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Preface

The Infrared and Electro-Optical Systems Handbook is a joint product of the
Infrared Information Analysis Center (IRIA) and the International Society for
Optical Engineering (SPIE). Sponsored by the Defense Technical Information
Center (DTIC), this work is an outgrowth of its predecessor, The Infrared
Handbook, published in 1978. The circulation of nearly 20,000 copies is adequate
testimony to its wide acceptance in the electro-optics and infrared communities.
The Infrared Handbook was itself preceded by The Handbook of Military
Infrared Technology. Since its original inception, new topics and technologies
have emerged for which little or no reference material exists. This work is
intended to update and complement the current Infrared Handbook by revision,
addition of new materials, and reformatting to increase its utility. Of necessity,
some material from the current book was reproduced as is, having been adjudged
as being current and adequate. The 45 chapters represent most subject areas of
current activity in the military, aerospace, and civilian communities and contain
material that has rarely appeared so extensively in the open literature.

Because the contents are in part derivatives of advanced military technology,
it seemed reasonable to categorize those chapters dealing with systems in
analogy to the specialty groups comprising the annual Infrared Information
Symposia (IRIS), a Department of Defense (DoD) sponsored forum administered
by the Infrared Information Analysis Center of the Environmental Research
Institute of Michigan (ERIM); thus, the presence of chapters on active, passive,
and countermeasure systems.

There appears to be no general agreement on what format constitutes a
“handbook.” The term has been applied to a number of reference works with
markedly different presentation styles ranging from data compendiums to
tutorials. In the process of organizing this book, we were obliged to embrace a
style of our choosing that best seemed to satisfy the objectives of the book: to
provide derivational material data, descriptions, equations, procedures, and
examples that will enable an investigator with a basic engineering and science
education, but not necessarily an extensive background in the specific technol-
ogy, to solve the types of problems he or she will encounter in design and analysis
of electro-optical systems. Usability was the prime consideration. In addition, we
wanted each chapter to be largely self-contained to avoid time-consuming and
tedious referrals to other chapters. Although best addressed by example, the
essence of our handbook style embodies four essential ingredients: a brief but
well-referenced tutorial, a practical formulary, pertinent data, and, finally,
example problems illustrating the use of the formulary and data.

vii



viii PREFACE

The final product represents varying degrees of success in achieving this
structure, with some chapters being quite successful in meeting our objectives
and others following a somewhat different organization. Suffice it to say that the
practical exigencies of organizing and producing a compendium of this magni-
tude necessitated some compromises and latitude. Its ultimate success will be
judged by the community that it serves. Although largely oriented toward
system applications, a good measure of this book concentrates on topics endemic
and fundamental to systems performance. It is organized into eight volumes:

Volume 1, edited by George Zissis of ERIM, treats sources of radiation,
including both artificial and natural sources, the latter of which in most
military applications is generally regarded as background radiation.

Volume 2, edited by Fred Smith of OptiMetrics, Inc., treats the propagation
of radiation. It features significant amounts of new material and data on
absorption, scattering, and turbulence, including nonlinear propagation
relevant to high-energy laser systems and propagation through aerody-
namically induced flow relevant to systems mounted on high-performance
aircraft.

Volume 3, edited by William Rogatto of Santa Barbara Research Center,
treats traditional system components and devices and includes recent
material on focal plane array read-out electronics.

Volume 4, edited by Michael Dudzik of ERIM, treats system design,
analysis, and testing, including adjunct technology and methods such as
trackers, mechanical design considerations, and signature modeling.

Volume 5, edited by Stephen Campana of the Naval Air Warfare Center,
treats contemporary infrared passive systems such as FLIRs, IRSTs, IR
line scanners, and staring array configurations.

Volume 6, edited by Clifton Fox of the Night Vision and Electronic Sensors
Directorate, treats active systems and includes mostly new material on
laser radar, laser rangefinders, millimeter-wave systems, and fiber optic
systems.

Volume 7, edited by David Pollock, consultant, treats a number of coun-
termeasure topics rarely appearing in the open literature.

Volume 8, edited by Stanley Robinson of ERIM, treats emerging technolo-
gies such as unconventional imaging, synthetic arrays, sensor and data
fusion, adaptive optics, and automatic target recognition.
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Introduction

This volume is devoted to the technologies that deny an adversary the use of the
optical and infrared portions of the electromagnetic spectrum. Conversely, the
material contained in the following chapters describes the exploitation of this
same spectrum for achieving a tactical advantage.

Military forces all over the world are placed in jeopardy by sophisticated
weaponry, which is now available to more governments and peoples than ever
before. The proliferation of hand-held infrared guided surface-to-air missiles
makes any aircraft in the world a potential target. A single aircraft today
represents a fly-away cost comparable to a significant fraction of the total
aircraft costs the United States incurred during World War II.

Combine the threat aspect with the cost of platforms and the result should be
motivation to protect platforms from infrared threats. As a consequence, equip-
ment is needed that can increase the survivability of platforms in a militarily
hostile environment. This volume is dedicated to providing a primer for those
interested in designing and developing these types of survivability equipment.

The volume is made up of six chapters. Chapter 1 is a description of warning
systems. This includes missile warning, laser warning, and threat platform
detection. A great deal of the material is associated with clutter suppression, the
detection of targets in a background (and foreground) of competing signals. The
interest and practicability of modern warning systems is derived from the
application of microprocessors to the problem of clutter suppression and false
alarm reduction. In the early 1960s there was a flurry of activity to include
infrared warning systems on the F-111, B-52, and other contemporary plat-
forms. It soon became apparent that the system operator, sometimes the pilot,
could not distinguish the target signal from the background-generated signals.
As aconsequence, infrared warning systems fell into a period of very limited use.
It was not until the 1980s and the advent of heavy emphasis on signal processing
by microprocessors that infrared and electro-optical warning systems were
again funded for development. Today there are several systems in production or
already deployed. These include the AN/AVR-2 laser detection set and the
AN/AAR-44 and AN/AAR-47 missile warning systems. Also, many systems are
in development for the F-22 and B-2.

Warning systems are the beginning of the countermeasure process. This
element of the self-protection suite determines threat presence, threat bearing,
and, under certain conditions, degree of lethality. With this information the
operator and/or pilot can take effective evasive action and activate countermea-
sures. Some systems automate this process. The effectiveness of warning has
been well documented. Statistical data from Vietnam and the various Israeli
wars have shown that in only 20% of the aircraft losses from surface-to-air

xiii




xiv  INTRODUCTION

missiles were the pilots aware of the missile. The implication is that a warning
could significantly reduce aircraft losses.

Chapter 1, prepared by Donald W. Wilmot, William R. Owens, and Robert J.
Shelton of Georgia Tech, was enhanced by the review and contributions of many
people within the warning systems community. Louis A. Williams, Jr., of Louis
A. Williams and Associates; Jack H. Parker, Jr., of the Air Force Wright
Laboratories; Joseph J. Bastian and associates of Ball Systems Engineering
Division; and C. E. Newsom and associates of SciTec, Inc., contributed material
in several critical areas. In addition, several individuals, including David E.
Schmieder and Edward M. Patterson of Georgia Tech, consulted with the
authors on various key issues. Finally, a number of senior researchers contrib-
uted to the final product by reviewing the various drafts and offering a variety
of suggestions that have improved the chapter. These included Richard J.
Manning, Neal Butler, and their colleagues at Loral Infrared and Imaging
Systems; Wayne Paige, Robert Basta, and David Cunningham from Hughes
Danbury Optical Systems; Wayne DeVilbiss from U.S. Army CECOM; Richard
B. Cunningham and Richard B. Sanderson of the U.S. Air Force Wright
Laboratories; and many others.

Chapter 2, Camouflage, Suppression, and Screening Systems, provides an
understanding of the techniques needed to mask a platform by blending into its
background, thus reducing or eliminating the threat’s ability to acquire the
platform as a target. This can be achieved through contrast reduction or paint
schemes to obscure shape. During World War II paint schemes were used very
effectively to reduce the ability to sight ships at sea visually. Also during World
War II a technique was developed to allow antisubmarine aircraft to avoid
detection by surfaced submarines. This technique was called Yehudi. Lights
were added to the leading edge of the wings of antisubmarine bombers. The lights
replaced the background illumination that the aircraft were blocking, reducing
the aircraft-to-background contrast. The reduced contrast delayed visual detec-
tion of the aircraft until the submarines had insufficient time to submerge.

Chapter 2 describes methods for reducing platform detection in the visible and
infrared bands of the spectrum. Many modern weapons systems depend on
visual sighting for either their primary or secondary means of target acquisition.
This chapter provides the technical foundation for the use of emissivity and
reflectivity control for degrading the contrast, which provides the basis for the
detection and acquisition by these systems.

The authors of Chapter 2 are David E. Schmieder of Georgia Tech Research
Institute and Grayson W. Walker of the U.S. Army Belvoir Research, Develop-
ment and Engineering Center.

Chapter 3, Active Infrared Countermeasures, explains the technology for
protecting platforms from heat-seeking missiles, which obtain their guidance
inputs from the infrared signature of the target platform. Active infrared
countermeasures, in contrast to off-board expendable decoys, are on-board
systems that utilize an active radiator to augment the signal that the missile
receives from the platform engines and other radiating body parts. The active
radiator can be derived from numerous sources: lasers, arc lamps, incandescent
lamps, or cavities heated by burning fuel.

These types of systems evolved during the mid-1960s to respond to the terrible
toll infrared missiles were imposing on U.S. fixed-wing and rotary-winged
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aircraft in South Vietnam. The development of these systems by Sanders
Associates (now Lockheed-Sanders), Northrop (then Hallicrafters), and Xerox
Electro-Optical Systems (now Loral EOS) was one of the true technology
successes to come out of the Vietnam war. These efforts were the direct
antecedents of the systems now in inventory, the AN/AAQ-4, AN/ALQ-123,
AN/AAQ-8, AN/ALQ-132, AN/ALQ-144, AN/ALQ-147, and AN/ALQ-157. The
primary applications for these systems today are to protect the aircraft most
susceptible to surface-to-air shoulder-fired missiles, the slow fixed-wing trans-
port aircraft and low-flying helicopters. Every U.S. Army and Marine Corps
helicopter is equipped with either the AN/ALQ-144 or AN/ALQ-157.

The authors of Chapter 3 are Charles J. Tranchita, Kazimieras J akstas, and
Robert Palazzo of Northrop Defense Systems and Joseph O’Connell of U.S.
Army CECOM.

Chapter 4, Expendable Decoys, addresses flare technology to defeat infrared
guided missiles. The active infrared countermeasure systems discussed in
Chapter 8 required modulation schemes to be applied to the output of the active
radiating source to provide a time-varying signal at the missile seeker. This
signal would then interact with the seeker reticle modulated signal. The result
generates false guidance commands to the missile aerodynamic control surfaces.
Expendable decoys, in contrast, generate a very high intensity radiation source
resulting from a chemical or pyrotechnic reaction. The reaction usually involves
the burning of magnesium powder in the presence of other constituents, which
creates magnesium fluoride and magnesium oxide, providing very high signals
in the CO, and H,O bands in the mid-infrared spectrum. The high signals
received by the seeker mask the defended platform’s much lower radiated
signals and the missile is successfully decoyed away from the aircraft.

The decoy is ejected away from the defended platform by an explosive charge
drawing the threat away. Much of the chapter discussion is devoted to the science
of generating the appropriate spectral and temporal characteristics to cause the
missile seeker to accept the decoy signals over those from the defended platform.
Flare decoys are the primary defense against heat-seeking missiles for many
high-performance fighter aircraft in addition to helicopters and slower flying
transport aircraft.

Chapter 4, prepared by Neal Brune of Tracor Aerospace, Inc., incorporates
contributions on flare chemistry from Carl Dinerman, Tracor Aerospace, Inc.
Also, thanks are owed to Bernard Douda, NWSC Crane, and J oseph Koesters,
Wright Laboratories, for reviewing the chapter and making very useful com-
ments and suggestions.

The fifth chapter is on optical and sensor protection. With the advent of laser
systems for military applications there is a very real possibility of intentional
and unintentional illumination of optical sensors by lasers. Due to the focusing
properties of optics, this laser energy can be intensified such that lens elements
and/or detectors (even the eye) in the focal plane can be damaged or destroyed.
This chapter discusses, in a generic fashion, what steps can be taken in the
sensor design process to incorporate protection.

The author of Chapter 5 is Michael Dudzik of the Environmental Research
Institute of Michigan.

The sixth chapter of this volume is on obscuration countermeasures. This
chapter presents the fundamentals of the absorbing and scattering of radiation
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through obscuring media. This concept of countermeasures is to lay down a
screen between you and your adversary. The obscuring medium can be tailored
to be spectrally selective such that some sensors will be affected and others will
not. In addition to intentional obscuring screen media, there is the impact of
smoke and dust due to battle. During World War II smoke screens were used
extensively at sea by ships as well as by tanks during armored forces engage-
ments.

Chapter 6 was prepared by Donald W. Hoock, Jr., and Robert A. Sutherland
of the U.S. Army Research Laboratory, Battlefield Environment Directorate.

This infrared countermeasures volume is intended to provide an introduction
to the topic. Obviously not all the aspects of each subject could be presented due
to security classification, but sufficient material has been made available to
provide any interested reader the means to seek additional information else-
where. In other words, this volume is an excellent beginning for anyone learning
about infrared countermeasures. If used in that context the authors will have
achieved their objective.

David H. Pollock
January 1993 Westwood, New Jersey
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WARNING SYSTEMS 3

1.1 INTRODUCTION

The function of a warning system is to detect threats approaching the system
and to alert the protected entity (nation, aircraft, ship, ground vehicle, soldier)
about a near-term danger. Thus, it differs in philosophy, and in the applied
technologies, from reconnaissance and surveillance, which involve the longer
term observation and characterization of a potential adversary, and from track-
ing and/or fire control, which involve detailed concentration on a detected
threat.

Typical warning scenarios involve (1) a platform, or area, to be protected;
(2) an immediate danger; and (3) an environment containing a variety of be-
nign objects/events that must be distinguished from the potential threat. Usu-
ally a warning device is continuously operative, has a wide field of regard, and
covers a broad range of threat parameters.

The warning function involves continuous observation of the activities within
its environment, detection/recognition of threats, detailed characterization of
the threat, and alerting of its platform. Threat characterization must be of
high reliability to avoid disturbing the platform with spurious alarms; also,
it must be sufficient to enable the platform to initiate appropriate responsive
actions. Once the warning system has alerted its platform to the impending
threat, characterized it, and located it, the subsequent defensive action passes
to other elements in the platform defensive/offensive suite.

