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ABSTRACT

Laser assisted weapons, such as laser guided bombs, lasengssilles and laser
beam-riding missiles pose a significant threat to militasets in the modern battlefield.
Laser beam-riding missiles are particularly hard to ddiectuse they use low power
lasers.Most laser warning systems produced so far can not detectbdeam-riding
missiles because of their weak emissions which have signalthbes 1% of laser range
finder powet. They are even harder to defeat because current counter-measures a

designed to work against this threat.

The aim of this project is to examine the vulnerability of lagarning systems
against guided weapons, to build an evaluation tool for laser warmagrsgLWS) and
seekers, and try to find suitable counter-measures for laserrmiagimissiles that use
low power lasers in their guidance systems. The project cobmsg hecause of the
unexpected results obtained from extensive field trials castiedn various LWRS in the
United Arab Emirates desert, where severe weather conditiapde experienced. The
objective was to help find a solution for these systems to dodhbdir protecting the tanks

and armoured vehicles crews from such a threat.

In order to approach the subject, a computer model has been developed to enable
the assessment of all phases of a laser warning receiver and medsiie BSBATLAB &
SIMULINK software have been used to build the model. During tiscess

experimentation and field trials have been carried out to vegfgaiiability of the model.

This project will enable both the evaluation and design of anyigéaser warning
receiver or missile seeker and specific systems if vapatsneters are known. Moreover,
this model will be used as a guide to the development of reliabieermeasures for laser

beam-riding missiles.

! Prof. Richard Ogorkiewiez. Fundamentals of ArmBustection. Advances In Armoured Vehicles
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CHAPTER 1

Introduction

1.1 Background

Lasers are finding increased application in military weaporesysts a means of
designating targets for guided missiles and as weapons thems&lvesnt laser warning
systems provide laser detection, angle of arrival, wavelengthndisation and temporal
characterization of the laser source. However, there ied teeimprove their threshold
detection level and false alarm rate for detection of low-intgpsised lasers associated with
beam-riding type guided missiles. Laser warning systems musipbeved to cope up with

the new threat of low power laser beam-riding missiles.

This is not the only part to look after in order to enhance laaanimg sensor (LWS)
detection capability. Most of the conflict areas in the moderndd@Ve hot climates. Areas
such as the middle-east have severe weather conditions which akmow to affect the
performance of laser warning systems in a negative way. Bon@g, every eight degrees
increase in temperature doubles the noise that creates a begnptotihe performance of any
laser sensdrA lot of well-known commercial organizations have participategirral trials
of laser warning systems in the desert of the UAE wherecihidlg not perform according to
their original specifications. Their specifications were prepa®a result of tests in their
original countries where these systems worked properly. sidemrable reduction in detection
distance of 1 km has found in maximum range of these sensors ¢bsigtel. They were
supposed to detect the signal over a maximum range of 5.5 km but thety tdaimore than
4.5 km. Also, some of them had a lot of false alarms. These wreaks conducted during
summer, especially during the month of August where tempegatdieumidity are high, dust
and solar irradiance is also at its peak. Tests resultsoopsestent in the following year with

a reduced performance of these sensors with respect to their detectability.

2 Clarke, T.A. & Wang, X. An analysis of subpixetdat location accuracy using Fourier Transform Hase
models. SPIE Vol. 2598. pp. 77-88.
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Aim of this project is to design and develop a mathematical meikelimproved
detection performance. This model will be designed to simulatevesdther conditions
including temperature extremes experienced in the UAE. Wattelnpt to detect the weak
optical signal at a specified maximum range of 5.5 km and optilmezparameters such as
noise and background effect to improve the detection sensitivity aetisor. Moreover, a
seeker and counter-measure model will be added to the lasermmedsbto create a complete
system in order to evaluate the effect of change in weatmglitions and other parameters
which can affect the performance of the systems.

1.2 Present Study

This thesis is spread over nine chapters. Chapter one sets conttret of this work
by discussing background knowledge. Deficiencies of the existinglrmodenethodology to
enhance their performance are highlighted. This work can notlbeungerstood without
discussing issues related to the application of laser warngtgnsy, vehicles survivability,
vehicle protection systems, and the operational requirements. Chapterdsents these

issues.

Chapter three covers the background theory to the laser sensorliriodetes on the
structure of the laser sensor detection model through building iiematical model with all
the elements such as laser source, atmospheric attenuation hlmsks sources,
photoreceiving optical system, amplification stage, threshold aadtstkground effects. In
chapter four a mathematical model is developed and discussedveiiap and Simulink
codes. A graphical user interface (GUI) has also been buictlitate the simulation of
different atmospheric conditions. LOWTRAN VII code has been usediltulate the
transmittance of five weather conditions chosen to simulate trenexiveather conditions of
the UAE.

Model performance has been tested and verified against the required pexamete

weather conditions in chapter five. Finally, simulation results@mgpared and verified with
the experimental evidence and field trials.
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In chapter 6, individual parameter sensitivity and an optimizatidasefr detection
sensor model has been performed to increase the detection rangeveviotiee effect of

atmospheric turbulence is also discussed and simulated.

Chapter 7 covers an important discussion on missile seekers. rbéase-riding
missiles, the seeker, which is basically a laser sensarcaseld at the rear of the missile
looking back to the firing post to get the guidance corrections.ekesanodel has been
developed to simulate the performance of the seeker and theoéffiesther conditions on it.

A counter-measure model has been added to the seeker model to ¢valabiléy of
counter-measure device against the threat. Chapter 8 addressesjes in more detail.
Chapter 9 summarizes the work that has been done and gives recononeridathe future

work.

23



CHAPTER 2

Application Bases of Laser Warning Systems

2.1 Vehicles Survivability Factors

The invention of Main Battle Tanks (MBT's) was a huge step to gain victory and to
defeat the enemy. Tanks are the main strike assets atpbsalisf land forces, and this has
been confirmed and proven by a lot of conflicts all around the worldetieks played a big
rule to achieve the goal. From that point of view, it was andistiiimportant for tank
engineers to enhance tank survivability and their capabilitietataw sagainst the lethal
threats, especially from Anti-Tank Guided Missiles (ATGMI$)e dramatic breakthroughs
in the development of anti-tank warheads made Russian engineersothamk active
protection system for their tanks and they started designing satelepyn aids during 1950s
[1]. On the other hand, western countries didn't agree with this abpbeeause of the
damage that can happen to capability of the MBT itself, its,cequipment and friendly
forces nearby when the active protection explodes to destropdbming missile. As a
result, these countries explored another way to protect theiraadksher capabilities that is
called Soft Kill APS, explained later.

Let us discus some factors that affect the MBT’s surviugbilihese are listed below:
Doctrine

Crew Training

Vehicle Design

Armour

Hard Kill Active Protection System (APS)

Soft Kill APS

Explosive Reactive Armour (ERA)

-~ o 2 0 T p

Q@
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2.1.1 Doctrine

Vehicle protection has long been a priority to armies, but recextly due to a change
in the scope and type of land conflicts, a much greater emphasiseba placed on this
requirement. Vehicles are coming under threat from increassughisticated weaponry
which is able to exceed the ability of traditional armour. Tloeegfarmies are looking to
improve the survivability of combat vehicles by applying both aetngepassive survivability
enhancement measures. Armies are looking for a systemtpyotecheme just like in Figure

1 covering a wide range of threats from different directions.

SYSTEM PROTECTION SCHEME

Figure 1 System protection scheme for MBT’s

2.1.2 Crew Training

Members of tank crews function as an integrated team althoughoeachas his
primary duties. Their success depends on their effectivenesseagroup in combat by
working together to maintain and service their tank and equipmemingas very important
for all crew members, especially cross-training so theyaggerate in any position. Other

important factors for crew success are effective leadership and high

motivation. Training should prepare crews to operate in hostileotgmiith the enemy from

all directions.
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2.1.3 Vehicle Design

When designing the tank there are three principle’s of armaaefdre that need to be

taken in consideration: firepower, maneuverability, and protection.

Firepower: Tank design must provide the abilities to control the maximum distargets

that can be engaged, attack moving targets, destroy multipléstargdort time, and keep
fighting even with sustained damage.

Manoeuvrability: Tank design must also take in consideration the required range of terrain
that has to be covered, the size of obstacles such as trendges,and water that can be
overcome, and the distance that can be achieved before re-fuelling is required.

Protection: Another important factor in tank design is choosing the type adarthe way of
arranging them and the amount of protection each area gets.

Compromising between these three principles is very important icleeltesign.
Increasing the firepower by using a larger gun can decreaseuwverability and hence
decrease armour at the front of the turret, which means lowealbpastection. It is also
affected by other factors such as military strategies, budgegraphy, political will and

desire to sell the tank to other countries [2].

2.1.4 Armour

An armored vehicle such as a MBT is a basic requirement in maderies. The
vehicle and crew are vulnerable to various threats such as kinetgyerounds fired form
other tanks, anti-tank guided missiles(ATGMSs) fired from itrfaor aircraft, anti-tank mines,
larger bombs and direct artillery hits. The MBT’s can offergution from artillery shrapnel
and lighter anti-tank weapons but can’t protect against all conceittatglats. They can be
destroyed or disabled by different types of anti-tank weaponsteebpir heavy armor.
Armoured units in the future will be smaller in size and will dgg@ lower number of AFVs,

which puts additional emphasis on survivability features [3].
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2.1.5 Hard Kill Active Protection Systems (APS)

Russian APS were matured much earlier than the west's,yawéhe designed to
counter the threat from the west's anti-tank systems sudD\&s Hellfire and HOT missiles
fired from ground and helicopter platforms, as well as airborne ladrefietank missiles
such as the Maverick. Although the Russian systems were maglehtan their current
western counterparts, they provided the counter-measures that egirtthtk the western
threat. These heavy counter-measure systems were detigpexect the most important
elements in the heavy armored divisions and were applied to plagaghss the T-55, T-72,
T-80, T-90 tanks and BMP-3. The Drozd systems entered full scallogment when Russia
was no longer planning to confront NATO, but was deeply engaged in a war in Afghanistan
and later in Chechnya, where these defensive counter-measuegsguered to protect much
older T-55 tanks against Russian made RPGs and AT missilssws the Drozd, which
protected the tank's forward arc. This system was later fetldwy the Arena-E system as
shown in Figure 2, which introduced 360 degrees protection from side, fropadiadly top
attacks [4].

The US Army is considering to replace the 1990's technology Midsie Counter-
measures Device (MCD), with a Full Spectrum Active Protectif®AP), a new system
approach that will be balanced with the capabilities of fiadwv@nced armor technology. Such
advanced active protection systems will be considered to provide tharprsurvivability
component of future armored vehicles. The FSAP include missile engageapabilities, to
attack munitions intercept and defeat capability and kinetiggtiereat engagement concept.
As the system addresses both Kinetic Energy (KE) threatstasrdi€al Energy (CE) threats,
it will utilize different counter-measure concepts to engageh threat. The CE counter-

measures rely on technologically proven sensors and kill mechanisms [5].
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Figure 2 The functionality of Arina-E

2.1.6 Soft Kill APS

Soft-kill methods, similar to Electronic Counter-Measures (ECM) inafircseduce

and confuse an incoming missile, by using decoys, smoke and @pttral signals, infrared

or laser jamming.

A typical deployment of as IR jammer can be seen on the&u§s90, which mounts
the Shtora-1 APS shown in Figure 3, with Kontakt-5 ERA modules .Thensysbtects the
tank against guided missiles, using both the semi-active commbne od sight (SACLOS)
guidance, by an IR source that mimics the flare on the baclssil@es, as well as laser beam-
riding and laser-homing weapons. It should be effective againstiesisuch as the TOW,
HOT, AT-4, AT-5 and Sagger. The Russian system also has soméitapabounter laser-

guided munitions and ATGMs (Such as Hellfire, Kornet etc).

Figure 3 Shtora-1 laser warning device
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Shtora-1 uses a laser warning device operating in the 0.65-1.6 muemge, r
comprising of an array of coarse and fine resolution sensors, rdaxtegnally on the turret.
Each of the rough (coarse) laser sensors covers a sectoragdr@®es, while the fine sensor
covers a 45 degrees, with 3.75 degrees angle of arrival resolutiory, @n@5 degrees
elevation coverage. The system can automatically slew the turret andtgerdicection of
the threat, to optimize the deployment of a thermal smoke screactigation of active
protection systems. The sensor detects laser illumination ansl thlercrew and defensive
systems. The warning display provides the commander and guitiméhreat warning cueing,
by sector (at a resolution of 5 degrees) and at a resolution afe&yrées in the 90 deg. frontal
arc. The display also provides jammer and counter-measutas stdication. Counter-
measures can employ 81mm thermal instant smoke grenadel,depioy an instant smoke
screen at a range of 50-80 meters from the tank, within 1.5coBd® The 20 meter wide, 15
meter high screen blocks visual, thermal and laser (0.4 - 14 micawe)vands. The system
also employs a pair of electro-optical jammers (see Figurehich "hijacks" the missile's
command link by feeding the tracker with modulated signals tha¢ ¢hesnissile to deviate
from its course, and away from its intended target [6].

Smoke
JAMMING Launchers

UNIT

Figure 4 Shtor-1 employs a pair of electro-optical jammer

2.1.7 Explosive Reactive Armour (ERA)

ERAis a type of armour used primarily on tanks and personacashicles to lessen

the damage from explosions caused by missile warhead, exploditg ghenades, or

29



bombs. It consists of two rectangular metal plates, referred to as thieg@adynamic

elements, which sandwich an interlayer of high explosive [7].

This 'box’ is set at high obliquity to the anticipated angldtatk by the HEAT jet,
usually 60°, see Figure 5. ERA is placed where the threat is most expectée fitat

arc, the engine, and the sides.
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Figure 5 Explosive reactive armour

2.2 VEHICLES PROTECTION SYSTEM

As a rule, with the growth of power of antitank means, the protet¢yabiltanks and

fighting machines increases when:

* The thickness of armor increases
* Dynamic protection is added

* Vehicles’ assembling improves (maximum effective armor thickness diygeon
direction)

* Improved armor is used

All these means are good. But weight, dimensions and cost of marturesse. Exotic

steels, composites, ceramics are used today as an armor. Hdwekier build-up of armor
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protection leads to overweight tanks (for example, the weidiéfl makes 60 tones and the
weight of M1A2 is about 70 tones) [8].

Integrated protection systems for the fighting vehicles petmsolve this problem. This
system consists of three main parts [9]:

1. Laser Warning System
2. Counter-measures System
3. Control System

2.2.1 Laser Warning System

The laser warning system (LWS) is intended for detection laker irradiation. It
develops the warning signal for counter-measures. The purpose dVBeslto reduce the
vulnerability to the numerous laser associated weapon threats ondeembattiefield, by
providing the crew with an early warning that its vehicle okilletion is being irradiated by a

pulsed or modulated continuous laser light [10].

The crew can then take appropriate self-protective actidresudeployment of a smoke
or water-fog screen, vehicle manoeuvre or initiate counterfire.ldser warning system is
designed for use on all kinds of land or seagoing combat or transport vehicles. lbdaa als
integrated into protection systems of stationary installationsdibgg etc. This system is
capable of detecting a number of laser sources of variousttypesening in a wide range of

the IR and visual spectrum.

The laser warning system is a reliable, flexible, self-anathlaser threat detection
system suitable for integration into any protection systemirftbgration level may vary from
stand-alone solutions that include complete threat indication and edguability to fully
integrated solutions with alarm indications embedded onto display parsgseens of other

systems implementing automatized activation of counter-actions.

The laser warning system consists of the following units:

» A few detector heads (Laser Detection Sensors)
* Indicator unit
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Typical appearance of the system is given in Figure 6 [11].

Figure 6 laser warning system for combat vehicles (LWSCV) designed by Avitronics

All units are interconnected by a cable, through which signats the detector heads
are routed to the indicator unit. Beside visual threat idenidicain audible alarm can be
produced as well. The detector head may have two detection subsysterdgect and
indirect detection modules [12]. The direct detection module senséstrebeams which
directly hit the protected asset. The horizontal angle sector oo the threat is coming, is
identified and displayed along with other threat alarm indications.oiler module, the
indirect detection module, senses the target-off laser bebeoteef to the detector head from
the surrounding objects and surfaces. This rather unique feature of the lasegwgstem
significantly contributes to better threat awareness introdacldgional tactical possibilities

with self-protective and counter-measures.

The indicator unit contains a panel with direction indications forinbeming laser

threat. A digital display on the panel shows the detected angle in the presetraingle

2.2.2 Counter-measures System

The counter-measures system is intended for support of vehicles buityivdhe

system may include:

Jamming units

Smoke (or Aerosol) screen system
Vehicle manoeuvres

Fire suppression

Active protection

arwpbE
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2.2.2.1 Jamming Units

The jamming unit is designed for protection of armoured fighitcles against attack
by antitank guided missiles (ATGM), employing infra-re@gimce [13]. Since active jammers
(decoys) are non-expendable, they are able to provide permanent protébe decoys
employ infra-red emitters to “mimic” those used by most semi-automéagilensystems to
facilitate missile tracking. In this way, the enemy fi@ntrol system is made to issue
erroneous flight correction commands to the missile, causingdiiate from its intended

target.

The infra-red jammer has a few operational modes for diffenesats and can also be
used in conjunction with an alarm detector. It is normally powereddroon-board 28 V DC
power supply although different versions exist according to the mupety available on the

vehicle.

In most anti-tank guided weapons, the missile is slaved to the guhnerof sight and
for this purpose the missile is fitted with a flare in the sgathat its position with respect to
the target can be sensed from the launcher. As soon as the m@seaway from the target
the deviation is detected and correction instructions are sentrtogbiée. When the target is
fitted with an infra-red jamming system, the latter will sithge for the missile flare. The
launcher then no longer measures the missile-to-target error but deviatenyaihmer-to-
target. The missile is no longer guided and quickly moves away its course and drops

without reaching its target.

There are usually two methods of operation. When the vehicleienstgtthe jammer
emits in a fixed direction, typically over the frontal arc antina with the main armament.
This method is used when it is known where the threat is comingTieeMincoming missiles

can be jammed as soon as possible.
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When the vehicle is moving, the jammer emits while carrying aubptimized
horizontal scan so as to increase considerably the protecte@ildsaaethod is used in case of

an indefinite threat.

2.2.2.2 Smoke (or Aerosol) Screen System

A smoke-screen is a release of smoke in order to mask the mosesndntation of
military units such as infantry, tanks or ships. A smoke-screenemtid tank to perform

evasive manoeuvres to counter the threat.

Itis most commonly deployed in a canister, usually as a deeffhe grenade releases a
very dense cloud of smoke designed to fill the surrounding area evgim wihd. They have

also been used by ships.

Whereas smoke-screens would originally have been used to hide movéorarttse
enemy’s line of sight modern technology means that they are sowaailable in new froms;
they can screen in the infrared as well as visible spectrdmghbfto prevent detection by
infrared sensors or viewers, and also available for vehiclassigperdense from used to

prevent laser beams of enemy target designators, range finders, or laseclogg[14].

2.2.2.3Vehicle Manoeuvres

The laser warning system is intended to activate an installeder-measure systems if
it is set up to work automatically or it may give a quick wagrtio the vehicle crew so they
make the proper manoeuvre to get out of their original position. Fotatisppen, the
detection time must be very short so that the crew can havejtheetetime to take an evasive

manoeuvre.
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2.2.2.4 Fire Suppression

Suppressive fire is a military term for firing weaponshat enemy with the goal of
forcing him to take cover and reduce his ability to return fireh asavhen attacking an enemy
position. Suppressive fire may be either aimed (at a specifcyes@dier, group of soldiers,
or vehicle) or un-aimed (for example, at a building or tree-linerevkeemy soldiers are
suspected to be hiding). To be effective, suppressive fire mustdtieely continuous and
high in volume [15].

Suppression of enemy fire is vital during troop movement especialtaatical
situations such as an attack on an enemy position. Here is an ex@@apglauation requiring
the use of suppressive fire:

* The defenders hold a position, such as a building or trench line, peenaiosced
with sandbags, landmines or other obstacles.

* The defenders have a clear field of fire, so the attacking force has wepjaiees to
take cover.

* The attacking force has a group of soldiers “lay down” suppressweomn the
defenders, in order to induce the defenders to take cover and mininmizettha fire.

» Under the cover of suppressive fire, a second group of attacking tadepaces
towards the defender’s position, then stops to lay down suppressiuetfiegr turn
while the first group advances.

* The process repeats as needed, with each attacking group alterokets (advancing

or laying down suppressive fire) until they can attack the deferad@tose quarters.

2.2.2.5 Active Protection

An active protection system is a system activated at Vesg cange (but before the
incoming missile hits the target) for the defence of the vehidenounted on. There are two
general types of active protection systems: hard kill, whichiphljssdamages or destroys the
incoming missile, and the soft kill which uses some other methoduerngréhe missile from
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hitting the vehicle. The TROPY APS, Drozd, Arena and Zaslon are hard kill systéaites, w
Shtora is a soft kill system [16].

2.3 Laser Warning System Requirements

Laser Warning Systems for ground platforms are designed tefiectively against

laser threats of the present and future scenario. They should be able to [17]:

. Detect Laser Threats
. Identify type of incoming threat
. Identify the direction of threat arrival

1

2

3

4. Reject reflected beam
5. Handle multiple threats
6

. Communicate with other systems

2.3.1 Detect Laser Threats

LWS must be capable of detecting all types of lasers palssmhtinuous wave
and discriminate them from the background and any other light sourteu¥types of lasers
are [18]:

* Frequency doubled Nd:YAG
* Ruby laser

 GaAs lasers

* Nd:YAG, Nd:Glass

» ErGlass

e Raman shifted Nd:YAG

2.3.2 Threat Type Identification

Identifying the impinging laser threat type is very impattand that can be done by
measuring its parameters and comparing them with an intexteddase which is designed to

match different threat scenarios. Laser threats are:

. Laser Range Finder Systems
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. Laser Designator Systems
. Laser Beam Rider Systems
. Unknown Laser Sources

2.3.3 Threat Direction of Arrival Identification

When designing a laser warning receiver (LWR), one of the impstrtant issues to be
considered is the threat direction of arrival. It is esserttatl it is determined in order to

launch the counter-measure in the right direction.

2.3.4 Reflected Beam Rejection

Laser scattered from the atmosphere and reflected fromatierpi itself is one of the
problems to overcome in order to reduce the false alarm rate\WSbnust be able to get rid
of laser reflections that hit the platform after the direanieElectronic filtering discriminates

the glints and flashes to give an extremely low false alarm rate.

2.3.5 Multiple Threat Handling

One very important feature that a LWR must have is the capydbitieal with multiple
threats since there are a lot of lasers in the battlefidle.ldser warning receiver is able to

manage multiple threats, occurring with delay time, identifying doeaf arrival and type

of each threat. The capability to reject reflected beastsats the multiple threats handling.

2.3.6 Communication with other Systems

The LWR should be able to communicate with other systems withinetiele for
control and information delivery purpose. It is very important to hdnwghespeed and secure
communication system in order to launch counter-measures in-board evisemaelse, time

is a critical issue.
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2.4 Efficiency of the Laser Detection Sensors

Efficiency of a laser sensor is defined by the possibility arlagynal registration at
maximum distance with the probability of correct detection nettlesn 0.9. Efficiency of the
laser sensor can be evaluated according to the decrease ofadidtsignal source detection.
This decrease is caused by the influence of different faaidrshanges (or non-optimality) of
parameters. These factors include weather conditions, backgraumttbsitand atmospheric

turbulence.

We will make the evaluation of detection distance for a lasening System. Laser
beam-riding is a guidance method where the firing post guidesisisde to hit the target. The
missile has a detector at the rear looking back to get gredaformation from the firing post
which make it difficult to be detected by the laser warningtesys. Figure 7 shows the

geometry of the beam rider/laser warner.

Sep

Sbeam

A
Py
v

Figure 7 Beam rider/laser warner

The area of the sensing system is given by:

7D2
SPD :T (21)

where D is the collecting system diameter.
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_ m9°R?

can == (2.2)
The power collected is given by:
P. = P%, (2.3)
Sheam
where { is the atmospheric attenuation and can be approximated by,
t, =expFoR ,) (2.4)

whereo is the atmospheric attenuation coefficient and maybe characterised:as [19]

a. ¢ =0.2 km™ on a good day
b. ¢ =0.7 km™ on a bad day

In order for a laser warning system to detect the incomiregththe power collected is
given by:

P, :%NEP, (2.5)

where S/N is the signal to noise ratio (the lower S/N valuéititeer the likelihood of false
alarm ). NEP is the noise equivalent power of the detector used.

