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Abstract

Electronic Support Measures (ESM) receivers exist that are capable of detecting the
transmissions from radar emitters in a robust and reliable manner. Typically, the
receiver operator wishes to detect the transmitted signals from a known set of emitters
as quickly as possible. To achieve this, a schedule is created that dictates the order in
which the receiver will search for the various emitters. Techniques exist for predicting
the maximum time to intercept between a receiver and an emitter, but they only work
from known scheduling parameters. The quantity of emitters and the density of their
signals typically prevents a naive approach to generating the schedule.

The purpose of this thesis was to generate scanning receiver schedules that minimize
the maximum time to intercept for a set of scanning emitters. Genetic algorithms and
the use of pulse train theory were combined to generate the schedules in an automated
fashion.

The genetic algorithm consistently produced ESM receiver schedules that used du-
ration values for each frequency band that were near the largest scan rate of all the
emitters in each band. This was an unexpected result and demonstrated that the mini-
mization of the maximum intercept time for a set of emitters can be accomplished using
the maximum scan values.

A new scheduling algorithm was created that utilized the maximum scan values. It
generated ESM receiver schedules that were equivalent to the best schedules produced
by the genetic algorithm scheduler, and produced them with much less computational
effort.
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Chapter 1

Introduction

1.1 Motivation

The necessity of the modern military force is founded on a variety of historical, economic,
geographical and political imperatives. The success of that modern fighting force has
traditionally been dependent on discipline, skill at arms, technology, luck, and the
leadership of all the soldiers in positions of authority within the chain of command.
The study of past skirmishes, battles and wars has demonstrated that the ability of
a commander to ’have a complete picture’, or understanding, of the battlefield at the
correct level of abstraction has been critical to success.

In modern parlance, this complete picture is referred to as ‘battlespace’ or ‘situ-
ational’ awareness. One side seeks to gain superiority through the use of increased
awareness, while denying, or décreasing the enemy’s awareness.

The original ’battlefield picture’ was pieced together from reports generated by
scouts and messengers on horseback (personnel dedicated to reconnaissance and com-
munication). The enemy was perceived to be seen or heard (troops, tents, fires, decoys,
etc.) at a particular location and that information was conveyed through the chain
of command to the appropriate level. Signal flares, telescopes, motorized vehicles, ra-
dios, telephones, and many other forms of technology have all improved the accuracy
and timeliness of these reports, but the fundamental activities and purpose have not
changed.

The modern military is equipped with a bewildering array of battlefield electronics,

each relying on various active and passive techniques, and is constructed on the basis
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of fundamental physical properties, including electromagnetic propagation, optics, and
acoustics. The modern military force is augmented with equipment designed to hear and
locate an enemy’s presence in any of these mediums. When that presence is detected,
details of it are generated for use by the chain of command, improving the commanders
ability to ‘see’ the enemy.

With the increased availability, capability, and reliability of modern equipment, the
military has come to rely heavily on the ability to electronically ‘see and hear’ an enemy
force, to protect it’s own electronic capabilities, and to exploit any enemy’s weaknesses.

Radar is a technology that has been implemented in many forms for many military
purposes. It is particularly well suited for the provision of information about enemy
forces, on both the land and sea, and in the air. It has been prevalent in the success of
military operations since it was developed during the Second World War, and modern
radar systems continue to be a factor. As ably demonstrated during the 1999 conflict
in Kosovo, simple tactics proved very effective at safeguarding the air defense system
[1], denying the coalition air forces complete control of the airspace. Every mission that

entered the area of operations required the best electronic warfare support possible.

1.2 Problem Statement

The purpose of this thesis is to combine two fields of study in an attempt to generate
scanning receiver schedules that minimize the maximum time to intercept for a set of
scanning emitters. Modern optimization algorithms and the use of pulse train theory
are combined to generate the schedules in an automated fashion.

One facet of electronic warfare is the interception of radar signals. Receivers exist
that are capable of detecting the transmissions from electronic emitters in a robust and
reliable manner. This equipment is typically operated in a role where the purpose is
to record the transmitted signals from a known set of emitters as quickly as possible.
To achieve this, a schedule is created that dictates the order in which a receiver will
search for the various emitters. Techniques exist for predicting the maximum time to
intercept between a receiver and an emitter, but they only work from known scheduling
parameters. The quantity of emitters and the density of their signals typically prevents

a naive approach to generating the schedule.
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1.3 Contributions
This thesis makes the following contributions:

o Investigates the combination of genetic algorithms as an optimization technique
with the use of pulse train theory as an objective function for the purpose of creat-
ing an electronic support measures receiver schedule that minimizes the maximum

time to intercept.

e Proposes the use of a scheduling algorithm that utilizes the maximum emitter
scan rates for each frequency band to generate an electronic support measures

receiver schedule that minimizes the maximum time to intercept.