1.1.1 Types of Warning Receivers

There are many types of warning equipments and scenarios. In principle, these
include such devices as fire alarms, nuclear reactor safety alarms, and laser
radars. However, the scope of the present treatment is restricted to passive
systems that warn a platform about an attack in process from an adversary
platform. In the cases treated herein, the attack is characterized, at least in
part, by the emission of visual, infrared, or laser radiation by the attacker.
Thus, all systems addressed herein can be referred to as warning receivers.

Warning receivers can be characterized based on their general application
as tactical and strategic, and they can be further differentiated by whether the
threat emissions on which they operate are intentional or inadvertent. An
aircraft-mounted missile warning receiver watching for approaching surface-
to-air missiles (SAMs) is a common tactical system. Such systems typically
protect individual vehicles, whereas strategic warning receivers are those that
protect a large area, or nation. A satellite-borne IR warning receiver, designed
to detect intercontinental ballistic missiles (ICBMs), is an obvious strategic
example. Traditional IR warning receivers were designed to operate on the
inadvertent emissions from threat missiles. However, as laser fire control sys-
tems and laser weapons have entered the military inventory, laser warning
receivers, analogous to microwave radar warning receivers (RWRs), have evolved
as well.

This chapter addresses strategic and tactical warning receivers operating
on the inadvertent emissions of strategic and tactical aircraft and missiles
throughout the optical spectrum from the ultraviolet to the far infrared and
introduces related systems operating within the millimeter and microwave
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regions. It also addresses laser warning receivers (LWRs) operating within
this same spectrum.

Typical warning receivers addressed in detail herein include (1) tactical
missile warning receivers (MWRs) operating over the entire optical spectrum
on the plume and body emissions of tactical missiles, (2) satellite-borne systems
that detect ICBM launches and strategic aircraft against the earth background,
and (3) laser warning receivers for aircraft, ground vehicle, sea-based, and
space-based platforms.

1.1.2 Distinctions among MWRs, FLIRs, and IRSTSs

Although warning receivers often perform sophisticated spatial analyses on
the candidate threat and its surrounding environment, and although most
such systems provide target position data, they are not usually imaging sys-
tems in the classical sense of providing a pictorial display to the system op-
erator. Rather they process the scene data, test candidate threats against
preprogrammed criteria, and then alert the operator to the nature and direction
of an impending attack. If the operator response requires the use of imagery,
it is provided by some other element of the defensive/offensive suite, such as
the forward looking infrared systems (FLIRs) and the infrared search and track
sets (IRSTSs). FLIRs are usually regarded as IR televisions in that their func-
tion is to provide a detailed target scene (of limited field of view) to the operator,
whereas IRSTSs are often regarded as passive radars because their function
is to provide a wide field of coverage at rapid scan rates and relatively low
resolution. As the angular resolution of IR warning receivers improves, there
will be less distinction between the IR warning receivers and the IRSTSs. The
MWR also differs from the typical IRSTS on the basis of its military mission—
the MWR is always a component of the platform defensive system, whereas
the IRSTS may be an element of the offensive fire control suite.

1.1.3 Plan of the Chapter

Section 1.2 of this chapter outlines the scope of the warning receiver treatment
herein and establishes the illustrative examples and measures of effectiveness
for the various types of receivers addressed.

Section 1.3 presents the phenomenology of the target and background ob-
servables. It addresses the specific issues needed for subsequent warning re-
ceiver performance calculations, while relying heavily on signature, atmo-
spheric, and background data developed in preceding chapters.

Section 1.4 presents the analytical framework for warning receiver detection
calculations. An overview of the general theory of signal detection in the
presence of noise is presented. Specific statistical models commonly encoun-
tered in the analysis of warning receivers are described, and sample SNR and
detection calculations are included. A variety of signal detection concepts are
introduced, and some of the practical problems associated with real detection
systems are also discussed.

Section 1.5 presents the detailed analysis of tactical missile warning re-
ceivers by means of various example calculations and then outlines the prac-
tical equipment trade-offs and constraints for key applications.
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Section 1.6 presents an overview of space-based strategic warning systems.
Aspects of strategic warning systems that distinguish them from tactical sys-
tems are emphasized in this section. Some of the key issues associated with
satellite platforms, strategic targets, earth backgrounds, and sensor testing
are discussed. A sample system design analysis of a strategic missile warning
system sensor is also presented in this section.

Section 1.7 presents the detailed analysis of laser warning receivers by
means of various example calculations and then outlines the equipment trade-
offs and constraints involved in such applications.

Table 1.1 lists the symbols used in the chapter and provides the nomencla-
ture and units that apply to each symbol.

Table 1.1 Symbols, Nomenclature, and Units

Symbol Nomenclature Units
a Length of semimajor axis of satellite orbit k
a Solar absorptivity coefficient dimensionless
A Area m?
A Effective collecting area of optical system m?
Ag Detector area m?
AT Projected physical area of target m?
AGL Above ground level m
Byp IF amplifier bandwidth Hz
By Amplifier bandwidth Hz
c Heat capacity J/g
c Speed of light in vacuum m/s
o Contrast various
Cij Cost of choosing hypothesis H; when H; is true dimensionless
C,ZL Atmospheric factor related to refractive index m—2/3
d Diameter m
D Antenna diameter m
D* Detector specific detectivity em Hz72 w-1
dg Grating spacing m
Dy(x) Difference image intensity, frame % dimensionless
e Charge of an electron C
E Irradiance W/m?
E(R) In-band target irradiance at entrance aperture of
sensor when the target is at a slant range of R Wim?
f Frequency Hz
f Spatial frequency cycles/rad
f Effective focal length m
f Solar radiative flux W/m?
F Radiometer noise figure dimensionless
F# Ratio of focal length to diameter dimensionless
FAR False alarm rate g1
fo Bandwidth of an ideal low pass filter Hz

(continued)
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Table 1.1 (continued)
Symbol Nomenclature Units

G Optical gain dimensionless
h Altitude above the surface of the earth k
H(f) Filter transfer function dimensionless
H, Target present hypothesis dimensionless
Hy Target not present hypothesis dimensionless
H,(#) Fourier transform of h,(x) evaluated at spatial

frequency f dimensionless
hp(x) Linear weighting function dimensionless
1 Current A
Ip Average (dc) background current A
I(x) Intensity in frame k at position x dimensionless
Iims Root-mean-square value of ac portion of noise A
I Signal current A
Ir Threshold current A
I Radiant intensity Wisr
Iopp Apparent in-band radiant intensity Wisr
Iy Source intensity W/sr
k Radiant intensity/thrust ratio Wsr ! N7!
k Wave number (1/)\) m™!
k Thermal conductivity WmlK™?
k Boltzmann’s constant J/K
Kg Radiometer constant (1 to 31/2, depends on scan) dimensionless
Ly Length of a detector footprint m
LUX Illuminance lumens/m?
M, Joint probability density function normalization

factor dimensionless
n Index of refraction dimensionless
N Thrust of missile engine N
N Number of target-sized cells in image dimensionless
Np Apparent radiance of the background Wm 2sr™!?
Ng Number of detectors dimensionless
NEI Noise equivalent irradiance; input irradiance W/m?
NEP Noise equivalent power w
Neq Number of noise equivalent charge carriers dimensionless
NET Noise equivalent target Wisr
Nr Average radiance of a target Wm2Zsr !
N(x) Scene radiance at position x in the image plane Wm2er!
P Power w
P(n) Probability of n photons arriving in a measurement dimensionless
p(x1, %2, ..., %a) | Joint probability density function observed values

{x1, x2, . . ., Xn} dimensionless
Pp Probability of detection dimensionless
Ppa Probability of false alarm dimensionless
pn(D) dI Probability that the noise waveform results in a

current between I and I + dI dimensionless
Py Probability of a threshold exceedance when a target

is not present dimensionless
ps) Probability density function for signal plus noise dimensionless




WARNING SYSTEMS 7

Table 1.1 (continued)

Symbol Nomenclature Units
Q1 Probability of choosing Hy when H; is true dimensionless
Q. Energy dJ
®o Probability of choosing H; when Hp is true dimensionless
r Distance variable m
R Slant range from the sensor to the target m
Ry Region of decision space corresponding to hypothesis
H 1 m
Ry Detector resistance Q
R Detector responsivity AW
R, Detector responsivity at wavelength \ AW
R, Radius of the earth km
Ry Region of decision space corresponding to hypothesis
H() m
Ry Radius of a circular orbit km
ry Surface temperature correlation length m
R, Visibility range km
SCR Signal-to-clutter ratio dimensionless
SNR Peak signal-to-rms-noise ratio dimensionless
t Time s
T Temperature °CorK
To Antenna temperature K
te Coherence time s
ta Detector dwell time s
Tf Available surveillance volume scan time s
t Integration time s
T Mean time between successive maxima of a noise
waveform dimensionless
TNR Threshold-to-rms-noise ratio dimensionless
To Standard temperature (290 K) K
Tp Orbital period s
TTI, TTG Time to intercept, time to go s
v Orbital velocity m/s
\'2 Visibility km
V, Peak pulse signal amplitude v
v(t) Signal waveform in a scanning sensor v
Vg Speed of a satellite subpoint over the surface of
the earth m/s
Vine Missile closing velocity m/s
w Wind velocity m/s
W@ Wiener spectrum at spatial frequency f dimensionless
X,y Position vectors in the image plane of a sensor m
x Dimension variable m
Xe Coherence length m
y Dimension variable m
z Dimension variable m
Greek:
(xj) Ensemble average of x; dimensionless

(continued)
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Table 1.1 (continued)
Symbol Nomenclature Units

o Attenuation coefficient or extinction coefficient km™?!
d Absolute humidity g/m®
AN Optical bandwidth or spectral linewidth pm, A
Af Electronic bandwidth or noise equivalent bandwidth Hz
Al Effective coherence length m
At Effective coherence time s
ATt Target radiometric contrast K
€ Emissivity dimensionless
¢ Output of a signal processor dimensionless
) Radiation efficiency dimensionless
n Noise spectral density A%Hz
Na Aperture efficiency dimensionless
Ms Scan efficiency factor dimensionless
0 Zenith angle deg
0 Linear angle rad
K Threshold setting dimensionless
A Wavelength pm
tA(xy, x2, .. ., Likelihood ratio
Xn) dimensionless
I Gravitational parameter dimensionless
m Magnetic permeability Wb A" lm™?!
p Inverse of the covariance matrix ® dimensionless
By Average number of photons arriving, target present dimensionless
Wik Elements of the matrix p dimensionless
Ko Average number of photons arriving, no target dimensionless
Wp Average photon arrival rate dimensionless
v Frequency Hz
p Reflectivity (diffuse hemispheric) dimensionless
Po Lateral coherence diameter em
c Standard deviation dimensionless
c Water surface slope standard deviation dimensionless
o Stephan-Boltzmann constant Wm2K™*
a Electrical conductivity Q 'm!
o2 Variance dimensionless
o; Standard deviation of counts in cell i dimensionless
T Transmission loss dimensionless
T Detector dwell time (also ¢) S
To(R) Atmospheric transmission at a slant range B dimensionless
To Effective transmission of an optical system dimensionless
v Pulse visibility factor dimensionless
o Plane angle rad
P Latitude deg
@ Covariance matrix dimensionless
|det ®| Determinant of the matrix ® dimensionless
X(rt) Characteristic scintillation dimensionless
QO Solid angle subtended by sensor FOV or radiation

solid angle sr
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1.2 SCOPE

1.2.1 Spectral Ranges Covered

1.2.1.1 Target Passive Signatures. Although the emphasis in this hand-
book is on infrared radiation and technology, this section includes a consid-
eration of the broader optical portion of the electromagnetic spectrum, ranging
from ultraviolet through visible and infrared and into the near-millimeter-
wave region. The latter is limited to passive radiometric considerations and
does not address millimeter-wave radars. The breadth of spectral consideration
is determined by the fact that passive information is available in all of these
regions to distinguish potential man-made threats from natural backgrounds.

At the core of our discussions are the mid- and long-wavelength infrared
emissions from heated missile parts and exhaust products. These represent
the most consistently available and detectable signature information. Other
significant signature features include reflected visible and near-infrared solar
radiation, exhaust plume emissions in the ultraviolet and visible regions, cold
sky reflections in the millimeter-wave regions, and negative contrast ultra-
violet and visible signatures against a bright daylight sky.

The spectral nomenclature used in this section is indicated in Table 1.2.
The regions named are consistent with current common usage.

1.2.1.2 Laser Threats. Laser warning receivers must operate over the en-
tire spectrum of military fire control and weapon lasers. In general, this en-
compasses the spectral range from the UV to the far IR. However, specific
application requirements and historical laser evolution result in various spe-
cific lasers being dominant in individual scenarios.!

During the 1960s and the 1970s military lasers consisted of solid state ruby,
neodymium-doped glass (Nd:glass) and yttrium aluminum garnet (Nd:YAG),
and gallium arsenide (GaAs) materials. The ruby and Nd:glass were used for
rangefinders, whereas the Nd:YAG became the standard for laser designators
(which often also resulted in its use for ranging as well). The semiconductor
GaAs laser found applications in communications and shorter range rangefind-
ing situations. By the 1980s, carbon dioxide (COz2) lasers were in use as range-
finders, and by the end of the 1980s both GaAs and COgz lasers were being
applied in laser beam-rider systems.

At the beginning of the 1990s there are a rich variety of lasers under de-
velopment for a variety of military applications.? These include eyesafe lasers
in the 1- to 3-um band to replace the visually dangerous ruby and neodymium
systems; tunable visual and near-IR lasers to reduce the countermeasure vul-
nerability of the fixed frequency ruby and neodymium lasers; 3- to 5-um lasers
for heat-seeking missile and IRSTS countermeasures, 8- to 12-um lasers for
FLIR countermeasures; COz and other high-coherence laser systems for laser
radar and communications applications; and high-power COg, chemical, ex-
cimer, and free-electron lasers for weapons applications. Figure 1.1 indicates
the spectral range covered by various types of lasers.
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Table 1.2 Spectral Nomenclature

Band Name Wavelengths
(micrometers)
Vacuum ultraviolet 0.05 - 0.20
Short ultraviolet (UV-C) 020 - 0.29
Solar blind ultraviolet 0.25 - 0.28
Middle wave ultraviolet (UV-B) 029 - 0.32
Long wave ultraviolet (UV-A) 032 - 0.40
Visible 0.40 - 0.70
Near infrared (NIR) 070 - 2.0
Short wave infrared 20 - 3.0
Middle wave infrared (nominal 3-5 pm) 3.0 - 6.0
Plume band 4.0 - 5.0
Blue spike band 41 - 4.3
Red spike band 43 - 4.6
Long wave (far) infrared (nominal 8-12 um) 6.0 - 15.0
Extreme infrared 150 - 100
Near millimeter wave 100 - 1000
Millimeter wave 1000 - 10000

Ti:
ALEXANDRITE SAPPHIRE
0.72-0.8 0.68-1.13

Nd:
(DOUBLED) RUBY
Q.53 0.69
RAMAN

ARGON
0.51

© RROBOYOOMAIADNAN

04 0.6
WAVELENGTH (um)

Fig. 1.1 Laser spectral range.