The required laser power may be written as:

P :ENEPM, (2.6)

N pola

2p2
P=§NEP9,LB : (2.7)

N D%,

The detection distance may be written as [20],
PD?

R=| 2 (2.8)

(S/N)NEPE

Estimations of detection distance according to formula (2.8) are presented @ng-igu
Input data:
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P=25 mW, D=3 cm
o, = 0.2km™(red)
o, = 045km™* (blue)
o, = 0.7km™ (black)
S/N=5

6 =3mrad

NEP=Ry,

E, km
10

; _ | | P=25mW

110°° Pthr, W

Figure 8 Dependence of detection range on threshold sensitivity of receiver

Analysis of results shows that detection distance of laser warning sessergially
depends on atmospheric conditions and threshold sensitivity of receiving ciheel the
atmospheric attenuation increases, the detection rangasketré&or good conditions; (= 0.2
km™) and typical sensitivity of receiver{P=5 x 10° W) detection distance makes about 5.5

km. Under bad atmospheric conditions £ 0.7 kmi"), detection distance can decrease to 1.8
km.
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2.5 Conclusions

The survivability of tanks and armoured vehicles is one of the masuttitthallenges for
military technology. The cycle of counter-measures will nst@. The hard kill defensive aid
has been proven as a successful system when it comes to pgotbeticrew and its
capabilities. Soft kill is another system that should be considerédueduture of counter-

measure systems because of its relative simplicity anddetxcompared to hard kill systems.

For increase of efficiency for laser warning sensors witfease detection range, it is
necessary to improve the sensitivity of the receiving channetezhate the influence of
various factors which will be found as a result of research aredafguent of the laser sensor

model.
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CHAPTER 3

Development of the Laser Detection Sensor Model

3.1 Introduction

The laser warning sensor engagement model introduced here is cdablgdating all
aspects of a laser beam-riding missile engagement andalasgng receiver scenario. It
simulates all the factors that may affect the laser bg@mpagation through the atmosphere

until it hits the target (missile seeker or LWR).

The model is designed to simulate the effect of various weatimelitons on the
performance of laser warning receivers and laser msesleers in typical desert environments
and is the first Laser Warning Sensor (LWS) model capablemuilaing the weather
conditions of United Arab Emirates (UAE) using Matlab & Simulsdftware and the
LOWTRAN VIl atmospheric computer code. Moreover, the model is deditp simulate the
effects of any solar interaction on the warning system andafertee background clutter as
might be expected of the UAE desert. Finally, it demonstratesdpablility of detecting
weak optical signals at the maximum ranges of anti-tank mgsgil the severe weather
conditions in the desert.

3.1.1 Basic Methodology

The model is written as a combination of Simulink blocks and Matldb m a modular
fashion. The basic methodology can be seen in Figure 9, which depietsaiieesystem from
the laser source where the signal is generated, through ta#neerahat represents the laser

warning receiver and/or the laser missile seeker.

Such a system is needed to take into account the functional efficdééribe laser

detection sensor. These factors include:

+ Parameters of laser radiation source;
» Parameters of atmosphere;

» Parameters of the photodetector.
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Atmosphere (Ta

A

Figure 9 lllustration of LWS syste

In this figure we explain various expressions below:
Pour—output power of laser irradiator;
—impulse length;

#—angle of divergence of laser irradiator;
Ao—wavelength of irradiation;

a—diameter of transmitter aperture;
R—distance from irradiator to receiver;
Pi—power of laser irradiation on receiver input;
x—size of laser beam in receiving objective plane;
D—diameter of receiving aperture;

{—size of photodetector sensing area,

f—focal length of receiving objective;

w—Tfield of view of receiver;

Pi—threshold power;

kopr—lOss coefficient on optical elements;
Taps—atmospheric absorption attenuation;
Tsc—atmospheric scattering attenuation;

A F~bandwidth;

T—temperature;

AA—optical bandpass filter; and
PD—photodetector.
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On the basis of accounting for all the above factors, the matloanatdel has been

developed for a fully functioning laser sensor. This model is shown in Figure 10.

T, E1 01 101 a Tabs TSCE Afl T D1 F1 K)ptl Ai

Snz(t)

Optical system >

A 4
A 4

Laser radiation Atmosphere

S Sin(t)

sty ——D

. Uph v
Detection
o <+— Decision device [« Amplification [« Photodiode
decision
1 K, Af S.R.

Uthresh

Figure 10 Laser sensor functioning mathematical model

It should be noted that this model has an objective of detectingy dat laser at turn-
on when it has a wide beam angle for missile seeker captuigeis the most demanding

scenario as the lowest laser intensity is present at the sensor atehis tim

3.1.2 Basic Elements of The Model

The laser sensor model has following basic elements:

1. Laser Radiation, whose parameters define the required sengitivtity receiving
channel of Laser Sensor, and also its frequency and spectral charesteris

2. Atmosphere that causes the attenuation of laser radiation conreettedtisorption
and scattering, and also distortion of laser radiation on accountaspiheric turbulence.
3. Optical System which focuses radiation the a sensitive atba photodetector, and
also carries out both spatial and spectral filtration of optical signal.

4. The adder is carrying out the process of mixing the useful signal with theoeis
signal.

44



5. Photodiode, carrying out function of transformation of optical signal in electric
signal.

6. The amplifier stage intended for maintenance of the required gain factoctoicele
signal.

7. Decision device, intended for signal shaping on its output in case of excess of useful

signal amplitude of some threshold level.

Each element of the model has the parameters that allowcérty out mathematical

transformations of the signal.

3.2 Elements of Mathematical Model

3.2.1 Laser source Gaussian pulse

Many optical systems, exhibit pulse outputs with a temporalti@righat is closely
approximated by a Gaussian distribution [1]. Hence that variatithe ioptical output power

(Po(t)) with time may be described as:

Rt = ie[;"j : (3.1)

NE

where, g and 6> are the standard deviation and variance of the Gaussian distribution

respectively.

In our model of Figure 3.2, the output signal from the laser ss(tjceill be as follows:

s(t) = P, exp{-t*/207}, (3.2)
E
where Pout :7 , (3.3)
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and E is the energy of the pulse amdis the pulse width and is the current time

Equation 3.2 is the base of the first subsystem in the sensor aratidescribes the
radiation (emission) source, parameters of which we set (powem—mW to MW, pulse
duration, tens of nanoseconds, Gauss pulse shape).

The received signal is described by Gaussian shape becastmfigss characteristic
for any laser emitters working in a multimode operation. An assumption has beerhatade t
the power of a laser pulse has distribution in time under the Gaussian law. Tipelssés
modeled by using of Simulink library to form the required sign#t Wiaussian distribution.
The Gaussian distribution amplitude is equal one, average of digirntagual zero and root-
mean-square value (standard deviation) equal 19 nanoseconds. Such siantdioh
provides full time of a laser pulse equal 35 nanoseconds. After sigihal we multiply on
value of the set power (25 mW). So, at the output of the block 1 agiseedensor model, the
signal has the following characteristics:

- Amplitude (power): 0,025 W,

- Pulse duration at level 0,5 (FHWM): 30 nanoseconds

It is appropriate to mention here that in this block it is posstbheodel other types of

laser signals.

3.2.2 Laser signal passed through the atmosphere

Laser signal passed through the atmosphere (taking into account iafloénc

turbulence and thermal distortions) is described by expression:
SWOEEClNOIEING) (3.4)

where §(t) is the signal at the input of the optical system (Figue T{1) represents the
atmospheric transmission for the laser path, dbg(A) is the factor describing turbulent

distortions of amplitude of an optical signal:

KA(A) = exp(—o*I ) (3.5)
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whereo? =<[Lnl- < Lnl >]* > is the dispersion of logarithm emission intensftyr heavy

fluctuations [V.l.Tatarskiy][2]:
o2 =1-@1+602)™"°, (3.6)

and [3],
o2 =123C2k""°R"?®, (3.7)

whereoy’ represents the dispersion of logarithm emission intensity for slack fluctuations
C.2is the structural constant of atmosphere refraction coefficient

k = 2n/)\ is the wave number

A is the wavelength

R is the distance to the emission source

The effect of turbulence (scintillation) has been modelled aseandaistic process
based upon the theories of V.l.Tatarskiy [2] and Kolmororov-Obukhov [3]. Henve
scintillation is a random (statistical) process which may netédesuited to such a treatment.
An attenuation approach based upon the fraction of pulses (say 90%aaleoian threshold

may be more appropriate.
Ta(4) is described by the following expression [4] :
_ tabsor, scatter,
Ta(A) = TR"SOA) TR1() (3.8)

Atmospheric transmission is an important factdsecconsidered and it consists of two
components, absorption and scattering. In additienatmospheric attenuation is not uniform
and it is a function of wavelength. We will considiee absorption first. The atmospheric
absorption attenuation can be calculated usindpileving equation [4]:

szsor(/]) = exp(-Aapsor(4) [(R) (3.9
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where absolA) = @ absorH,0 (4) t Tapsorco, (4) T Tapsoro, (A) (3.0

for A =1.06um, which is one of the most important wavelengths to cover in our study,
Ay,0 2> Uco,: U, (3.11)

The radiation absorption coefficient of water vapor in the atmospimeaehorizontal

path is given by [5] :

aabsor.l—io (/]) = f (ao; EE ,T, H) (312)

where, g is the quantity of precipitable water {Bl) (mm) over a distance of 1 km.

Ee - aqueous pressure, Pa (73101.2-10° Pa)
T- atmospheric temperature, K (300...330 K) degree Kelvin

H- relative air humidity (in percentage)

Secondly, the atmospheric scattering attenuation can be calculated asah ibygi

T(N) = eXpEtry e ) [R) (3.13

For laser radiation scattering we need to consider the following three cases

a) Clear atmosphere (= 10 km) [6]:

):@( 1 j—o.Sssg/ﬁ

R | 055 (314

a scatteu(/1

where:

Rm is meteorological range (km) aihds wavelength of irradiationu(n)

b) Haze conditions:

Oscatter(4) = T(d, N) represents haze conditions. The parameter d is the radius ofegartic

and N is the density of particles.
¢) Fog conditions: &' gcatter(4) = f(d,N )
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The second subsystem of the model will be designed to describdltiemce of the
atmosphere on the laser beam according to equation (3.4). This sohisystestructed from
elementary blocks of Simulink and calculation of the atmosphericiciestis for absorption
and scattering are done using LOWTRAN VII code.

LOWTRAN is the name of a series of computer codes beginnirg VOMWTRAN
2(first available in 1972) and ending with the most recent erslOWTRAN 7 (first
available in 1989). LOWTRAN calculates the transmittance anddoaree for a specified
path through the atmosphere based in the LOWTRAN band model discussedigiyevi
molecular continuum absorption, molecular scattering , and aerosol atys@mdi scattering
models. Radiance calculation includes atmospheric self-emissionasdlar lunar radiance
single scattered into the path, direct solar irradiance throsiginigpath to space, and multiple
scattered solar and/or self-emission radiance into the paimadtiel covers the spectral range
from 0 to 50,000 ci at a resolution of 20 ¢l The band model spectral parameters exist

every 5 crit.

The atmosphere is represented as 32 layers from 0 to 100,000 kmiealtiayer
thickness is 1 km upto 25 km, 5 km from 25 to 50 km (the top of the stin@i@ypand the last
two layers are 20 and 30 km thick, respectively. Detailed strycistrabove the land or sea is
not represented by this model and thus model predictions can be inactamnstandard
conditions exist. Attenuation and refractive effects are cakfar each layer and summed
along the path. The physical characteristics of each lagedetermined by inputs and
predetermined standard models of various regions and seasons (Appendix A). The option to
specify a particular atmosphere also exists. The atmosphessusied to be in thermal
equilibrium; the code should not be used above 100 km or at and above the ionosphere.

LOWTRAN had been validated against field measurements andeswigkd for many
broadband system performance studies. The single scattering usedeby Lowtran has
limited applicability under high attenuation conditions where multgdattering can be
important. For most of this work, Lowtran was considered adequate. Hovegxkthe design

of the atmospheric attenuation block permits the simple replacerhtrg source data file
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with that from more advanced atmospheric models should @édaed more applicable for the

high attenuation conditions.

In this chapter, five weather conditions have been considered. Thakemgsmditions
have been chosen to simulate the weather conditions in the United AnaltelSrdesert and
the desert weather conditions in general. LOWTRAN softwareébbas run for these five
weather conditions each one separately. The output data from LOW{TRAnsmission and
Solar Irradiance) will be used to calculate the atmosphieicuation at a specific wavelength

by a MATLAB program using equation (3.8).

3.2.3 Optical System

As seen in Figure 9, the signal at the entrance of the photodiode is given by:

So (3.15)

beam

Sin2 (t) = Sin (t)

where,

5p = FD° (3.16)

Sp is the area of received aperture and D is its diameter.

_ntla+(6+6,) R

eam
4

(3.17)

Where Seamis the sectional area of the laser beam at distananRlfre laser source, a is the
diameter of the transmitting objectiv@ the divergence of the laser beam (typically between 2

to 5mrad) andd, is the divergence caused by turbulence that can be evaluaigdthes

following equation [6]:

o, = (3.18)
r.0

where) is the emission wavelength ands the length of wave coherence[7]:

r, = (054[Cn” [k* [R)*° (3.19)

where,
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C,2 — structural constant of refractive index
k = 2n/). — wavenumber
A - wavelength

R — distance passed by laser beam

The third subsystem of the model describes the effect oftbevineg optical system on

the signal coming from the threat according to equation (3.15).

3.2.4 Noise Power

A very important issue for analysis is noise. We have twacss of noise: external noise
and internal noise. The external noise is due to the weather oosdilype of background,
solar irradiance etc. The internal noise is due to electraoiors such as, thermal noise, shot

noise etc.

The noise input power to the photodetector is given by:

Sh(t) =R [n(t) (3.20

where P is the total average noise power;

R =R +P (3.21)

R, - external Background noise power;

P. - internal receiver noise power.

Generally, the probability density & is considered as Gaussian:

_ 1 N2 52
p(n(t))—anmexp{ (N=un)* 1200} (3.22)

2

thus, n(t) is Gaussian, stationary, white noisé i parameters“n =1, 14, = 0.
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3.2.4.1 External Background Noise

R, is the external background noise power and isngbxe

A
R, = [B(A) @Sy (Kop (84, (3.23)
%

wherew is the field of view of the receiver. From the scenario geégnieigure 9) the field of

view of the receiver is given by:

=207, (3.24)
4[f

Wherel - size of sensitive area of photodetector (typically 0.2 to 1 mm)

f - objective focal length

Sp is the input lens area

Kopt iS the transmission coefficient of the optical system (typically 0.4 to 0.6)
d\ is the spectral bandwidth of the interference filter

B(A) is the spectral Background brightness

This model is appropriate for a narrow field of view but may naesegnt accurately the
situation for the relatively wide fields of view used in somefaraklaser warning receivers.
In particular, the near and far points of the background and their contributions to #@lé over

background irradiance may not be represented reliably.
Sources of solar background can be seen in Figure 11. It is onenobgheaignificant

sources of noise the model should be capable of dealing with, patyicuith respect to

conditions expected in the UAE.
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Figure 11 Sources of Solar Background

Four cases will be considered, namely: direct solar illuminatidfusdi reflection of
typical surfaces (such as desert sand), diffuse reflectiamoatl surfaces and night sky
radiation.

Three samples of UAE desert sand have been tested to gémairatéfuse reflectivities
over the wavelength range of interest and any of these valubs aard as the background in
the model.

B(A) is composed of four terms as follows:
4
B(4) = .%Bi (A)=p0o(A) D@ +u0o(4) Dm# Co+ 10 (A) Keiouas + BNight (325)

In this formula:

¢ The first term - direct solar illumination
* Second term — diffuse surface reflection
* Third term — diffuse cloud reflection

* Fourth term - night sky radiation.
The parameters included in the equation are:

* pis the reflection coefficient from the surface (typical valug 8f0.02 to 0.3)

*  Kciougs— reflection coefficient from clouds (typical value @fidsqss= 0.001 to 0.2)
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*  Buight — Spectral brightness of night skyn(g: = 10" W/cn-um-srad)
* u-the coefficient describing the distribution of brightvdepending on the solar angle

(¢ ) in the sky and the observation angle.

* lg(A) is the flux density of sunlight and can be seen in Figure 12H&jever, the

model takes its values fgy(1) from the LOWTRAN VII atmospheric computer code.
lo, W(cnd-um)

0.15

N Y
0.05 / v\\\ M\
/ ) v\r\

0 05 1.0 15 A um
Figure 12 Solar Spectral Irradiance

3.2.4.2 Internal Noise of System

P. - internal receiver noise power of the receiver and can be calculafgd as[

|
p =21 (3.26)

2
Where, |, is dispersion of the noise current andepresents the spectral sensitivity of the

photodetector, A/W.

The dispersion of the noise current consists of several curisasnite largest of which
2 -2 .
are the thermall{hermn ) and shot (spotn ) Noises [8]:

=2

I _|—2 =2 =2
n — 'thermn

Flshotn Flothern (3.27)
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c2 02 -2
(lthermn’ Ishotn =~ Iother.n) (3.28)

Where the thermal noise of the receiver is given by [9]:

> _AIKITIAf (3.29)

lthermn = RL !
where k is Boltzmann constaiit,represents the environmental temperature (typically 300 to
330K), R_ is load resistance of photodetector (typically 010 ohm) and the receiver
electronic bandwidth is given by:
Af =E : (3.30
4
wherert is the pulse width.

The photodetector (APD) shot noise can be given by [10]:

i2 =2 M ADXQl,+S,[P,+S,[R), (3.31)

shotn
where,

e - electron charge

Af - electronic bandwidth

M — multiplication factor(10...100)
A - excess noise index

X - excess noise factor

Ip - average dark currentfy = 0.5...5 nA)

I5A - average power of optical signal
B, - average power of Background

S.- spectral sensitivity of photodetector

After the third subsystem there is an ‘adder’ that sums thielusignal from the laser
source with the noise signals. The noise source is describeddayssian distribution.
Furthermore, the blend of an optical signal and noise goes orirgmiato the photodetector,
which transforms the optical signal into an electrical signal.
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3.2.5 Photodiode Output

The photodetector is responsible of converting the received sigmalsteful electrical
signal that can be then transferred to the processing cirdtiteyfollowing equation is used to

evaluate the behaviour of the photodiode:
U pha () = Si[Sn2(t) + SiOIRL (3.32)

Where,
U pha(t) - photodiode output voltage

S; — photodiode spectral sensitivity
S2(t) - useful signal
S, (t) - noise signal

R_ - load resistance

Since we are looking to detect a weak optical signal atromges, we need to choose a
photodiode with a high responsitivity. We are covering a wide opticaivaiath from 0.4 um

to 1.7 um which will therefore require more than one photodiode.

The selection of a photodiode (APD or PIN) is defined by the ragemés of the
parameters of the receiving channel. If high sensitivity is redj@aneAPD is the best choice
(due to its 50 to 200 times greater responsivity). If a low noisd iswequired a PIN
photodiode would be a good choice. For detection of low power lasers at maximum range it
would appear that an APD is the most appropriate choice due to itsdnghivity. This
choice is justified by examining PIN vs APD signal to nos&®rin Chapter 4. The properties

required from a photodiode (and that of the associated amplifier) are:

1. High responsivity (A/W)
2. Good linearity
3. Wide bandwidth

4. Low noise
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3.2.6 Amplification Stage
The output voltage from the amplification stage may be described by:

Uout(t) = K U pha(t) (3.33)
where,
U out(t) - amplification stage output voltage
K - factor of amplification

U pha(t) - photodiode output voltage

The amplification path is modelled on 2 cascadeudis. The pulse width for the optical
signal in the model is 30 ns which makes the typoandwidth requirement 33MHz.
Frequency filters for both amplifiers are built imostandard blocks of Simulink libraries
«Analog Filter Design ». In conjunction, they lirttie region of amplification to between 0.9
MHz (low-frequency noise cut-off) to 33 MHz (corpemding to the signal pulse width).
Butterworth filters have been utilised becausd&efrequired uniform shape of the amplitude-
frequency characteristic (AFC), the simplicity iseuof cut-off frequency definition and the

filter order defines the slope of the AFC.

In practice, typical timing comparators, which aised as the decision device in an
LWR, require an input signal of the order of 100 Mg the noise equivalent power (NEP) of
typical photodiodes are ~10 pA/Hz that yields aimumm perceived voltage of approximately
1.5 mV. Therefore the overall gain factor of thepdifitation section should be of the order of
70...80 (100mV/1.5mV).

TheT' amplifier (prime amplifier) is represented in thedel as an ideal amplifier with
fixed amplification factor (equal to 4) which isratected in series with a highpass filter
(Butterworth filter of 2 order with a cut-on frequency of 0.9 MHz) andgthioltage limiter

block to prevent saturation in the amplifier cagcad

The 29 amplifier is implemented in series with the fimmplifier with a fixed
amplification factor (equal to 20), a voltage liariblock, and a lowpass filter (Butterworth

filter of 2" order with cutoff frequency of 33 Mhz).
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3.2.7 Threshold Voltage & Decision Making

The Threshold voltage is given by,
Uthresh:Pr [S)l [RI [K[Q(D’F)1 (3.34)

Where,

P, - receiver noise power
S, - spectral sensitivity of photodetector
R - load resistance of photodetector

K - factor of amplification
q(D,F)- signal/noise ratio, which provides the requiredues of probability of correct
detection (D) and a false alarm (F). Typical q(B3%).10.

If the condition:

U out (t) >U thresh (3-35)

is satisfied, the signal is detected.

If the above condition is not satisfied,
U out(t) = Uthresh (3-36)

the signal is not detected.

3.3 Conclusions

In this chapter, we introduced the theory behinselasensor model and the
mathematical equations needed to create this mBdeh part of the laser sensor has been
explained and discussed in detall. It is the bas&dilding the model using MATLAB and
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Simulink libraries with the help of LOWTRAN VIl ataspheric computer code. Laser source
of radiation, Atmosphere, optical system, photodj@nplification stage, and decision device

are the components for the laser sensor model.setup

For the effect of solar background, we collectede¢tsamples of the UAE desert sand.
These samples will be subject of an experimerddd the reflectivity of each one of them. We
now implement the theoretical model and observeltefor or test data. There are still some
gaps to be filled and the most important one ieffext of atmospheric turbulence on the laser

beam trip to the target that will be introduceetain in this thesis.

We expect the model to run as designed and ouisdaordetect the weak optical signal
at 5.5 km (which is the maximum range for antitamksiles) or more since the maximum

detected range we measured in the real trials viiakm.
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CHAPTER 4

Testing of Laser Sensor Model

4.1 Introduction

The previous chapter presented the theory of avesing sensor and its components.
We now build the model and run it. With the helfMATLAB and Simulink, the theoretical
model can be divided into blocks representing #aworld scenarios of laser sensors where

the sensor is subject for wide range of factors dffact its performance.

In this chapter, we present the model calculatdd, dxperiments of measuring the
reflectivity of desert sand samples, using LOWTRXN atmospheric computer code to
calculate data for five weather conditions, the MAB code to read data and inject them to
the Simulink blocks. We will also discuss resultshe@ model, analyze outputs of the model,

verify outputs, and draw some conclusions baseauomesults.

4.2 Laser Detection Sensor Model

The laser detection sensor model has been devetopib@ basis of the mathematical
equations described in chapter 3. The model is ogey of a set of subsystem blocks
incorporating an algorithm representing the funwidy of that block in the laser detection

sensor process. These subsystem blocks are sh@iatediein Figure 13.

Each block has an input panel to insert and cothedhitial parameters to realize the
internal mathematical transformations of the altponiand also investigate its functionalities.
The model also provides an opportunity for visuaian of all the output signals of each block
with help of the in-builtoscilloscope.The result of the model is fixed as a header:
"DETECTED" or “NOT DETECTED".
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Figure 13 Laser Sensor Model

The structure of model includes the following blsck

1. Outgoing Gaussian Pulse Generator
2. Atmosphere and Optic System
3. Noise
4. Photodiode
5. 1st Amplifier
6. 2nd Amplifier
7. Comparator
8. Setup
9. Range
10.Scope

The block “Outgoing Gaussian Pulse Generator” igts the subsystem modelling
the formation of the laser signal as a GaussiaseRuflthe required duration and amplitude,
and also the periodicity of the pulses with thedseaition and the period of recurrence. The
given subsystem is realized on the basis of stanel@mentary blocks from the Simulink
library. The internal block “Clock” forms the contious modelling time and this reference is

adhered to from the start of the model.
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The block “Atmosphere and Optic System” repres#mssubsystem modelling the
effect of attenuation and distortion of the lasadiation at it passes through a turbulent
atmosphere and the optical channel. Once agaisuhsystem is realized on the basis of
standard elementary blocks of Simulink library arsks data derived from the off-line
calculations of the LOWTRAN VII atmospheric computede [1].