Chapter 2

Electronic Support Measures

The interception of RF signals by electronic support measures (ESM) receivers is a
military task that has developed as electronics and the tactics of their use have evolved in
the past century. As the earliest radios evolved into modern radars and communications
equipment, the first direction-finding equipment also evolved into the wealth of ESM
receiver types and architectures available today. Though the technology has changed,

the overall purpose is still the same. Electronic Support Measures are:

That division of electronic warfare involving action taken to search for, in-
tercept, identify and locate radiated electromagnetic energy for the pur-
pose of immediate threat recognition. It provides a source of information
required for immediate decisions involving electronic countermeasures, elec-
tronic counter-countermeasures and other tactical actions such as avoidance,

targeting and homing. [2]

“Search, intercept, identify, and locate” are the major ESM activities, and each of
them must be effective for any ESM system to be considered successful. Searching
for electromagnetic signals requires the examination of all the possible frequencies of
transmission. To intercept a signal, a receiver must be tuned to the emitter frequency at
the time the transmission is made. To identify and locate the emitter, the intercepted
signal information must be analyzed. Each of these topics are significant areas of study
on their own, but the interception of signals is the main activity of interest in this work.

While interception techniques can be used against any electromagnetic signal, the

issue under consideration is how they can be used effectively against radar signals.
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Radio detection and ranging (RADAR) is used for many purposes. It’s reliability in
augmenting the human sense of sight to allow objects to be detected in darkness and
inclement environmental conditions has resulted in its application as the primary sensor
on many major weapons systems. It is the threat of these systems that the use of ESM
receivers attempts to limit.

The analysis of the radar interception problem requires an understanding of the
characteristics of radar emitters and ESM receivers, which is covered in the following

sections.

2.1 Radar Emitters

The radar principle, at its essence, is the detection and analysis of reflected electromag-
netic energy. A transmitter and an antenna generate a signal that is bounced off an
object (target), and a receiver and an antenna are used to capture the reflected signal.
Knowing the start time and speed of the transmitted signal allows the calculation of the
range of the object. The radar equation summarizes the relationship between the range
of a radar and the various attributes of the radar system, target, and environment [3],
and it’s derivation is useful in describing the radar principle. ‘

The power density P of a signal at a distance R from a radar transmitter is related

to the transmitted power Pr by:

Pr
P =
4 R?

The transmitter normally uses a directional antenna with gain G resulting in:

PrG
po frGr
47 R?
The signal is reflected off the target in proportion to it’s radar cross-section d:

PTGT(S
pP=
AT R?

The re-radiated signal is diminished by it’s distance back to the receiver:

. PTGT5

(A R2)?
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And the portion of the reflected signal that is received is proportional to the effective

capture area A, of the antenna:

p_ PrGréA. _ PrGroA.
~ (4wR2)?2  (47)2R4

This simple form of the radar equation makes many ideal assumptions (i.e. free space
propagation, refraction, absorption, etc.), and is normally manipulated and extended
for specific purposes. It is important to note that the gain Gr and effective antenna
area A, are dependent on the frequency of the transmitted signal.

The parameters of the radar equation are available for manipulation during the
design of a radar system, but are generally fixed by the time the equipment is put into
operation. Antenna shapes may be constrained for vehicle or aircraft mounting, input
power is limited by the available power sources, the gain is a function of the sensitivity
of the equipment, but the frequency of transmission is one of the parameters that is
available for a system operator to maximize the performance of the radar. Typically,
only a set or range of frequencies are available for use, and these are defined as emitter
modes. Although the low probability of intercept techniques such as spread-spectrum
signals, frequency-hopping transmitters, and distributed antennas are available, the
majority of radar systems still use the traditional transmission techniques, and are the
systems we wish to study. The first requirement necessary for an intercept to occur
is that the ESM receiver must be tuned to the frequency of transmission of the radar
emitter at the time the transmission occurs.