.8 1.0 20 30 40

6.0 8.0 100
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1.2.2 Illustrative Examples

Throughout the remainder of this chapter a few specific situations are used to
illustrate the calculational procedures and typical values encountered. The
examples have been chosen to be representative of three types of problems.
The first example deals with a tactical situation involving short ranges and
limited processing times. The second example is a strategic situation, with
longer ranges and longer data collection and processing times. The third ex-
ample is specific to laser warning receivers. The details of each situation are
set forth in the following. Deviations from these baseline situations are ex-
plored to illustrate dependencies, but unless stated otherwise explicitly, the
baseline conditions apply.

1.2.2.1 Tactical Situation. Tactical missile warning receivers can be used
to warn against air-to-ground, surface-to-air, air-to-air, and air- (or surface-)
to-surface missiles. Each presents a unique set of background clutter situations
as well as threat approach angles and speeds. The case of airborne platforms
defending against air-to-air or surface-to-air missiles presents one of the more
challenging problems in terms of signatures, backgrounds, and reaction times.

The platform supporting the missile warning receiver in the example is a
helicopter moving at 100 km/h at an altitude of 200 m. [This is approximately
a speed of 65 knots at an altitude of 600 ft above ground level (AGL). We use
SI units consistently in this chapter, although knots and feet are still in com-
mon use for speed and altitude.]

The missile is a surface-to-air missile with passive infrared guidance. It is
launched at a range of 5 km from the helicopter and travels in the same
direction as the helicopter. The missile is assumed to end its powered phase
approximately midway along the trajectory to the target. During the powered
phase of its flight, it has a signature of 1000 W/sr in the 3- to 5-um spectral
band.

The background seen by the warning receiver is a mixture of trees, grass,
and bare earth below the horizon and clear sky above the horizon. It is near
noon on a clear summer day at middle latitudes. Significant clutter can be
expected below the horizon. Atmospheric conditions are those of the mid-latitude
summer model used in LOWTRAN.3 Table 1.3 lists atmospheric transmittance
over several tactical ranges for some wavelength bands of interest. Two other
helicopters are traveling in the same direction within a 2-km radius of the
platform vehicle, and present possible false targets. Their signatures are 1000
W/sr each in the 3- to 5-wm band. Another missile has been launched inde-
pendently against the more distant of the other two helicopters. The receiver
must reject this missile as a nonthreat.

The instantaneous field of view of the warning receiver is such that the
target is spatially unresolved at the time of detection and declaration. It is
also assumed that the signature of the target is low enough to be comparable
to the clutter level (i.e., the signal-to-clutter level is less than 10) in the band
of interest after burnout. The platform of the MWR is unstable and moving,
and the missile is moving against the background.

A hypothetical nodding spinball warning receiver with three lenses, similar
to the one described in Sec. 1.5, is assumed for the tactical platform. The optical
design parameters of the tactical warning receiver are assumed to be aperture
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Table 1.3 Atmospheric Transmittances for Tactical Example

Range Wavelength Band
(km)
0.25-0.28 2.0-3.5 35-5.0 8.0-12.0
pm pm pum pum
0.5 0.366 0.608 0.725 0.921
1.0 0.139 0.546 0.667 0.877
2.0 0.022 0.477 0.593 0.808
5.0 0.001 0.379 0.467 0.657
10 0.354 0.482
20 0.233 0.288

diameter 45 mm, F# 1.78, focal length 80 mm, and 70% optical transmission.
A closed cycle Joule-Thompson cooled linear array of 10 PbSe detector ele-
ments, each 0.115 X 0.115 mm, with an array elemental center-to-center
angular subtense of 1.75 mrad and an instantaneous field of view (IFOV) of
1.44 x 1.44 mrad provide an array elevation field of view of 1.0 deg. The D*
of the detector in the 3.0 to 5.0 band is 1 x 10'® W~ cm Hz"2. The spinball
scans a 15 X 6 deg (azimuth X elevation) field at a velocity of 4000 deg/s.
This is a frame rate of 1.85/s or 48,500 pixels/s. Scan efficiency is 42%.

1.2.2.2 Strategic Situation. Electro-optical/infrared (EO/IR) strategic warning
receivers might be used to provide warning against threats that range in size
from large intercontinental ballistic missiles to small cruise missiles. Strategic
aircraft (e.g., long-range bombers) are also potential targets for EO/IR strategic
warning systems. Beyond providing warning against missile and aircraft at-
tacks, strategic EO/IR sensors can also play a role in strategic surveillance,
including ocean surveillance and surveillance of strategic relocatable targets
(SRTs). Applications considered in this handbook are limited to strategic sen-
sors designed to detect strategic missiles and aircraft.

To provide the wide-area coverage of distant threat volumes, strategic warn-
ing sensors are typically based on satellite platforms. The altitude of such
platforms can be anywhere from approximately 100 km to tens of thousands
of kilometers, depending on the application and design concept.

The spectral wavelength band in which an EO/IR strategic warning system
might operate also depends on the specific application. Because the exhaust
plumes of ICBMs and other large strategic missiles are intense infrared sources
that radiate most strongly in the near- and mid-IR parts of the spectrum, near-
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and mid-IR sensor concepts are usually considered for ICBM warning appli-
cations. There are, however, concepts that call for ICBM warning sensors to
operate in the UV part of the spectrum. At the other end of the spectrum,
long-wave infrared (LWIR) sensors may be the most appropriate for the de-
tection of cruise missiles and strategic aircraft. For these types of targets, the
IR radiation from engine exhaust plumes is often a relatively minor contributor
to the overall IR signature. Thermal emission, peaking in the LWIR part of
the spectrum, from relatively cool surfaces on the air vehicle, often dominate
the IR signature of these targets.

Background signatures play an important role in the design of a strategic
warning system. Even for the most intense strategic targets, background clut-
ter might limit the performance of the system. Typically, the spatial extent of
a strategic target is small compared to the size of the background area that
contributes to the output of a detector. This area is called the detector footprint.
Large detector footprints lead to large background signals that are a source
of noise and clutter. For near-IR sensors, background solar clutter can mask
the signals radiated by an ICBM. For LWIR sensors operating in the atmo-
spheric windows, terrain clutter and cloud clutter can make the task of de-
tecting strategic aircraft and cruise missiles very difficult. Consequently, the
selection of a detector footprint size is a critical element in the design of a
strategic sensor. The selection involves trade-offs among sensor altitude, optics
size, number of detectors, spectral band, and clutter processing concepts. Typ-
ically, the footprint size (at the surface of the earth) that results from these
trade-offs is of the order of 100 m to a kilometer or so, projected onto the earth’s
surface.

The EO/IR technology required to develop a strategic sensor is usually quite
different from the technology associated with tactical sensor development.
Because strategic sensors must detect targets at very long ranges and over
large search fields, large optics (of the order of 1 m in diameter) and large focal
plane arrays (hundreds of thousands of detectors) are usually required. Because
they operate in space, there are unique power, cooling, communications, and
support requirements. Operation in the radiation environment of space and
testing, prior to deployment in space, are other important considerations in
the development of strategic sensors.

1.2.2.3 Laser Warning System Scenario(s). Laser warning receivers are
apphcable to fixed-wing aircraft, helicopters, ground vehicles, ships, and sat-
ellites.* Functionally, they alert the platform to impending attack involving
fire control, or weapon lasers; they also may directly activate appropriate
countermeasures.® There are two related, but inherently different, scenarios
involving laser receivers: (1) self-protection (i.e., warning) and (2) general mon-
itoring of the adjacent field of battle, termed electronic support measures (ESM)
in the electronic warfare (EW) community. These two scenarios are illustrated
in Figs. 1.2 and 1.3, respectively.

The laser warning receiver self-protection example of Fig. 1.2 consists of a
heliborne laser designator (or rangefinder) illuminating a tank from a range
of 2 km. The laser is assumed to be a 1.06-um Nd:YAG system with an output
energy of 150 md, a pulse duration of 30 ns, and a beam divergence (full angle)
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of 0.25 mrad. The laser is 100 m above ground level and there are no smoke
or clouds intervening between the laser and its target. The local weather
conditions correspond to a “clear, standard day” with a visibility of 23 km.
Note, that the assumed laser beamwidth, 0.25 mrad, subtends only 0.5 m at
the tank, and it is not at all certain that the beam will strike the tank at the
point where the laser warning receiver is located.

The ESM scenario of Fig. 1.3 involves three participants; the laser desig-
nator and its tank target, as previously illustrated in Fig. 1.2, and an airborne
laser ESM system located many kilometers away from the designator/tank
engagement. Environmental conditions are the same for both scenarios. The
objective of the standoff ESM system is to determine the level of laser activity
on the battlefield, measure the laser parameters, and locate the threat lasers.
In this case, the threat lasers are not targeted toward the laser receiver plat-
form. Although this scenario is not addressed in detail in this chapter, un-
derstanding of its similarity to, and difference from, the more classic warning
scenario is important to avoid confusion between these two scenarios. The
equipment requirements for these two situations are often drastically different.

1.2.3 Measures of Effectiveness

Many system-level performance parameters can be used to describe the effec-
tiveness of a warning receiver. These range from general factors such as prob-
ability of detection and false alarm rate to more specific characteristics such
as direction-finding resolution.

1.2.3.1 Missile Warning Receivers. Table 1.4 lists® some measures of ef-
fectiveness (MOEs) associated with missile warning receivers. The table also
contains a definition of the MOEs and typical or desirable values of the MOE
that might be required in tactical and strategic situations.

An important distinction in the table of MOEs is that between detection
range and declaration range. The first is always greater than the second,
because time is needed to process information and decide if the detected object
is a threat or not. (If the range were increasing with time, it is unlikely that
the object would be declared a threat.) The interval between the two events
is often called latency time.

The individual measures of effectiveness are not independent. For instance,
it is always possible to increase the probability of detection or declaration by
relaxing thresholds and other decision criteria; these same actions increase
the false alarm rate. False alarm rates can likewise be lowered at the expense
of missed detections or declarations. At the extreme, a nonoperating sensor
yields an ideal false alarm rate of zero, which is accompanied by obviously
unacceptable rates of detection and declaration.

Time to go (TTG) or time to impact (TTI) are parameters determined from
system estimates of range at declaration and the closing speed of the missile.

SNR and signal-to-clutter ratio (SCR), which are intermediate parameters
that determine the values of various measures of effectiveness, are not listed
in this table. They are discussed with more detail in the sections on target
signatures, backgrounds, and clutter.
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Table 1.4 MWR Measures of Effectiveness and Typical or Desirable Values

MOE Definition Tactical Strategic

Py Detection probability 0.95-0.99+ 0.98+

FAR False Alarm Rate 1.0 - 0.1/hr 10 /day

FAR, Noise induced FAR 10°-10* /hr 10* /day

FAR, Clutter induced FAR 107 /hr 10* /day

R, Detection range 1-10 km 10%-10* km

Ry Declaration range 1-10 km 10%-10* km

FOR Field of regard 0-360° az 0.1-1 ster

+ 45°el

DOA Direction of arrival resolution + 45°az NA

TTG(TTI) Time to go (impact) 1-30 s 1-30 min

TTL., Warning time (maximum TTI) 2-30s 1-30 min

Vi Missile closing velocity resolution + 10 m/s NA

Ng, Number of missiles handled <10 <100

Prioritization Ability to prioritize among multiple ~ Yes Yes
threats

Latency Processing time - detection to 05s 10s
declaration

Blanking Blank after detect or CM activation ~ Yes No

NEI Noise equivalent irradiance Band Band
(sensitivity) dependent dependent

Altitude Min. & max. operating alts. 0-10 km 10%-10* km

Outputs Signals to human or CPU

1.2.3.2 Laser Warning Receivers. Laser warning measures of effectiveness
for the self-protect scenario relate to the efficiency with which the laser in-
tercept enables the threatened platform to take protective action. Functionally,
this involves detection of the signal, discrimination of real signals from false
signals, characterization of the laser, and localization of the source. Table 1.5
presents common self-protection LWR measures of effectiveness and typical
ranges for them.

Signal detection is related to system sensitivity and is usually limited by
solar-shot noise and Johnson noise in the visible and near-IR regime and by
detector/thermal noise in the mid and far infrared. For laser warning receivers,
the source energy may strike the receiver directly, or it may be directed toward
the receiver from an intermediate scattering object. As a result, the incident
signal level from the same nominal scenario can range over many orders of
magnitude, depending on exactly how the laser energy reaches the receiver.
Thus, because typical scenarios can readily expose such a system to a signal
range of 4 to 10 orders of magnitude, receiver dynamic range is as important
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Table 1.5 LWR Measures of Effectiveness

Measure of Effectiveness Common Value

Sensitivity 10%to 10° W/cm?

Peak Signal for Correct Analysis 1to 10** W/em?

Dynamic Range (Analytic) 10** to 10*® irradiance ratio
Dynamic Range (Destruction) 10*® to 10*'? irradiance ratio
False Alarm Rate 1 per hour or per day or per mission
Probability of Detection 0.9 t0 0.99

Spectral Resolution Band to 0.01 um

Temporal Resolution (Duration) <100 ns

Temporal Resolution (PRF) 1to 103 s

Temporal Resolution (Interval) 10" to 107 s

Direction of Arrival 1° to 45°

as receiver sensitivity. In particular, it is important that the directly incident
laser signal not destroy the receiver nor cause saturation effects that result
in incorrect signal characterization. The system sensitivity along with the
largest signal that is correctly analyzed are the primary intensity-related
measures of merit. These combine to define the dynamic range over which the
system carries out a proper analysis, whereas the signal level at system de-
struction limits the survivable dynamic range.

Effective false target rejection is a major LWR requirement. Sun glint,
lightning, gun flashes, explosions, various optical beacons, and virtually any
transient light source are potential false targets. These are rejected by LWRs
that employ coherent detection techniques. Steady optical sources, such as
battlefield fires, which can be difficult problems for a missile warning receiver,
are readily rejected by the transient-oriented circuitry of typical laser warning
receivers. Typically, complete immunity to all false sources is usually desired,
whereas white-noise-generated false alarms are typically specified in terms of
a maximum number of false alarms per unit time (related to a typical mission
duration). In addition, most LWR specifications include an appropriate electro-
magnetic interference (EMI) requirement.