The “Noise” block represents the subsystem in whiah noise signal is formed,
resulting in an input for the photodetector. Thosgists of the shot noise and dark current of
the photodetector, the shot noise of the backgraaaéhtion and thermal noise of the

electronics.

The “Photodiode “ block represents the subsystewhich transformation of an optical

signal to an electric signal is carried out.

The “1st Amplifier” subsystem carries out the trf@nsiation of the photodiode output
current pulses to pulses of voltage and amplifiessignals up to the required value. In the
model it is realised as consecutive switching dndbthe block of the ideal amplifier, the
higher frequency filter and the peak terminatoriphtsimulates process of saturation of the
amplifier).

The “2nd Amplifier” subsystem is working as anatlamplifier with a fixed gain and
the limited bandpass. It is again realized as cartse switching on/off of the block of the
ideal amplifier, the low frequency filter and thietk of the peak terminator modelling the
process of saturation in the intensifying cascatie.bandpass of the intensifying cascade has
been chosen from the value of the width of lasgmadi The gain of amplification has been
designed on the basis of satisfying the conditibmaintaining the required size of signal
amplitude for confident operation of the comparator

The “Comparator” block represents the subsysteanftitms an output pulse only in
the case of the input signal amplitude exceedihgeshold level. It has two inputs, one is the
useful signal, and the other is the threshold geltdn the circuit of threshold voltage
formation, there is a block to input the valuehs signal/noise ratio that provides the required

value to achieve the correct detection probabdlitg false alarm rate.
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The “Setup” block represents the Graphical Us@rtate which opens dialog windows for the
input and corrections of the initial data. The “Bahblock is intended for the input of values
of the distance from the source of the laser raohidb laser sensor. The “Scope” block enables
the visual display of the signals which are gersetdity each of the separate elements of the

model.

4.3 Graphical User Interface (GUI)

A GUI designed in Matlab facilitates the user to tie model easily. Figure 14 shows
the GUI layout.

. CALCULATION OF THE FACTORS

SPECTRAL RESPONSITY QF PD

19.765

ATTEMUATICN COEFFICIEMT

00087739

DIRECT SOLAR IRREADIATION

0.0205353

0.811
0.007631

INDIRECT SOLAR IREADIATICMN

BLULTIPLYIMG FACTOR APD

SIMULATE

100
MOISE FACTOR APD

2.5

Figure 14 GUI for laser sensor model

It is clear from the figure that the user has tgatility to change the source file by clicking
on the “OTHER” button which opens the files foldentaining the input data.

The GUI contains the following inputs:

1. Wavelength In Micron: The user enters the waveleofthe threat laser
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2. Atmosphere Type: The user has an option to sebectveather condition from five
possibilities.

3. Sand Samples: As mentioned before we are using sard samples from United
Arab Emirates desert and here the user has amdptichoose one of them.

4. Begin Optical Bandwidth: The lower wavelength lirtiit microns) of the complete
optical system (including any filters).

5. End Optical Bandwidth: The upper wavelength linmtricrons) of the optical system
(including any filters).

After inputting this initial data the “Calculate’ution is clicked. This then calculates the
following data (for input into the appropriate Siimi« block):

* Spectral responsivity of the photodiode
» Attenuation coefficient

» Direct solar irradiation

* Indirect solar irradiation

* Multiplying factor of APD

* Noise factor of APD

After this the model is then run by clicking thertfilate” button.

4.4 ATMOSPHERIC DATA

The choice of the atmosphere type used is basedamation on the current weather
conditions. The following five weather types haeeib modelled: Good, Typical-I, Typical-Il,
Bad-I, and Bad-Il. These conditions are relatethtotype of weather typical in the UAE
during the four seasons of the year. The attenuafithe laser radiation for different weather
conditions is calculated with the LOWTRAN VII atnpdgeric computer code.Dependence of
atmospheric transmittance on wavelength for fiygesyof weather conditions are shown in
Appendix A.

64



4.5 SAND DATA

The choice of the background sand type as a riftgstirface is carried out on the basis
of the information on the location of laser sereswf results of measurements of the reflection
of various samples of UAE sand. Results have stibene to be three basic types of sand and
their measured values are shown in Appendix B.rmbasured values of reflection gain are
used for calculation of brightness of non direcsehlight getting into an input of the

photodiode.

4.6 PHOTODIODE DATA

The detector is an essential component for ouesyand is one of the crucial elements
which dictate the overall system performance.utscfion is to convert the received optical
signal into an electrical signal, which is then &frgal before further processing. Therefore
when considering signal attenuation along the ghthsystem performance is determined at
the detector. The following criteria define the wngant performance and compatibility

requirements for detectors [2]:

* High sensitivity at the operating wavelength. Thamtum efficiency should be high
to produce a maximum electrical signal for a gimemunt of optical power.

» High fidelity. To faithfully reproduce the receivstgnal waveform electrically.

» Short response time to obtain a suitable bandwidth.

* Minimum noise. Typically the lower the dark curréimé better is the detector.

» High internal gain with low noise circuitry.

» High reliability. Capable of continuous stable gg&m for many years.

* Relatively low cost.

From the above and the requirement for as longgerdetection as possible (see chapter
3) APDs are chosen as the most appropriate detdttare Photodiodes have been chosen to
cover the wavelength of interest (typically 0.4-{ind) [3]:
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* Si APD S2382 (Hamamatsu); maximum spectral resporisg,a0.8.um.
Si APD S8890 (Hamamatsu); maximum spectral resporisg,a0.94m.
* InGaAs APD C30644E (EG*G); maximum spectral responsg.atl.55um.

Figure 15 shows the Responsivity (spectral response) of these three APD’s

Spectral Response

80.00 7

70.00

6000 / /\\

50.00

/ \\ \ —Si-APD

40.00 — Si-APD2
/ \ \ InGaAs-APD

30.00

wl \

0.00

Responsetivity (A/W)

82
87
92
96
01
06
11
1.15
12
25
29
34
39

Figure 15 Spectral response

In the MATLAB program, all the spectral ranges fromu@up to 1.am are divided
into 3 intervals for each type of the photodiodes. An automatic selecti@mion of
photodiode depending on a laser source wavelength has been addedvavetength of
interest {) which the user enter, comes in one of the following intervalspéatrsl response
of the photodiode covering that specific area will be taken, Appendontaims APD’s
specifications.

In the model an automatic selection criteria for the photodiodbdesimplemented

depending on the laser source wavelength. The spectral coveesgdhathoice is as defined
below:
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* AL1=0.4...0.81um - Si APD S2382
AX2=0.811...1.14m - Si APD S8890
AN3=1.111...1.7am - InGaAs APD C30644E

The model also contains values for the gain or Multiplying Faspagd Noise Factor

(X) for the APDs. Typical values aM=100, X=2.5.

As mentioned in Chapter 3, we need to do a justification using theskssor model to

prove that APD is more appropriate for detecting laser thrdat sanges. The results are

shown in Tables 1 & 2.

Photodiode parameters in the laser sensor APD PIN
model (for A =1.06.m)

Spectral sensitivity, A/W 19.765 0.1976

Multiplication factor(M) 100 1

Excess noise factor(X) 2.5 1

Table 1 APD & PIN parameters in LWS

Type Wave Spectral Atmospheric conditions

photod| length, range, Good | Typ-1 | Typ-2 | Bad-1 | Bad-2
iode pm pm km km km km km
APD 1.06 0.811-1.11 5.5 5.3 4.2 2.2 2.1
PIN 1.06 0.811-1.11 4.5 4.3 3.3 1.5 1.4

Table 2 Maximal detection range of the laser sensor with APD and PIN photodiodes

From the model it is clear that the performance of the ARDodiiode in detecting weak
optical signals at long ranges is much better than the perfoenod®dN photodiode and that

is due to the high sensitivity of the APD which has an internal gain feature.
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4.7 OTHER DATA

Other inputs (Direct solar irradiance, Indirect solar irradiascdiscussed in Part — 1)

are called by the MATLAB code. A typical set of input data can be seen in Table 3.

Setup
Wavelength in micron 1.06
Atmosphere type Good
Sand sample type Sample A
Begin optical bandwidth in micron 0.811
End optical bandwidth in micron 1.11
Generator
Gauss pulse mean, s 35x10°
Gauss pulse standard deviation, s 13%10
Pulse peak power, W 25x10°

Atmosphere and optical system

Absorption coefficient

From LOWTRAN

Scattering coefficient

From LOWTRAN

Diameter input lens, mm 30
Diameter output lens, mm 30
Divergence, mrad 3
Squared structural constant of refraction coeffigiei”> 52x10%"
Noise
Optical system loss factor 0.5
PD sensitive area diameter, mm 0.5
Input optic lens diameter, mm 30
Focal distance, mm 40
Boltzmann constant, J-K 1.38x10°°
Temperature, K 328
Bandwidth, Hz 33x1¢
Load Resistance, Ohm 10
Electron charge, Cl 1.6x10"
Dark current, A 0.5x10°
Background noise
Coefficient Distribution of brightness 0.172
Angle between Sun and Optical axis, degree 40
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Dispersion coefficient of clouds 0.001
Spectral brightness of night sky, W/epm-srad 10x1¢°
Photodiode
Spectral Sensitivity, A/W From Lookup Table
1st Amplifier
Gain 4
Derivator characteristic time, s 900X10
Internal resistance, Ohm 10
2nd Amplifier
Gain 20
Passband edge frequency, Hz 3010
Comparator
Integrator characteristic time, s 100X10
Tuning coefficient 1

Table 3 Input Data

4.8 Model Functionality Testing

Runs with the model have been conducted with various weather conditions and
atmosphere turbulence levels and also for various values of deviceeperanfrigure 16
shows the oscilloscope output signals for various model blocks for tia dlaita of Table 3

and a range of 5500m to the laser source:
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Figure 16 Output signals of model blocks for the initial data resulted in Table 4.1 and at
range 5500m

Results of mathematical calculations for the same conditionsswmitted in
Appendix D. The comparative analysis of the amplitudes of usgfublsand noise on the
oscilloscope shows that the model is functioning as expected. [#as that we have a

detection at the used parameters.
The results of evaluation of the maximal detection rangesef lediation threat at

various atmospheric conditions and various spectral ranges are ghadiard. It is clear that

the detection range increased with higher wavelengths.
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APD Wave Spectral Atmospheric conditions
type length, range, Good, | Typ-1, | Typ-2, | Bad-1, | Bad-2,
pum um km km km km km

Si APD 52382, 0.63 0.4-0.81 4.3 4.1 3.0 2.1 1.9
Hamamatsu
Si APD 58890, 1.06 0.811-1.11 55 53 4.2 2.2 2.1
Hamamatsu
InGaAs APD 1.54 1.111-1.7 7.2 7.1 5.7 2.5 2.4
C30644E, EG&G

Table 4 Maximum detection range of laser source with various spectral earjes

atmospheres

The results of the maximum detection range of the laser saunder various
atmospheric conditions and various background sand types is given in Table 5.

Atmospheric conditions

Sand Sample Good, km | Typ-1, | Typ-2, km| Bad-1, km Bad-2, km
km

Sand A 5.5 5.3 4.2 2.2 2.1

Sand B 5.9 5.7 4.4 2.2 2.1

Sand C 5.8 5.6 4.3 2.2 21

Table 5 Maximum detection range of a laser source with various background sand types
and atmospheres

The analysis of the output results shows that the type of sancefiscting surface for
indirect sun radiation has an influences on the detection range godératmospheric
conditions only. Under bad atmospheric conditions the others$zate dominate. In Chapter 6
the research into various factors that influence the overall performaruelatéer sensor is

carried out and recommendations on optimization of its parameters are formulated.
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4.9 Conclusions

A laser sensor model has been built and tested for different aases/eather
conditions. The outputs of the model demonstrate it is behaving as ededidte model is
flexible and general enough to encompase all expected variatidnsan easily be updated
with new or different data files.

The analysis of output results testifies that the detectiorer@sgentially depends on
atmospheric conditions, the performances of the receiving cheamhétie photo detector type.
For the given characteristics of the laser sensor the macenga of detection does not exceed
5.5km. With deterioration of atmospheric conditions the range of detectiesséntially

reduced and in the range from Good up to Bad-2, it reduces by a factor of almost 2.

Moreover, the analysis of results show that the type of santeie@ing surface for
indirect solar irradiation has an influence on the detection range goddratmospheric

conditions only and under bad atmospheric conditions other factors are became dominating.

In chapter 6, a study of the influence various factors on anlbpertormance of the
Laser Sensor will be carried out and recommendations on optimization of its pasamnete
formulated. We will compare the model results to laboratorydogaeriments and the results
from some field trials, with real systems, in the UAE. Tilsdemonstrate the validity of the
model which will hence enable realistic predictions for op@tn®m of LWRs and

countermeasure analysis to be carried out.
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CHAPTER 5

Experimental Verifications & Field Trials Verificat ions of Laser Sensor
Model

5.1 Introduction

It is important in this stage to find a way to verify the functibypaf the laser sensor
model. The basic way to do that is to build it and test it for dlheesparameters of the laser
sensor model and then compare the results coming from both of thdms &hapter, the
model circuit has been built and tested. The results for the sengodbd@n compared to the

calculation, simulation and field trials results and show a good correspondence.

5.2 Research of Signal Amplitude

The experimental setup was developed to check if the modetgsiait for the real
physical functioning of a laser sensor. The purpose of the exgeahnesearch is to define the
degree of conformity between the values of signal voltage asd (roeasured at the output of
photoreceiving device) and the values received during the model’'siopeséh the same
basic data.

Methods of experimental research consist of:

» Successive measurements of noise and signal voltage amplitudddaerdif
distances from the laser source and for different levels ofjpagkd radiation
» Comparison between the output results of the experiment and thetgmula

results.
The experimental setup is shown in Figure 17. It consists ajltbeing elements that
simulate:

* Laser source
» Optical channel where the laser beam propagates
» Photoreceiving device with amplification stage as a sensor
The laser source is a He-Ne-laser with a power of 1 m\W awitoptical mechanical
chopper that models the radiated pulse. The optical channel contatio$ atenuator filters

in order to simulate the distance changes between laser andrsensor. Also, it has optical
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elements in order to imitate atmospheric attenuation and fandéstaRadiation from the
background simulator is put into the optical channel through a beamrsglitbe. The
photoreceiving device is made on the basis of the PIN-photodiode withascade
amplification stage, see Appendix D.

5.2.1 Basic Methodology

The working steps for the experimental research setup are:

1. Develop the mathematical model of the experimental setup. It shimsdribe
adequately the space transformation and attenuation of the laseinrbéhe optical
channel.

2. Define the dependence between the transmission valuesoafl etienuator filters and

values of the corresponding distances from laser source to photoreceiving device.

Neutral
Density

; Beam
Laser Modulator ~ Filters expande Mirror

= T &~
I

Beamsplitter
Cube

Neutral
\ E} Densit
Bandpass wens Filtery
Photodiode  Fijlter Collimator
Amplifier
Light
Sourct

Figure 17 The Scheme of LWS Experimental Setup
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Figures 18 & 19 show pictures of the lab experiment set up. Moner@s can be found in
Appendix J.

Light Source

& Beamsplitter CubcEEEEEE

Laser Sensor
\"'ﬁf“ -

Laser Head
(HeNe)

Figure 19 Lab experiment set up picture
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Characteristics of elements in experimental setup are given in Table 6.

Laser head He-Ne Laser
1mW
Modulator Pulse length - 756
Pulse time - 270Qs
Neutral density filters for signal Variable
Beam expander Beam divergence on output - 4.3 mrad
BE-10X Output beam diameter - 15 mm
Expansion - 10x
Mirror D=50.8 mm
PF20-03-G01 Reflectivity > 0.9
High intensity light source OSL 1 High output 150W lamp
Collimator OS6 Light divergence on output - 33 mrad

Diameter output lens - 50.8 mm

Neutral density filters for background noise Variable

Beamsplitter cube Size - 25.4 mm
BS014 Split ratio - 50:50
Lens Diameter of aperture - 8 mm

Focal length - 40 mm

Bandpass filter Transmission on 633 nm - 0.6
Ealing Corp. # 35-3904 Bandwidth FWHM - 10 nm

PIN Photodiode Sensitivity on 633 nm - 0.4 A/W
OSD1-5T

Amplifier Feedback resistance -210hm

Table 6 Characteristics of experimental setup’s elements

5.3 Mathematical Model of Experimental Setup

A mathematical model of the experimental setup is dgeel for correct comparison of
results. It takes into consideration the influence of all ithelds. The mathematical model is

described by the following expression:
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where,

Uamp - amplitude signal voltage

Pas= 1 mW - continuous output power of laser source

knt - transmission factor of neutral density filters (variable)

Kexp = 0.9 - transmission factor of beam expander

a = 25.4 mm - dimension of beamsplitter cube edge

0 = 4.3 mrad - beam divergence in beam expander output

Reup = 191 cm - distance from the beam expander to the beamsplitter cube
b = 15 mm - diameter of laser beam in beam expander output

kcup = 0.5 - transmission factor of beamsplitter cube

D = 8 mm - diameter of receiving lens

Ropt = 70 cm - distance from the beamsplitter cube to the receiving lens
kpt = 0.6 - transmission factor of bandpass filter

&, = 0.4 A/W - spectral sensitivity of photodiode

Rr = 10 Ohm - feedback resistance

Amplitude signal voltage at the amplifier’'s output is measureh thie help of the

given mathematical model. It is measured against the transmission of netitral density

filters (Figure 21). Results of calculation of\= f (k.f), are shown in Figure 20.
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Figure 20 Amplifier output against transmission of optical filters

Dependence of the signal amplitude voltage on distance is descyitiesifbllowing

expression, where the effect of the atmosphere is added:

ﬂDZ
a’ 4 (5.2)
R) = Pk Koy Tao——————k R .
Uamp( ) las "™ exp 7T(5Rcub + b)2 cub " a (a + HR)Z bf‘g/l F
4

where,
T, = 1 is transmission factor of the atmosphere, R representadtdisia the laser source.

Results of calculation of 44~ f (R) are shown in Figure 21.
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Figure 21 Amplifier output against range

5.3.1 Calibration Curve Where Transmission of Attenuator Filters Vs. Range

Connection between the transmissions of the optical neutral deitsity &nd the

distance to the laser source is evaluated according to the following formula:

Kn (R)=E”—(R) : (5.3)
in.exp

where R\(R) is power at the input of the optical system photodetector and is given by:

ﬂDZ
2

- a 4 (5.4)
P. (R) = P_.k K, T,——————Kk
m( ) las "t exp ﬂ(HR + b)z cub " a (a + HR)Z bf

cub

4

Pin.expiS power at the input of the optical system photodetector of the experimenteisetup

some distance and can be written as:
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7D 2

2 kCubTa %kbf = 256 XlO_SW (55)
+ b) (a+6 D7)

a2

Pin.exp = Plaskexp T[(GR

cub

4

Calculation results of k= f(R) are given in Figure 22. It is the calibration curve. It
permits to choose the transmission of attenuator filter correspahé tange of the laser

threat source.
knf
1 -

01

0.01
0 ¥ 10 15 20 23 30 35 40 43 50 55 60 R,m

Figure 22 Calibration curve where transmission of attenuator filters ve rang
The values of optical neutral filters and their corresponding distame the

experimental setup are given in the Table 7. It is cleathleahaximum transmission can be

found at a distance of 0.79 m of the laser source.
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knt (transmission), % R, m
97.4 0.79
82.5 1.36
65 2.29
50.7 3.37
24.4 7.47
20.7 8.62
16 10.61
10 14.98
6.3 20.42
4.5 25.24
24 36.74
1.03 59.19

Table 7 Values of the optical neutral filters and their corresponding distanttes
experimental setup

The value of the output power is estimated according to the formula:

2
Pout = Plaskexpﬁkcub = 0.686x107°W (5)
T

cub

4

5.4 Experimental Results

Results for different values of transmission of optical nefiltals are given in Table
8. They are experimentally measured for the signal voltageatanght the amplifier's output

without the presence of the solar background radiation imitator.
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Kni(transmission), % bhp V
97.4 9.6
82.5 8.1
65 6.4
50.7 5
24.4 2.4
20.7 2
16 1.5
10 1.1
6.3 0.6
4.5 0.44
2.4 0.23
1.03 0.11

Table 8 Experimental results, transmission versus the amplifier output
The higher the transmission (low attenuation), the bigger is the cudjpage at the

amplifier output port. These experimental results confirm thdtsese got from the model

simulation.

5.5 Research of The Model

The following stage is carried out using the laser sensor maakgt 8r input data are
given in the Table 9. They are made to evaluate the laser seodel with the same input

data used to create the experiment.
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Generator

Pulse period, s 2700-%0
Pulse width, % 27.778
Pulse peak power, W 0.68610
Atmosphere and optical system
Diameter input lens, mm 8
Diameter output lens, mm 254
Divergence, mrad 4.3
Bandpass filter transmission 0.6
Noise
Optical system loss factor 0.5
PD crystal diameter, mm 1
Spectral responsivity of PD, A/W 0.4
Input lens diameter, mm 8
Focal length, mm 40
Boltzmann constant, J°K 1.38-107
Temperature, K 300
Bandwidth, Hz 20-10
Load Resistance, Ohm %0
Electron charge, ClI 1.6-10
Dark current, A 0.5-10
Photodiode
Spectral responsivity of PD, A/IW 0.4
Gain 1
Amplifier
Feedback resistance, Ohm ®10
Bandwidth, Hz 10.6-10
Gain 1
Comparator
Spectral resposivity of PD, A/W 0.4
Feedback resistance, Ohm ®10
Signal/Noise 5
Bandpass filter
Transmission bandwidth on 04om 0.628-0.638

Table 9 Experimental input data to LWS model
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5.6 Model Results (Without Background Light Source)

Simulation results of LWS model of signals amplitudes (when ikeme source of

background radiation) are given in the Table 10.

T, % R, m Received pulse, PD output| Amplifier output
pw signal,uA signal, mV

97.4 0.79 24.9 9.98 9980
82.5 1.36 21.2 8.47 8470
65 2.29 16.6 6.66 6650
50.7 3.37 13 5.2 5200
24.4 7.47 6.25 2.5 2500
20.7 8.62 5.3 2.12 2120
16 10.61 4.1 1.64 1640
10 14.98 2.56 1.02 1020
6.3 20.42 1.61 0.64 645
4.5 25.24 1.15 0.46 461
24 36.74 0.61 0.24 245
1.03 59.19 0.26 0.1 105

Table 10 Simulation results of model signal amplitudes (when there is no source of
background radiation)

Evaluations of signal and noise for the distance of 36.74 m, which ponds to

transmission of attenuator filters 2.4%, are given as an example (Appendix F).

General results of experimental measurements, calculationvalodten of signal
amplitude in the model are given at Figure 23.
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Figure 23 Calculated, experimental and model results without light source

The output results reveal good correspondence between the developédmddtie
functioning of the sensor's experimental prototype. Reasonable ediffes between
experimental and model results can be explained by nonlinear operaide of amplifier at
high signal amplitudes.

5.7 Research of Noise (Adding Light Source)

The main objectives of experimental analysis of noise are:
* To make a detailed estimation of the effects of noise vottagstituents on sensor’s

characteristics

* To define the degree of conformity between experimental and model results

Noise components of a laser sensor with PIN-photodiode as a detector are [1]:
- Shot noise of dark current, which is caused by thermal generatioeeof fr
current carriers, when there is no optical signal.
- Shot noise of the signal, which is caused by statistical fluotsabdf optical
signal (photon noise).

85

ks



- Shot noise of the background radiation, which is caused by statistica
fluctuations of background radiation.
- Thermal noise of electronic channel, which is caused by theaganitof

thermal current carriers.

Calculated values of these noise constituents in the experinsetual showed that
when the amplifier had a narrow bamd €20 kHz), the amplitudes of noise voltage have

rather small values (Appendix G). This makes it difficult to register ongb#oscope.

When the background radiation is rather powerful, the noise voltage duasi@ant
component. Fluctuations, which have a Gaussian distribution, are ingyoseslcomponent.
If there is a noise voltage component, the dynamic range of phatongatevices decreases,
and sometimes (when the brightness of background radiation is thighgignal even
disappears because of saturation of the amplifier. This efiestdasto analyze the influence of
external background radiation on the output parameters of photorecdmunce. The
saturation effect was simulated by adding the amplitudedirtotthe model. The voltage of

the limiter was 10 V.