Radar systems must radiate electromagnetic energy, and in doing so it is impracti-
cal for them to continuously transmit in all directions. The use of an antenna provides
greater radar range and greatly improves the performance of a radar system. By moving
the antenna, the bearing to a target can easily be calculated from the direction the an-
tenna beam was pointing when the signal from the target was received. By changing the
elevation of the antenna, the altitude or height of a target can similarly be calculated.
By combining these, a three dimensional volume of space can be scanned, and this scan
is typically repeated periodically for continued surveillance of an airspace. The vast
majority of in-service radar systems scan in this traditional manner. This generates a
problem when attempting to intercept a radar signal, because the narrow electromag-

netic beam formed by the antenna is not always pointing at the ESM receiver located
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at a point within that volume (the receiver is assumed to have an omni-directional
antenna). This results in the second requirement necessary for an interception to oc-
cur, which is that the radar system must be transmitting in the direction of the ESM
receiver.

The calculation of antenna patterns and the study of the propagation effects of
the radar signal are not the focus of this work, so the concept of a scan duty cycle is
used to specify that portion of time during an emitters scan period when the signal is
detectable by the receiver. This value is dependent on the performance of the particular
ESM system. While receivers are typically trying to detect the main lobe of an emitter,
some are sensitive enough to detect some of side lobes as well. The ability to detect
the side lobes means that a greater portion of the emitters scan can be detected, so the
scan duty cycle would be increased accordingly.

The electromagnetic signal that is actually transmitted from a radar system can
be one of many different type of waveforms. One of the more typical categories of
waveforms is the pulsed waveform, where only small bursts of energy are transmitted at
intervals much larger than the width of the pulse (and much smaller than the scan.rate).
By adjusting the shape of the pulse and the time between pulses, radar systems are able
to provide better distinction between targets under various conditions and ranges. The
detailed attributes of the possible pulse shape and timing techniques are important to
the identification of a radar system, and the identification techniques typically require
several pulses from the emitter in order to identify it. To this end, the third requirement
necessary for interception is that the receiver must receive a minimum number of pulses

from the emitter.
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The characteristics of the radar signal that are important to interception are

F' = the RF carrier frequency of transmission
Tsean = the scan period
Ascan = the scan duty cycle
PRI = the pulse repetition interval

These characteristics are shown pictorially in Figure 2.1. It is important to note that
the RF carrier frequency is not related to the scan period, and that the individual radar

pulses occur within each scan.

I Tscan 1

PRI—» - =T o

Pulses transmitted at carrier frequency F

Fig. 2.1 Emitter Characteristics of Importance to Interception

This emitter information is normally available through intelligence means, and is as-

sumed known a priori to the calculation of the maximum intercept time.

2.2 ESM Receivers

There are numerous types of ESM receivers and receiver architectures. Each of them has
strengths when detecting electromagnetic signals, and each plays a role in the ‘search,
intercept, identify and locate’ aspects of ESM systems. The design of an ESM receiver
suffers from two constraints that tend to contradict each other: bandwidth and sensitiv-

ity. Wideband receivers can detect emitters across a large bandwidth, but provide poor
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sensitivity when capturing the individual signals because the amount of noise entering
the system is proportional to the bandwidth. Narrowband receivers provide excellent
sensitivity, but only within a narrow bandwidth. Channelized receivers are multiple
narrowband receivers operating in parallel, and scanning receivers are narrowband re-
ceivers that can re-tune dynamically, moving through various frequency bands (refer
to [4] and [5] for further details).

For the purpose of our study of radar interception, we will be concerned with the
scanning superheterodyne receiver (SHR). The SHR is commonly used because it can
scan a wide bandwidth with good sensitivity and is relatively lightweight. A SHR relies
on the principle of heterodyning, or mixing of two signals, which is done to take a high
frequency radar signal and create a subsequent signal centered at a lower, intermediate
frequency. By adjusting the properties of the mixing signal, various frequency ranges of
radar signals can be tuned. The new, lower frequency signal is much easier to filter and
analyze since the electronics to do so can be optimized for the intermediate frequency.
The SHR is then able to focus on a narrow band of frequencies that are centered at
the intermediate frequency. A SHR that implements the electronics to receive and
heterodyne multiple bands simultaneously has multiple channels.