It is common to specify LWR performance in terms of a simple radiometric
probability of detection for a specific minimum laser intensity.

Threat parametric characterization can be carried out at two different levels.
For LWRs that serve only to alert the platform and define the threat, it may
be adequate to make coarse measurements of laser wavelength, intensity,
duration, and pulse repetition frequency to distinguish among weapon, range-
finding, designating, communication, or countermeasure lasers. Typically,
weapon lasers are at specific wavelengths and usually have long-duration
pulses, rangefinders are of short duration and low repetition rates; designators
are similar to rangefinders but at higher repetition rates; countermeasure
lasers are also similar to rangefinders but of substantially higher intensity,
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and communication lasers are modulated continuous wave (cw) sources, or
very high repetition rate pulsed ones. Consequently, the LWR community often
speaks in terms of binning the laser parameters for threat recognition.

For LWRs that are directly linked to laser countermeasure transmitters, it
may be necessary to derive a detailed characterization of the laser waveform
from the intercept. Typically, this involves accurate measurement of the pulse
repetition rate and/or pulse interval. The accuracy required for such appli-
cations can require measurement precision that is a small fraction of the basic
signal parameter involved.

The threat localization issue for laser warning receivers is quite different
than it is for the missile warning receivers because of the potential ambiguity
in the actual source of the photons incident on the receiver. For a directly
incident beam, threat localization can be relatively straightforward. However,
should the intercept involve target or atmospherically scattered photons, it is
much more difficult to derive threat directional data. In particular, these sec-
ondary scatter/reflection intercepts can cause some types of systems to provide
misleading directional data. In such cases the location figure of merit should
be a two-element criteria: first, indicating whether the intercept is direct, or
not, and then, if direct, indicating the threat direction to some degree of pre-
cision. Angular accuracy requirements vary with platform and scenario. In
most situations a minimum of quadrant localization is desired. For airborne
laser receivers a specification analogous to that required for conventional radar
warning receivers (RWRs), a few degrees may be adequate, whereas precise
counterattack may require directional accuracy to better than a milliradian.

For laser ESM scenarios, as defined in Fig. 1.3, receiver sensitivity is the
dominant measure of effectiveness. Three-dimensional source localization (not
just instantaneous direction) is usually desired; as is detailed, wideband char-
acterization of the laser waveform; i.e., duration and pulse repetition rate (or
interval).

1.3 OBSERVABLES
1.3.1 At the Source

1.3.1.1 Tactical Missile Observables. Missiles generate characteristic
emissions in the optical bands that are inadvertent to their propulsion and
vital to the detection and warning process. The most prominent of these are
associated with the combustion of fuel during boost and sustain phases.” Dis-
crete frequency emissions from rotational and vibrational transitions of water
vapor and carbon dioxide molecules account for much of the exhaust emission.
In addition to the well-known 4.3- and 2.7-pm bands from COz and H»0, there
are a wealth of transitions in the visible and ultraviolet spectral bands, some
of which originate from trace constituents in the fuel. Table 1.6 lists a few of
the more common line emissions found in missile plumes. The practical use
of any of these optical emissions for warning purposes is determined by at-
mospheric transmission properties, detector and optics technology, and back-
ground and clutter levels. It is likely that efforts in missile propulsion tech-
nology will be directed toward reducing many of these unintentional
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Table 1.6 Common Plume Spectral Lines

(Zvr:)v elength Origin Comments

15 CO,
6.3 H,0 Intense, heavy attenuation
4.9 Co,
43 CO, Intense, moderate transmission
2.7 H,0 Intense, heavy attenuation
2.7 Co,
2.0 CO,
1.87 H,0
1.38 H,0
1.14 H,0

characteristic emissions, so their presence in future-generation missiles cannot
always be assumed.

The intensity of plume emissions varies with many factors such as angle of
the missile relative to the receiver, altitude and velocity of the missile, and
so on. Figure 1.4 shows® some qualitative variations in plume intensities. The
viewing angle of the missile determines how much of the plume is obscured
by the missile body. Variations of MWR look angle along the trajectory of the
missile depend on the type of guidance in use by the missile. As examples,
consider proportional navigation guidance and command line-of-sight guid-
ance. With proportional navigation the missile is always seen at a constant
look angle from the target. On the other hand, command line-of-sight schemes,
such as beam-rider missiles, appear at a varying look angle to the aircraft,
but always line up with the same point on the ground. The latter are more
difficult to detect because they remain fixed with respect to the background
clutter features. The variations in signature resulting from changing look
angle may deceive warning receiver signal processors that depend on intensity
variations to deduce range and velocity.

In addition to the discrete, combustion-related lines discussed, the skin of
the missile also provides detectable radiation. Slight temperature or emissivity
differences between the missile skin and adjacent background areas or reflec-
tions from the skin may prove more robust indicators than plume emissions.
The high speeds of most missiles contribute to the temperature difference
because of aerodynamic heating effects, which remain difficult to counter or
avoid. The ratio of plume to skin radiation in the missile signature varies with
the view angle, which, as noted, may vary along the trajectory.

In addition to the discussed gaseous constituents, the exhaust plume may
also contain carbon particles that behave as graybody emitters at a temper-
ature approximately equal to the exhaust gas temperature. Exhaust gas tem-
peratures vary with fuel and motor design. An approximate temperature for
a kerosene and liquid oxygen missile exhaust is 2000 K, and the radiant in-
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Fig. 1.4 Radiant intensity variations that affect IR amplitude discrimination.

tensity in the CO2 plume band for a vehicle of this type is typically 108 W/sr,
plus or minus an order of magnitude.® Small tactical missiles with solid fuels
would exhibit signatures in the range of 102 to 10* W/sr in the same band.
Scaling to other spectral bands depends on the relative contribution of line
emissions, exhaust gas continuum, and skin and tailpipe thermal emissions
in a given situation.

The intensity of the missile signature depends strongly on the type and size
of motor. As a first approximation, it can be assumed that the signature in-
tensity in any of the optical bands is proportional to the rate of fuel combustion,
which is approximately proportional to the thrust of the motor. A rule of thumb
for scaling missile signatures is thus

I =EkN , (1.1

where k depends on the spectral band. A more realistic scaling approach sets
intensity proportional to a power of thrust:

I = kEN* (1.2)

where I is in watts per steradian, N is in newtons, and both & and a are band
dependent.

Real missile motors do not maintain constant thrust with time. In addition
to the major thrust phases of the missile (launch, boost, sustain, and burnout),
there are variations within each phase. Figure 1.5 shows thrust versus time
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Fig. 1.5 Thrust versus time for several missiles.

for several missile types. A scaling law for the effect of viewing angle variations
in observed signature is

Iy = Igo sin(® + &) , (1.3)

where Igo is the intensity at beam viewing angle (8 = 90 deg) and 0 is the
azimuth angle of the observed missile. The offset angle ¢ is a small correction
whose value depends on the geometry of the missile and plume.

Ultraviolet emissions from exhaust plumes are another source of missile
observable. Figure 1.6 shows® spectral radiometric data from the combustion
of JP4 fuel in an F404 turbojet aircraft engine in afterburner mode. Very high
speed missiles also generate ultraviolet radiation in the bow shock wave. Gas
temperatures in the bow shock wave of a 7800 mile/h post burnout missile at
a 25 mile altitude have been measured at over 6000 K. This source of radiation,
however, is more significant for strategic missiles than for tactical missiles.

Visible waveband detection of threat missiles may be based either on the
emitted light from the rocket plume or from scattered ambient light from the
missile body. The former case is similar to the infrared band, with plume
intensity proportional to some power of the rocket motor thrust. The second
case depends on the contrast between reflected ambient illumination from the
missile body and that reflected from adjacent background areas. Ambient il-
lumination levels are discussed in Sec. 1.3.3, along with background material
reflectances in the visible waveband. Target reflectances depend on the outer
surface of the missile skin, which may be paint or other protective coatings
rather than polished bare metal. Reflectances of some bare metals at wave-
lengths from the ultraviolet and visible through the infrared are shown!® in
Table 1.7. Reflectivities for other metals and other wavelengths can be esti-
mated by the Hagen-Rubens relation.*’
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Fig. 1.6 UV spectral data from F404 engine.

Table 1.7 Reflectivity of Metals (%) (Normal Incidence)

X;V)de"g‘h Copper  Gold Nickel  Steel
0.25 25.9 38.8 37.8 32.9
0.36 27.3 27.9 48.8 45.0
0.45 37.0 3.1 59.4 54.4
0.50 3.7 47.0 60.8 54.8
0.60 71.8 84.4 64.9 5.4
0.70 8.1 92.3 68.8 57.6
0.80 88.6 94.9 69.6 58.0
1.00 90.1 72.0 63.1
2.00 95.5 96.8 83.5 76.7
3.00 97.1 88.7 83.0
4.00 97.3 96.9 911 87.8
9.00 98.4 98.0 95.6 92.9
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2 2 (4mv\ "2
pzl—;=1—;(—£) , (1.4)

where p is reflectivity, n is index of refraction, ¢ is speed of light in vacuum,
v is frequency of the radiation, p is absolute magnetic permeability, and o is
electrical conductivity. Because o is very large for most metals, their reflec-
tivities are high.

U.S. military paints are described by a five-digit classification system known
as Federal Standard 595a. The third and fourth digit of this number are the
visible band reflectance in percent. The first digit describes the approximate
directional reflection properties of the coating according to gloss or highly
specular = 1, semigloss = 2, and lusterless or diffuse = 3. Differences in
reflectances between target and background are much better than hue or color
differences for target detection. In the case of glossy surfaces, glint or glare
from sunlight or moonlight may also supply a transient indication of target
presence, but water, snow, and ice backgrounds can produce similar specular
reflections. Figure 1.7 shows!' spectral variations of diffuse spectral reflec-
tances for a number of typical real target materials from the near ultraviolet
through the visible spectral region.
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Fig. 1.7 Diffuse reflectances of target materials in ultraviolet and visible spectral regions.
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The millimeter wave and near millimeter wave regions can also be used for
target detection by exploiting reflectance differences. Most metallic objects are
highly reflective at 35 GHz, whereas natural terrain backgrounds are more
emissive (see Sec. 1.3.3). For a downward looking situation, the reflected cold
sky can provide sufficient contrast against the warmer earth backgrounds to
permit target detection. Water and snow/ice again provide problematic back-
ground situations.

1.3.1.2 Strategic Target Observables. The EO/IR observables associated
with strategic targets depend strongly on the specific targets that are to be
observed. Large ICBMs emit strongly in the infrared part of the spectrum as
a result of the intense IR radiation from their rocket exhaust plumes. By
comparison, strategic cruise missiles and strategic aircraft effectively radiate
very little infrared energy.

ICBMs and submarine-launched ballistic missiles (SLBMs) have signifi-
cantly more thrust than tactical missiles, resulting in significantly larger
EO/IR signatures. To generate this thrust, large quantities of fuel must be
burned, resulting in a tremendous amount of heat energy being released in
the rocket exhaust. This heat energy results in intense electromagnetic energy
being radiated in the EO/IR part of the spectrum. In a spectral band 1 pm
wide centered near a wavelength of 2.7 um, the exhaust of the first stage of
an ICBM might effectively radiate as much as 1 MW/sr or more.

As is the case for tactical missiles, ICBMs and SLBMs usually contain water
vapor, carbon dioxide gas, and sometimes solid particulates in their exhaust
plumes at temperatures near 2000 K. Consequently, the 2.7- and 4.3-pm mis-
sile bands are the spectral bands most often (but not exclusively) considered
for ICBM/SLBM missile warning.

For cruise missiles and strategic aircraft, the emissions from hot exhaust
gases are much smaller than for ICBMs and SLBMs. The reason for this is
primarily that the motors on these vehicles generate much less thrust than
the motors on an ICBM or SLBM. In addition, these vehicles must be detected
at lower altitudes than strategic ballistic missiles. This results in long at-
mospheric slant paths from the target to the sensor, and atmospheric trans-
mission over these long paths greatly reduces the apparent target intensity
in the missile plume bands.

Because of the difficulty with detecting cruise missiles and strategic aircraft
in the missile bands, sensor concepts involving operation in the atmospheric
window bands (e.g., the 8- to 12-um LWIR band) are often considered for cruise
missile and strategic missile detection. In these bands, the EQ/IR observables
result from the air vehicle itself, rather than its exhaust plumes. The phenome-
nology leading to these signatures is basically the same as for tactical aircraft.

1.3.1.3 Laser Warning Observables

Basic Source Parameters. The basic laser parameters are determined by the
laser material, the laser cavity (or resonator), and the laser pumping mech-
anism. Individual laser configurations are application specific and selected to
provide the appropriate parameters required. The choices are dictated by the
available technology.
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Laser wavelength is primarily determined by the laser material with a
variety of individual laser “lines” possible from any individual material. The
specific laser line emitted is selected by the resonant cavity employed. Laser
polarization is also cavity configuration dependent; whereas typical gas lasers
are linearly polarized, many high energy, solid-state, military lasers radiate
an unpolarized beam.

Polarization, purity of wavelength, and beamwidth are related to the modal
properties of the laser. A laser operating in a single longitudinal mode and a
single transverse mode will have a well-defined polarization, a narrow spectral
width, and can be collimated into a narrow diffraction-limited beam. Con-
versely, a laser operating in a highly multimode manner is often unpolarized,
has a broad spectral width, and radiates as an area source of wide beamwidth.
The laser designer strives to achieve high-efficiency, low-mode operation for
most applications as this results in higher power density on target. As laser
output power is increased, various optical and thermal imperfections and non-
linearities limit the single-mode power output. Consequently, tactical military
lasers are often highly multimode devices. Further elaboration of the basic
laser properties requires specific discussion of laser type (gas, solid state, chem-
ical, semiconductor, and so on), lasing element (neodymium, COg2, gallium
arsenide, and so on), host material (yttrium aluminum garnet, glass, ruby,
and so on), pump mechanism (flash tube, electronic, diode laser, and so on), and
cavity type (confocal, planar, unstable, @-switched, and so on) all of which are
beyond the scope of this section.

The temporal structure of a laser beam is also a function of the various
parameters outlined here. Some of the relations that are important to laser
discrimination and recognition processing are now discussed briefly.

In general terms, current military lasers can be temporally characterized
as continuous wave, long-pulse, or short-pulse lasers. These distinctions are a
function both of the inherent laser mechanisms involved and of the military
application.