Constant component of noise voltage is calculated with the help obltbeihg

formula:

U, = P&, R (5.7)
where,
Uc — noise voltage of constant component
Py, - power of background
&, - spectral sensitivity of PD
Re - feedback resistance

Py = BAA, S,k T, (5.8)

opt ' nf
where,
B - brightness of background(brightness of light source)
Ayt - Optical filter bandpass
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nD 2
S,= 1 area of receiving objective

2

w= T sensor field of view (5.9)

| - diameter of sensitive area of PD
f - focal length of receiving objective
Kopt - transmission factor of receiving optical system

T, - transmission factor of neutral filter

A high intensity light source with an output power of 150W (T=320Kyded as
imitator of background radiation (specification of light sourc&ppendix F). The radiation of
the source is put through the transparent cube (beamspilitter) into the field of pdigtoge
device’s vision. The power of the background (equation 5- 8) was regblatdthnges of
transmission of attenuation filters and by measurements obfsa@otoreceiving device’s
field of view (equation 5-9). This size depends on the diameter of thedatdé active region

and the focal length of receiving lens.

Fundamental experimental research included measurements of notagevol
component and signal amplitude for different powers of backgroundicedaatd different
fields of view of the receiving optical system. The distance tf@photoreceiving device to
transparent cube (beamsplitter) is chosen in such a wayhélatear dimensions of optical

system’s field of view don’t exceed the linear dimensions of the cube.

The following devices are used during experiments: two phatediwith diameters of

their active region 1mm and 5mm; two receiving lens with foceajtles 40mm and 100mm.
The following calculation results of the model are given in the Table 11:

1) Results of noise voltage constant component for different valpéstafreceiving

device’s field of vision.

2) Results for different transmissions of attenuation filters.
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Tar, %0 | U, V U, V U, V U, V
(d=1mm, (d=1mm, (d=5mm, (d=5mm,
f=100mm) | f=40mm) f=100mm) f=40mm)

100 0.5 3.125 saturation saturation

82.5 0.413 2.578 saturation saturation

65 0.325 2.031 8.125 saturation

50.7 0.254 1.584 6.338 saturation

24.4 0.122 0.763 3.05 saturation

10 0.05 0.313 1.25 7.813

4.5 0.023 0.141 0.563 3.516

1.03 0.005 0.032 0.129 0.805

Table 11 Model (calculations) results of dependence of constant component noise voltage
from changes of background brightnesg)(@t various fields of view of receiving optical
system (d, f)

According to this table there is a saturation effect of the photodidgdaliameter of
active region 5 mm (value of noise voltage constant componemxt@ volts). Also, for the
receiving optical system with focal length 40 mm there &uwaration effect at a larger range of
background powers when the illumination from the light source is high.

Table 12 presents results for signal amplitudes with differedoeg of photoreceiving
device’s field of view. It also lists results for different powers oftheasi radiation.
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Uamp V Uamp V Uamp V Uamp V

Tnr, % (d=1mm, (d=1mm, (d=5mm, (d=5mm,
f=100mm) | f=40mm) f=100mm) f=40mm)

100 9.5 6.875 0 0

82.5 9.587 7.422 0 0

65 9.675 7.969 1.875 0

50.7 9.746 8.416 3.662 0

24.4 9.878 9.237 6.95 0

10 9.95 9.687 8.75 2.187

4.5 9.977 9.859 9.437 6.484

1.03 9.995 9.968 9.871 9.195

Table 12 Results of calculations of dependence of a signal amplitude voltagdénoges
of background brightness (J at various fields of view of receiving optical system (d, f)

These results show that the signal amplitude decreases wtiehdtlof view decrease
(level of accepted field decreases) because of the amplg@titsation effect. Also, signal
disappears in a large range of background powers when the agiga of photodiode is
smm.

Experimental results in Table 13 represent the dependence beataisenvoltage
constant component and changes of background powers and optical system’s field of view

Tnr, %0 U, V Ug, V Ue, V Ue, V
(d=1mm, (d=1mm, (d=5mm, (d=5mm,
f=100mm) f=40mm) f=100mm) f=40mm)

100 0.48 3 10 10

82.5 0.4 2.5 10 10

65 0.3 2 8 10

50.7 0.24 1.5 6.2 10

24.4 0.12 0.7 3 10

10 0.048 0.29 11 7.5

4.5 0.022 0.14 0.5 3.3

1.03 0.005 0.03 0.1 0.7

Table 13 Experimental results of dependence of noise voltage constant component from
change of background brightness Rt various fields of view of receiving optical system

(d, )
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From the table, we can observe that in some range of background tlosveatues of
noise voltage constant component reach 10 volts when the dimensions of phototivede a

region are 5 mm. That corresponds to the maximum value of amplifier's saturategevolt

Table 14 presents the research results of dependence betweemmsigiitaide and

changes of background powers and receiving optical system'’s field of view.

Thi, % WUamp V Uamp V Uamp V Uamp V
(d=1mm, (d=1mm, (d=5mm, (d=5mm,
f=100mm) f=40mm) f=100mm) f=40mm)

100 9.5 7 0 0

82.5 9.6 7.5 0 0

65 9.7 8 2 0

50.7 9.75 8.4 3.8 0

24.4 9.8 9.3 7 0

10 9.8 9.7 8.9 2.5

4.5 0.8 9.8 9.5 6.7

1.03 9.8 9.8 9.8 9.3

Table 14 Experimental results of dependence of signal amplitude from change of
background brightness (J at various fields of view of receiving optical system (d, f)

Analysis of results shows that there is no signal at the outpeih there are high
background power values and d=5. That is because of the amplifier’s saturatian effect

Figures 24 to 27 show the experimental results of calculatrmhsadel simulations.
They were made for noise voltage constant component when therdifienent values of

diameter of photodiode active region and focal lengths of receiving optitaisys

Results for using a photodiode with a sensitive area diameterlofird=and focal
length f=100mm are shown in Figure 24. Experimental, simulation, acdla@bns results
curves are given a clear picture that our hardware confirmeesb#s we got by the laser
sensor model simulation results. The small differences are dhe tomplifier nonlinearity

effects.
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Figure 24 Experimental, calculations and model results for d=1mm f=100mm

Results for d=1mm f=40mm on Figure 25.

U.v
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& Experimental results
2.75 =—0-Rcsults of model
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Figure 25 Experimental, calculations and model results for d=1mm f=40mm
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In Figures 26 and 27, we are using a photodiode with a sensitivaf &rean and here

we notice the saturation effect of the amplifier we are using in our hagdwar

U,V
11
10
Calculation results
9 || #—#Experimental results
=0—®—Results of model
8
=
5]
5
4
3
2
1
0
0 10 20 30 40 50 60 70 80 20 100 Tug %

Figure 26 Experimental, calculations and model results for d=5mm f=100mm

By using the same size of sensitive area but decreasing tideiogth to 40 mm we
notice bigger differences between the model and experimestdisrand this is due to less

noise coming into the input of our hardware. Results for d=5mm f=40mm on Figure 27.

Uu,.v
11 /
10
Calculation results
9 " Experimental results
=—@®—Rcsults of model

0 2 4 6 8 10 12 14 16 T, %

Figure 27 Experimental, calculations and model results for d=5mm f=40mm
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Analysis of diagrams shows a good correspondence heexperimental, calculations
and model results. Figure 28 shows experimental and model resudigrfar amplitude for
different values and dimensions of photodiode active region and foaaistof receiving

optical system.

Wiitigs ¥
11

10

=&~ Fxperimental results
=—eo—Results of model

0 10 20 30 40 50 60 70 80 90 100 T, %

Figure 28 Comparison between experimental and model results at different photodiode
sensitive areas & different focal lengths

Analysis of results showed that signal amplitude decreasédawiincrease in diameter of
photodiode active region. It also decreased with decrease in fogtid tEfrreceiving optical
lens. With the increase in the diameter of the photodiode sersigad5 mm) and reduction

of the focal length of (40 mm) the size of a field of view gsowherefore, in order to decrease
the influence of the background on the output parameters of the photorecsviog, the
receiving optical systems should be chosen in such a way, that they would have lgs smal
useable field of view which still enables the realization of diegice’s other required

performance characteristics.
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5.8 Field Trials

As stated in Chapter 1, some field trials have been carried the otesert of UAE.
Several well-known companies have been competing to win a huge cémtfaser warning
systems for the UAE army. For confidential reasons, it ipassible to reveal the names of

these companies so we will use alphabetic letters to address them.

As was shown in a Chapter 2, the protection systems of tanks orastheured
fighting vehicles against attacks by anti-tank missiles laghr guidance systems consists of:

- Laser warning system
- Control unit

- Counter-measures

The studies of laser warning systems and work conducted showteihefficiency
essentially depends both on the parameters of the laser sensors extdrnal conditions
(weather condition, degree of atmospheric turbulence, temperature, humidity, etc.).

The UAE land forces commander decided to test several lasemgasystems
produced by four well-known companies in the conditions of the UAE and sHisei
procedure that is followed to accept new systems in the land failoeyg need to be sure that
these systems will perform as specified in the severe weathditions of the desert. These
systems were tested in the period of 2001-2003 in hot summer tineh whimost
characteristic of the weathers conditions of UAE.

The field trials were conducted as a verification of the hasening systems and their
maximal detection range of the laser sources in the hot idestert conditions. For this, four
laser warning receivers by different companies-pradueeh similar parameters were chosen
and as sources different types of laser rangefinders wsexk Laser warning systems and
rangefinders (lasers sources) were placed on diffeghiting vehicles. The distance (maximal

detection range) between them was constantly measured during the figld tria
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The method of the field trials constructed of measuring the naxange, at which a
laser warning receiver detected a signal from a lasgjefander, laser designator and laser
beam-riding guidance systems. Measurements were conductetl fgpes of weather
conditions of the UAE.. Weather conditions were broken into 5 categGuesl; Typical-1;
Typical-2; Bad-1; Bad-2. The characteristics of each of tlwasegories in detail were
described in Chapter 4. The field trials were conducted on &mitjround for all types of
weathers conditions. For each trial, maximal range was regista which the laser warning
receivers could detect laser source yet in the set spestiget. For all four types of laser
warning systems the trials were conducted on a wavelengttesoiut.06 um. The maximal

field detection range of the four laser warning system comp4AieB, C, D) are given in
Table 15.

Companies Range, m

Good Typ-1 Typ-2 Bad-1 Bad-2
A 4500 4100 3300 2100 1950
B 4300 4000 3200 2000 1900
C 3900 3800 2950 1950 1890
D 3800 3500 2500 1830 1700

Table 15 Field trials results

The analysis of the results showed that weather conditions subyantiuenced the
performance of the laser warning systems. Weather conditiorshule¢ the degree of
transmission of the laser radiation in the atmosphere at theredplvavelength. As the
weather conditions change from Good to Bad-2, the atmospheric tramsnaigsfficient at a
wavelength of 1.06 um changes from 0.9 to 0.01 [LOWTRAN]. The substaetadining of

laser radiation can be explained by its distribution in the atmosjginel, as a result, reduced
detection range of the laser sources.

It is obvious from Table 15 that company A has the best indexdstiection range of
the lasers sources. In the same weather conditions and laser gower, the advantage of
company A system over other systems, obviously, conditioned byshedresitivity of laser

sensors and electronic components. The results of field tniakscbaut in summertime (May -
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August) in conditions of United Arab Emirates desert by variougeoiss - manufacturers
(A, B, C, D) during 2001-2003.

5.9 Comparison (Calculated-Simulation-Experimental-Field Trials)

The main purpose of this chapter is to verify the adequacy of gegimental results,
results of the laser sensor model, and compare them with the results of theafgetdf teal
laser warning systems. Building an experimental setting indlatiebasic elements of the
typical laser sensor and atmospheric channel with a light sagraa imitator of the solar
background. For the process, calibration curves and tables have belpédyo imitate the
change of range between the laser sensor and source. lo@dchihnecting the values of
range with the characteristics of neutral optical filteet &ffect the optical signal on its way to

the sensor was considered in the experimental setup.

The developed model of the laser sensor described all the matt@mati
transformations of the optical signal from a laser source toeitwiving device. Thus the
parameters of the model's elements corresponded to the paraofetkesexperimental
elements. Amplitudes of output signals of the recording device okgegimental setup were

compared to amplitudes of outputs signals on the oscilloscope of the laser sensor model

For the imitation of the external background, a powerful incandelsceptwas used
with a controllable brightness. The results of the output signaljditudes measurements
showed that with the increase of the background brightness and sddsainfiew the noise
level increases in the receiving channel. This results in worsening ofné@’sesensitivity

and, accordingly, reduces the detection distance of the laser source.

The analysis of the received results (Figures 23-28) showed thegjocdience of
information of the experimental setup and model. It goes to shovhéhdétveloped model of
a laser sensor adequately describes the physical processegtiag on in the elements of
the experimental setting.

The next step was to compare the model’'s results and field. thiathis case, the

parameters of the model elements must correspond to typicatiehetics of real laser
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warning receivers. Such parameters of model elements aréoddso Chapter 4. The results
of the model’s testing for five types of weathers conditionsevgiéven in Chapter 4. The
comparative analysis of results for the model and field tsia¢sved that in both cases the
tendency of dependence of detection range on weather conditions is1ddesh of them.
With worsening of the weather conditions the detection ranges déttinever the results of
the laser sensor model are better than results of the fedkl tn Good weather conditions, the
maximal detection range in the model is 5500 m for a wavelendtl0@fim, and in the field
trials it is only 4500 m by company A. The differences are due to the followisgnga

- Nonoptimal choice of the photodetector type with maximalithahsat a
wavelength 1.06 pum;

- Nonoptimal choice of optical filter spectral band,;

- Low efficiency of temperature-compensated circuits in hbe climate
conditions of UAE;

- Nonoptimal choice of bandwidth of the receiving channel which sagudin
increasing noise level,

- The increase of field of view results in increasing oflle¥e¢he received
background radiation in a bright sunny day;

- Decreasing of dynamic range of the receiving chanregnditions of large
background radiation;

- Decreasing of multiplication factor in photodetectors with ititernal

amplification because of temperature influence.

It is clear that there is the possibility to increasingdtfieiency of a laser warning

systems by realization of the following measures:

» Choice of modern small level noise element base
* Optimization of laser sensor parameters

* Increase of receiving channel sensitivity

* Reduction of noise level

» Use of thermo-compensation chains
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The trends experienced in the field trials are faithfully oned by the model and given
sufficient detail about the value of the parameters in theystms then surprising accuracy

in model prediction can result.

5.10 Conclusions

The simulated laser sensor was built as hardware and testedifars cases. Many
parameters have been evaluated to see if we can match theomming from laser sensor
model simulation. The experimental work is divided into two parts vitsibut a light source
and second when adding the light source to see the effect obaolaground on the output

results just like in the simulation.

First, a mathematical model of the experimental setup waslinded and discussed. It
was important to define the dependence between value of transmisejaticaf attenuator
filters, used to carry out the test, and values of the corresgpdditances from the laser
source to the photoreceiving device. Then, and after creating theatal curve, we read the
output for various cases without the light source and run the simulatidel fior the same
setup. The results show that there are small differences lretinee®vo outputs and that can

be explained as a result of the nonlinear operation of the amplifier.

The same process has been repeated but with the light sourciate time solar
background. Comparison of experimental results with the model shather good

correspondence. Now it is time to build the seeker model.
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CHAPTER 6

Development of Requirements for Laser Sensor Parartess

6.1 Introduction

Building the laser sensor model, test it and verifying itlop@ance was a step in order
to reach the following point. The model is a tool to study, ingatt and develop new
systems to overcome the problems which threaten their existence in some tertsaid
with a very bad weather conditions.

Improving the performance of the laser sensor model is an imptatk in this study.
In this chapter, we will go deeper in understanding each paraoh#ie sensor model in order
to find the optimum values that give us the best performance. Moresvarentioned in
conclusion of Chapter 3, this chapter will cover the atmospheric atii@maad how it affects

the sensitivity of the laser sensor model.

6.2 Estimation of Sensor Threshold Sensitivity

6.2.1 Noise Current Components

The threshold sensitivity of a photoreceiving device is charaeteby the value of
minimally registered power (energy) of laser radiationaasinput to the photodetector
sensitive area. The value of minimally registered radiation pvadefined by the noise level

of the photoreceiving device and evaluated by the following ratio [1]:

7

=2
In
g)l

th = (6.1)
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where, Ry is the threshold (minimal) power of laser radiation at the infdheghotodetector,
leading a signal, equivalent to a background leyél represents the dispersion of noise

current ana; is the spectral sensitivity of the photodetector [2].

The noise of a photodetector device can be caused by both internaktamdle
sources. The external noise sources is refer to background radiateéynal noise sources
refer to dark current of the photodetector, fluctuation of signal peteas) random process of
photodetector’'s charge carriers and amplification of electroath 3]. Depending on

photodetector type and measurement conditions various noise sources can be dominant.

Most photodetectors use avalanche photodiodes (APD) with sensitimty salers
above PIN-photodiodes [4]. However for APD’s the reference is therlaoise level called
APD excess noise. The basic components of noise of the photorecewoegdsing APD’s,
are [5]:

» Shot noise of dark current caused by thermal generation of current carriers i

the absence of an optical signaf |

 Shot noise of signal caused by statistical fluctuations of dpédaation ()

* Shot noise of background radiation caused by statistical fluctuatibns
background {;*)

* Thermal noise of the electronic path caused by thermal caxagiation of

current (.,).

Other components of the noise current, such as flicker noisatjmgdioise are smaller
in value, than those above. As all components of noise are stdlysindependent, the total

dispersion of noise current of a photodetector device will be defined by the follmatiog

2 _ 72 =2 2 =2
In _Id +|s +|b +|therm (6.2)

The shot noise dispersion of dark current of an APD is defined by expression [6]:
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i; = 2eAfl ;M A X (6.3)

where,
e - electron charge

Af - bandwidth of receiving channel

I, - mean of dark current

M - multiplication coefficient of APD
A — excess noise index

X - excess noise factor, dependent on M.

Dispersion of signal shot noise is defined by expression [7]:

[2 = 2eAfM AXe, P

in

(6.4)

Where, P, is the average power of the received optical signataisdspectral sensitivity of

' 1in

the APD at the laser radiation wavelength.

The average power of the received optical signal can be found frerfotmula

(without taking into account turbulence):

— _Pp,T,D?
Pin - théz (65)

Where,

R - range to the laser source

Pout - power of ranging laser radiation

D - diameter of receiving objective
Ta=exp(w-R) - coefficient of atmosphere transparency
a - attenuation coefficient of laser radiation at the given wavelength

0 - divergence of laser beam
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Using Mathcad and expression (6.5), it is useful to explore the depgnoletie
power level of the received optical signal on range to the famerce at various values of
receiving objective diameter. The results are presented oreF2g§u¥alues of the parameters
which enter into the equation were chosen analogous to the sensor model.

0 1000 2000 3000 4000 5000 6000 7000 8000 2000 R,m

Figure 29 Dependence of received signal power on range to a laser source

Analysis of results shows that with increase of distance upeosaurce, power of the
received signal is essentially reduced. At R=5500m, D=3¢#7 B8x1CG® W. The value of

dispersion of background radiation shot noise is defined by expression [8]:
i) = 2eAfPe, M * X (6.6)
where P, is the average power of background radiation.

Sources of background radiation are the Sun, planets, clouds, atmosplsrgase
of the Earth. Background radiation power is calculated using the fatiexguation (equation
3.23) [9]:
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Eb = B/i SDC('A/“‘(opt (67)
where B/1 is brightness of a cloudless sky. It is defined by the following expressifin [10

CcO
B, = il ;w (6.8)

where g is coefficient that characterizes the distribution of brigrgmméshe firmamentlis
the flux density of sunlight on the upper bound of the atmospheM erwknith angle of the

Sun. The factor $in equation 6.7 represents the area of the receiving objective givén

by:

S, = , (6.9)

Factorca , in equation 6.7, represents the field of view of the photoreceivingaleivic

is defined by the following expression:

MZ

w=
417

, (6.10)

Wherel is the diameter of the sensing area of the photodetectdr mnfdcal length of the
receiving objective. The factokh and Ky: of equation 6.7 are the bandwidth of the
interference filter and the transmission coefficient of thecaptiystem (typically 0.4 to 0.6)
respectively.

Using Mathcad, some work has been carried out studying the depenofence

background radiation average power from parameters of theésrsar. Results are presented
in Figure 30.
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Figure 30 Dependence of background radiation average power on focal leng#ivongec
objective

Analysis of results testifies that for effective reduction of backgroundtradilevel
entering the photoreceiving device, it is necessary to reddesdtef view by increasing the
focal length of the receiving objective and reduction of the dimension of the sansingf
photodetector. At the same time, it is essential to reduce tigevizith of interference filter.
For example, at a focal length f=40mm and bandwidtk40nm the background power, i3

6.15010°W .
The dispersion of thermal noise of the electronic path is caldutate the ratio [11]:

—  _ AKT Af

therm -
R L

: (6.11)

where, k=1.38-16" J/K is Boltzmann constari, is temperature in Kelvimf represents
bandwidth of the receiving path and R load resistance of the photodetector.
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6.2.2 Threshold sensitivity

Thus, in view of equations (6.1-6.11) we get to the final expression foaltidation
of threshold sensitivity of the receiving channel of a laserosem#th an avalanche

photodiode:

P — =
o \/ZeAfM X (1d +Pine, + Pbe;)+ 4kTAT IR 6.12)
r

€

According to expression (6.12), the dependence of the threshold powerctialspe
sensitivity of the photodiode at various values of receiving chabaetiwidth can be
observed. Results of these observations are presented in Figure 8&luBseof parameters

that have been used are following:

M=100

K=2,5

A=1

14=0,5nA

Pin =7,88x10W

Py =6.15x10W

T=30K

R.=10°0hm

£=20...50A/W

Af=33MHz, 60MHz, 120MHz.
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P,=6.1510° W
R, = 10° Ohm
T=300K
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| Af=120 MHz

Af = 60 MHz

| Af=33 MHz
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Figure 31 Dependence of threshold power on spectral sensitivity of the avalanche
photodiode

Analysis of results of modeling shows that the value of thidgiwaver can be lowered
essentially by reducing of all noise components, optimization ofljzasnvidth of receiving
channel and the choice of the photodiode with maximal sensitivity eraytl of transmitting
device of laser source. At spectral sensitivity 50 A/W and aljgas$wvidth 33MHz threshold

power for typical requirements makes of 2.72%X10.

6.3 Study of the Influence of Atmosphere Turbulence on Laser Radiation

6.3.1 Atmospheric Turbulence

The effects on transmission of laser radiation through the atmosphere can be divided
into two groups. The first group includes effects that causengelud total radiation intensity.
The second group includes affects that causes a change of dpatiatteristics of the laser

beam and redistribution of intensity in its cross section [12].
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Among the effects relating to first group, it is necessarglltcate the effects of
absorption and scattering of laser radiation on molecules and aeirosbés atmosphere
resulting in its attenuation. These two processes are ust@llysgl together under the topic of
extinction. Quantitatively these effects are characterigeén atmospheric transparency
coefficient Ta(A), which is calculated by the discrete block of the mathematical model, laser

sensor, with the help of LOWTRAN VIl atmospheric computer code:

T,(A) = exp (@R (6.13)

whereaa andap are coefficients of absorption and dispersion respectivelydiRtence from

laser source to the sensor.

Among the effects relating to second group mentioned above, it issaeces
allocate expansion of a laser beam, distortion of laser beatodtions of arrival angle and
fluctuation of intensity. All of these are caused by atmospherliutence that causes
fluctuations of temperature, humidity and density of the air, and goasdy, its refraction
index. Areas of local change of refraction coefficient (optiegerogeneity) can have extent

from a few millimeters up to hundreds of meters [13].

Conditions of strong turbulence in the bottom atmosplheyers include heterogeneity
of various scales and various structures. Therefore the studyiofittece of turbulence on
transmission of laser radiation includes the so-called strudtumations entered by A.N.

Kolmogorov. So, for medium spatial structural function of refraction index looks like [14]
D, (1) = [n(r,) = n(r)]* = an*(r), (6.14)

where 0)(r) is spatial structural function and r =-rr; is distance between researched points.