In order to scan a range of frequencies larger than that available at the intermediate
frequency, the SHR must switch frequency bands by adjusting the mixing signal. The
time required to adjust the ;nixing signal, and for a stable output to appear at the
intermediate frequency is referred to as the re-tuning time, t4,,.. The mixing signal has
finite upper and lower limits of Fiqz5can and Fifinsean. The frequency range available
at the intermediate frequency dictates the instantaneous bandwidth (BWj,s) of the
receiver. The number of tuning steps, or frequency bands, required to span the band
defined by FarazScan and Fisinscan 8 Simply (FisazScan — Faminscan+BWinst)/ BWins;. The
length of time that the SHR pauses in each frequency band is the duration (d,, where
there are M bands). It is during this time that emitters that transmit in frequency
band m can be received. A schedule for a SHR then consists of a duration for each
frequency band (each of which can be different) which is continuously repeated with

period Tyepeq. Figure 2.2 gives a pictorial representation of these parameters.
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Frequency (Hz)

T T T T T T T
FMaxScan
3 GHZ . - 3
2 GHz -2
1 GHZ e T ................. - 1
FMInSz:an
1 1 1 1 1 i
10 15 20 25 30 35 40
Time (s)

Fig. 2.2 Scanning Superheterodyne Receiver Schedule

Band
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2.3 Search and Interception

The density of radar emitters that an ESM receiver wants to intercept is typically
very high. The highest density of emitters typically occurs in coastal areas, with the
concurrent possibility of sea, land, and airborne emitters. The receiver is limited by the
instantaneous bandwidth that it can receive at any particular moment, so it is impossible
to intercept all the emitters simultaneously. We want to scan all the frequency bands
and ensure that we intercept as many emitters as possible. Considering that the emitters
are typically part of a larger weapons system, it is important that they be intercepted
within a finite amount of time; we also want this amount of time to be as small as
possible.

An aggravating factor to the interception problem with a SHR is that there are
situations when an emitter never transmits when the receiver is tuned to it’s band. This
is related to the periodic nature of both the emitter and the receiver, and the situation
can occur continuously. This can also benefit the receiver in that if an intercept occurs,
the periodic nature will cause it to continue occurring. This relationship is known as
synchronization between the emitter and receiver.

The effects of synchronization are very difficult to analyze instinctively. With mul-
tiple emitters operating at different frequencies, with different scan rates, and different
pulse repetition intervals, it is very difficult to choose the durations for a receiver sched-
ule that provides ‘good’ intercept times, and to understand the effects of changing those

durations.

2.4 Summary

The interception of radar signals is a fundamental task in ESM, and it is important
that the maximum intercept time to intercept an emitter be known. The radar emitter

characteristics of interest are:

e All emitters have a periodic scan defined by: the RF frequency of transmission F,

the scan period Ty.u,, the scan duty cycle Ag.n, and the pulse repetition inter-
val PRI.

e No emitter uses low probability of intercept techniques



2 Electronic Support Measures 12

e Scan rate is much larger than the pulse repetition interval
e Pulse repetition interval is much larger than the pulse width

e The scan duty cycle accounts for the exploitation of emitter side lobes and prop-

agation effects
e All emitters have the same detection priority
The ESM receiver characteristics of interest are:

o The receiver is a scanning superheterodyne receiver with a fixed re-tuning time

ttune

e A receiver schedule consists of a set of durations, one for each frequency band

The receiver must scan all the frequency bands

The receiver has an omni-directional antenna

The effects of receiver sensitivity and noise floor are not taken into account
The requirements necessary for an interception to occur are:

e The ESM receiver must be tuned to the frequency of transmission of the radar

emitter at the time the transmission occurs;
e The radar system must be transmitting in the direction of the ESM receiver; and

e The receiver must receive a minimum number of pulses from the emitter.
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Chapter 3
Maximum Intercept Time

Maximum intercept time is the maximum amount of time required for an ESM system
to intercept a transmission from a radar emitter. While other indicators of ESM system
performance are available (average time to intercept, probability of intercept based on
listening time, etc.), the calculation of maximum intercept time provides a substantive
measure of the level of threat to a military resource and can be considered as a factor
in the planning of a mission. The other performance measures are important, but are
calculated using stochastic techniques because of the unknown starting phase of the
emitter transmission. These stochastic methods provide ’'best estimate’ values that
complement the deterministic calculation of the maximum intercept time.