The cw lasers, of which gallium arsenide semiconductor lasers and CO2 gas
lasers are examples, are usually modulated at high rates, from kilohertz to
gigahertz, and are used in applications such as communications or missile
guidance, in which they can carry large amounts of information; in laser radars
wherein heterodyne detection is used; or, in the case of the semiconductor
lasers, in missile proximity fuze applications where small size is important.

In applications where high energy is important and short durations are not
required, lasers, such as ruby or neodymium:glass, can be pumped with a burst
of energy (flash tube) and then be allowed to lase during the normal relaxation
time of the laser medium. Although this varies considerably among materials,
it is often in the 0.10- to 0.5-ms regime. Laser illumination and weapon systems
often fall into this category.

When short pulse duration is important, or high peak powers are desired,
Q@-switched lasers may be used. The resonant cavity of such lasers is disabled,
sometimes by misaligning one mirror, until the laser pumping is completed,
and then the cavity is realigned quickly and the laser pulse grows very rapidly,
depleting the “inversion,” at which time lasing ceases. This is the common
mode of operation for the Nd:YAG lasers used in rangefinders and designators.
Typically, the pulse duration of such lasers is in the 15- to 30-ns range and
the pulse repetition rate may vary from 1 Hz to tens of kilohertz.
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Coherence. Propagation of electromagnetic waves is a four-dimensional pro-
cess. For the situations of interest in this chapter, a laser beam can be envi-
sioned as propagating during a time ¢ in a direction z and expanding orthog-
onally in x and y. When such a beam originates at a source that radiates at
precisely the same frequency (wavelength) at all times, the wave travels reg-
ularly with the instantaneous intensity at each point along the direction of
propagation and is totally described in terms of the intensity at the source at
that instant and the number of wavelengths, or partial wavelengths, between
the source and the observation point as illustrated in Fig. 1.8(a). If, however,
the source were to change wavelength slightly, on a random basis, the regu-
larity of the propagating wave is affected as well. The instantaneous amplitude
is described by a simple, deterministic, sinusoid over an interval that corre-
sponds to the time during which the source radiated a specific frequency as
shown in Fig. 1.8(b). The property of an electromagnetic field whereby the field
at one specific point and time correlates with the field as observed at another
point and time is termed coherence.

Real sources, even lasers, are imperfect, and their output can be regarded
as constantly varying over some range of frequencies.!? The wavelength var-
iation corresponding to this frequency fluctuation (or spread) is termed the
linewidth of the laser. The time during which the laser emission effectively
consists of a pure single-frequency wave is referred to as the coherence time
of the laser, and the longitudinal distance along which the wave propagates
during this coherence time is called the coherence length. The relationships
among the wavelength, linewidth, coherence length, and coherence time are
defined in Fig. 1.8(b). Equation (1.5) is the basic relation between the frequency,
velocity, and wavelength. In Eq. (1.6), coherence length and coherence time
are related quantitatively, as illustrated in Fig. 1.8(b); and in Eq. (1.7, co-
herence length is expressed in terms of the spectral linewidth.!® There is a
large body of literature on the nuances of optical coherence theory including
Marathay,'* Mandel and Wolf,!®> and Baron and Parrent.!® For the purposes
of laser warning receiver analysis, the following relations are particularly
germane because coherence discrimination is usually implemented in terms
of a coherence length measurement:

4

A== (1.5)
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Al. = cAt. , (1.6)
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Fig. 1.8 Laser coherence length concept: (a) coherent wave and (b) partially coherent wave.
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)\2
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(1.7

where \ is the wavelength in meters, ¢ is the speed of light in meters per
second, v is the frequency of the wave in hertz, Al. and A¢. are the coherence
length and coherence time, respectively. The net result of Eq. (1.7) is to define
the laser coherence length in terms of the spectral linewidth A\, which is the
laser parameter typically measured or specified.

As a consequence of the temporal element in this description, coherence is
often termed temporal coherence. From the perspective of the coherence deg-
radation along the direction of propagation, it is also termed longitudinal
coherence.

For a few lasers, such as the COz lasers used in superheterodyne laser radars,
temporal coherence is a primary parameter that is carefully selected, moni-
tored, and controlled because it is directly related to system performance. For
most other military applications, coherence is a secondary parameter. Al-
though much more coherent than the sun or other natural sources, such lasers
are only partially coherent, and coherence per se is ignored, whereas the focus
is on beamwidth, bandwidth, and resultant power density. Table 1.8 lists the
coherence length of lasers and other sources as calculated from typical laser
specification sheets.!”

If the beam, even one from a “coherent” laser, is traveling through a prop-
agation medium that itself is changing with time in a random fashion, then
we also expect to find a reduction in the longitudinal coherence length. In
addition, if the propagation medium exhibits variations laterally across the
beam (i.e., at right angles to the direction of propagation) it may be said that
the lateral coherence of the beam is affected. Because the atmosphere is in a
constant state of turbulence and its turbulence is reflected in its optical prop-
erties, such effects must be considered in the design of laser warning receivers
that measure coherence, or use it to distinguish among sources. The somewhat
artificial distinction between longitudinal and lateral coherence is useful for

Table 1.8 Coherence Length of Lasers and Other Sources

Source Approximate
Coherence Length
(meters)

Incandescent (Unfiltered) 107

Sun (Silicon Band) 10

Light Emitting Diode (LED) 10%

He Ne Laser 10!

Diode Lasers 10%t0 1

Dye Lasers 10% to 1

CO, Lasers 10* to 10+
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LWR considerations because of the different origins of the incoherence—the
laser source linewidth is the dominant contributor to temporal (or longitudinal)
coherence degradation, whereas the atmospheric effects are the dominant con-
tributor to lateral coherence degradation. Section 1.7 illustrates the ways in
which the coherence in these two dimensions affects the design of laser warning
receivers.

Radiation Patterns. Optical sources can be characterized as either area sources
or point sources. Conventional optical sources generally behave as area sources.
For illumination systems consisting of an area source and an optical system
focused at infinity, the output beamwidth is well modeled by a cone of rays
(not necessarily circularly symmetrical) originating from the final collimating
optic with a beamwidth given by the throughput relationship

As X Qs = Ay, X Qp , (1.8)

where the first product refers to the radiation source area and its angular
radiation pattern, whereas the second product refers to the output optic area
and its angular radiation pattern. The conical beam with a linearly expanding
beam diameter is an accurate presentation of the behavior of such beams at
distances that are long with respect to the diameter of the final optic. Some,
if not most, military laser systems are very highly multimode devices, and
they are well represented by this model with the intensity internal to the beam
having a Gaussian distribution.

Coherent, single-mode lasers, even when they emanate from a large di-
ameter laser cavity, are better characterized as point sources, are capable of
diffraction-limited performance, and are typically used in diffraction-limited
optical configurations. Figure 1.9 illustrates the spatial evolution of a diffraction-
limited beam intensity, which appears initially to be cylindrical evolving into
the expected conical form as it reaches a distance of d?/2.44\ from the aperture,
where d is the diameter of the aperture. By 2d?\ it has settled into a steadg
conical expansion corresponding to an intensity reduction with range of 1/R*;
at shorter ranges the intensity of the beam is quite complex.1318:19

At optical wavelengths where X is a small number, this well behaved 1/R 2
region may not be established until the laser beam is many kilometers from
the laser. The region in which the beam exhibits the 1/R2 dependence is termed
the far field, and the close-in region is the near field.

- 244 —

Fig. 1.9 Spatial evolution of the beam from a uniformly illuminated aperture.
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Within the far-field region, the irradiance E(0,¢) of the laser beam directly
incident on a laser warning receiver is given by

16,
E®b) = 2 Rf)T , (1.9)

where I(0,¢) is the source radiant intensity in watts per steradian, T represents
the transmission of the intervening atmosphere, and (6,4) are the angular
coordinates of the receiver with respect to the center of the beam. To determine
the total received power it is only necessary to integrate the beam irradiance
over the aperture.

For distances within the near-field range, the situation is much more com-
plex and requires solution of the Fresnel integrals.'®

Uniformly illuminated circular apertures produce the [Bessel(x))/x pattern
illustrated in Fig. 1.9; Bessel(x) refers to the Bessel function tabulated in
various mathematical handbooks and tables.?’ The resultant optical beam
shapes, including the sidelobes, are identical, in principle, with those found
in microwave-radar beams. However, because typical lasers seldom uniformly
illuminate their output optics and, typically, the output amplitude distribution
is Gaussian shaped, the off-axis direct-beam intensity is usually relatively
low.2! Thus, typical laser warning receiver scenarios seldom involve intercept
of distinct sidelobes, as do the analogous radar warning receivers. However,
the materials of the laser optics, as well as the internal structures, mounting
elements, etc., do cause off-axis scattering and reflection, which is somewhat
analogous to the sidelobes of the microwave regime. Most of this spurious
scatter arises as the laser beam exits the laser and is referred to as port scatter.?
It typically has three specific sources: (1) scatter from the optical material of
the collimating lens, which is relatively omnidirectional and 3 to 6 orders of
magnitude lower than the main beam; (2) multiple reflections among the var-
ious lens and laser surfaces, the intensity of which is a strong function of the
specific configuration; and (3) strong spurious, specular, reflections from spe-
cific internal structures. The latter may be highly directive and collimated and
only a few orders of magnitude less intense than the main beam.

1.3.2 Propagation through the Atmosphere

1.3.2.1 Missile Signature Propagation Overview. The utility of a partic-
ular emission line or band for warning purposes depends on its transmission
through the atmosphere, among other factors. Some more obvious candidates,
such as the molecular transition band of COz at 4.3 pm, are made less appealing
by their attenuation over moderate pathlengths. In this case, the outer edges
of a temperature-broadened emission line can propagate for some distance
through cooler atmospheric COs. Figure 1.10 shows'! the effect of atmospheric
attenuation on the spectral distribution of plume emissions. Ultraviolet ra-
diation, which appears attractive for warning purposes because of the low
natural background and clutter levels at low altitudes, suffers significant at-
mospheric scattering as well as absorption over modest pathlengths.

The topic of atmospheric transmission is treated extensively elsewhere in
this handbook. This section explores only the impact of atmospheric effects on
typical missile observables and provides estimation rules for design purposes.
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1.3.2.2 Tactical Missile Signature Propagation.
path lengths are moderate and homogeneity of the atmosphere can be assumed,
it is possible to use a Beer’s law estimate to approximate atmospheric effects,
although a detailed spectral calculation like FASCODEZ? or HITRAN?* would
be more accurate. Intermediate resolution models like LOWTRAN?® or
UVTRAN?® are useful if plume radiation is not dominant. The extinction
coefficient depends on the detection band and spectral distribution of the source.

Degraded atmospheric conditions can change these extinction coefficients
dramatically. Table 1.9 shows®’ some coefficients for the 8- to 12-pm band
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Fig. 1.10 Modification of spectral distribution of plume emission by atmospheric attenuation.

In a tactical situation, where

Table 1.9 Extinction Coefficients in 8- to 12-pm Band

Weather Condition

Extinction Coefficient
(km)

Haze

Light fog

Moderate fog

Heavy fog

Light rain

Moderate rain

Heavy rain

Light snow

Moderate snow

Heavy snow

Very clear and dry

Clear

0.105
1.9
35
9.2
0.36
0.69
1.39
0.51
2.8
9.2
0.05
0.08
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An empirical expression!® for atmospheric attenuation as a function of wave-
length and visible band visibility (a figure normally available from meteoro-
logical reports) is given by

-q
=3.91( \
Ty = exp[ v (0—55) R] ) (1.10)

where V is the visibility and R the range, both in kilometers, and \ is the
wavelength in micrometers. The exponent q depends on the size distribution
of scattering particles; ty})ical values are 1.6 for high visibility, 1.3 for average
conditions, and 0.585 V* for low visibilities (<6 km).

The choice of spectral band should not be made on atmospheric transmission
alone. Other factors such as target size and contrast with background enter
into the considerations. Figures 1.11 and 1.12 compare?® the SNR for two
different bands for different situations. The first is based on a man-sized target
with no aerosol in the atmosphere and short ranges. The man is approximately
the size of tactical missile targets. Note that the 8- to 12-um band is better
for short ranges, but a BLIP (background-limited performance) detector in the
3- to 5-pm band could outperform the 8- to 12-pm system at ranges beyond
5 km. The second figure is for a small, high-temperature target at high altitude
and longer ranges. It is important to note that no plume emissions are con-
sidered here, only hot blackbody radiation from a tailpipe, for example, and
that the higher clutter levels in the 8- to 12-pm band are not considered. The
3- to 5-wm band is better under these conditions. However, with current de-
tector technology, the 8- to 12-um band is still superior in a tropical environ-
ment for all but very hot targets. At long ranges and with hot targets the 3-
to 5-pm band could potentially emerge as superior with detector technology
improvements.

1000

TARGET: MAN B e e
PATH: . HORIZONTAL N
ATMOSPHERE: NO I
AEROSOL

8-12

8-12{ 1]

m B LR A
|55 [ N ---- BLIP DETECTOR CASE ——
pm N = GENERAL CASE

| ~IN0
01 23 456 7 8 910 1112 13 14 15
RANGE (km)

0.1

Fig. 1.11 SNR for man-sized target.?®
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Fig. 1.12 SNR for small, hot targets.?®

The effect of atmosphere on target to background contrast is generally the
primary concern, so a more careful definition of contrast is in order. Absolute
contrast at zero range, defined as the difference between target and background
radiances (or temperatures) at the target can be written

Ca = Nr — N, (1.11)

where the subscripts T and B refer to target and background radiances re-
spectively. In the case of airborne targets, the background radiance is under-
stood to be that coming from the atmosphere behind the plane of the target
for the following discussions. The units of this contrast parameter are units
of radiance (or temperature). More frequently encountered is the relative contrast

Nr—Np _ Nr—Ng

CR =GNz + Ng) ~ Np

(1.12)

which is unitless.