For locally isotropic and homogeneous turbulence it is fair tohes¢atv of two thirds of

Kolmogorov-Obukhov . The Kolmogorov-Obukhov law states that differencedires and

temperatures are proportional to the two-thirds power [15]:
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D,(r)=C2r?7?, (6.15)

whereC,2is structural constant of refraction indeys I < Lo, l=1...2 mm - internal scale of
turbulence; b =5...10 m - external scale of turbulence [16]. Structural constaetrattion
index ranges from I¥m?* for weak turbulence to 28m™2 for strong turbulence [17].

6.3.2 Turbulent expansion of a laser beam

Atmospheric turbulence results in fluctuation of phaderagtudinally, and also across
the laser beam therefore it is reduced time and spatial caieeo radiation. At horizontal
transmission of plane waves a phase coherence ratio on a sectiamafdrebe estimated by

the value ¢, known as the coherence dimension [18]:
r, = (054C2’k*R)*"® (6.16)
where k = /) is the wave number and R is the distance to the laser source.

The coherence dimension of a wave presents the minimal dibetm@en two nearest
beams in laser beam that appears uncorrelated because of ts@rsntigbulent
heterogeneities in an atmosphere with various refraction indephase difference of their

wave fronts exceedst2

We have also studied the dependence of dimension coherence oéthekas from
traversed distances for different wavelengths=@.63um; A,=1.06um; A3=1.541m) and
turbulence type (weak',>~ 52-10"" m?* medium -C> = 75-10*°* m*3, strong -C,> = 10-10
14 m2R). Results of these evaluations are presented in Figure 32, fotweallence, where as
Figure 33 and Figure 34 present evaluations for medium turbulencerang trbulence

respectively.
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Figure 32 Dimension coherenggrs range for weak turbulence at different wavelengths
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Figure 34 Dimension coherenggrs range for strong turbulence at different wavelengths

Analysis of these curves shows that the dimension of cohenéaoeoptical wave is
essentially reduced when we increase the traversed distaaceiibulent atmosphere and
deterioration of a turbulence number, and grows with the increesdiaion wavelength. For
a distance of 5500m, wavelendthl.06.m and strong turbulend@,? ~ 10-10** m?? the
dimension of coherence makes3.88mm. It results in a decrease of coherence and an
essential distortion of the laser beam which is shown in expansidgheobeam and
redistribution of energy in its section. In this case therealditional divergence of the laser
radiation, caused by the influence of a turbulent atmosphere [19]:

6, = (6.17)

whered, is divergence caused by atmospheric turbulénisayavelength of radiation ang r

is dimension of coherence wave.

Then the expansion of the laser beam diameter (d) collimasrdkeam on distance R

from a source can be estimated by the following expression:
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d=.a?+(6+86,)R? (6.18)

where,

a - beam diameter at the output of laser source
0 - radiation divergence of laser source

04 - radiation divergence caused by turbulence
R - distance to the laser source

Using Mathcad, we have also studied the dependencedbésa diameter expansion
on the change of range to the laser source for three difténeansions of coherence wave to
a corresponding three conditions of turbulence. The following dataissd: a=25mm,

0p=3mrad,A=1.06um. The results are shown in Figure 35.
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Figure 35 Laser beam diameter versus range for three diffenaities

The results show that with reduction of coherence dimension (detesiorof a
turbulence condition) the diameter of laser beam grows. At weak turbulence (bigrashe
dimension), beam diameter is defined actually only by initialrgitece. Calculation of the

laser beam expansion is carried out by the block of laser sensor model.
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6.3.3 Fluctuations of Angle of Arrival

Fluctuations of angle of arrival (AOA) of radiatiok, caused by atmospheric

turbulence, are evaluated by the following expression [20]:
0p)2 = 146 V32 R (6.19)

Where D is the diameter of the receiving apertGréjs the structural constant of refraction

index, and R represent distance to the radiaboncse.

Using Mathcad, we plot dispersion of laser beam AfQAiInst distance up to radiation
source at three various values of aperture dianfBtgi=30mm, Dec=40mm, Dec=50mm).
Results of these evaluations are presented in&@firfor weak turbulence, where as Figure
37 and Figure 38 present evaluations for mediunbutence and strong turbulence

respectively.
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Figure 36 Laser beam AOA versus range at three values of aperture diametearf
weak turbulence
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strong turbulence

Analysis of the results showed that with deteriorabf turbulence level, the dispersion
of arrival angle of radiation essentially growssdyJincrease in the diameter of the receiving
object results in reduction in the arrival angleasfiation. From the graphs it is clear that for

113



real up to 10 kms, mean-square deviation of flucdna of radiation arrival angle reaches
values from units of angular seconds (in conditioinseak turbulence) up to tens of angular

seconds (in conditions of strong turbulence).

Fluctuations of radiation angle of arrival appeanghe receiving optical system in a
linear deviation of formed image from the opticaisan the focal plane of the object. This

deviationAx can be evaluated by the following expression:
Ax = fob dgAL = fob WAYZ] (6.20)

whereAx is the linear deviation of optical beary, i focal length of receiving objective and

AB is mean-square deviation of arrival angle of radiation.

To view the changes caused by a various turbulence levels omglleeoé arrival, an
evaluation has been done to investigate the dependence of lineaodefitne laser beam on
focal plane from mean-square deviation of radiation arrivakgioglthree different values of
focal lengths of the laser warning receivesi(f 40 mm; §2= 60 mm; §,3= 80 mm). Results

of investigations are shown in Figure 39.
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Figure 39 Deviation of laser beam versus AOA for three different focal legths
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Analysis shows that changes of beam linear deviation valuesdt ieshanges in
mean-square deviation of arrival angle of radiation of micromietewgak turbulence) up to
units and tens of micrometers (for strong turbulence). From tleéigadapoint of view, this
range of deviation changes should be taken into account when cremrsitiye plate sizes of

photodiodes and characteristics of receiving optical system for laser sensor.

6.3.4 Flicker

Essential influence on the functionality of the laser sensofeastatl by the intensity
fluctuations of the arrival optical signal. For homogeneous turbuleribe atmosphere and
weak fluctuations, the dispersion of logarithm of radiation intersiyaluated by expression
[21]):

oZ =123C2k""°R™®, (6.21)
where,
oo” - dispersion of intensity logarithm for weak fluctuations
C.Z - structural constant of atmosphere refraction coefficient
k = 2r/\ - wave number
A - wavelength

R - distance to the radiation source

For strong fluctuations V.l.Tatarsky proposed an expression for ¢wealuz the

logarithm of dispersion of radiation intensity logarithm [22]:

o2 =1-(1+602)V° (6.22)

whereo® represents the logarithm of dispersion of intensity at strong fluctuations.

Dispersion of intensity logarithm is estimated by expression [23]:
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g% =<[Ln(1)-<Ln(l)>] >, (6.23)
where Ln(l) is intensity logarithm while < > indicates that we are taking the average

Let us now investigate the dependence the logarithm of root nigemes(RMS)
radiation intensity for strong fluctuations (equation 22) from digtaoc¢he laser source for
three different wavelengths\;€0.63um; A,=1.06um; A3=1.54um) at various turbulence
numbers (types). Results of these evaluations are presentgdrna 40, for weak turbulence,
where as Figure 41 and Figure 42 present evaluations for mediboteture and strong

turbulence respectively.
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Figure 40 Radiation intensity versus range for weak turbulence at differs
wavelengths
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These curves show that mean-square deviation of the logarithm dfoadiensity

poorly depends on wavelength and essentially grows with increasdanocgisup to laser

source and amplification of turbulence.
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Fluctuations of laser radiation intensity cause flicker (dtatibns) of the arrival
optical signal. The frequency (spectrum) of flickeis defined by velocity of moving

optical heterogeneities (local velocity of wind) and the size of thesmbeteeities:

fe=—, (6.24)

where V is local velocity of wind in a ground layer of atmospherkgis size of optical

heterogeneities (size of wave coherence).

At an average velocity of wind, V=5m/s, and optical heterogenetiess,
rc=5mm...5cm, flicker frequency reaches values from 100Hz up to 1kHzudiyy
expressions (6.2 to 6.24) in the laser sensor model, it is possilaketanto account the
influence of fluctuations of radiation intensity, caused by turbulehtlee atmosphere, on

functioning efficiency of the sensor.

6.3.5 Estimation of Influence Parameters

It was interesting to investigate the possibilities of indrephe detection range of
the laser sensor by optimization of the parameters of theslassor model. First of all, let
us see the maximum detection range that we can get with thetquarameters of the laser
sensor model for different atmospheric conditions and turbulence. Re®uffven in the
Table 16.

Atmosphere Turbulence
condition Cn° =~ 52-10" Cn°~ 75-10'° Cn°~10-10"
m—2/3 m-2/3 m—2/3
Good 5500 4800 4300
Typical-1 5300 4700 4200
Typical-2 4200 3800 3500
Bad-1 2200 2100 2000
Bad-2 2100 2000 1900

Table 16 The changes in detection range at various atmospheric conditions and ®rbulenc
(A =1.06um, AA =0.811...1.17um, sand sample - A,

receiving optical system: D=30mm, f=40mm)
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These results show that the detection range essentiallyskcveth deterioration of

atmospheric conditions and strengthening of turbulence.

To study the effect of receiving channel performances on tketaet range,
we tabulate results for three different values of receivingdemseter (D=30mm, D=40mm,

D=50mm). Results are given in the Table 17.

Atmosphere Optical system
condition D=30mm, f=40mm D=40mm, f=40mm D=50mm, f=40mm
Good 5500 6300 6900
Typical-1 5300 6000 6700
Typical-2 4200 4600 4900
Bad-1 2200 2300 2500
Bad-2 2100 2200 2300

Table 17 Changes of detection range at various values of diameter recangng |
(A =1.06um, AA =0.811...1.1Jum, sand sample - A,
C,2=52-10"" m??)
The results show that with increase of the receiving optiséésydiameter the detection

range essentially increases, that is caused by the rise of receivdgsigea

Dependence of the maximal detection range on various values of aldagdh

(f=40mm,f=60mm,f=80mm) has also been investigated. Results are given in teelBabl

Atmosphere Optical system
condition D=30mm, f=40mm D=30mm, f=60mm D=30mm, f=80mm
Good 5500 6500 7300
Typical-1 5300 6300 7000
Typical-2 4200 4700 5100
Bad-1 2200 2300 2400
Bad-2 2100 2200 2200

Table 18 Changes of detection range at various values of a focal length
(A =1.06um, AA =0.811...1.1Jum, sand sample - A,
C,2=52-10"" m??)
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The increase in focal length results in narrowing the fieldex and accordingly,
decrease of background level that causes an enhancement ofisggithe receiving

channel.

Further evaluation has been carried out to observe the effect of the optical bandwidth on

detection range. It has been carried out for various values of spectral ranges of:

e AM=40nm
e  Al=80nm
e AXz=120nm

The results of this evaluation are presented in Table 19.

Atmosphere Pass bandwidths
condition A\l = 40nm AL =80nm AL =120nm
Good 8500 7400 6900
Typical-1 8000 7100 6600
Typical-2 5500 5100 4800
Bad-1 2400 2400 2300
Bad-2 2200 2200 2200

Table 19 Changes of detection range at various values of the spectral bandwidtte
um, sand sample - A,
C,2=52-10" m??, D=30mm, f=40mm)

Analysis of results testifies that with increase of spebtmadwidth detection range
decreases. At the bad atmospheric conditions the detection réuellyaoes not vary, that
is caused by dominant effect of general attenuation of opiipallsn atmosphere, instead

of variations of background level.
The effect of photodiode parameters have been carried out usirfglltheing
evaluation of detection range for various values of photodiode spees@bnse with

S=46.84A/W, $=19.77A/W and S9A/W.

This evaluation has been done with keeping the other paramegststhe results
are given in Table 20.
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Spectral response
Atmosphere
N A=1.02um A=1.06um A=1.lum
condition

S=46.84A/W S.=19.77A/W S=9A/W

Good 6600 5500 3800
Typical-1 6300 5300 3700
Typical-2 4700 4200 3200
Bad-1 2400 2200 1900
Bad-2 2300 2100 1800

Table 20 Changes of detection range at various spectral sensitivity of APD
(A= 1.06pm, AX = 0.811...1.13um, D=30mm, f=40mm, sand sample - A2€52-10"" m??)

Analysis of results shows, that with increase of photodiode repp@esponse the
detection range strongly increases. It is caused by incofdbe signal/noise ratio in the

reception channel.

The influence of the photodiode sensitive area size on the detecige hias been
observed for three different values of sensitive area size ophb&diode IE20Qum,
[=50Qum, I=80Qum) and is given in Table 21.

Atmosphere Detection area
condition |=200pum |=500pum |=800um
Good 8000 5500 4500
Typical-1 7600 5300 4400
Typical-2 5400 4200 3600
Bad-1 2400 2200 2100
Bad-2 2200 2100 2000

Table 21 Changes of detection range at various values of photodiode sensitiveearea si
(A = 1.06um, AL = 0.811...1.13um, sand sample - A, &52-10" m??)

Results shown that with increase in the size of the photedeukitive area the detection

range is reduced. It is caused by the increase in noise level in theaeaainnel.
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Observations in Table 20 are collected to investigate the depmndedetection range
on the reception channel bandwidth. Results for three different vafuasbandwidth
(Af=30MHz, Af=65MHz, Af=100MHz) are given in Table 22.

Atmosphere Frequency band
condition Af = 30MHz Af = 65MHz Af = 100MHz
Good 5600 4700 4200
Typical-1 5400 4600 4100
Typical-2 4200 3700 3400
Bad-1 2200 2000 1900
Bad-2 2100 1900 1800

Table 22 Change of detection range at various bandwidth values

(A =1.06pm, AX = 0.811...1.13um, sand sample - A,
C,2=52-10" m??, D=30mm, f=40mm)

These observations show that with increase in bandwidth, the detectiensks. It is

caused by increase of noise level of the reception channel.

6.4 Factors Impairing The Efficiency of The Laser Sensor

On the basis of the research results of the laser sensor edattors reducing the
detection range of the laser source radiation have been established. Thesarfactor

1. Significant attenuation of laser radiation in an atmosphere deahsitongly to
changes of weather conditions.

2. The influence of atmospheric turbulence can be seen in the expanienaser
beam, strong fluctuations of its intensity and arrival angle.

3. Non-optimum choice of optical system parameters, diamedpediure D and Focal
length f, results in decrease in the level of useful signal amdase in the level of
background radiation.

4. Non-optimum choice of spectral bandwidth of the optical filtatses an increase

in the level of background radiation.
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5. Discrepancy of the wavelength of the laser source to thenme spectral
sensitivity of the photodetectors results in a decrease of thiedkesegnal in the
receiving path.

6. Strong dependence of the photodetector amplification on the tempar#terease
of using an Avalanche Photo Diode (APD).

7. Non-optimum choice of the size of sensitive area of the photodiodésresah

increase of noise level.

8. Non-optimum choice of bandwidth of the amplification cascade résudlistortion

of the resulting signal or in increase of noise level.

9. Absence of measures on decreasing of noise in the receive channel.

10. Non-optimum choice of the threshold level of the comparator.

6.5 Requirements of Laser Sensor Parameters

On the basis of the analysis of the factors impairing effigieof the laser sensor
performance, the requirements of its key parameters have bedvpaelvand they allow us to
increase the detection range of laser sources. These requiremexst$odlicavs:

1. Diameter of the aperture of receive optical system shoudd terge as possible
(Table 17) with the purpose of maintaining the required maximal valusapacity of
accepted the laser signal. Size restriction of the aperilireexconnected only with

weight and dimension restrictions of the optical system and its cost.

2. The focal length of the receiving lens should be chosen from tidition of
maintaining of minimally possible field of view (Table 18) in ortledecrease the
level of background radiation. The increase of focal length williraged by the
dimensions of optical system and necessity of maintainiaffiaient light exposure of
the image and required field of view of the sensor (typically’ 36@zimuth) and

hence may require more sensors.
3. The spectral bandwidth of the optical filters should be as smalll as posstile (Ta

19) in order to decrease the level of the background radiatian@edse the detection
range. However, it is limited by the quantity of fragmentatictmefset spectral range
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and the necessity of consideration of the temperature dependémeevaielength of

the laser radiation.

4. Spectral sensitivity of the photodiodes should be maximal (Tablet2the

wavelengths used by the laser radiation sources.

5. When using Avalanche Photo Diodes (APDSs) it is necessary bbigstacircuit for
voltage control by the offset depending on the temperature or to ap@ynaostatic

switch with the purpose of stabilization of the APD multiplication factor.

6. The size of the photodiode sensitive area should be chosen asspeadsible
(Table 21) to decrease the noise level. However its reductioniiedi by the sizes of

the focal spot caused by the influence of atmospheric turbulence.

7. The bandwidth of the receiver channel should be coordinated with theokitie
laser signal spectrum. With the absence of aprioristic dateedader signal it should
be minimized (Table 22) with the purpose of decreasing noise levedhbuld not

result in distortion of the useful signal.

8. Parameters of electronic elements of the cascade ansifeechosen to maintain a

minimum level of noise.

9. The amplification gain of the amplifier cascade should provide noyesation of
collimator lens at low levels of optical signal.

10. The level of comparator starting threshold should be set takirgcirount all actual
noises of the laser sensor, and maintenance of preset values dilgirebaf correct
detection and false alarm.

6.6 Quantification of Errors

Quantification of the errors in the model is inherently diffiduttwever, the scaling of
results is probably accurate but the absolute values would need extigeglsl validation to

justify the simplifications and any omissions of the model.
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6.7 Conclusions

In this chapter of thesis, an estimation of the threshold sstysioif the sensor is
discussed and analyzed considering all the noise sources pasditds shot noise of the dark
current, shot noise of the signal fluctuations, shot noise of the lmacidyradiation, and
thermal noise of the electronic path. It was clear that fedaation in background radiation, it
is necessary to reduce the field of view of the sensor byasiog the focal length and

reduction of the dimension of sensing area of photodetector.

Atmospheric turbulence was another issue discussed in this chapter to understand its
effect on the output of the sensor and how to overcome any problemsdt ffagsults in
fluctuation of phase longitudinally in the beam and also across #redaam that reduces
temporal and spatial coherence of the radiation. Fluctuation®irb@am angle of arrival are
studied and it was clear that when atmospheric turbulence iadrehe dispersion of arrival

angle of radiation essentially grows.

Influence of laser sensor parameters on the performanceesigated. The results
show that the detection range essentially decreases withodatienn of atmospheric

conditions as turbulence strengthens.

Our study concluded with the factors impairing efficiency oédasensor and the
requirements to laser sensor parameters that must be consideeasthieve a better

performance especially in severe weather conditions.

Now it is time to introduce the missile seeker model. Chaptepresents a laser
beam-riding missile seeker, which means that the seekéedbatthe rear of the missile to
read the guidance commands from the firing post. Both, the laseingaeceiver and the
missile seeker will suffer from the same weather and atmasptunditions since they are

looking in the same direction.
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CHAPTER 7

Seeker Model

7.1 Seeker Applications

In modern warfare, laser-guided weapons play a significanirr@asuring each
warhead deployed will only strike its intended target. Ea@n-lgsided missile or bomb has
a laser seeker that consists of an array of photodiodes. These ptiesaalie sensitive to a
predefined laser’s optical wavelength. A high-intensity lassiggdator must acquire and
lock onto the target, either from the air or from the ground. Thieagssary to allow the
missile or bomb to identify the target. Once the laser-guidsabon is launched, the laser
seeker senses the laser beam reflected from the targdteassekker’s control system will

then guide the missile straight to the target.

In general, the laser pulse width presented to the constelsys very short [1]. The
control system must be fast enough to reliably capture this laser pulse pat@icutate
the range to the target. The laser seeker is a device tiaghd direction of a sensitive
receiver that detects the energy reflected from a Bessignated target and defines the

direction of the target relative to the receiver [2].

A laser designator device highlights a spot on the target with an encoded laser beam
This spot provides reference information to an incoming munition tleatslit to make in-
flight corrections to its trajectory. The use of an encoded lsigdaces the threat of jamming
as well as reducing interference in high-noise combata@maents [3]. The primary limitation
on this device is that it requires a line of sight to the terget both the munition and the

shooter or designator.

"'Laser guidance™ is a technique of guiding a missile or other projectikhicle to a
target by means of a laser beam. Some laser guided sygiknesbeamriding guidance, but
most operate similarly to semi-active radar homing (SARH)This technique is sometimes

called "SALH™, for ""Semi-Active Laser Homing™. With thigteitjue, a laser is kept pointed
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at the target. This laser radiation bounces off the target and is scatteradiriectitbns. The

missile or bomb is launched or dropped somewhere near the target. When it is close enough

some of the reflected laser energy from the target reach&ssiisseeker which notices the
direction this energy is coming from and aims the projectilatdsithe source. As long as the
projectile is in the right general area and the laserps &iened at the target, the projectile

should be guided accurately to the target.

Note that laser guidance isn't useful against targets thatefdeit much laser energy,
including those coated in special paint which absorbs laser efigigys likely to be widely
used by advanced military vehicles in order to make it hardeetiassr rangefinders against

them and harder to hit them with laser-guided munitions.

"'Beam-riding guidance™ leads a missile to its target byyeeta radar or a laser beam
(Appendix H)[5]. It is one of the simplest forms of radar oetaguidance. The main use of
this kind of system is to destroy airplanes or tanks. Firgtinraimg station (possibly mounted
in a vehicle) in the launching area directs a narrow radaser beam at the enemy aircraft or
tank. Then, the missile is launched and at some point after launyatheted" by the radar or
laser beam when it flies into it. From this stage onwardanibsile attempts to keep itself
inside the beam, while the aiming station keeps the beam pointing at the targats3ites
controlled by a computer inside it, "rides" the beam to the taFpetaiming station can also
use the radar returns of the beam bouncing off the target toitrawkit can be tracked

optically or by some other means.

Using a laser as a weapon itself places enormous demands orptiggics and energy
supply, but the fact that a laser beam can be precisely pointeéraaths tightly compact
("coherent™ in laser terminology) over a long range meansttbatild be used as a precise
pointing device. A laser could be strapped to a telescope with anssstthat the beam could
be focused to "illuminate" a particular target to "mark" @slignate” it. The fact that the laser
also generates virtually monochromatic radiation also means thigttheflected off such a
target could be easily detected by simple sensors through an opticahfiigded weapon
could be fitted with such a sensor, with the sensor linked to a fdedtairol mechanisms so
that it would home in on an illuminated target. The seeker hasiaalg@nsor, shielded by an

optical filter that is transparent to laser light but blocks light of other wagéhs.
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Though there are no tools to assist the planner, a very importandexatisin is the
pulse repetition frequency code [6]. Laser designators use acpdisg system to ensure that
a specific seeker and designator combination work indr@ynThe planner must be concerned
with the limited number of codes available, their allocation, assignment, andtehates.

Laser codes, depending on the equipment, are either three digiis digits long. If it
is a four digit code the first digit is always the numerarlte laser codes vary from 111-488
(Band 2) to 511-788 (Band 1) [7]. These numbers represent the nardssetdelay between
the laser pulses. The smaller the number, the smaller the délayesult is that band 2 pulse
rates result in more laser energy striking and reflectihipeftarget, giving the seeker a better
laser spot to guide on. As a result band 2 pulse rates arefbetererse conditions and
when the mission has a high priority. If you throw in the fact tiexetare only six hundred
and seventy-seven codes available (788-111=677) on any given day to &S§.forcsoon
see that priorities should be set for the distribution of these cbhliess where allocation and
assignment becomes important. In a MAGTF the senior fire suppordination centre
(FSCC) allocates different blocks of codes to artillery gaid naval gunfire assets. The FSCC
will also keep a block of codes for MAGTF special use. Fuppsrt coordinators in
subordinate units not only coordinate codes with adjacent units, they mmisgions and
ensure proper code coordination between the delivery unit and the desigdatmally the
delivery system will tell the designator which code to use. There may bean=cadiere a
special code for that mission is assigned to the designator amergslystem from the block
reserved by the MAGTF FSCC. All pulse repetition codes can laefastaser designation.
However, the characteristics of band 2 codes make them more swit@bleesignating laser

guided munitions.