The calculation of maximum intercept time stems from the analysis of pulse trains,
which are simply abstract descriptions of periodic behavior. The analysis of coincident
pulse trains relies on the field of Number Theory. The coincidence of individual pulse
trains is well understood, and several methods exist to quickly determine intercept time
solutions.

This chapter proceeds in three sections. First, emitter and receiver parameters
are mapped to their equivalent pulse train parameters. Secondly, the analysis of pulse
trains using Number Theory is explained. This explanation starts with the case of trivial
pulse trains and trivial coincidence (zero phase, integer-valued periods, and infinitely
short pulse widths). Integer-valued phase differences are then introduced. Following
this, non-trivial pulse trains and non-trivial coincidence are then examined (real-valued

phases, periods, and pulse widths). Finally, the use of the maximum intercept time
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ren T ]
— 4—171
k=1 2 k=
o— : 5
0
(a) Pulse Train 1
e, T ]
— <—T2
0 k2=1 2 3 k2=4
=
0
(b) Pulse Train 2
e _
i oincidence coincidenc |
Y =
0

(c) Coincidence Between Pulse Trains

Fig. 3.1 Pulse Train Parameters where (a) could be an emitter and (b)
could be a receiver. The coincidence between (a) and (b) is shown at (c).

calculations within the context of the ESM problem are explained.

3.1 Coincident Pulse Trains

The allocation of a scanning superheterodyne receiver to a particular frequency band
and the transmissions from a radar emitter can each be described as a periodic pulse
train. In general, pulse trains are described by their period (T,), pulse width (7,,), pulse
index (kn)‘, and their starting phase (¢,) (see Figure 3.1.

The emitter pulse train has a value of one when the emitter is transmitting pulses in
the direction of the receiver. The length of the emitter scan corresponds to the length of
the emitter pulse train pulse (1 in Figure 3.1 is equivalent to AT from Figure 2.1). Note
that the pulse of an emitter pulse train is not equivalent to the RF pulse transmitted

by an emitter. The period of the emitter pulse train corresponds to the scan rate of
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the emitter (77 in Figure 3.1 is equivalent to Tieq, from Figure 2.1). When an emitter
is not transmitting in the direction of the receiver, the emitter pulse train has a value
of zero.

A receiver pulse train is determined with reference to a frequency band. When the
receiver is allocated to the frequency band, it has a value of one (and zero otherwise).
The length of the receiver pulse train pulse corresponds to the receiver schedule duration
for the frequency band (d,, from Figure 2.2 is equivalent to 7o from Figure 2.1). The
period of the receiver pulse train corresponds to the period of the receiver schedule
(Tschea from Figure 2.2 is equivalent to Ty from Figure 2.1). For a receiver that is
scanning M frequency bands, M pulse trains are required to describe it.

When a pulse from both the receiver pulse train and an emitter pulse train occur at
the same time, a coincidence occurs. If the coincidence contains the minimum required
number of emitter pulses, an intercept occurs. The basis of the maximum intercept time
analysis is to determine the first pulse from each pulse train which causes an intercept,

which indicates the time at which the intercept will occur.

3.2 Coincident Pulse Train Analysis using Number Theory

Number Theory is the study of the properties of whole numbers [6], and is the basis
of the calculation of pulse train coincidence. Starting with the analysis of trivial pulse
trains with zero phase (¢, = ¢o = 0), differing periods (77 # Ty, T1,T2 € N), and
infinitely short pulses (71 = 7 = d), the theory is modified to demonstrate how phase
differences, real-valued periods, and non-negligible pulse widths affect the coincidence

calpulations.

3.2.1 Trivial Coincidence

The coincidence of pulses in trivial pulse trains is analogous to the concept of common
multiples. The first coincidence of pulses (and hence the maximum intercept time)
occurs between the pulses corresponding to the least common multiple (LCM) of the

periods of the two pulse trains.
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3.2.2 LCM, GCD, and Euclid’s Algorithm

As detailed in the text by Ore [7], calculation of the LCM is straightforward: When a
and b are two numbers with the greatest common divisor d = (a,b), the least common

multiple is:

b= 2 | (3.1)

The problem then becomes one of determining the greatest common divisor (GCD)
of the periods of the two pulse trains. Euclid’s algorithm is an effective means of finding
the GCD between two numbers a and b: Assuming a and b are positive and a > b, divide

a by b with respect to the least positive remainder:

a=qb+r, 0<r <b
Then divide b by ™

b=qor1 +19, 0<ro<mn
And continue these steps until r,,.; =0

= q3rs + T3

(3.2)

Tp—2 = QpTn_1+ Tn

Tn—1 = Ggn+1Tn

The last non-vanishing remainder r, corresponds to the GCD of a and b.

