסה  לצד ,ארוכות זמניות לחילופין, שימוש בסדרות

אותות ייחוס . הקורלציה של סדרות אלה עם עוצמה-קצרים ורביפולסים של  להחליף שידור

, עם אונות צד ר וחזקצ וירטואלי ולספכדי ל כולה האנרגיה של הסדרהדוחסת את  מתאימים

ניתנים להשגה רקע הנמוך המושגים בעזרת פולס עוצמתי יחיד ההרזולוציה הגבוהה ורעש נמוכות. 

עשוי : ההספק הרגעי של סדרות אלו פיכך גם באמצעות שידור סדרות, לצד ערך מוסף משמעותיל

, קידוד סדרות עשוי להיות קל יותר למימוש, לכן .כמה סדרי גודל מזה של פולס בודדנמוך בלהיות 

 .עויינים גורמים ידי-בטיחותי יותר, וחסין יותר בפני גילוי על



 ב 
 

סדרות מתבססת על שידור וגילוי  ה איכותית שלדחיס ,בספרותהמופיעים ברוב המקרים 

ים, קוהרנטי יםמקלטשימוש ב מחייבתפאזה. לעומת זאת, מדידה של פאזת גל אופטי קידוד של 

, דחיסת סדרות הידועים הפרוטוקוליםמרבית . שלא כמו אשר הינם מסובכים יחסית למימוש

של אמפליטודה בלבד, ע"י סדרות בינאריות  ןקוהרנטית: משדר הלייזר מאופנ-זו היא לאבעבודה 

אונות  לצמצם אתזאת, אלגוריתם הדחיסה מסוגל  למרותמבוצע בצד המקלט. ופשוט וגילוי ישיר 

 קודי פאזה.במידה השקולה לזו המושגת בדרך כלל בעיבוד של הצד, 

מדידת טווח קודמים שנעשו ע"י קבוצת המחקר שלנו השתמשו בדחיסה של קודים  יניסוי

. פרוטוקול הדחיסה הלא עוקבות מדידותבין  "זמנים מתים" אשר הצריכו שמירה עללא מחזוריים, 

קורולציה  תוך שימוש בחישובי ,גם בסדרות מחזוריות לתמיכהקוהרנטית הורחב לאחרונה 

בשלב העיבוד. שידור מחזורי של קודים מאפשר חופש פעולה גדול יותר בבחירת הסדרה מחזורית 

בגוף חירת אורך הסדרה הרצוי. פרוטוקול הדחיסה החדש מתואר בהרחבה המאפננת ובב

 .העבודה

ומבוסס על דחיסה  ,מט"ל המשדר באופן רציף עוסק במימושהמחקר המתואר בספר זה 

ראשית, מודל אנליטי המתאר את איכות דחיסת הקוד תחת  לא קוהרנטית של סדרות מחזוריות.

שתכונות הקורלציה המתמטית של הסדרות . בעוד סמנוסח ומבוסאילוצי מערכת 'אמיתיים' 

במערכת ריאלית מוביל מקלט האונות צד השוות לאפס, רעש  המשודרות מספקות, באופן תיאורטי,

את גובה  מאפשר לחזותהאנליטי . המודל הליצירת אונות צד סופיות ומגביל לפיכך את ביצועי

את מעטפת הביצועים  המודל מגדיר גם אונות הצד באופן פשוט, מתוך יחס האות לרעש במדידה.

שידור. הוהספק  משך המדידה, המפתחמדידה, גודל טווח הבמונחים של  ,של מערכת המדידה

 המודל אומת הן בעזרת סימולציות נומריות והן בניסוי מעבדתי מבוקר.

זולים ולייזר הוקמה בהתבסס על רכיבים זמינים  המבוססת מדידת טווחניסיונית למערכת 

הינם קלים מרכיבי המערכת רבים מערכות תקשורת אופטית. פותחו במקור עבור אשר  ,יתיחס

 בניסוי שדהנבדקה . מערכת המדידה ניתנים למימוש שכזה, או לפחות קטן באופן יחסינפח ובעלי 

בניסויים קודמים מבוססי מפי חמישה ממרחק המדידה שהודגם למעלה מטר,  270 לטווח של



 ג 
 

מדידות בוצעו ביחס . בלבד מילי וואט 600 -שידור הוגבל לשיא בהספק ה .דחיסה לא קוהרנטית

 שניות בלבד וללא מיצועים. -מיקרו 50פני -, ונלקחו עלdB 24-של  נמוך ביותר אות לרעש

. דגש 1הקדמה ורקע למד טווח לייזר וליידר ניתנים בפרק העבודה מאורגנת האופן הבא: 

מתאר פרוטוקולים  2ניתן למקורות הרעש של המערכת ולדרכי מימוש מקובלות כיום. פרק 

לדחיסה לא קוהרנטית של סדרות בעלות מאפיינים של אונות צד נמוכות. ניתוח מעמיק של השיטה 

 ן, ניתמט"לשל סדרות מחזוריות למימוש  המוצעת על ידינו, המשתמשת בדחיסה לא קוהרנטית

. ההשוואה המתבקשת בין 5ומסקנות ניתנות בפרק  4בפרק מוצגות ם י. תוצאות ניסוי3בפרק 

המשדרת סדרות ארוכות מט"ל המבוסס על שידור פולסים מבודדים ועוצמתיים לעומת מערכת 

 מופיעה בפרק המסקנות.נמוך רגעי בהספק 

 

 

 

 

 

 

 

 

 

 

 



 
 

         עבודה זו נעשתה בהדרכתו של פרופ' אבי צדוק,

 אילן-הפקולטה להנדסה של אוניברסיטת ברן מ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 אילן בר אוניברסיטת

 

 

 באמצעות רציפה לייזר טווח מדידת

 סדרות של קוהרנטית לא דחיסה

 מחזוריות

 

 ארבל נדב

 

 

 
 מוסמך תואר קבלת לשם מהדרישות כחלק מוגשת זו עבודה

 אילן-בר אוניברסיטת של להנדסה בפקולטה
 

 

 ותשע"                                          גן רמת