Laser target designators are used to covertly point out a tardgs$er seeker equipped
aircraft and for the laser designation of targets to provide séwaaguidance of free fall
bombs or for the guidance of laser guided missiles. In sucheargysulses of laser energy of
high peak power and short duration, e.g., a pulsed solid state laseassinhYAG or
Nd:Glass lasing material, are transmitted from the tatgggnator to illuminate a target for
tracking or guidance purposes [8]. In an area containing numeroussiasgeeral laser
designators may be operating simultaneously and the return enayggause interference
between friendly systems. Thus it becomes necessary forysaemsoperating in one area to

be capable of distinguishing the signal of one designator of that from anothgratesi
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In addition, with the proven effectiveness of laser designator systes likely that
laser counter-measures will eventually be developed and becomiews gbreat to their
continued success. It is thus of utmost importance that the systetatbesly immune to at
least those types of countermeasures such as PRF prediaderspeaters which could be
presently available. In the event that the signal transmittethsgiedesignator is encoded, the
laser seeker receiving the energy must be able to rapidigtdibe desired signal in the
presence of any interfering signals. This requirement of spadetécting the desired signal
must, of course, be coupled with accuracy to insure reliabiliysofarget seeker or tracking

system.

7.2 Seeker Model Structure

The seeker model differs from Sensor Model only in the addition girtheessing
block which allocates the modulating frequency. The block generaisfgegquency has been
developed on the basis of a matched filter with 5 delay lines. Tdlerseeceives laser
radiation with a known wavelength that allows us reduce the speatrdwidth of the optical
filter and to lower strongly the level of background radiation. Ardageker is a device that

detects the modulated laser radiation.
The seeker model has one channel for extracting the atodfrequency. Modulating

frequencies can be various, but a frequency of 2 MHz was chosssuee the quick working

of the model. The seeker model is presented on Figure 43.
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Figure 43 Seeker Model

The structure of the seeker model consists of:
1. Pulse Generator block forms rectangular pulses with the follop@rgmeters:
Amplitude: 1, Period (sec)= 5e-7 (frequency - 2 MHz), Pulse Wedtbf(period)=
4, Phase delay (sec): 0.

S(t)=PIBt+T) (7.1)

where,

S(t) - output signal
P — laser power

t — current time

T — pulse period

S(t+T) - periodic rectangular pulses with paranseter
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St+T)=2if t+T<r 7.2)
St+T)=0,if t+T>1 3y

wherer is the pulse width.

2. Atmosphere and Optic Systems block simulatesmbsagtenuation by the atmosphere
and optics. The structure of this block is the sase laser sensor.

3. Noise block simulates noise that affects théulisegynal. The structure of the block
Is the same as in laser sensor.

4. Photodiode block simulates work of the photodjazh reception of a signal. The
structure of the block is similar to the block retlaser sensor.

5. The first amplifier block simulates work of thet Amplifier with gain factor 4. The
structure of the block is same as in laser sensor.

6. The second amplifier block simulates the workrad Amplifier with gain factor 20.
The structure of the block is the same as in lssesor.

7. The comparator block simulates the work of timagarator. Structure of the block is

the same as in laser sensor:

U.=A if U,, >U,, (7.4)
Uc = O’f U2A SUthr (75)

Where, U is the comparator output voltage and A represtietsoltage amplitude.

The comparator block represents a subsystem thrasfan output pulse only in the
case of excess of input signal amplitude abovessiiold level. It has two inputs. On
one input the useful signal varies, and on andtieethreshold voltage varies. In the
circuit to form the threshold voltage there isgput block of signal/noise value which
provides the required level for the correct detecprobability and false alarm rate.

The subsystem consists of elementary blocks of Biku

8. The Processing block consists of:
- The matched filter adjusted to extract the pplkseodic signal with a repetition rate

of 2 MHz and accumulation of six samples (the pasidecision on the presence of the

signal is taken as the simultaneous presencermdlsign five of six outputs including
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filter delay elements and repetition of the mergevent not less than four times for
all times of observation).

- The element of noise extraction taking the pesitiecision on the presenaenoise
on four of six outputs including filter delay elements simultaneocarstirepeats not
less than 2 times for all times of observation.

- Logic element of decision-making “Controlled” or “Not controlle@he decision
“Controlled” is taken at the presence of the signal of the intefndgdency (2 MHz)
on the matched filter output and the absence of a noise signal. @therdecision
“Not controlled” is taken.

“Controlled” —whenU . > 4[A (for ni>4) (7.6)

proc

“Not Controlled” — whenU poc < 4LA (for ni=2) 1.

where ni is number of the pulses.

Modulated laser radiation in beam-riding represey@riodic pulse signals with the
known pulse repetition cycle; TFor detection of such signals on a backgrounichplilse
noise or pulse signals with other periods of remee (%) the matched filter constructed on
the basis of delay lines and the adder is usedayiehe in each line is{T The greater the
qguantity of delays lines, the greater the probigbaf correct detection of signals with period
T1. However, the circuit becomes complicated andgssinig time increases. Therefore, for

practical reasons we have chosen only five delags (Figure 44).

5

4

L1 fl Il ‘3IIII Ll ‘I‘I ‘III ‘I‘I I ‘II

Figure 44 Processing block criteria of detection
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Pulse signals with period; after delay sum up in the adder and their amplitude
increases six times. Random impulse noises and signals wittpetineats ;) practically do
not sum up in the adder and their amplitude remains static. Random siermissuch
pulses can take place at high enough noise density (the big pulse repetitiondygdlieis

results in a decrease of the probability of correct detection.

For increasing the probability of correct detection of signals with peripafer the

adder, there is a block realizing the following criteria of detection:

1. The signal with period; is considered detected (“controlled”) if the adder output
presents not less than four signals with amplitudes 5 and 6, gohitLiaies of random

noise pulses do not exceed four pulses.

2. The signal with period is considered undetected (“not controlled”) if the adder
output presents not less than two noise pulses with amplitude ferdgage when the

amplitude of the useful signal is less than a threshold level of the comparator.

7.3 Testing of Seeker Model

Some work has been carried out to test the seeker model perforinapeadences of
the detection range on various seeker parameters and weatheioogndére investigated.
The same parameters used to investigate the LWS performdhceised to investigate the
overall seeker performance has. However the range has edrasasesult of using of the

narrow-band optical filter that has resulted in a decrease of background level.

Results of a study into the dependence of detection range on tlye afameather

conditions for various wavelengths and narrow-band optical filters are shown inZBable
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Wavelength Range, m

Good Typical-1 Typical-2 Bad-1 Bad-2
2=0.63um | 6900 6300 4000 2400 2200
A=1.0um | 8800 8300 5600 2500 2300
As=1.54um | 11700 11300 8200 2700 2500

Table 23 Seeker controlled range versus various wavelengths at differdmeweat

conditions
(A) = 40 nm, D=30mm, f=40mm, sand sample - A=62-10"" m??)

These results show that by using the narrow-band optical fitterdetection range

grows. The higher wavelengths gain longer detection ranges and teitiodgion of weather
conditions the range decreases.

Besides that, the overall seeker performance has been invebfigratarious values of
modulating frequency. Results are given in Table 24.

Range, m
Modulated Good Typical-1 Typical-2 Bad-1 Bad-R
frequency
f1=1.9MHz 0 0 0 0 0
f,=2.0MHz 8800 8300 5600 2500 2300
f,=2.1MHz 0 0 0 0 0

Table 24 Seeker controlled range versus various modulated frequencies attdiféaner
conditions

(A = 1.06um, AA = 40 nm, D=30mm, f=40mm, sand sample - A,
C,2=52-10" m?3)

Results testify that the seeker works only at corresponding \aluaodulating

frequency to the frequency of the coordinated filter in the processing.fhe seeker does
not work for any other modulating frequencies.

This situation is illustrated on three oscilloscope graphs. In Fifureutput signals of

all blocks of the seeker model are recorded at a modulating frequency equal tozZl 8MH
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this frequency does not coincide with the frequency of the nméafdter after the delay lines,
signals develop during any moments of time and do not excedu¢isbald criteria 7.6 and

7.7 above.

Figure 45 Seeker model output at 1.9 MHz

In Figure 46, output signals of blocks are reported at a modulating fregag2 MHz.
In this case the matched filter is adjusted to this frequencyuaipdit signals according to

criteria 7.6 are formed.

Figure 46 Seeker model output at 2 MHz
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In Figure 47 output signals of blocks are given at a modulating fnegeé2.1 MHz. In
this case the matched filter is not adjusted to this frequencyuapdt signals do not exceed
the threshold criteria.

Figure 47 Seeker model output at 2.1 MHz

Studying the dependence of detection range on changes of seekaetpesaand
atmospheres have been carried out. In Table 25 results of detectierofdhg seeker with

various turbulence levels are given.

Range, m

Good Typical-1 Typical-2 Bad-1 Bad-2
C.1°=52-10" 8800 8300 5600 2500 2300
m-2/3
C,°=75-10% 7800 7500 5200 2300 2200
m-2/3
C,3=10-10" 6900 6600 4800 2200 2100
m-2/3

Table 25 Changes of detection range at various turbulence strengths
(A=1.06um, AA = 40 nm, D=30mm, f=40mm, sand sample - A)
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Analyzing the above results, we can see that with deterioration of turbuleatend

atmospheric conditions, the detection range is essentially reduced.

Research into the effect of the receiving channel perforntfeagbeen carried out by
evaluation of detection range for three different values of the tkarokthe receiving lens
(D=20mm, D=30mm, D=40mm). Results are submitted in the Table 26.

Range, m
Good Typical-1| Typical-2 Bad-1 Bad-2
D;=20mm| 7100 6800 4900 2200 2000
D,=30mm| 8800 8300 5600 2500 2300
Ds=40mm| 10100 9500 6200 2600 2500

Table 26 Changes of detection range at various diameters of receiving lens
(A=1.06um, AL = 40 nm, f=40mm, sand sample - A/€52-10"" m*?)

The analysis of results shows, that with increase of diametifreafeceiving optical
system, detection range essentially increases, which is caused by asdrafrthe received

signal power.

Dependence of the maximal range of detection on various values édbcal length
(fF=830mm, f=40mm, f=50mm) have been then investigated. Results are shiheable 27.

Range, m
Good Typical-1| Typical-2 Bad-1 Bad-2
f1=30mm 7800 7500 5200 2400 2200
f,=40mm 8800 8300 5600 2500 2300
f3=50mm 9500 9000 5900 2500 2300

Table 27 Changes of detection range at various focal lengths of receiving lens
(A=1.061m, AX = 40 nm, D=30mm, sand sample - A’€52-10"" m??)

As expected, the increase of focal length results in narrosfifigld of view and

accordingly decrease of background level that results in enhanosilivily of the

receiving channel.
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The influence of the photodiode sensitive area size on the detectiorheangeo been
investigated. Results for three different values of sensitae @af the photodiodé<200um,
[=50Qum, 1=80Qum) are given in Table 28.

Range, m
Good Typical-1| Typical-2 Bad-1 Bad-2
[,=0.2mm| 12100 11200 6800 2500 2300
[,=0.5mm 8800 8300 5600 2500 2300
[3=0.8mm 7300 7000 5000 2400 2200

Table 28 Changes of detection range at various photodiode sensitive area sizes
(A=1.06um, A% = 40 nm, D=30mm, f=40mm, sand sample - £=62-10"" m??)

The analysis of the results shows that with increase in ta@&ahotodiode sensitive
area, the detection range is reduced. This is caused by tleasadn noise level in the
reception channel.

To investigate the dependence of detection range on théioacdmnnel bandwidth, we

present results for three different values of a bandwidth 30MHz, Af =65MHz,
Af =100MHz), given in Table 29.

Range, m
Good | Typical-1| Typical-2 Bad-1 Bad-2
Af1=30MHz 8800 8300 5600 2500 2300
Af,=65MHz 7400 7000 5000 2200 210d
Af3=100MHz | 6600 6300 4600 2100 1900

Table 29 Changes of detection range at various bandwidths
(A=1.06wm, A% = 40 nm, D=30mm, f=40mm, sand sample - A=62-10"" m??)

From the above table we can conclude that with increase in bandthieltthetection

range decreases. This is caused by an increase of noise level of themetepiiel.

The effect of photodiode parameters have been carriediogtthe following evaluation

of detection range for various values of photodiode spectral respor<gis.&IA/W,S
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=19.77A/W, $=9A/W. This evaluation was done whilst keeping the other parameteds f

The results are given in Table 30.

Range, m

Good | Typical-1| Typical-2| Bad-1 Bad-2
A=1.02um 10400 9700 6200 2700 2500
(S,:=46.84A/W)
A=1.06um 8800 8300 5600 2500 2300
(S:=19.77A/W)
A=1.1um 5700 5600 4400 2100 1900
(S=9A/W)

Table 30 Changes of detection range at various photodiode spectral responses
(A) = 40 nm, D=30mm, f=40mm, sand sample - A=62-10"" m??)

Analysis of results has shown that with increase of the photodiodeapesponse
detection range is increased. It is caused by an increagmal/soise ratio in the received
channel. Also dependence of range on change of temperature hawbsggated. Results of
this study are submitted in Table 31.

Range, m
Good Typical-1 | Typical-2| Bad-1 Bad-2
T,=300K 8760 8280 5610 2310 2120
T,=320K 8740 8260 5600 2300 2120
T5=340K 8720 8250 5590 2290 2110

Table 31 Changes of detection range at various temperatures
(A=1.061m, A% = 40 nm, D=30mm, f=40mnf=30MHz, R =10°Chm,
sand sample - A, £-52.10" m??)

The analysis of results has shown that this dependence weak. dtisedcby a

dominating role of shot noise of the received channel within the APD photodiode.
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7.4 Conclusions

The seeker model has been discussed theoretically and built aslastogl®athlab
and Simulink codes. It has been tested for various weather conditroresddition,
investigation has been carried out to find the effect of othenpeters on the performance of

the seeker and its components.

Dependence of detection range on weather conditions for variousewgthed and
narrow-band optical filters show that the detection range growsanmarrow-band optical
filter because of decreasing the noise level entering tieévneg path. It was clear that using
higher wavelengths gives longer detection range and withateteon of weather conditions it
decreases. Moreover, it was clearly proven that the seeker wolksat the specified
modulated frequency.

The seeker detection range essentially reduced with the iaa&agbulence level
and deterioration in atmospheric conditions. Simulation results indilbatewith the
increase of receiving optical system diameter, detection range algentreases that is
caused by a rise of the quantity of received signal poweexpected, the increase of focal
length results in narrowing of the field of view and accordingbdk to a decrease of

background level that causes enhanced sensitivity of the receiving channel.

Simulation results show that with an increase in the size gfhtbdiode sensitive
area and bandwidth the detection range is reduced. It is causedihgrease in noise level in
the reception channel. Nevertheless, analysis of results provedlitih@n increase of the
photodiode spectral response, the detection range is increasezhused by the increase of
signal/noise ratio in the received channel. Finally, the perfazenahthe seeker matched the

expected results.
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CHAPTER 8

Development of Counter-measures Model

8.1 Principles of countermeasures

A counter-measure can be regarded as a system (usualiyifdaey application) that is
designed to prevent weapons from acquiring and/or destroying & 2ogater-measures are
devices, techniques, or actions taken in order to undermine the opereffeatveness of
enemy activities. These enemy activities depend on, or take ageaftahe technical and
operational characteristics of components like electro-opticabsseasd/or millimeterwave
systems. Counter-measures also include all means to analyzg &cterty, determine the

enemy’s intention and exploit this knowledge to reduce enemy effectiveness [1].

These preventive techniques may also function by concealing seigg@tuses of the
target. In addition, they can also disrupt the target detection syefahe attacker. They can
act against target acquisition systems that depend on electhamioal, infrared, optical, or
radar technology. Moreover, counter-measures are most popularlyatesgaeith aircraft
defence, examples include metallic foil chaff to disrupt rad@&ctien, decoy flares to disrupt
infrared, and electronic systems to disrupt other targetingcamanunications systems.
However, land and sea-based forces can also use such measusesokéFscreens to disrupt

laser ranging, infrared detection, laser weapons, and visual observation.

Counter-measures not only avoid detection and identification by an esesrsgr or
weapon, but they are also thought to include means to reduce theveffessi of their
destructive systems. Electronic counter-measures (ECM) systemone way to deal with the
enemy threat. The subdivision of an ECM system involves: (a) theratng and avoidance,
(b) detection/finding, (c) target homing and tracking and (d) tseheaf the proper response to
the incoming threat. Effective ECM may involve spot/barrage/swaeming, chaff and
infrared flares, deception (creation of a false radar imagetherattivation of radar decoys.
High speed signal processing is critical in order to de#h wthe short response time
successfully [2].
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This subject closely revolves around classified information andctinisbe a major
difficulty in studying counter-measures. Receivers deternmagresence or absence of a
contact. Detection sensors heavily depend on these receivers sitwptestechnical means
to disrupt or deceive that receiver is, therefore, an advantage orteguand! very closely, by

keeping this information classified [2].

All Infra-red (IR) direct threat weapons require line ohsid.OS) to be established prior
to launch and the in-flight missile must maintain LOS with thgetbheat source until impact
(or detonation of the proximity fuse). IR missiles requir dperator to visually detect the
target and energize the seeker before the sensor acquisrg#helthe operator must track the
target with the seeker docked to the LOS until can be deterithiatithe IR sensor is tracking
the target and not any background object (natural or man madesdbjmclude vehicles, sun,
or reflected energy from the sun off clouds, etc.). The IR seBsalso susceptible to
atmospheric conditions (haze, humidity), the signature of thea#iiend its background,
flares, decoys, and jamming. When an aircraft has been detengetkdalocked-on, and the
missile fired, it becomes essential for survival to defeatrtbeming missile. Of course,
except in the case of autonomously guided missiles, counter-meagaiast the ground (or

hostile aircraft) tracking and command guidance system could still lwiedf?].

IR guided missiles like shoulder-launched “fire and forget” typas be a real
challenge. In most cases, such missiles require lock-on priounchathey do not have
autonomous reacquisition capability[3]. Given an adequate hemisph&sde warning
system , it is quite conceivable that the missile can be éef@atflight. One technique to
defeat guidance elements is to use an RF weapon (directed from the aircnaétiawte or
counter-launched). For optical or IR seekers that are obviously mbiatid" to the RF
weapons, a "back-door" means of coupling the RF energy into the attacking misstileem
used. Such back-door mechanisms exist; however, they are thought to lwhcteipieeand
statistically diverse. The inaccuracy of these techniquesrslififom missile to missile within

the same class and depends on the missile’s maintenance history [4].
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The following four factors and considered to be very impbrtdaen counter-measures

are developed for opto-electronic guidance systems of high-precision:

» Spectral range in which guidance systems is operating (visibleinfieaied, middle
wave infrared, long wave infrared)

» Principles of guidance (passive, active, semi-active)

» Placing of sensitive elements (in a front or rear part of the carrier)

* Duration of guidance process

In anti-tank systems using beam-riding guidance (semi-active)missile itself
corrects a movement trajectory to the target, being alirtieinside (within) a laser beam.
The laser beam is formed at the aiming station and goes amngbe The missile continuously
receives the information on it’s spatial position due to spe@duhation of a laser beam. This
information is formed in the seeker that is located in redrqfaa missile. Such guidance

systems usually work in the near infrared spectrum (spectral range).

To cause the failure of guidance processes of missileseahuttion of fighting

efficiency of similar anti-tank devices it is possible to use the follownmter-measures:

* Smoke (aerosol) screens
» Active jamming
* Formation of decoys

» Destruction of anti-tank missiles in flight

Warning systems are essential for the counter-measure pjgjcd$ss element of the
self-protection suite determines threat presence, threat bheamohginder certain conditions,
degree of lethality. With this information the operator can &dfextive evasive action and

activate counter-measures. Some systems automate this process.

The function of a warning system is to detect threats appra@atiensystem and to
alert the protected entity (nation, aircraft, ship, ground vehicldiess) about a near-term
danger. Thus, it differs in philosophy, and in the applied technologies rémmnaissance

and surveillance, which involve the longer term observation and cearation of potential
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adversary, and from tracking and/or fire control, which involve detadedentration on a
detected threat. Typical warning scenarios involve a platforrarea, to be protected; an
immediate danger; and an environment containing a variety of dthemportant)
objects/events that must be distinguished from the potential. ti=eatlly a warning device is
continuously operative, has a wide field of regard, and covers a brogd od threat

parameters.

The warning function involves continuous observation of the activities wii$in
environment, detection/recognition of threats, detailed charactenzat the threat, and
alerting of its platform. Threat characterization must be of retiability to avoid disturbing
the platform with spurious alarms; also, it must be sufficieah#ble the platform to initiate
appropriate responsive actions. Once the warning system hag alerf@atform to the
impending threat, characterized it, and located it, the subsequensidefaction passes to

other elements in the platform defensive/offensive suite.

8.2 Screening Systems

Smoke is a suspension in air (aerosol) of small particles irgsd@itbom incomplete
combustion of a fuel. It is commonly an unwanted by-product of fires (including stades
lamps) and fireplaces, but may also be used for pest contrrf@§ation), communication
(smoke signals), and defence (smoke-screen). Spavkieles are actually an aerosol (or mist)
of solid particles or liquid droplets that are close to the idegje of sizes for Mie scattering
of the radiations (UV, VIS, IR). This effect has been likereethtee-dimensional textured

privacy glass, the smoke cloud does not obstruct an image, but thoroughly scraf6hles it

Depending on particle size, smoke can be visible or invisible to keeleye. A smoke-
screen is a release of smoke in order to mask the movemenatioh of military units such
as infantry, tanks or ships. It is most commonly deployed in a canister, usuatiyessade.
The grenade releases a very dense cloud of smoke designedéosiilitounding area even in
light wind. Whereas smoke screens would originally have been used todneenent from
enemies' line of sight, modern technology means that they arelsovaailable in new

forms; they can screen in the infrared as well as visiblerspeof light to prevent detection
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by infrared sensors or viewers, and are also available foleelsa superdense form used to

prevent laser beams of enemy target designators or range finders oas{éhicl

Use of smoke (aerosol) screens near the target allowsrabkeasm from a guidance
system to be blocked and, thus, provide in conditions of the absenceabiviBibility of the
target failure of the guidance process of a missile. In thés taslaser warning system detects
the threat laser system and automatically orients the taritee direction of the threat. It then
triggers the grenade launchers which create an off board smei@esdh screen. The
composition of this cloud is intended to screen the tank againstlesignator and beam-
riding threats and is also claimed to be sufficiently hot tos®thfra-red homing weapons

away from the tank.

In a smoke (aerosol) screen the laser beam will have vengsittenuation due to the

effects of scattering and absorption. Such attenuation can be described byiexprés

T, =exXpl(0 s+ 0se) U, 2] (8.1)

abs

where,

Ts - transmission factor of the smoke (aerosol) screen

aaps- attenuation factor caused by absorption of laser radiation
ascat- attenuation factor caused by scattering of laser radiation

z - depth of a cloud (screen) at the height of the laser beam

Expression (8.1) is used in counter-measure model for describingflirence of
smoke (aerosol) screens on the efficiency of guidance procassissile to the target. Values

of parameters in expression (8.1) are taken from the specifisatsaa in Grenade Systems.

8.3 Active jamming

Communications jamming is usually aimed at radio signals togtisontrol of a battle.
A transmitter, tuned to the same frequency as the opponenismgaguipment and with the

same type of modulation, can with enough power override any sighalraceiver. The most
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common types of this form of signal jamming are: Random Noiaed&®n Pulse; Stepped
Tones; Wobbler; Random Keyed Modulated CW; Tone; Rotary; Pulse; Spackrded
Sounds; Gulls; and Sweep-through. All of these can be divided into two grbujpsis and
subtle [8].

Obvious jamming is easy to detect as it can be heard on tiamgaruipment. It is
some type of noise such as stepped tones (bagpipes), random-keyed code, pulsdly, erratica
warbling tones, and recorded sounds. The purpose of this type of jansmiglock out

reception of transmitted signals and to cause a nuisance to the receiving [gjerator

Subtle jamming is that during which no sound is heard oret®gving equipment. The
radio does not receive incoming signals yet everything seepesfgially normal to the
operator. These are often technical attacks on modern equipment. &adang is the
intentional emission of radio frequency signals to interfere thighoperation of a radar by
saturating its receiver with false information. There aretiypes of radar jamming: noise
jamming and deception jamming [9].

A noise jamming system is designed to delay or deny targsttibet. Noise jamming
attempts to mask the presence of targets by substantially addivglevel of thermal noise
received by the radar. Noise jamming usually employs high psigreals tuned to the same
frequency of the radar. The most common techniques include barrageywsaitspot, cover
pulse, and modulated noise jamming. Noise jamming is usually emplgystaihd-off

jamming (SOJ) assets or escort jamming assets[9].

Deception jamming systems (also called repeat jammerg)esigned to offer false
information to a radar to deny specific information on eitheribgarange, velocity, or a
combination of these. A deception jammer receives the radat sigodifies it and retransmits
the altered signal back to the radar[9].