3.2.3 Diophantine Equations and Euclid’s Algorithm

Calculating the LCM is useful for trivial coincidence, but as we start to analyze the
non-trivial case, the use of Diophantine equations provides a useful analytical tool. The

general form of the Diophantine equation is:
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ar —by =¢ . (3.3)

where a and b (a,b € N) represent the periods (73, T3), and ¢ represents the phase
difference of the two pulse trains, expresses the coincidence between the xth pulse of
pulse train 1 and the yth pulse of pulse train 2 (z,y € N).

Solutions to Diophantine equations have been studied extensively, and referring
again to Ore [7], a solution only exists when the GCD of a and b divides ¢. When this
is the case and equation 3.3 is divided by the GCD d = (a,b), a and b are relatively

prime (they share no common factors other than 1), so the solution to

arg — byg =1 | (3.4)
can be multiplied by ¢ to find
a(czo) — blcyo) = ¢ (3.5)
resulting in
r=cry and y=cyo (3.6)

The solution to equation 3.4 can be found by extending Euclid’s algorithm. Modi-

fying the notation to use a = r and b = ry, from equation 3.2 we have

Ty = @172 + 73

T = QoT3 + T4

Tp—3 = Qn—3Tn—2 + Tn_1

Tn—2 = Qn—2Tn-1 + 1

The last remainder will always be 1 since a and b are relatively prime. The values for
xo and yo can be found by unwinding the solution. Rearranging the last equation from

3.7,
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l=rp 92— @norn1 (38)

and substitute for previous values of r

Tn—-1 = Th-3 — qn—3Tn—2

— 1= —gnorp-3+ (1 + gn-2Gn—3)rn-2 (3.9)

until 7 = zo and ry = yo have been substituted and we have the solution to equation
3.4 (and 3.5).
Euclid’s algorithm will be of great assistance when mathematically calculating the

effects of synchronization and coincidence in the following sections.

3.2.4 Synchronization

Synchronization is a term used to describe the relationship between two pulse trains.
Because of the periodic nature of the pulses, each pulse train is locked, or synchronized
to the other. If a coincidence occurs, it will continue to occur regularly. If no coincidence
occurs, it will never occur. Miller and Schwarz [8] used the theory of linear congruences
to analyze the effect of synchronization and demonstrate when coincidence occurs. This
theory accounts for the effects. of differing phase (¢; = 0, ¢2 € [0,T3)) between two pulse
trains with integer-valued periods (T,, € N). The following is a summary of the theory
using [8] and [7]:

Two integers a and b are congruent for the modulus m when their difference a — b is

divisible by the integer m. This is expressed as

a=b (mod m) (3.10)

When a and b are not congruent, they are called incongruent for the modulus m

a#b (mod m) (3.11)

A linear congruence is a congruence of the form
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ar =b (mod m) (3.12)

where the problem is to find an integer x such that axz — b is divisible by m. From the

definition of congruency, we can re-write this as

axr —b=my

or
ar —my =>b (3.13)

From section 3.2.3, we know that this is only solvable if the GCD d = (a, m) divides
b. When a and m are relatively prime, there is a single solution where z and y can
be found using Euclid’s algorithm. This relates directly to the coincidence between
pulse trains - when the congruence has a solution, coincidence will occur - when the
congruence does not have a solution, no coincidence will occur. The ratio of the two
values z and y are said to form a synchronization ratio.

When one solution of a linear congruence has been determined, other solutions
(corresponding to the regularly occurring coincident pulses) can be found by using the
LCM (a,m). If zq is the smallest non-negative solution to equation 3.10, then zq + x'

is also a solution where

ar' = LCM(a,m) ' (3.14)

By substituting zg + 2’ into equation 3.10, we obtain

a(a:o + l’l) —-b
= (azg — b) +az' =0 (mod m) (3.15)

since m divides (azo — b) (by the congruence solution)and m also divides az’ (by the
LCM).