The effects of atmospheric attenuation and path emission on contrast depend
on which definition of contrast is involved. For relatively flat target and back-
ground spectral radiance distributions, the band-averaged atmospheric path
transmittance T can be applied to the in band radiances. In the case of absolute
contrast, the emission factors cancel and the contrast is reduced by the band
averaged atmospheric path transmittance factor. In the case of relative con-
trast, the emission term cannot be neglected in general. If the transmitted
radiances are represented by lowercase symbols and defined as
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nT = NTT + Nae ng — NBT + Nae , (1.13)
where 7 is the band averaged atmospheric transmittance and Ny, is the atmo-
spheric path emission in the same spectral band, then the two transmitted
contrasts can be written as

¢y = np— ng =1(Nr — Ng) = 1Ca , (1.14)

and

np —ng (Nt — Np) + Noe — Nae

g = - (1.15)
(ve)(ny + np) ()7 (N7 + NB) + Nae
_ Nr — N _C Nr + Np
" Naot + (Np + Np)2 ~ "E\Nyp + Nz + 2N/t
~ TCR<TNB - Nae) . (1.16)

In some cases, such as short horizontal paths, Ng7 + Nz = Np and we are
left with ¢z = TCr. In these expressions lowercase symbols refer to transmitted
radiances or contrasts, whereas uppercase symbols are zero range values. For
a further discussion of contrast in relation to electro-optical systems analysis
methods, see Pinson.?®

1.3.2.3 Strategic Target Signature Propagation. For strategic warning sen-
sors designed to detect ICBMs and SLBMs by their emissions in the missile
plume bands, atmospheric transmission plays a key role in determining the
apparent intensity of the missile as it rises through the atmosphere. While
the missile is low in the atmosphere, much of the IR radiation of the exhaust
plume is absorbed by the water vapor and carbon dioxide gas in the atmosphere.
However, as the missile rises in altitude, the concentration of water and carbon
dioxide in the atmosphere rapidly decreases, and the atmospheric transmission
from the target to the sensor greatly improves, resulting in orders of magnitude
increases in the apparent intensity of the missile.

Signature propagation considerations for cruise missiles and strategic air-
craft are much the same as for tactical aircraft, although the slant paths are
typically longer and extend from the target to a sensor in space. Nonetheless,
the treatment of contrast propagation presented in Sec. 1.3.2.2 also applies here.

1.3.2.4 Laser Signature Propagation

Atmospheric Attenuation. Lambert’s law (i.e., the exponential attenuation
of power with distance) is an adequate representation of the average reduction
of laser intensity as it propagates from the source to the laser warning receiver:

7 = exp(—aR) , 117

where 7 is the transmission factor, « is the attenuation coefficient in inverse
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kilometers, and R is the range in kilometers. Laser attenuation and scattering
coefficients are tabulated in the literature; see, for instance, Kneizys. 30

For slant paths through a nonhomogeneous atmosphere, Eq. (1.17) must be
expanded to take into account the variation of a along the path. Equation
(1.10) of Sec. 1.3.2.2 can be used to estimate laser attenuation as a function
of visibility range.

Attenuation, although important to LWR system performance, is not the
only significant atmospheric issue. Atmospheric scatter and atmospheric scin-
tillation, which are discussed in the sections that follow, are items of major

concern.

Atmospheric Scatter. Figure 1.13 shows the components of the atmospheric
attenuation discussed in the prior section. (Absorbers other than O3 have been
omitted in the development of this figure.) Throughout the visual and into the
mid-IR spectral region, the dominant source of near-earth and low-altitude
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Fig. 1.13 Components of atmospheric attenuation.
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Fig. 1.14 Angular scatter patterns: (a) atoms (Rayleigh) and (b) aerosols (Mie)—not to
scale; front to back ratio can be of the order of 100 to 1.

attenuation is the aerosol scattering component. Thus, in this region, the light
that is attenuated is not absorbed, just redirected. (This figure is based on that
originally presented by the RCA Electro-Optics Handbook31 replotted by
Patterson®? with data from Patterson and Gillespie®® and corresponds approx-
imately to a 23-km visibility.)

In Sec. 1.2.2.3, on typical scenarios, reference was made to the fact that
typical laser beamwidths, when incident on their targets, may be smaller in
extent than the target itself. As a result, the laser beam may not directly strike
the laser warning receiver. However, when it is not directly incident, it usually
passes nearby. Thus, detection of light scattered from the adjacent air is a
major aspect of LWR design. Figure 1.14 shows the angular scattering func-
tions for the two major scattering components, atoms and aerosols. Atomic
scatterers, dominant in the UV spectrum and in the upper atmosphere, are
relatively isotropic (Rayleigh scattering), whereas the larger aerosols, domi-
nant at the lower altitudes, scatter preferentially in the forward direction (Mie
scattering). Fortunately, this results in a relatively large available signal for
the tactical laser warning receiver, even in a “near-miss” situation. The specific
angular scattering function that applies to a system calculation is a function
of the atmospheric constituents, and their size distribution, as well as the
specifics of Mie scattering theory that treats the scattering pattern of the
individual aerosol particle. This, in turn, requires that we define the atmo-
spheric conditions before we can quantify these effects Ishimaru®? prov1des
an overview to this area; Zardecki and Deepak® and Bissonnette®® address
the specific case of narrow- ban%, near-axis laser scatter for very low visibility
conditions, and Kabanov et al.3¢ provides a statistical model of angular inten-
sity of the scattered light for coastal haze conditions applicable to the off-axis
scenario (see Sec. 1.2.2.3).

Target Scatter/“Splash.” For the self-protection scenario, the laser warning
receiver is located on the laser target platform. As discussed previously, the
laser is not always directly incident on the receiver, and the laser photons
must reach the receiver via a secondary scatter, or reflection, process. One
scatter source, the adjacent atmosphere, is discussed in the prior section. The
other scatter source is the target vehicle itself. Laser warning receivers may
be positioned so that they view the scatter from a portion of their own platform.
To avoid confusion with the atmospheric scatter case we will, occasionally,
refer to this latter situation as target splash.

Signal intensity from target splash intercepts is a function of the vehicle
bidirectional reflectance distribution function (BRDF), which describes the
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intensity of light scattered in a particular direction as a function of light
incident in some other direction.3”7 The scatter from most vehicle surfaces is
more or less proportional to the cosine of the angle off the normal to the surface
(i.e., Lambertian) with some specular components. The intensity of the splash
is a function of surface material, surface texture, incident angle, and viewing
angle. For land vehicles this signature is dominated by the environmental
conditions at the time (i.e., mud, dirt, dust, and so on).

For the standoff ESM scenario, target splash from a distant target can be
the primary signal source.

Atmospheric Scintillation. Atmospheric turbulence potentially affects laser
warning receiver analysis and design in several ways: it causes random an-
gular deflection of the beam; it reduces the long-term temporal coherence of
the beam; and it causes the initially smooth wavefront to degenerate into a
series of overlapping sectors that randomly interfere with each other, resulting
in a mottled beam.38 The first two effects are minor with respect to terrestrial
laser warning receivers that are targeting typical tactical lasers: the beam
wander is of the order of tens of microradians, whereas the laser beams are
often 10 to 100 times wider; similarly, the temporal fluctuations occur at
millisecond rates, and the coherence times of the lasers of interest are seldom
that long. However, the mottling of the beam, illustrated®® conceptually in
Fig. 1.15, becomes a practical issue in two ways: (1) lateral motion of either
the laser or the receiver and the natural turbulent motion of the atmosphere
produces temporal amplitude fluctuations of the signal directly incident on the
LWR and (2) the random instantaneous transverse irradiance pattern can se-
verely impact the performance of specific LWR configurations.

Scintillation effects are addressed in depth elsewhere in this Handbook; the
LWR relevant issues are reviewed briefly herein.

The irradiance fluctuations can be readily visualized by envisioning a point
detector positioned within the pattern of Fig. 1.16 as the black and white
pattern therein moves randomly.*° It also can be visually appreciated that the
larger the receiver gets, the more cells it covers, and the less fluctuation there

rP—_-—
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TRANSMITTER TURBULENCE

RECEIVER
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Fig. 1.15 Tllustration of the origin of scintillation effects (conceptual). (From Ref. 40; re-
printed by permission of John Wiley & Sons, Inc.)
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0

Fig. 1.16 Atmospheric scintillation appearance.*

will be in the detected signal. Typically, laser warning receivers are small
aperture devices; therefore, the scintillation-induced signal level fluctuations
must be incorporated in system design/analysis. The usual approach is to
estimate the variation expected and to allow an additional system gain margin
(i-e., more sensitivity than would be required in the absence of scintillation,
to obtain the requisite probability of detection).*!

The transverse variation in wavefront amplitude also impacts the optical
configurations involved in the parametric characterization of the intercepted
laser. This is discussed in depth in Sec. 1.7. The issue in this regard has to do
with the wavefront-sampling process by which separate, adjacent apertures or
detectors extract energy from the beam. Subsequently, their outputs are com-
pared to deduce beam coherence, direction, or wavelength. Obviously, the re-
sult of comparing the intensities of adjacent detectors will be perturbed by a
pattern like that of Fig. 1.16. As a result, many equipment configurations that
operate well in the laboratory are defeated by scintillation in the field.
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Fig. 1.17 Lateral coherence length versus turbulence path length.*?

From the perspective of propagation observables, the transverse character-
ization of a propagating beam involves the measurement of the transverse
coherence diameter. Note that although the transverse irradiance distribution
and the transverse coherence dimensions are related, they are two different
parameters. Transverse coherence measurement has been carried out by sev-
eral investigators. Figure 1.17 presents®®*2 the transverse coherence diameter
for some typical conditions.

Note, that for a typical example, say a 0.6943-um ruby laser beam on a
horizontal path several kilometers long, the transverse coherence distance is
of the order of several centimeters. Many, if not most, laser warning receivers
are smaller than this; thus, adjacent apertures close together could be expected
to characterize the source properly. However, coherence diameter, which is the
most commonly measured transverse scintillation parameter, is only a partial
characterization of the beam. Because the sharp peaks and valleys of the
transverse amplitude distribution arise from the destructive interference of
adjacent beam segments and the beam is not coherent beyond its coherence
diameter, it follows that the detailed structure of the peaks and valleys occur
over an even smaller lateral distance. If searching for a small, relatively con-
stant amplitude segment of the beam, one must use a sector that may be a
4o to a Vioo of the transverse coherence diameter.

1.3.3 Backgrounds and Clutter

In many cases, the performance of warning systems is clutter limited rather
than noise limited. The key to probability of detection and false alarm rate is
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the signal-to-clutter ratio rather than the SNR. Signal is usually defined as
the difference between the irradiance from a target containing resolution ele-
ment and that from an adjacent resolution element. The signal-to-clutter ratio
thus involves the local background mean as well as variations in the back-
ground and the target intensity. This section includes a brief survey of the
background and clutter properties likely to be encountered in passive warning
situations. Terrain clutter is discussed separately from cloud and sky clutter.
Various clutter metrics useful in evaluating system performance are defined
and typical values presented. A short discussion of background levels at typical
threat laser wavelengths concludes the subsection.

1.3.3.1 Terrain Backgrounds. In the spectral region below 4 pm, reflected
and scattered solar radiation is one of the major contributors to background
radiation levels. It is unlikely that specular reflections will be significant from
missile bodies, because missile designers will probably attempt to avoid glint
and glare signatures. A comparison of diffuse reflectances of various back-
grounds and target materials may be of some use. Table 1.10 lists*®*¢ short-
wavelength reflectances for a number of background materials. These values
are for high elevation angles. Caution should be used in applying them at
angles below 30 deg, where most surfaces become more specular in their behavior.

Table 1.10 emphasizes vegetation backgrounds and short-wavelength IR.
For visible wavelengths, a summary of general terrain background reflectances
is contained in Table 1.11, which is taken from Ref. 45.

Spectral variations in reflectance are much more pronounced below 4 um
than above, so the values quoted in these tables should not be extended beyond
the spectral ranges indicated therein. Figure 1.18 shows spectral variations
from the UV out to 4 pm for several backgrounds likely to be encountered in
down-looking situations. The effect of chlorophyll on the reflectivity of vege-
tation at 0.72 to 1.3 pm should be noted. Few man-made surfaces exhibit such
pronounced changes over limited wavelength differences.

Table 1.10 Short-Wavelength IR Background Reflectances

Material or Background Type Hemispheric Reflectance
(%)

Grass 24%
Wheat 26
Maize 22
Pineapple 15
Sugar cane 15
Deciduous woodland 18
Coniferous woodland 16
Swamp forest 12
Open water 05

Dry soil (light color) 32
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Table 1.11 Luminous (i.e., Visible Band) Reflectances for Backgrounds (from Ref. 45)

Background Feature Approximate
Reflectance
(%)
Bay 34
Bay and river 6-10
Water Surfaces Inland waters 5-10
Ocean 3-7
Ocean, deep 35
Forest (jungle) 3-6
Forest (open) 4-10
. Fields, dry plowed 20-25
Vegetation Fields, green 3-6
Fields, wheat 7-10
Grass, dry 15-25
Ground, bare 10-20
Ground, very white 11-15
. Ground, some trees 7-10
Soils/Snow Sand, dry 2431
Sand, wet 18
Rock 12-30
Snow, white field 70-86
Concrete 15-35
Man Made Blacktop 8-9
Clouds, dense, opaque 55-78
Clouds Clouds, nearly opaque 44-55
Clouds, thin 36-40
Average terrain, except 5-6
barren land
Barren land 13
General Terrain Types Sand, snow, and salt flats 20-40
Mature or old growth 4-10
New growth 7-15
Dormant or dry growth 15-25
Inland water 7

The intensity and spectral distribution of natural illumination sources are
just as significant as the reflectances of the target and background materials.
Figure 1.19 indicates?® the variation in intensity of visible band illumination
under various situations. Systems that depend solely on reflected ambient
illumination to detect targets must have a high sensitivity if they are to provide
night capabilities. Conversely, short-wavelength emissions from the missile
plume are more easily detected against the lower background and clutter levels
that exist during night or low-illumination periods. Ultraviolet radiation is
strongly absorbed or scattered in the atmosphere. In the solar blind region of
the UV spectrum from 250 to 280 nm, very little natural solar illumination
reaches the earth.
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Fig. 1.18 Spectral variation for several downlooking backgrounds.

At wavelengths above 4 pm, emitted radiation dominates reflected radiation
in most tactical situations. Background and clutter levels are determined by
the physical temperature of the terrain surface and the emissivity of the ma-
terials. Environmental effects induce variations in material temperatures
throughout diurnal and seasonal cycles. Figure 1.20 shows*$ typical summer
diurnal variations in temperature over several days for eight common terrain
background materials. Most background scenes are a mixture of several of
these materials. The cyclic variations are also evident in clutter levels that
result from transitions from one material type to another. Seasonal cycles
change not only the temperatures but also the physical characteristics of many
background materials, most notably deciduous vegetation and snow and ice
covers. Less readily sensed environmental factors, such as the water concen-
tration at root level, determine equilibrium temperatures and surface optical
properties. Figure 1.21 illustrates*’ how the root level water concentration
affects midday air to leaf temperatures under strong sunlight conditions. Dif-
ferences in plant species sensitivities to root level moisture may enhance clut-
ter levels in a multiple crop area. Soil temperatures are also dependent upon
the water content of the soil. Table 1.12 shows some measured soil to ambient
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Fig. 1.19 Ambient light levels under different conditions.

air temperature differences at midday as a function of the volumetric water
content.