Initially, the challenge was simple: tune in to the fixedjfiencies of the radar, and
then start jamming on those frequencies. However, as faelease more sophisticated they
used irregular noise superimposed on the radar signal to cloaktiheasignals were broken

up into short bursts, and the frequencies used were changed rapidlgrastahty.Radar
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jamming for the purposes of defeating speed detection radanpées than for military
application, although it is often illegal.

In anti-tank systems using beam-riding guidance, the seekeaiedl in rear parts of
the missile. In this case the active optical jammer in &id &f view of the seeker. The main
task of the active jammer will consist in the formation ofdagnals in the control loop of
anti-tank missiles with semi-automatic command systems alfirgui Thus the jamming
represents modulated or noise-like radiation which generatesifsisgs in the receiving path
of the seeker. The jamming power at the input of the seekerlaptstam can be represented

by the following expression (from geometry as in the laser sensor didansShapter 3):

P.(t) =P, BEEe‘“JBJ Grm(t) 8.2)

where,
R(t) - jamming power at the seeker input
R; - average power of jamming radiation
B — seeker bandwidth
B - bandwidth of a jamming radiation
- attenuation factor of jamming radiation
7 - distance from the jammer up to seeker
D - diameter of a receiving lens of seeker;
- divergence (the angular dimension) of jamming radiation;

F(t) - modulation function of jamming radiation.
In case of using noise-like jamming:
F(t)=n(t), (8.3)

where n(t) is gaussian, stationary white noise with paramefers; m,=0.
Its probability density is described by expression [10]:
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1
n(t)) = Lex , 8.4
wheren is the current value of jamming and is:
n=n, -7, (8.5)

n=0...1 representing the threshold that helps setting the requiredydehsite jammer.
Expressions 8.2-8.5 were used in the counter-measure model for imdatiog jammer

influence on the operational capability of the system.

The process of jamming guidance systems, in which the segltacésl in a rear part
of a missile, is difficult enough. The most probable scenario srctige is jamming from on
board of an airborne vehicle (helicopter, unmanned vehicle, etc.) rafteption of a
preliminary command on a radio channel about a threat from the wasystgm (laser

warning system or other means) which is placed on the armoured vehicles.

Active infrared counter-measures, in contrast to off-board experdztigs, are on-
board systems that utilize an active radiator to augmentdghalghat the missile receives
from the platform engines and other radiating body parts. The active radiator caniviee
from numerous sources: lasers, arc lamps, incandescent lamgegitiesdeated by burning
fuel. The active infrared counter-measure systems required modidaehemes to be applied
to the output of the active radiating source to provide a timangsignal at the missile
seeker. This signal would then interact with the seeker retiodulated signal. The result
generates false guidance commands to the missile aerodynamic sorfaoés.

8.4 Decoy

A decoy is usually a person, device or event meant as a timtréw conceal what an
individual or a group might be looking for. Decoys have been used for @ntoost notably
in game hunting, but also in wartime and in committing or resolvinges. The decoy in war
maye.g.be a wooden fake tank, designed to be mistaken by bomber planeachbewsal, or
a device that fools an automatic system such as a guidedemigssimulating some physical

properties of a real target [11].
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Expendable decoys, in contrast, generate a very higlsitytesdiation source resulting
from a chemical or pyrotechnic reaction. The reaction usually ingdllle burning of
magnesium powder in the presence of other constituents, which creates magiuesiden f
and magnesium oxide, providing very high signals in the & HO bands in the mid-
infrared spectrum. The high signals received by the seelsirthdefended platform’s much

lower radiated signals and the missile is successfully decoyed aamaytfe target [12].

The decoy is ejected away from the defended platform by an esgbbgrge drawing
the threat away. Flare decoys are the primary defengesabaat-seeking missiles for many

high-performance fighter aircraft in addition to helicoptersshomer flying transport aircratft.

8.5 Destruction

Destruction of a rocket or a missile during its flight torgeais considered a failure of
performing a fighting task which, at the same time, is congsidierdoe a very successful
counter-measure. After detection of the attacking missile afmenand must be given to the
assets responsible of dealing with such threat. In this case rigid requsemtre speed of
systems are crucial. In the following sections, we presegbilrger-measures model and the

tests carried out. Finally, conclusions will be drawn from the analysis ofgesul

8.6 GUI for Counter-measures Model

A GUI designed in Matlab facilitates the user to run the coumeasure model easily.

Figure 48 shows the GUI layout.
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Figure 48 GUI layout for counter-measures model
It is similar to the GUI used in the laser sensor model, i¢haddition of three

counter-measures. So, the user has the option to choose which counteensesdected for

particular parameters being used for the model.

8.7 Testing of Counter-measures Model

On the basis of the analysis of possible variants of counter-nesathe seeker model
with the counter-measures block has been developed. The model is shayuneBi Three
types of counter-measures have been used:

1. Grenade - smoke-screens
2. Jamming

3. Destruction

Testing of the model for each type of counter-measures has been carried out.
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Figure 49 Counter-measures model layout

The dependence of attenuation coefficient of laser radiatiosrmoéie-screen on the
range up to the target, to ensure a failure of the guidancess, is shown in the results of
Table 32.

R, m Olmin, M
100 1.28
500 0.84
1000 0.65
1500 0.53
2000 0.45
2500 0.38
3000 0.33
3500 0.28
4000 0.24
4500 0.21
5000 0.18
5500 0.15

Table 32 Minimum attenuation coefficient required vs range for grenade couedsure

(A =1.06pum, AX = 40 nm, D=30mm, f=40mm, sand sample - A,
C,2=52-10" m?3)
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Table 33 shows attenuation coefficients for various atmospheric aorglitt is the
minimum attenuation coefficient that the smoke grenade must prodeftedtively counter-

measure the laser beam at the given range.

R, m Olmin, M

Good Typ-1 Typ-2 Bad-1 Bad-2
1000 0.65 0.65 0.65 0.6 0.58
1500 0.53 0.53 0.52 0.37 0.34
2000 0.45 0.45 0.42 0.18 0.13

Table 33 Minimum attenuation coefficient required vs range at diffirent weadhertions

for grenade counter-measure

(A = 1.06um, AL = 40 nm, D=30mm, f=40mm, sand sample - £=62-10"" m??)
Analysis of results shows that with increase in distance ughdotdrget and
deterioration of atmospheric conditions, the attenuation coeffiaehager radiation in the

smoke-screen are reduced.

The influence of jamming on operational capability of the sdekebeen investigated.
Results are given in oscilloscope traces Figures 50, 51, and 52.
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Figure 50 Output signals of seeker model with countermeasures at low denstiik&ois

jamming (7 = 0.7)

In Figure 50, output signals of the seeker model with countermeasargsown with
low density noise-like jammingy(= 0.7). In this case, the probability of occurrence of a false
pulse at the output of the processing block is very low. Analystseabscilloscope output
shows that with low density noise-like jamming, formation ofisefpulse does not occur. In
this case, the modulating frequency of interest is the only fregudstiected and mode of

steady control is maintained.
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Figure 51 output signals of seeker model with countermeasures at the raisgonoeses

like jamming (7 = 0.5)

In Figure 51, output signals of the seeker model with countermeasargisen at the
raised density of noise-like jamming € 0.5).The oscilloscope output shows that with
increase in density of noise-like jamming, there is superposititredandom pulses. In this
case, formation of false signals does not occur because the random pulses deeubothexc

established threshold.

Figure 52 output signals of the seeker model with countermeasures higledensity

noise-like jamming 4 = 0.3)
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In Figure 52, output signals of the seeker model with countermeasargsown with

very high density noise-like jamming & 0.3). In this case, the probability of occurrence of a

false pulse at the output of processing block is high. This showwithathe increase in
density of pulse random jamming, false signals are formed attpat of the matched filter.
These signals enter in the control loop of a missile and neseltrors (or failure) of the

guidance process.

8.8 Conclusions

Results show that using of various types of counter-measures agerftuence the
stability of the guidance process of anti-tank missiles. Applghghe smoke (aerosol)
grenades as countermeasures for beam-riding systems is @assiplon the basis of
information on an irradiation from the laser warning receiver. stheke (aerosol) screen
should occur in a short time which is less than time of flightrofssile up to the target. The
type of smoke (aerosol) grenades should be chosen for the required comdiattesuation

of the laser radiation (Table 31 and 32) and must cover the used spectral rangentd.syst

Using active jamming for the beam-riding systems is possitile jammer is placed
into the field of view of the missile seeker. Parametergarhaner can be taken according to
expressions 8.2-8.5. With increase in density of jamming, reqeiviarfor higher power of the
jamming source are reduced. When using noise-like jamming wittisaf density, there is a
superposition of the random pulses at the output of the matchedThisrleads to false

signals in the control loop of missile those results in a failure of the guigancess.
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CHAPTER 9

THESIS CONCLUSIONS AND RECOMMINDATIONS

9.1 Introduction

This thesis has described the research work preformed designuetppleg, and
testing a new laser sensor model, laser seeker, and countergsegstem using Matlab and
Simulink software. It has examined the vulnerability of lasemimgr systems to guided
weapons especially laser beam-riding missiles that use lowrgdasgers in their guidance
systems. The idea to do his project came as a resultwhéxpected poor performance of a
number of warning systems during field trials in the United Afabrates desert. The bad
weather conditions, the high temperatures, and other factors waeados to initiate this
project. The goal was to help find a solution for these systemsheiigob in protecting the

tanks and armoured vehicle crews from such a threat.

The objective of this work was to study the reasons for the pafa@degradation of
the laser warning systems in the weather conditions of Unitald Bmirates and to develop
and recommend optimization of their structure, characteristicsemz increase the overall
performance. In addition, it covered the laser seekers used inrlsBaghsystems, their
problems and evaluation of an opportunity of effective functioning irséivere weather
conditions of United Arab Emirates. Moreover, developments of cenr@asures, which can
deceive laser beam-riding anti-tank missiles from destgotfie armoured and personnel

carriers were investigated.

For this purpose, mathematical models of the laser sensor daker and laser seeker
with countermeasures have been developed. The laser sensbisitiaease structure for the
other two models which differ from it only by additional blocks of pssing and counter-

measures and in some of the parameters of each one of them.

The computer model has been developed to enable the assessmeaphades|of a
laser warning receiver and missile seeker. MATLAB & SIMNK software have been used
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to build the model. During this process experimentation and field h@ve been carried out

to verify the reliability of the model.

9.2 Conclusions

» The survivability of tanks and armoured vehicles is one of thedifiistilt challenges
for military technology. The cycle of threat and counter-messswill never stop. The
hard kill defensive aid has been proved as a successful sydtemit comes to
protecting the crew and its capabilities. Soft Kill is anothstesy that should be
considered as the future of counter-measure systems becasselative simplicity
and low cost compared to hard kill systems.

» Forincrease of efficiency for laser warning sensors witheiase detection range, it is
necessary to improve the sensitivity of the receiving channekdnde the influence
of various factors which were found as a result of research anddmagit of the

laser sensor.

* The model of the laser sensor is executed in a MATLAB prograd represents the
set of blocks combined by a unified algorithm of the laser sensvatgn. These
blocks realize mathematical transformations which adequatelyiloesice physical

processes occurring in each element of the model (Chapter 3).

* The structure of the laser sensor consists of:

1. Block of input signals describing the process of formation of tlez [adses with the
required parameters.

2. Block of an atmosphere describing the attenuation of radiathile travelling through
the atmosphere and its distortion caused by turbulence.

3. Block of noise describing the processes of formation of external and interse$ noi

4. Block of the photodiode describing the transformation of an dgtgaal to an electric
signal.

5. Block of 1st amplifier describing the process of amplificatiom signal in the 1st
cascade.

161



6. Block of 2nd amplifier describing the process of amplificatioa efgnal in the 2nd
cascade and its filtration in the limited pass band.
7. Block of the comparator describing the extraction and transformatian analog

signal to a digital signal.

* Such a structure of the model makes it possible to evaluate &zton &nd each
elements influence on the sensor operation. Parameters of eaemelvere selected
from condition of their conformity to the real physical componentsefraluation of
atmospheric conditions influence, LOWTRAN VII atmospheric computer e@de

used.

» The solar effect is an essential factor which has been coagditethe model for these
systems deployed in UAE desert. Three sand samples have beghtbirom the
United Arab Emirates to study the reflectivity charastess of these samples in
various spectral ranges. These samples have been subjeckpéament to read the
reflectivity of each one of them. Results of this study weeel éisr evaluation of the
reflective level part of the background radiation and the effethaifon the laser

sensor performance.

» Testing of the model was carried out on the basis of atmospheri¢icoadypical for
the United Arab Emirates and real characteristics of the comfmiResults of testing
show good conformity of the model signals with output signals obpaklectronic

devices.

» The model runs as designed and detects the weak optical sigrakat (which is the
maximum range for antitank missiles) or more since the maxirdetected range

obtained in the real trials was 4.5 km.

» The laser sensor model has been built and tested for differesg and weather
conditions. The outputs of the model demonstrate it is behaving as piedidte
model is flexible and general enough to encompase all expeciatiora and can

easily be updated with new or different data files.
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The analysis of output results testifies that the detectiore r@sgentially depends on
atmospheric conditions, concrete performance of the receiving chawintbleaphoto
detector type. For the given characteristics of the lageos¢he maximal range of
detection does not exceed 5.5km. With deterioration of atmospheric cond#ns
range of detection is essentially reduced and in the famigeGood up to Bad-2, it

reduces by a factor of 2.

The type of sand as a reflecting surface for indirect soéatiation has an influence on
the detection range under good atmospheric conditions only. Under bad atmospheric

conditions other factors dominate.

The laser sensor was built as hardware and tested for vargass Adot of parameters
have been evaluated to see if we can match the output cominghedasér sensor
model simulation. The experimental work divided into two parts, firtout light
source and second when adding the light source to see the effeeir difesddground
on the output results just like in the simulation. First, a matheahanodel of the
experimental setup was introduced and discussed. It was importarfine the
dependence between value of transmission of optical attenuatay, filsed to carry
out the test, and values of the corresponding distances from tagee 40 the
photoreceiving device. Then, and after creating the calibration cweveead the
output for various cases without the light source and ran the simuladidel for the
same setup. The results show that there are small differbat@een the two outputs
and that can be explained as a result of the nonlinear operattoam arinplifier. The
same process has been repeated but with a light source to thetatdar background.
Comparison of experimental results with the model sholwsrgbod correspondence.

Dependence of the laser sources detection range on the ohkegparameters of the

sensor and weather conditions (Chapter 6) was investigated.

The analysis of the received results has shown that the ovefaiihpance of the laser

Sensor essentially depends upon:

1. Status of the atmospheric conditions at the time of performance

163



2. Atmospheric turbulence level
3. Parameters of the optical model
4. Type and characteristics of the photodiode

5. Parameters of the amplification path

* An estimation of the threshold sensitivity of the sensor is disduasd analyzed
considering all the noise sources possible such as shot noise of the dark current, shot
noise of signal fluctuations, shot noise of the background radiation, anththmise
of the electronic path. It was clear that for a reduction akdpamund radiation, it is
necessary to reduce the field of view of sensor by incredlsan@pcal length and

reduction of the dimension of the sensing area of photodetector.

» Atmospheric turbulence was another issue discussed in this thesiddstand its
effect on the output of the sensor and how to overcome any probl@osed. It
results in fluctuation of phase longitudinally in the beam andceaisiss the laser beam
that reduces temporal and spatial coherence of the radiatiotudtians in laser beam
angle of arrival were studied and it was clear that when atmospiiebulence

increased, the dispersion of arrival angle of radiation essentiallysgrow

* Influence of laser sensor parameters on the performance wasigated. The results
show that the detection range essentially decreases with detenafatmospheric

conditions as turbulence strengthens.

» Factors Impairing The Efficiency of The Laser Sensor

On the basis of the research results of the laser sensor model the factorg riguci

detection range of the laser sources radiation have been esthblisbse factors are:

1. Significant attenuation of laser radiation in an atmosphere deahsitongly to

changes of weather conditions.

2. The influence of atmospheric turbulence can be seen in the expariager beam,

strong fluctuations of its intensity and arrival angle.

3. Non-optimum choice of optical system parameters, diamedpediure D and Focal
length f, results in decrease in the level of useful signal amdase in the level of

background radiation.
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4. Non-optimum choice of spectral bandwidth of the optical filtatses an increase
in the level of background radiation.

5. Discrepancy of the wavelength of the laser source to thémmuan spectral
sensitivity of the photodetectors results in a decrease of thedkesgegnal in the
receiving path.

6. Strong dependence of the photodetector amplification on temperatwgeasthof
using an Avalanche Photo Diode (APD).

7. Non-optimum choice of the size of sensitive area of the photodiodésresah
increase of noise level.

8. Non-optimum choice of bandwidth of the amplification cascade rasudlistortion
of the resulting signal or in increase of noise level.

9. Absence of measures of decreasing noise in the receive channel.

10. Non-optimum choice of the threshold level of the comparator.

Requirements of Laser Sensor Parameters

On the basis of the analysis of the factors impairing effgieof the laser sensor
performance, the requirements of its key parameters have besgopil’and they
allow us to increase the detection range of laser sources. fdipsEments are as

follows:

1. Diameter of the aperture of receive optical system shoudd terge as possible
(Table 17) with the purpose of maintaining the required maximaksgahat can be
accepted the laser signal. Size restriction of the aperilireerxconnected only with

weight and dimension restrictions of the optical system and its cost.

2. The focal length of the receiving lens should be chosen to mmaiheaminimal

possible field of view (Table 18) in order to decrease the Iébalaxground radiation.
The increase of focal length will be limited by the dimensmingptical system and
necessity of maintaining sufficient light exposure of the imag required field of

view of the sensor (typically 38 azimuth) and hence may require more sensors.

3. The spectral bandwidth of the optical filters should be as smalbssible (Table

19) in order to decrease the level of the background radiatian@edse the detection
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range. However, this is limited by the quantity of fragmeatatf the set spectral

range and the necessity of considering the temperature effect on thadsson.

4. Spectral sensitivity of the photodiodes should be maximal (TabléoR@he

wavelengths used by the laser radiation sources.

5. When using Avalanche Photo Diodes (APDSs) it is necessary bigstacircuit for
voltage control of the offset depending on the temperature or to apply a thermostatic

switch with the purpose of stabilizing the APD multiplication factor.

6. The size of the photodiode sensitive area is necessary to baskephimal as
possible (Table 21) to decrease the noise level. However itstieais limited by the

size of the focal spot caused by the influence of atmospheric turbulence.

7. The bandwidth of the receiver channel should be coordinated with theokitie
laser signal spectrum. With the absence of aprioristic dateedader signal it should
be minimized (Table 22) with the purpose of decreasing noise levedhbuld not

result in distortion of the useful signal.

8. Parameters of electronic elements of the amplifier dasawa chosen to maintain a

minimum level of noise.

9. The multiplication factor of the receiving channel has to be sufficient to pravide

normal performance of the comparator at a low level of optical signal.

10. The level of comparator starting threshold should be set takirgcirount all actual
noises of the laser sensor, and maintenance of preset values dilgirebaf correct
detection and false alarm.

Comparing the evaluation of the laser sources detection range received in our model
with field trials results, given in Table 15, it is possible &dire extreme ranges (up to
5,500 m in good weather conditions on 1.06 microns wavelength), tHz eahieved

by optimization of the parameters of the laser sensor.
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Table 15 shows the results of field trials carried out in sunmmeay - August) in
the United Arab Emirates desert by various companies - nantdes (A, B, C, D)
during 2001-2003. The best performances are received by companyi¢A)was 4.5
km for good weather conditions at 1. 06 microns wavelength. Frora Tahit is clear
that with the deterioration of weather conditions the range of teiedasrce detection

is essentially reduced.

On the basis of the results of the testing of the laser semst®l in our research, the
requirements of the parameters of the sensor receiver pathblean developed
(Chapter 7). These requirements can be used as recommendatiensdmgplanies or
manufactures for providing high efficiency of combat applicatioth#iaser warning

systems

The seeker model has been discussed theoretically and built aslasiogl®athlab
and Simulink codes. It has been tested for various weather conditicaxddition,
investigation has been carried out to see the effect of othampters on the
performance of the seeker and its components. Dependence oiodetange on
weather conditions for various wavelengths and narrow-band optieed how that
the detections range grows with the use of a narrow-band optiealbfecause of
decreasing the noise level entering the receiving pattadtorear that using a higher
wavelength gives longer detection range and with deterioratmeather conditions it
decreases. Moreover, it was clearly proven that the seeker ardykat the specified

modulated frequency.

The seeker detection range essentially reduced with thegscoé turbulence level
and deterioration in atmospheric conditions. Simulation resditste that with the
increase of receiving optical system diameter, detectiorerasgentially increases
that is caused by a rise of quantity of received signal powerexfsected, the
increase of focal length results in narrowing of the fieldiefv and accordingly
leads to a decrease of background level that causes enhanséd/isy of the

receiving channel.
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Simulation results show that with an increase in the size giitb®diode sensitive
area and bandwidth the detection range is reduced. It is causedibgrease in noise
level in the reception channel. Nevertheless, analysis of rggoled that with an
increase of the photodiode spectral response, the detection rangee&sed. It is
caused by the increase of signal/noise ratio in the receivethahdinally, the

performance of the seeker matched the expected results.

Results of research in Chapter 8 show that applications of vayipes of counter-
measures essentially have an influence on the stabiliheajuiding process of the
anti-tank missiles. Application of the smoke (aerosol) grereglesuntermeasures for
beam-riding systems is possible only on the basis of the infiemat the irradiation
from the laser warning receivers. The smoke (aerosol) sdneetdsoccur in a short
time which is less than the time of flight of a missile uphi® target. The type of
smoke (aerosol) grenades should be chosen for the required conditideawdtain
of the laser radiation (Table 31 and 32) and must cover the used lspaeaof the

systems.

Using active jamming for the beam-riding systems is possitile jammer is placed
into the field of view of the missile seeker. Parameters jafraner can be taken
according to expressions 8.2-8.5. Increasing the noise demsitggrandom impulses
at the output of the matched filter. Such impulses can exceed see {preshold. This
leads to false signals in the control loop of the missile aralyesult, a failure of the

guiding process results.

Decoys employ infra-red emitters to “mimic” those usednmst semi-automatic
missile systems to facilitate missile tracking. In tidgy, the enemy fire control system
is made to issue erroneous flight correction commands to thdemdsausing it to
deviate from its intended target. Destruction of the threatlssan be achieved by
eliminating the incoming missile with a high power laser beaamy other mean. For
this purpose, it is very important to have a fast system of tifeeatbn means. High
speed signal processing is critical to successfully dealitigthe reduced response

time.
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9.3 Recommendations and Future Work

« Create a model to calculate the refractive index structufef(@%;P;1°%), which
makes the laser sensor model more dynamic and will allow tbmags of its
importance as a parameter for the absolute measuring conditions.

» To carry out optimization of the aperture ratio (D/f) value far teceiving optical
system for the concurrent providing of sufficient luminosity im@af spot (small f)
and narrow field of view (large f) and number of sensors and field of view.

* Develop an estimation model of transmission coefficient of the dpgigstem
combined with an optical filter.

» Develop a method of choosing the photodetectors with a maximal egnsitid
covering the required spectral range in a way of making the model more dynamic.

» Create an estimation model to find an optimum size of photodiode aetjien in
order to provide minimum NEP and required size of the focal spot chysgatlience
of turbulent atmosphere and aberrations of the optical system.

» Create an estimation model to find the most appropriate value ophcalion factor
(M=f(T®)) of the avalanche photodiode (APD) at the change of ambient teompera
Develop estimation methods of their efficiency to provide the redjusize of
displacement at the used temperature compensator.

» Develop an estimation model to find the best amplification factdrb@ndwidth of
amplifying channel with the help of concrete parameters ofitrgesliance amplifier
and subsequent cascades.

» Develop an estimation model to come up with the optimum value bandwiltbif (
receiving channel in order to find the minimum noise level (sxigland forming of
the undistorted useful signal (larg®.

» To carry out an estimation model of the comparator threshold &negtinto account
and providing the required values of probability of correct detectiorafid)false
alarm (F).

* Add new blocks into the laser sensor model taking into account the ateditaser
radiation (reflected from other objects or surfaces) which hiirthet of the laser
sensor. Develop methods of noise-immunity for this case.

* Add new blocks into the laser sensor model which makes it possitoisrisignals

with different types of modulation.
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Add new blocks into the laser seeker model to develop the signal pnocediewing
the ability to select signals with the different types of modulation.