No solutions can exist between zq and zy+2z’ from the following. If a solution zg+x"
did exist, such that

To < xo + 2" <z + 1’ (3.16)
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then the following must hold true (by substituting as we did previously):
a(zo +2") — b

= (azo—b) +az”" =0 (mod m) | (3.17)

The first part holds true since m divides (azo — b), but the second is false because both
a and m must divide az”, but there is no number lower than az’ = LCM (a, m) where
this is possible.

The use of linear congruences has allowed us to calculate if coincidences occur, how

they will continue to re-occur, and how it is possible that coincidences may not occur.

3.2.5 Non-Trivial Coincidence

The examination of the trivial coincidence of pulses has shown how number theory is
useful in calculating the maximum intercept time. However, for these calculations to
be useful, we must expand the analysis and incorporate real-valued periods (T, € R),
real-valued phase difference (¢, € [0,73,)), finite pulse widths (1, € R, 7, < T),
and a minimum overlap between pulses. Each of these complicates the coincidence
analysis, but the solution relies on that portion of number theory that studies integer

approximations to real-valued numbers.

3.2.6 Homogeneous Diophantine Approximation

Homogeneous Diophantine approzimation is the practice of finding two integers p and
g such that
lga — p| < € (3.18)

where a and € are real-valued.

The best approximation of p and ¢ can be defined in several ways, but we will use the
definition described by Clarkson [9]. The fraction p/q, ¢ > 0 is a best approximation
to a if, for all other fractions p'/¢’, ¢’ > 0,

¢ <qg=|da—-yp|>lqa-p| (3.19)
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and
da—p|<lga—pl=q<d (3.20)

which means that the best approximation will be that fraction p/q with the lowest-
valued denominator that gives an error on |ga — p| of less than e. The ratio of the two

values p and ¢ form a synchronization ratio.

3.2.7 Simple Continued Fractions

The simple continued fraction (s.c.f) is a means of expressing any real number in frac-

tional form. For any real number o« > 0, the s.c.f. has the form

o =ag+ (3.21)
ay +

1
asz+ -

where a, € N for n > 0 and ag > 0. The values a,, are called the partial quotients and

ao -+

the value of the s.c.f truncated after n partial quotients is called the nth convergent of
the s.c.f..
The characteristics of the s.c.f have been well studied, and in the context of this

work it is important to note the following properties (frdm Clarkson et al [10]):

e if o is rational, (o € Q), the s.c.f. terminates. If v is not rational (o & Q), the

s.c.f. does not terminate.

e the fractions p, /g, generated by the nth convergents of the s.c.f are best approzi-
mations of « (see equations 3.19 and 3.20) and provide solutions to homogeneous

Diophantine approximations of the form in equation 3.18

e The convergents of the s.c.f. can be calculated using variations of Euclid’s algo-

rithm.

3.2.8 The Farey Series

The Farey series F, is the set of irreducible rational numbers a/b with 0 < a < b < n
and the LCM(a,b) = 1 arranged in increasing order [6]. For example, the Farey series
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up to order n =5 is

}

3

I

—N
o =IO
— N
b—-—\i—\“lk—-‘

21
F={2>22= .
3 {17372a371} (322)
1

F4'“ Qa—a}_alagaé)l

1'4°3°'2°3"4"1
2 011121323%1
T 11’5'4'3'5'2’5’3'4° 5" 1

Clarkson [9] showed that the Farey Series of the appropriate order provides a con-
venient method for enumerating all the best approximations p/q of a real number «
for a given approximation error 7 = qa — p. These best approximations correspond
to the convergents of the s.c.f. and the related solutions to homogeneous Diophantine
equations.

The Augmented, Generalized Farey Series &*(A1, A2) was defined by Clarkson [11]
where each element corresponds to a synchronization ratio between two pulse trains
with duty cycles A\; and Ay. Algorithm 3.1 and 3.2 are the recursive algorithms used to
generate the series:

For instance, the complete augmented, generalized Farey Series for A\; = 0.13 and
Ao =0.26 is

1111212 1
o= (LL1012128 1) 5)

3.2.9 Phase Difference and Pulse Overlap

Determining the effect of a phase difference on the coincidence between two pulse trains
was first investigated by Richards [12], and subsequently by Miller and Schwarz (8], and
Friedman [13]. Kelly et al [14], Clarkson et al [10], and Clarkson [9] approached the
problem with a desire to calculate the mean probability of intercept between pulse
trains. The results of this work demonstrated that if the phase (¢1) of one pulse train