The effect of rain on terrain backgrounds is to reduce signal contrast as
well as background clutter. Surfaces are driven to temperatures near to that
of the falling rain, and surface optical property differences are minimized by
the wetting effects. The temperature of a falling raindrop approaches the wet
bulb temperature of the surrounding air within a few seconds,® so the ambient
wet bulb temperature is a good approximation for terrain background tem-
peratures after a short period of rain.

It is often assumed that terrain background materials will exhibit a Lam-
bertian type emissivity variation with viewing angle. Although this may be
a reasonable assumption if no other data are available, most natural surfaces
are not Lambertian. Figure 1.22 shows*® the mean effective temperature of a
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Fig. 1.21 Soil moisture effects on vegetation backgrounds.?’

Table 1.12 Soil-to-Air Temperature Differences as a Function of Soil Water Content

Soil Water Volumetric

Midday Soil-Air

Concentration Temperature Difference
(cm*/cm’) °C)

0.00 27

0.08 19

0.16 11

0.27 0
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Fig. 1.22 Apparent effective temperature as a function of depression angle.

small sample area of grass viewed from various depression angles. Some of
this variation may result from partial obscuration of the dirt beneath the grass
in the case of short cropped grass. Similar studies of dirt, asphalt, and other
materials show similar but less pronounced variations with depression angle.
Other statistical parameters of the clutter such as standard deviation, corre-
lation length, and other spatial parameters, also vary with viewing angle.

Special Cases—Water and Snow Backgrounds. The optical properties of water
surfaces are very dependent on viewing angle. For a flat water surface, the
reflectivity and emissivity can be calculated directly from the index of refrac-
tion at a given wavelength. However, water backgrounds are rarely encoun-
tered in a flat condition. Wind is the primary driver of surface irregularities
on large bodies of water. Cox and Munk*® have developed an algorithm for
relating water surface angles with prevailing wind conditions. The sea surface
is treated as many facets whose slope components exhibit a Gaussian distri-
bution. The anisotropy in facet orientations depends on wind direction aniso-
tropy. Equation (1.18) relates the mean square slope o to the masthead wind
velocity, w in meters/second (our primary concern with water waves is the
potential for false alarms due to sun glint or other reflections):

o® = 0.003 + 0.00512w = 0.004 . (1.18)

Models for estimating the equilibrium temperature of water surfaces are of
limited value because of the strong local variations in water temperatures. In
the case of small isolated bodies of water, the physical temperature can be
estimated using an empirical relation®® given by

T, = 56.182 — 0.95454® + 0.0021307®% + ATmonth , (1.19)

where T, is the water temperature in Celsius, ® is the latitude in degrees,
and AT month is a correction term for monthly variations given in Table 1.13.
The numerical values were determined by Cloud®® using data from the U.S.
Geological Survey Station, Reston, Virginia.
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Table 1.13 Water Temperature Monthly Corrections (°C) (from Ref. 49)

Month Temperature  Month Temperature
Jan -12.5  Jul +2.8

Feb -11.1 Aug +1.45
Mar -10.1  Sep 0.00
Apr -6.2  Oct -4.22
May -2.2  Nov -8.45
Jun +0.3 Dec -10.50

The emissivity of water surfaces in the infrared varies with both wavelength
and viewing angle. Figure 1.23 shows®! the emissivity of flat water surfaces
as a function of depression angle for the spectral range between 1 and 15 pm.
Note the nonlinear vertical scale selected to emphasize small variations near 1.0.

The angle at which water is viewed has a strong effect on infrared emissivity.
Figure 1.24 shows®? this in the form of an apparent temperature difference
between the surface and the corresponding blackbody temperature at three
different wavelengths. Zenith angle is the primary variable. Wind speeds of
0, 1, 5, and 15 m/s are illustrated. The effect of surface roughness on apparent
temperature is illustrated® in Fig. 1.25. In the case of sea water, the salinity
has some effect on the surface optical properties. However, the effective tem-
perature difference between pure water and sea water is much less than the
other illustrated effects. It ranges from 0.02°C near zenith to 0.05°C at about
85 deg from zenith. The sign is always negative (sea water appears colder
than pure water by %0 of a degree or less). Figure 1.26 shows52 the ratio of
relative reflectances for pure and sea waters in the region from 4 to 16 pm.

Snow backgrounds introduce another factor—the age of the snow surface.
Fresh fallen snow is nearly black in the infrared bands, but the emissivity
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Fig. 1.23 Spectral emissivity of water in the infrared region for several angles of view.?!
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Fig. 1.24 Effect of viewing angle on apparent temperature of water (as a function of wind
speed and wavelength).

decreases with time. Sublimation and thawing, along with refreezing cycles,
alter the surface properties. Figure 1.27 shows®® the spectral reflectance of
snow with natural aging.

Table 1.14 shows®* some measured reflectance data on various snow types
for the 3- to 5- and 8- to 12-pm bands. Note the nominal factor of three variation
in both bands.

Other spectral regions, besides the visible and infrared are effected by aging
and cycle effects in snow. Passive millimeter-wave radiometers can detect
strong variations in surface reflectivity when snow has been thawed and re-
frozen. This phenomenon, known as metamorphic (or refrozen) snow, can gen-
erate contrasting patches of the order of meters in diameter across the snow
surface.
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Fig.1.25 Effect of surface roughness on apparent temperature (as a function of wind
velocity and wavelength).
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Table 1.14 Reflectance of Various Snow Types

Snow Characteristics

Reflectance (%)

Density . 3-5 um 8-12 um
(kg/m) Description Band Band
160 Metamorphosed grains 0.1-1 mm, some 1.27 0.51
clustering, pock marked surface, 1 mm
peak to trough
220 Broken crystals, 0.1-1 mm, drifting 0.94 0.44
snow, very flat
320 Melt-freeze ice crust, pocked surface, 3 2.86 1.46

mm peak to trough

1.3.3.2 Cloud and Sky Backgrounds.

Clear sky background levels in the

infrared are determined by the emission and scattering of the atmosphere
components along the line of sight at each wavelength. A code such as
LOWTRANS? is useful for calculation of path emissions. In window regions
such as the 8- to 12-pm band, the elevation angle determines the path length
to space (effective temperature of 3 K), hence colder backgrounds can be ex-
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Fig. 1.28 Clear sky spectral background.5®

pected near the zenith. Figure 1.28 shows® the clear sky spectral background
as a function of elevation angle.

An empirical equation for estimating the clear sky zenith radiometric tem-
perature as a function of ground level air temperature and humidity has been
derived by Idso.?® It treats the atmosphere as a graybody at ground level air
temperature with an emissivity e, which is dependent on temperature and
humidity. The equation can be used for broadband radiance or for narrower
8- to 12-pm or 11 to 12-wm bands with different sets of numerical coefficients.
The equation is

Tsky = € Toir = [a + 5% exp(c/Tai)]“Tair , (1.20)

where § is the water vapor pressure in mbars and the coefficients q, b, and ¢
are band dependent. For the broad 8- to 14-pum band, a = 0.24, b = 2.98 x
1078, and ¢ = 3000. For the narrower 10.5- to 12.5-pm band, which is useful
for calculating cold sky reflectances,a = 0.10,5 = 3.53 x 1078 and ¢ = 3000.
For the full thermal spectrum, the expression takes the form

Toy = [0.70 + 5.95 X 10755 exp(1500/Tair)]*Tir - (1.21)

The Idso approach is convenient for zenith sky temperatures in the broad bands
indicated. A more general empirical approach due to Martin and Berdahl®”
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predicts clear sky emissivity as a function of wavelength X and zenith angle
0. Sky emissivity is given by

es(\0) =1 - (1 - e;)[@] explb(1.7 — 1/cos8)] , (1.22)

tav

where ¢/, the total sky emissivity, can be estimated from the dew point tem-
perature Tqp in kelvins by

2

o = 0711 + 056( L2) 4 073 Lk (1.23)
s 100 100/ ° '

and the factors b and [#(\)/fav] are determined from Table 1.15.

In the visible and ultraviolet spectral regions, sky backgrounds are pri-
marily the result of scattered solar radiation. During daylight hours this scat-
tered background radiation is so intense that postburnout missiles or other
passive targets are potentially detectable due to their negative contrast against
the “bright” sky. The intensity of the scattered sky radiation decreases with
altitude.

Cloud-filled skies represent a different background and clutter case for tac-
tical situations. In the infrared, clouds behave as graybodies with an emissivity
near one. The equilibrium temperature of the under side of a cloud layer is
usually close to the ambient air temperature at the altitude of the cloud base.
This can be estimated from the ground level air temperature and the typical
air temperature lapse rate by

Tair(h) = Tair(0) — 6R , (1.24)

where Tair(0) is the ground level ambient air temperature in degrees Celsius
and 4 is the height of the cloud base in kilometers.

Table 1.15 Best-Fit Parameters for Determining Sky Emissivity (from Ref. 57)

Wavelength
(am) engt b=A & +B W, =C & +D
A B c | D
3-33 1.493 -0.867 1.124 0.600
(Broad band)
8-14 1792 -1113 1.807 1.034
8.8 1.281 0.771 5.119 -1.192
9.6 1.305 0.715 5.321 -1.609
11 1778 -1.159 3.174 0.452
15 5.778 5.258 0.041 -0.007

17-22 -0.691 1.653 -1.549 1.298
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Fig. 1.29 Measured spectral cloud reflectance.

Clouds are frequently broken and irregular instead of uniform overcast, in
which case clutter statistics become significant. In the case of down-looking
sensors, cloud tops often provide a source of reflected solar radiation, also
generating high clutter levels. Figure 1.29 shows®® the spectral variation in
cloud reflectance from the ultraviolet into the mid infrared.

1.3.3.3 Clutter. Backgrounds are rarely uniform and stationary, so the spa-
tial and temporal variation in backgrounds must be considered in missile
detection problems. With the exception of sun glint from choppy water surfaces
and cloud edges (see Fig. 1.42 in Sec. 1.5.1.1 for an example) and platform-
motion-induced effects, naturally occurring temporal variations are generally
insignificant in tactical situations and easily compensated for in strategic
situations. Spatial variations in background radiance, on the other hand, place
severe demands on detection algorithms.

The definition of appropriate clutter metrics depends on the sensor system
and target size and location. A two-dimensional Fourier transform or auto-
correlation function of the received image provide most of the detail needed
to characterize the clutter, but are difficult to implement in real time. Simpler
metrics, such as standard deviation of the radiance, may be misleading because
of undefined spatial frequencies. A clutter metric suggested by Schmieder and
Weathersby®® uses standard deviations within target-sized areas and has been
shown to correlate well with the ability of human observers to detect targets
in clutter. It is

N ;2\ 12
clutter metric = (E N’) , (1.25)
=1

where the image space has been divided into N approximately target-sized
cells and o; is the standard deviation in each cell. This definition is of limited
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utility when the target is smaller than the instantaneous field of view of the
sensor, which is the case with many present day sensor systems, but may be
useful with future high resolution missile warning systems. The signal-to-
clutter ratio (SCR) can be related to system performance. Techniques to isolate
targets from clutter are discussed in Sec. 1.4.2.6.

The one-dimensional power spectral density (PSD) is frequently used to
describe background clutter. The frequency dependence of natural background
PSDs is often well behaved, following a PSD(f) = Cf™" form, where f is the
spatial frequency (in cycles per angular or linear unit) and n is either 1 or 2.
Figure 1.30 shows®® a representative one-dimensional clutter PSD from the
red spike region (4.39 to 4.57 pm). Note the shift in behavior from 1/f 2 at
lower frequencies (typical of cloud structures) to 1/f at higher frequencies
(typical of structured ground patterns). The units of this PSD are (nW srt
cm ™2 pm™H)2/(cycles/km). The constant C relating PSD to frequency, which
depends on spectral band and clutter levels, can range from 10~ 1 t0 103. Nom-
inal values of 1 for the exponent and proportionality constant can be used as
a first approximation for estimating clutter levels.

One-dimensional PSDs are a convenient metric for clutter considerations,
but real-world backgrounds are isotropic only for direct downward or upward
viewed scenes, and not always then. Nonvertical viewing angles introduce an
anisotropy to the background image that can be corrected with the cosine of
the depression angle, if known.

102
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Fig. 1.30 PSD curve showing 1/f variations.®’
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Atmospheric attenuation of clutter contrast must also be considered. Ranges
from observer to target and observer to background plane are generally not
equal, and contrast attenuation is greater for the clutter than for the target
signal level. For nonvertical viewing angles, the foreground clutter is atten-
uated less than the distant background clutter.

Clutter levels are subject to environmental factors and exhibit diurnal and
seasonal variations. Hetzler®! has studied diurnal and seasonal variations of
distant hilly and mountainous terrains in the western United States and noted
dependencies on solar load and sun angle. Balick and Doak®? have documented
the relation between observer and sun angles on forested backgrounds. Clutter
autocorrelation functions can provide an indication of the severity of the clutter
for typical target-sized objects. The distribution of spatial frequencies in terrain
clutter varies over the diurnal cycle.

Ben-Yosef®® suggested an empirical model for estimating the clutter au-
tocorrelation function once physical parameters of the terrain have been es-
timated from measurement data. The physical parameters are the heat ca-
pacity, the heat conductivity, and the solar absorption coefficient of a surface
element. If T(x,y) is the temperature of a surface element at position (x,y),
the autocorrelation function is defined as

Rr(Ax,Ay) = ([T(x + Ax,y + Ay) — (D)1 * [T(x,y) — (T)]) , (1.26)

where the averages ( ) are taken over the entire scene. The fixed terrain
parameters are heat capacity c(x,y), heat conductivity k(x,y), and the solar
absorption coefficient a(x,y). They have correlation lengths of r¢, rz, and rq,
respectively. The autocorrelation function of the terrain area can be expressed as

Rr(r) = (A1 + A») exp(—riry) , (1.27)

where rp is the surface temperature correlation length, a function of time, and
can be expressed as

Al + A

m . (1.28)

I'T(t) =

The factor B is the ratio of the conductivity and absorption correlation lengths,
B = ri/rq, and the time dependent quantities A; and Az are given by

Ai(t) = [Kf() — C? Ax(®) = [KfF(®)? . (1.29)

The main time dependent variable is the radiative flux f(¢), usually the solar
load, and the factors K and C are coefficients to the stationary state solution
for the ground temperature distribution

al(x,y) 1
k(z.y) Ck(x,y) . (1.30)

T(x,y,t) = Kf(t)

If the three autocorrelation lengths of the physical parameters can be obtained
from knowledge of the terrain composition or analysis of several thermal im-
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ages of the area, the temperature autocorrelation function (and consequently
PSD) can be calculated for any given radiative flux input f(¢).