Add a cooling system to the laser sensor model to reduce the@umpeffects on the
sensor performance.

Develop an estimation model for counter-measures efficiency for thesksesdasr.
Create a user interface for the laser sensor model allowengritry of all current
parameters of atmospheric conditions of this locality.

Choice of high —speed electronic components.
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APPENDIX A TRANSMITTANCE GRAPHS

Transmittance of a Good weather condition. Figure 53.
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Figure 53 Transmittance of a Good weather condition

Transmittance of a Typical-1 weather condition. Figure 54.
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Figure 54 Transmittance of a typical-I weather condition
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Transmittance

Transmittance of a Typical-1l weather condition. Figure 55.
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Figure 55 Transmittance of a typical-Il weather condition

Transmittance of a Bad-I weather condition. Figure 56.
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Figure 56 Transmittance of a bad-1 weather condition
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Transmittance
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Transmittance of a Bad-Il weather condition. Figure 57.
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Figure 57 Transmittance of a bad-1l weather condition

177




APPENDIX B Measuring the Reflectivity of Desert Sand Samples

Sample A, B, and C in Figure 58 corresponded to the sand types in UAE desert.

Figure 58 UAE sand samples

Figure 59 shows the result of the experiment. It gives thectefity in % of the incident
light on the sample and from that we can know the behaviour of the sanagiding noise to
the laser warning receiver for that range of the spectrum.
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Figure 59 UAE sand reflectance

178



APPENDIX C Calculations of Laser Sensor Parameters

Calculation of parameters of Laser Sensor
(for distance - 5500 m, atmospheric conditions - Good, sand sample - A,
Cn?=52-10"" m?3,3=1.06um and AA=0.811...1.1jim)

2 - 2
= D2 Eéxp(zal)  0.0250D.95290 (003)° (66

oo (310 +1.164110°° ) ({5500)° slano”
[gdiv + A [R? '

0
W - power of laser irradiation at the receiver input

2.
I 2shoms = 26MP £,MX = 2[16[107° 3310 [(514110° 1977010025 = 26810°°4

shot noise of signal

3.

i %shotnae = 2[@Af O, M X =2[1.610*° (B3[10° [D.5107° (100 [R5=132107"
A? - shot noise of dark current

—23 6
4. i %themn = ALK T (A = 4[138010 "~ [328(3310 = 598[10® A2-thermal noise of receiver

R, 10°

5.P,=B(\)[$, @[T, =1.1970107° 712310 [D5= 519010 W - power of background

6.

i Z%shotnn = 2[@Nf (P, &, (M [X =2[1.610 *° (B3M10° (519010 ' M9.77100[R25=271010*
A? - shot noise of background

7. IZnoie = \/l shotns. T 1 “shotndc + 1 “thermn + 1 “shotnb. =

=/ 268107 + 132010 + 598[10¢ + 271M10™ = 17210” A - RMS total noise
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Fa_ 7
8. Pthr - | "3 noise - 17210

= 873M00° W - threshold power of receiver
£, 1977
9. P, pp =P, +R, =514010° + 5191107 = 571107, W - power on receiver input

10. U,, =P, [, (R, [0k, [k, = 873010° 197710005 20=0.069, V - threshold

voltage for detection of signal with probabilitypQq — signal/noise)

11. Aggnaro = Pn pp (8= 5710107 1977=113107, A - signal current in out photodiode
12.
U ggnattamp = (Asgnarp — P ) (R [k, = (11310™° - 5190107 [19.77) (10004 = 40610 V

- signal voltage in out 1st amplifier

13. U U [k, = 40610 [20= 0.081, V - signal voltage in out 2nd amplifier

signal2Amp ~ ™ signal.1Amp 2

14.A =P, +P,)[2= (873107 +519[107)[19.77= 104110, A - noise currentin out

noisePD

photodiode

15U = (A

noiselAmp —

-P,[2,)[R, [k, = (1L0410° - 5190107 [19.77) (1000 = 6910™,

noisePD

V - noise voltage at the output of 1st amplifier

. A/ B [\ ° . .
16. A= Prosa L A = 10 ~ =5.774 - degradation factor of spectral noise
Posw  +/BIf, VAf, V3000

power
17. U iseoamp = Y noiseramp A2 = 69010 [—I% = 2390107, V - noise voltage at the output of
2nd amplifier
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APPENDIX D The Amplifier Circuit

Figure 60 shows the electronic circuit of the afiglicircuit.

Cr
||
||
Rr
® AVAVAY
Cs
+
+15V C,
N ?
@ @ — —
U Ca -

s

+/ Cs4
||+
||

L L -15V L

Figure 60 Amplifier circuit design

C1 = 0.1uF;C, = 0.1uF;Cs = 47uF;Cy = 47uF;C- = 15 pF;R = 1 MQ;

The bandwidth of amplifier calculated from formula:

1 1

f= = - - =106010, Hz
2MMR,[C, 2[B14010° 15010
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where, R is the feedback resistance and-Geedback capacity. The voltage on amplifier

calculated from formula:

Uout = Pin E)\ ERF

where,g, is spectral responsivity of PD.
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APPENDIX E Light Source Specifications

Definition:

Brightness of any source is the radiated power from*lo$@ surface in unit of a spatial

angle and unit of a spectral range:

_ I:)opt w
STIDA | spf Gstrad [m

Where,

Popt = Per 17 is the optical power of the Light Source

Pe is electrical power of the Light Source (150W)
n - efficiency factor(50%)
S=2[nlrll- area of the radiating surface filament heater
r — radius of the filament heater(0.1 sm)
| — length of the filament heater(3.0 sm)
a = 71- spatial angle (for Lambert radiators)
AJ - spectral range of the Light Source(0.4...2:%)

Light Source Specs:

1.Wolfram Lamp.

2. R,= 150 W — electrical power

3. n = 05- efficiency factor

4.1=3.0 sm — length of filament heater
5. r=0.1 sm - radius of filament heater

6. AA =2um - spectral bandwidth
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Brightness of Light Source:

- Pel Ly - 63 W
rm2Url O IAA sn? umGstrad

In the model there is a block in which you can input the brightredas, which in or case is:
(B=6.33).
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APPENDIX F Experimental Calculations (Without Light Source Noise)

Evaluations of a signal and RMS noise in the modélor distance 36.74 m

corresponding to ks=2.4%) (without Light source noise)

1.
2
P. =P, [T, HLD"S / [k, =0.686107° [0.99853 31410, OOE_;) /4 = 614007,
(a+06[R)? (0.0254+ 4.3[10°° [36.74)°

W - power of laser irradiation at the receiver input

2. 1%shotns = 2[@[AF [P, [2, =2[1.6[10™ [20M10° (61410 [D.4= 1570102, A*- shot noise

of signal

3. 1%notndc = 2[@[AF O, = 2[1.6[10™° [20010° (D510 = 3210, A® - shot noise of dark

current
—23
4. 1 hermn _AKCTIAT _ 413800 [6300[20&03 = 33110722, A% - thermal noise of
R, 10
receiver

5. P, =BAA[S, [T, =857910° [0.5027[#910* [D5=10610°, W - power of

background

6. i %shotns = 2[R[Af [P, [, =2[1.6107° [(20[10° [1.06[10°° [(D.4 = 27110 %, A*- shot noise

of background

B — (72 ¥2 T2 T2 —
7- IZnoie - \/| shotns. F 1 “shotndc + 1 “thermn * | “shotnb. =

=J157M0% + 320102 + 331102 + 271102 = 439810, A - RMS total noise

I3 noie _ 4.39810™"

8. P =
thr £ 0.4

=1.099M10™, W - threshold power
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9. U, =P, B[R, [(=1.09910"° [0.4M10°[5=219910“, V - threshold voltage (q —

signal/noise)

10. | gnapp = P, [£= 6140107 [04= 2460107, A - signal current at the output of the

photodiode

11. U | sgnairp (R¢ = 2460107 [10° = 0.246, V - signal voltage at the output of the

signalAmp =

amplifier

12. 1 eopp = Py [ =1.0990107'° (04 =4.39810", A - noise current at the output of the

photodiode

13. U =1

noiseAmp

sepp IRe =4.398110 10° = 4.39810°, V - noise voltage at the output of

the amplifier
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APPENDIX G Experimental Calculations (With Light Source Noise)

Estimation of RMS noise and constant component nasn model
(for distance 36.74 m corresponding to k=2.4%)
(for d=1mm; d=5mm; f=40mm; f=100mm)

(with Light source noise)

2 2
1B, =P, [T, B2 /%y = 0,68610° (0.9985: 3'14[60'005_2 /4 ____ 614107,
@+0[R) (0.0254+ 43110 [36.74)

W - power of laser irradiation at the receiver ihpu

2.1 %shotns = 2[@[Af [P, [, =2[1.6[10™" 10.610° (614107 [D.4= 833110 %, A*-shot noise

of signal

3. 1 %hotnae = 2[@[Af 0, =2[1.610*° 10.6[10° (D5M10° =170, A®- shot noise of dark

current
—23 3
4. P %hermn = ALKTIAf _ 4138010 ['EOOELO'GDLO =17610%2, A? - thermal noise of
R, 10
receiver

5.1. P, = BIAA B, [, [T, = 633M001M.5027(785010° (5= 12510°, W - power of

background for d=1mm and f=100mm

5.2. B, =BIA\ (5, [@, [T, = 633(D01[0.5027(49110™* [D5= 78110°, W - power of

background for d=1mm and f=40mm

5.3. P, =B\ [$, @, [T, = 633M01M.5027019610° (05= 31310°, W - power of

background for d=5mm and f=100mm
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5.4. P, =B\ S, [@, [T, = 633M001M0.50270.013205= 19510, W - power of

background for d=5mm and f=40mm

6.1. i %hotnm = 2[RI [P, [, = 2[1.6[10™° (0.6[10° (125010° 4 =17007%, A% - shot

noise of background for d=1mm and f=100mm

6.2. 1 %shotnbz = 2[B[Af [P, [£, =2[1.610*°10.610° (¥8110° [D.4= 1061072, A?- shot
noise of background for d=1mm and f=40mm
6.3. 1 %shotnbs = 2[@[Af [P, [2, = 2[1.6[10"° [10.6[10° [(B13[10° [D4 = 42410, A® - shot

noise of background for d=5mm and f=100mm

6.4. 1 2shownva = 2[RIAf [P, [, = 201.6(10™° 0.6[10° (L5010 (4= 265107, A%- shot

noise of background for d=5mm and f=40mm

B — /32 ¥2 T2 T2 —
7.1. IS noier = \/l shotns. F 1 “shotndc 1 “thermn + 1 “shotnbl =

= \/ 83310 +17A0*+17610%+1.710% =5210™, A - RMS total noise for d=1mm
and f=100mm

B — |32 T2 T2 ¥2 —
7.2. I's noie2 = \/l shot.ns. + 1 shot.ndc + 1 “thermn + 1 “shotnb2 =

=./833M02+17M10% + 176102 + 106102 = 10810%°, A - RMS total noise for

d=1mm and f=40mm

T — [52 T2 52 T2 —
7.3. IZnoie3 - \/| shotns. F 1 “shotndc 1 “thermn + 1 “shotnb3 =

= \/ 833102 +170A0*+17610% + 424110 = 20810, A - RMS total noise for
d=5mm and f=100mm

T — [52 T2 52 T2 —
7.4, IZnoie4 - \/| shotns. T 1 “shotndc 1 “thermn + 1 “shotnba =

=/833M0% +1.7010% + 176102 + 2650107 = 516M10°, A - RMS total noise for

d=5mm and f=40mm
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e -11
8.1. P, = =1t = 52007 _ 1.310™, W - threshold power for d=1mm and f=100mm
€ :

| -10
_ V' 'Znoise2 108@-0 269|:|L0—10

thr2
04

W - threshold power for d=1mm and f=40mm

w/l 208E10‘1° _
P,y = 2o Y =520,

Izno.sm 51610
0.4

9.1. |, opps = Py 8 =1300"°[04=520310", A - noise current at the output of

W - threshold power for d=5mm and f=100mm

8.4.Py, = =12910°, W - threshold power for d=5mm and f=40mm

photodiode for d=1mm and f=100mm

9.2. | yicerpz = Piro (8= 269010°[0.4=1.078110"°, A - noise current at the output of

photodiode for d=1mm and f=40mm

9.3. | copps = Pis [£=52107"°[04=208410"° A - noise current at the output of

photodiode for d=5mm and f=100mm

9.4. | yeerps = Pia [8=129010"°[04=5.158[10"°, A - noise current at the output of

photodiode for d=5mm and f=40mm

10.1.U =1, oo Re =5.20310' [10° =5.203107°, V - noise voltage at the output

noiseAmpl

of the amplifier for d=1mm and f=100mm

10.2.U R, =1.07810'°[10° =1.07810™, V - noise voltage at the output

noiseAmp2 I noisePD2

of the amplifier for d=1mm and f=40mm

10.3.U R, =2.084107'°10° = 2.08410™*, V - noise voltage at the output

noiseAmp3 = Inoise.PD3

of the amplifier for d=5mm and f=100mm

189



10.4.U | wiceros IR¢ =5.158M107° [10° =5.158[10™, V - noise voltage at the output

noiseAmp4

of the amplifier for d=5mm and f=40mm

11.1. U =P, [E[R, = 125[10° [04010° = 05, V - voltage of constant component at the

output of the amplifier for d=1mm and f=100mm

11.2.U_, =B, B[R, = 781110° [D4[10° = 3.125, V - voltage of constant component at the

output of the amplifier for d=1mm and f=40mm

11.3.U_ =P, B[R, = 313[10° [0410° =125, V - voltage of constant component at the

output of the amplifier for d=5mm and f=100mm

11.4.U, =P, B[R, = 19510 [D410° =87.125, V - voltage of constant component at the

output of the amplifier for d=5mm and f=40mm
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APPENDIX H Guidance Methods

Figure 61 shows the guidance methods used nowafiHyas

GUIDANCE
Line of Sigh Hominc Navigation
i MCLOS Passiv Inertial
i SACLOS Semi Active Natural Fi>
| ACLOS Active Avrtificial Fix

Figure 61 Guidance methods

H.1 Line of Sight Guidance (LOS)

For the purpose of this paper we will stick to tiree of sight guidance.

H.1.1 Manual Command to Line of Sight (MCLOS)
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— Target

. raerin
Steering

‘Qrmnand.s‘
B2 Command Link
: _ (either wire or radio)
Electronics

Figure 62 MCLOS

Figure 62 shows the principle of MCLOS. The humge er fire post sensor
observes the relative direction of the missile Hraltarget, meanwhile, the brain of the
operator works as the computer of the system elstisnating the adjustment needed to get
the missile on the line of sight with the targed &eep tracking the target until the missile

hits it.
The operator instructions are transferred to thesitei through a command link which

is usually a wire connected to the rear of the ieis3his method of guidance is simple,

cheap, and resistant to ECM but it also needsfayhitained operator.

H.1.2 Semi-automatic Command to Line of Sight (SACLOS)

/“
—
LY
.-’/
) Tl Bl Bl J--c——cceemaaaa
-

I"’ ~ Missile

= '_!__'rf_cker

Computer i
P i
Command

Signal

Generator

Figure 63 SACLOS
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This system uses the human eye as well as therqidd@amputer to track targets. This
is when a sighting camera is zeroed in and folltesarget. Figure 63 describes the idea of
the system. When the missile is launched, the aatiotmacker detects any departure from the
LOS - by the help of a flare on the back of thesités- and this is the error to be sent to the
computer which will calculate the correct commaadoe sent to the missile as a coded
instructions. So, the system determines what doorexcare needed to get the missile to impact
the target using a complicated algorithm basedyoamhics. In order to protect the system, the
beacon or the flare on the back of the missileasiped with a unique code. One advantage of
SACLOS over MCLOS is less operator skill demandad.the other hand, the SACLOS
missile tracker maybe seduced by decoys that stethia flare on the back of the missile [2].

H.1.3 Line of sight Beam Riding (LOSBR)

Figure 64 LOSBR

The riding beam is the essential part of the LOSB&em which is laid parallel to the
LOS by the laser transmitter. The missile is sgéoethe centre of the scan pattern with the
help of the gyro attached to it until it hits tlaeget as shown in Figure 64 and 65. ATGW and
low levels SAM (Surface to Air Missile) are the mdorm of LOSBR systems. One of the
LOSBR features is its ability to guide more thae amssile within the same beam. Moreover,

this system is difficult to jam.
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Laser (or 1 wave source)
\ Kiding Beam

Optics

Line of Sight beam Riding

Figure 65 LOSBR

AS mentioned above, a great advantage of the bielamg technology is that the
beam is more difficult to be detected by electrmuiontermeasures as the beam detector
is at the rear of the missile. Semiconductor Iasenple the first generation of beam
riders. Pulsed GaAs semiconductor laser worksaiméar infrared part of the spectrum at
900 nm. Some of beamriding guidance nowadays uskl&¥er getting the benefit of its
long wavelength. Add to that the capability of samssion through atmosphere with less
losses. Turbulence is not a big problem, and C®erlhas higher average power. All
these advantages make CO2 laser one of the bgstidance especially during bad

weather.

H.1.4 Automatic Command to Line of Sight (ACLOS)

ACLOS tracks both the target and the missile autmaiéy with the help of guidance
computer which calculates the target and positeta.drhe computer then passes the coded
command to the missile through the command links Bystem uses different ways of
tracking. One way for example is to track the tatgeng radar while tracking the missile by
IR. The other way is to use the same tracker (aaten lens system) to track both target and
missile at the same time, taking into considerati@importance of using range gating or

Doppler shift velocity filtering to separate thgrsals for each one [3].

H.2 Homing Guidance

H.2.1 Active Homing
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The target will be illuminated by a device carnigithin the missile itself. The signal
transmitted from the missile will hit the targetdareflected back to the missile receiver as
shown in Figure 66. By this, the distance and spédlde target will be figured out and the
guidance section will start do its calculationnitercept the target in the right point. Wings,
fins, or Conrad control surfaces are mounted eatBron the body of the missile and will be
actuated by electric, gas generator power, hydraati combinations of these to guide the

missile to its target [4].

TARGET

Figure 66 Active homing guidance

H.2.2 Semi-active Homing

An external source will illuminate the target ahd missile receiver will receive the
reflected signals. The guidance section will dodbeputing and sends the commands to the
control system which start to work and actuat@#@ds to guide the missile to the intended

target [5]. See Figure 67.
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Figure 67 Semi-active homing guidance

H.2.3 Semi Active Laser Homing (SALH)

This guidance system homes on the reflected Irgint fa laser designator. This system
is very hard to fool and is very accurate. The eviyaknesses is that the target must be within
the line of sight of the director (no over the on targeting) and some targets with high tech

sensors are capable of detecting when they areg bamigeted [6].

H.2.4 Passive Homing

The target will be the source of illumination instiype of guidance as can be seen
from Figure 68. Infrared radiation or radar sigr@sning out of the target will be enough
to guide a missile. The missile will receive thgrsils generated by the target and like in
active and semi-active homing, the control sectilhguide the missile to the source of

radiation [7].
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H.3 Navigational Guidance Systems

In line of sight guidance and homing guidance trgdt will be in short distances
where it can be seen with human eyes and sightsviBat about targets on long distances and
threat your forces. We need a guidance systent targets with high accuracy far away from
the launching point. The only way is to have soorenfof navigational guidance must be
used. Accuracy at long distances is achieved oftlgr &xacting and comprehensive
calculations of the flight path have been made.dth&tions used to control the missile flight
about the three axes, pitch, roll, and yaw contapecific factors designed to adjust the
movement of the missile. There are three navigatisystems that may be used for long-range

missile guidance are inertial, celestial, and srial [8].

H.3.1 Preset Guidance

The term presetompletely describes this method of guidance. Beftine
missile is launched, all the information relativetarget location and the required missile
trajectory must be calculated. The data is thekddénto the guidance system so the missile
will fly at correct altitude and speed. Also progiraed into the system are the data required
for the missile to start its terminal phase oftitignd dive on the target. One disadvantage of

preset guidance is that once the missileusdhed, its trajectory cannot be changed.

Therefore, preset guidance is really only usgdiret large stationary targets, such as cities

[9l.
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H.3.2 Inertial guidance

Inertia is the simplest principle for guidance. Tinéssile which use this type of
guidance, will receives programmed information ptaolaunch. Despite the fact that there is
no electromagnetic contact between the launchimg pod the missile after the launch, the
missile is capable to correct its path with theddidccelerometers that are mounted on a gyro-
stabilized platform. All in-flight accelerationseacontinuously measured by this arrangement,
and the missile attitude control generates cormedipg correction signals to maintain the
proper trajectory. The use of inertial guidancetakuch of the guesswork out of long-range
missile delivery. The unpredictable outside foraesking on the missile are continuously
sensed by the accelerometers. The generated sokn@bles the missile to continuously
correct its flight path. The inertial method hasvyad far more reliable than any other long-

range guidance method developed to date [10].

H.3.3 Celestial Reference

Celestial guidance system uses stars or othertie¢lesdies as known references (or
fixes) in determining a flight path. This guidarmoethod is rather complex and cumbersome.
However, celestial guidance is quite accuratetfelonger ranged missiles [11]

H.3.4 Terrestrial guidance

Terrestrial guidance is also a complicated arraregeninstead of celestial bodies as
reference points, this guidance system usesanpjzture images of the terrain which it
flies over as areference. Terrestrial and celagtigance systems are obviously better suited

for large, long-range land targets [12].
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Specifications (at M = 10 © 25)

TARAMEIER 30733 C30644 30645 UNIIS
MOT | TYP | MAX | MDT | TYP MAX MO | TYP | MAX

Active Dizmeter 30 50 20 pm

Drealrdown Volbge &l &l &0 Voliz

Cain” (M) 10 10 1n

Tempemtore cosfficisni of W 015 0 020 Vi

for comtini gain

Croamnm Efficisncy’

1300nm 835 75 85 33 %

1530nm 75 &5 75 75 )

Fes pomivity

1300 nm 78 29 7! 29 79 29 AW

1530nm 8.1 a4 5.1 a4 5.1 94 AW

Totul Dark Coarem (W= 10 <l 3 10 10 23 nA

Far 043 045 0353 045

Moie Cumrent (M= 10} <01 0.5 023 025 10 | pamE:"

Capacitance (b= 101 ECER 0% 06 0s L3 iF

Frequency Responzs (3db) 3000 e 100 MHz

M=10

MOTES:

b3

A spedic vollage, V, Is supplied wit sach device. When the photodicds is guerated atihis vollage (at 23 7T), he device
will meetine dectrical chaacierizic Imit shown above. The voltage value will be wihin herange ol 40 1090 vois.

The vollage degpendence of e gan, jor gans aove about 4, 1S given appradmaiily by the foliowing empinical fomula:
M= 07 (.

Gdn and quanum etidency are notdirecly measwrable quanities. The numbers quaolsd are estimated fypical values.
Gan, guanum elicency and resporsivity ae relaked by the tolowing: B =T34 7124 where i is ihe wavdengh in unit
of um, 1) iz1he quanum etlidenzy, Mis gan.

The detecior noize cuirent / Hz'= iz given by he tollowing emessian:
in = (2q {Is+bhFEF) =

where: Feb K {1-k ) 21760 and |, and | are hie unmuligied and mulidied porions of the dark curent, respacively.
The oid dark cumrentis given by: H= 1+ K.

Howaver, zince alh | and | are sanawhal vollage dependznt, and Mis not draclly meazurasls (s Mote 3), iz nal

usualy poesible o determine boh |, and | unambguously. Snes systam palamancs depeands ai noiss cuirent and
respmsivity, hese measurate quariifes are e ones which have been spedfied.

Ioet devioes can be oparaled at gains up 1o about 30 or more, butwih values ofnoize cumentcarespondingly higher, as
indcated by he discussian in Haole 4 abave.
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Figure1: BZER Package: Alow camciiance
ceramic block for hybrid assemblies.

Figure 2 TO-12 Package, with low-pralile =ilicon
window cap for reduced window-chip distance.
FAvalable only for the C0GE44,

C11 PACKAGE: FIBERED DETECTOR
MODULE

012 PACKAGE: JT PACKAGEQPTION

Figure 3: EQC package with imegral tiber
optic pigtall. Avallable only for the CI0644.

Figure 4: Mounting bracket package.
Avallable only forthe C30644.
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APPENDIX J Lab Experiment Set Up Pictures

Figure 69 Experiment setup picture

Figure 70 Experiment setup picture
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Figure 72 Experiment setup picture
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Figure 73 Experiment setup picture
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