A subset of the clutter problem is that of discontinuities in the background
components. Interfaces between land and water, or vegetation and bare soil,
can exhibit discrete changes in radiance even greater than that of the clutter
on either side. Spatial filtering can usually discriminate against these discon-
tinuities, but the importance of adaptive local thresholding to accommodate
these rapid shifts in background level should not be ignored.

1.3.3.4 Earth Background for Strategic Targets. When viewed from space,
the earth and its atmosphere represent sources of intense EO/IR background
signals. This background results in noise and clutter that can compete with
actual targets in the detection process. For sensors operating in atmospheric
window bands, the hard earth, with all the variability of its terrain and sky
features, represents a major source of clutter. This clutter makes the detection
of cruise missiles and strategic aircraft very difficult. Even for sensors oper-
ating in missile plume bands, the view from space can be quite cluttered.
Although the atmosphere might be semiopaque in these bands, solar reflections
off high clouds can effectively blind sensors operating in the near-IR portion
of the spectrum.

In addition to being a source of noise and clutter, earth backgrounds can
have a profound effect on the apparent signature of the less intense strategic
targets (namely, cruise missiles and strategic aircraft). For example, because
strategic targets may be viewed against a warm-earth background, the ap-
parent radiance of the target may be less than the brightness of the back-
ground, resulting in negative contrast signatures. As a result, strategic warn-
ing sensors might have to deal with positive contrast targets, negative contrast
targets, and in some cases, targets that have zero contrast in a particular
spectral band.

1.3.3.5 Background Levels for Laser Warning. LWR background sources
give rise to a steady level of background noise and spurious signal-like events.
Potential false signals within laser warning receivers are contributed by sev-
eral sources including

« scene clutter resulting from steady-state solar reflectance and thermal
self-emission

¢ sun glint

* battlefield sources, such as gunflashes and fires

¢ lightning

* electromagnetic interference (EMI)

* cosmic rays.

Typical, static scene clutter, either solar or thermal, is not usually a significant
issue within laser warning receivers because LWRs are usually staring sys-
tems, sometimes even nonimaging, often with low angular resolution. In ad-
dition, they typically are electronically designed to optimize the SNR of short
pulses in the micro- and nanosecond regimes and, thus, usually incorporate
high-pass filters that tend to block any residual scene image structure.

The constant noise background that arises from the quantum statistical
variations (shot noise) in the detected background photons is the dominant
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source of noise in many laser warning receivers. For LWRs at wavelengths
shorter than 2.5 to 3.0 wm, the solar background is the primary noise source;
for longer wavelength systems the dominant shot noise source tends to be the
thermal background.

Sun glint from various reflective, or refractive, surfaces that have some
relative angular motion with respect to the laser warning receiver can cause
very large signals with surprisingly rapid rise times. Typical sun glint sources
include reflection from vehicular windshields, from water surfaces (when the
LWR is aircraft mounted), and even from water droplets in sea-going scenarios.

Battlefield sources, such as gun flashes and the transient pulses associated
with explosives, are potential false alarm sources, particularly when the optical
rise time is rapid. Note that some such sources, many large caliber gunflashes
for instance, also have a multipulse transient that can spoof laser warning
receiver circuits that use multipulse logic to reject false targets. On the other
hand, battlefield fires that are a prime source of concern to airborne missile
warning receivers are of little significance to laser warning receivers since
they are relatively static and are rejected by the high-pass circuits involved.

Lightning is a serious problem with laser warning receivers; it is intense,
has a rapid rise time, and exhibits multipulse structure. Moreover, the light-
ning photons are accompanied by a strong electromagnetic pulse in the rf range.
Lightning has been characterized,%* and its parameters with respect to laser
warning receiver design have been studied.

Electromagnetic interference, primarily from weapon system associated ra-
dars, has been a common source of laser warning receiver false alarms. This
has occurred because many military lasers, specifically rangefinders, are col-
located with, and operated in conjunction with, high-power fire control radars.
Typically, this has not been an issue with the radar warning receiver com-
munity because these signals are, in fact, their target source.

Cosmic rays are energetic, charged particles that constantly bombard the
earth, originating mostly from solar sources. Typical particle counts are of the
order of several particles per minute per meter squared and vary with a variety
of astronomical, geographical, and local conditions.®> When a laser warning
receiver is designed to respond to, and alert upon, a single-pulse laser range-
finder, it becomes susceptible to cosmic rays as a false signal source. A portion
of these rays, as they bombard the receiver, pass through the detector junction/
surface and release electrons that are indistinguishable (in conventional de-
tectors) from laser-generated photoelectrons.

1.4 SIGNAL DETECTION THEORY

1.4.1 Introduction

Before a warning receiver can provide warning of an impending threat, it must
first detect the threat. To accomplish this function in a timely fashion, the
threat usually must be detected at long range. At such a range, the signal
produced by the threat and received by the warning receiver may be weak and
difficult to detect. Noise, generated by several sources, competes with the threat
signal for detection. On occasion, the threat signal may be so weak that the
noise effectively masks it, and the warning receiver is unable to detect the
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threat. Sometimes, noise may cause the warning receiver to indicate the pres-
ence of a threat when there is no threat present. Because noise causes these
missed detections and false alarms to occur on a random basis, the process of
signal detection must be described in statistical terms. Specifically, we must
describe the process in terms of probabilities; viz., the probability of detection
and the probability of false alarm.

If a warning receiver were to make many independent observations of a
target under identical conditions, the target would be detected only some frac-
tion of the time. This fraction is the conditional probability of detection Pp. It
is the probability that a target is detected given the condition that a target is
present. Likewise, if the receiver were to make many independent observations
with no target present, it would declare a target to be present some fraction
of the time. This fraction is the conditional probability of false alarm Pra, and
those false target declarations are false alarms. Since warning receivers con-
tinually monitor the environment, false alarms will be generated in a random
fashion over time. The average number of false alarms per unit time is the
false alarm rate (FAR).

The key figures of merit describing the detection performance of a warning
receiver are Pp, Pra, and FAR. They are, of course, functions of the design
parameters of the warning receiver, target parameters, and environmental
parameters. Determining the value of these functions for a particular warning
receiver design and specific threat conditions requires that the signal and noise
at the receiver detection decision circuit be described in statistical terms.
Specifically, the probability functions describing the signals in the detection
circuits for the case when a target is present and the case when a target is
not present must be determined.

The required probability function depends on the target signal character-
istics and the nature of the dominant noise sources present in the particular
sensor application. In some cases, the dominant source of noise may be noise
originating in the sensor electronics. Examples of this kind of noise are pream-
plifier noise and electronic readout noise. Another important source of noise
originates in the quantum nature of the detection process. In the process of
converting incoming IR energy into an electrical current, discrete packets of
light energy (photons) generate photoelectronsina random fashion. As a result,
the number of photoelectrons collected in a measurement interval is a random
quantity. In many EO sensor applications, the fluctuations in this quantity
can represent a major source of noise. For example, if a weak IR target is being
viewed against a bright, uniform IR background, the quantum fluctuations in
the observed background level may limit the detectability of the target. A
sensor operating under these conditions is said to be a background limited
performance (BLIP) sensor.

Yet another factor that can limit the detectability of a target is background
clutter. As EO/IR technology has advanced, it has become possible to develop
warning systems with the sensitivity required to respond to low-signature
threats. For these sensors, the detection performance is often limited by struc-
ture in the signals produced by the backgrounds against which the targets
must be detected. This type of background structure is called clutter. Clutter
signals usually exhibit noiselike qualities and are often described in statistical
terms. The analysis of problems involving target detection in clutter often
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involves the same techniques as used in the analysis of problems involving
signal detection in random noise.

This section introduces some of the basic concepts in the theory of signal
detection in the presence of noise and clutter. Some of the more common
statistical functions encountered in the analysis of EQ/IR signal detection
problems are described. Examples of detection performance calculations are
also presented, and advanced signal detection concepts are introduced.

1.4.2 General Theory

1.4.2.1 Gaussian Probability Density Function (Single Event in White
Noise). In the simplest form of target detection in an IR warning receiver,
the output of a detector channel is filtered by a linear time-invariant filter to
reduce the effect of noise and is then compared to a fixed threshold level.
Anytime the filter output exceeds the threshold level, a target is declared to
be present.

For a passive IR receiver designed to detect a target that is intense enough
so that quantum fluctuations of the signal can be neglected, the threat signal
can be modeled as a deterministic signal. For example, when the target is at
a long range from the receiver, it can be modeled as a point source with a
constant radiant intensity. The irradiance at the entrance aperture produced
by this target can be calculated by including the effects of range and the
propagation path transmission. This irradiance is focused by the optics onto
a detector where the IR radiation is converted into an electrical current. Be-
cause the target point image, in general, moves across the detector as a con-
sequence of real target motion or optical scanning by the warning receiver,
the detector current varies with time. With a knowledge of the optical blur
function, the detector geometry and responsivity, and the image motion, this
time-varying current can be calculated. The output of the filter can finally be
determined using the known input current waveform and linear filter theory.

The signal appearing at the threshold detector is also corrupted by noise.
There are many important instances when signal and noise may be described
independently of one another. One such case is the background limited per-
formance case. When a sensor is operating under BLIP conditions, the domi-
nant source of noise is the fluctuation in the background current level that
results from the quantum nature of light. The characteristics of these fluc-
tuations are essentially unchanged by the addition of a signal that is small
compared to the average intensity of the background. For such a case, the
signal and noise may be considered to be additive. That is, the waveform at
the input to the threshold circuit may be considered to consist of the signal
current described previously plus a noise waveform. This noise waveform is
independent of the signal waveform and has the same characteristics whether
or not a signal is present.

With the additive signal and noise model, a noise waveform is introduced
to the detector channel prior to the filter. It is usually the case that the noise
waveform varies rapidly in time compared to the response time of the filter.
That is, the bandwidth of the noise is large compared to the bandwidth of the
filter, and the noise current at the input to the filter can be modeled as white
noise with a spectral density of n in square amperes per hertz. Under these
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conditions, the noise waveform at the output of the filter is characterized by
a Gaussian probability density function. Specifically, the probability that the
noise waveform results in a current between I and (I + dI) is py(I) dI with
pn(I) given by the following expression:

T2
u)—] ) (1.31)

Iy = ——— exp[—
pN \/ 217 Irms 2131'1’15

where I is the average (or dc) current and Irms is the root-mean-square value
of the ac portion of the noise waveform. In terms of the noise spectral density
at the input to the filter, the Irms current is given by the following expression:

Lims = A2 . (1.32)

In this expression, Af is the noise equivalent bandwidth of the filter and is
obtained from the filter transfer function H(f) by the following expression:

Af = J:IH(f)[z df . (1.33)

When a deterministic signal is added to the noise waveform, the probability
density function that describes the filtered output current is still a Gaussian
density function. The probability that the output current is between I and (I
+ dI) at a time corresponding to a particular point in the deterministic signal
(say at the peak of the signal) is pg(I) dI, where pg(I) is given by the following
expression:

I — _ 2
(__M] . (1.34)

1
—_— expl| -
V27 Iins p[ 2Il‘?ms

The variance associated with this probability density function is the same as
before, but now the mean value has been shifted by an amount equal to I,
the value of the deterministic signal at the selected point in time.

With the probability density function for the signal plus noise known, it is
possible to determine the probability of detection. A very good approximation
is that the probability of detection is equal to the probability that the value
of the signal plus noise current exceeds the threshold current I at the instant
the deterministic signal reaches its peak value. That is, the probability of
detection Pp is given by the following expression:

ps() =

Pp = fl ps(D dI . (1.35) -

Defining the peak signal-to-rms-noise ratio (SNR) as Is/I;ms, and the threshold-
to-noise ratio (TNR) as (It — Ip)/Iyms, the expression for Pp can be rewritten
in the following form:
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1 o0
Pp = —— —u%2) du |, 1.36
D /27 JTNR - SNR) exp(~u"/2) du ( )

where the integration variable u is the normalized current, (I— Ig — Ig)/Iims.

Figure 1.31 presents a plot of the above expression for Pp versus TNR minus
SNR. The figure shows that when the noise and signal-plus-noise cases can be
characterized by Gaussian probability density functions with equal variances,
a value of SNR minus TNR equal to 1.28 is required to achieve a Pp of 0.90.

As might be expected, Pp increases toward unity as the threshold current
is set to lower values. However, doing so also increases the probability of false
alarm. This is illustrated by Fig. 1.32. This figure shows two Gaussian prob-
ability density functions, both with the same variance. One density corresponds

PROBABILITY OF DETECTION

-1.0 0.0 1.0 2.0 3.0
SNR - TNR

Fig. 1.31 Probability of detection as a function of SNR and threshold setting.
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Fig. 1.32 Probability of detection and false alarm for (a) no target present, where shaded

area represents the false alarm probability, and (b) target present, where shaded area
represents the probability of detection.
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to the noise-only waveform and is centered at a mean value of Ig. The other
density function corresponds to the signal-plus-noise case and is centered at
a mean value of Iz + I;. For a detection threshold set at I7 as shown in the
figure, the area under the portion of the signal-plus-noise density curve cor-
responding to current values above the threshold current It is the probability
of detection. This is indicated by the shaded area in the figure. As the threshold
setting is lowered, this area, corresponding to the probability of detection,
increases toward unity, but so does the area under the noise-only curve, cor-
responding to the probability of false alarm.

The probability of false alarm during an observation interval will, of course,
lead to a false alarm rate in a system that continually searches for targets.
Rice®® solved a problem that allows us to relate the FAR to the TNR. He
analyzed the statistical properties of white noise filtered by an ideal low-pass
filter of bandwidth f; and determined the mean time between successive max-
ima in the filtered noise. Assuming the filter in the threshold detection circuit
is a low-pass filter, then to a good approximation, this time is also the mean
time between false alarms in the threshold detection circuit. Using Rice’s
expression for mean time between successive maxima, T, the FAR is given
by the following:

3
T, = — exp(TNR2%2) , 1.37)
fo
FAR = —— (1.38)
—_ Tm . 0

This expression is plotted in Fig. 1.33 with FAR/fo as a function of TNR.
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Fig. 1.33 Probability of false alarm as a function of threshold setting.
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Fig. 1.34 Receiver operating characteristic curves. Plots of probability of detection versus
false alarm rate with SNR as a parameter.

The probability of detection data presented in Fig. 1.31 and the FAR data
presented in Fig. 1.33 can be combined to show the probability of detection as
a function of the FAR with SNR as a parameter. The result of doing this for
the previously presented detecto