3 Maximum Intercept Time 23

oUW N

=2}

input : (k,h, k', K/, i, \2), where h/k and h'/k’ are the left and right starting
elements of the series and A, are the duty cycles for pulse train n
output: &, the list of Generalized Farey Series elements

proc & = genfarey(k, h, k', b/, A\, A):
begin
6 = [;
if )\1(k + kl) + >\2(h/ =+ hl) <1 then
® = & + genfarey(h,k,h+ 1/, k + k', A1, A2);
(h+h)
B=06 ;
ST TR
& = & + genfarey(h + A/, k + k', B k', A\, Xa);
end

Algorithm 3.1: Producing the Generalized Farey Series

D AW N -

input : (k,h, k', h', A1, A2), where h/k and h'/k" are the left and right starting
elements of the series and A\, are the duty cycles for pulse train n
output: &*, the list of Augmented, Generalized Farey Series elements

proc &* = augfarey(k, h, k', h', A1, Ag):

begin
¢* = [2];
®* = &* + genfarey(h, k, b/, k', A1, Aa);
& =&+ [3];

end

Algorithm 3.2: Producing the Augmented, Generalized Farey Series
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was assumed known (and one normally is known in ESM applications - that of the
ESM receiver), the pulse overlap from a second pulse train could be analyzed with
reference to the period of the first pulse train, and that an expression could be found
indicating when a coincidence would occur (or not), independent of the starting phase
of the second pulse train.

Formulating the problem as a Diophantine approximation, they defined o = Ty/T;
and € = A/T; where A is the minimum duration required for coincidence to occur. With
( as the unknown phase of pulse train 2, an approximate coincidence occurs between

the pyth pulse of pulse train 1 and the gyth pulse of pulse train 2 when

lgva—pn — B <€ (3.24)

The expression that Clarkson [9] derived stated that the maximum number of pulses

from the second pulse train (N) before an intercept occurs is

00 if =0,

gn+1 +av — kgn  if nn| # 0.

where the approximation error ny = gnva — pn, the value k is calculated as

et (3.26)

pn/qn is the Nth convergent of a, and pyi1/qn+1 is the (N + 1)th convergent of a.
In the case when |ny| = 0, the s.c.f. of a terminates because o € Q, corresponding

to a synchronization between the two pulse trains where coincidence may not occur.

3.2.10 Calculating Maximum Intercept Time

All the theory has now been laid out to allow the calculation of maximum intercept
time from the non-trivial coincidence of two pulse trains. Clarkson [11] formulated the
problem as follows:

From Figure 3.1, a pulse occurs at all times t when

It — kiT1 — | < %7—1 (3.27)
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where £ is time, and kq, 7171, ¢1, and 7; are all similarly defined as in Figure 3.1. Coin-

cidence between two pulse trains occurs when both pulses occur simultaneously

(k1 Th + 61) — (k2T + ¢2)| < 5(71 +72) (3.28)

Equation 3.28 allows for the accounting of pulse overlap. If a minimum overlap of
duration d is required for coincidence to occur, then the pulse width values (7; and 73)
can each be reduced by the duration D of the overlap. If either 7, is less than D then

the minimum duration required of the coincidence will not occur.

l(lel -+ ¢1) - (kQTQ + ¢2)| S %(Tl —+ Ty — D), T1, T2 Z D (329)

In order to analyze the non-trivial coincidence problem with the theory developed

in the previous sections, it is useful to define the ratio of PRIs

1
= o 3.30
o= (330
the normalized sum of pulse widths
= T + T
=~
where the duty cycles
A= and Ay = 2 resulting in
1 Tl 2 T2 )
€ = )\1 + )\20[ (331)
and the normalized phase difference
P2 —
= . 3.32
o=t (332

Substituting these values into equation 3.28 and setting k; = p and k; = ¢ results

in

lgo—p+ 8] < Le. (3.33)

which is in the form of an inhomogeneous Diophantine approximation.
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Clarkson [11] devised Algorithm 3.3 for generating the maximum intercept time
by observing that we can remove the phase difference § by using the pulse overlap
calculations and determining the values for p and ¢ by enumerating the Farey Series of

the correct order.

input : (71,75, M\, A2), where T,, is the PRI and A, are the duty cycles for pulse
train n
output: ¢, the maximum intercept time
1 proc t = intercepttime(T}, T, A1, A2)): ;
2 begin
3 Calculate the ratio of PRIs, «a, according to equation 3.30;
4 Calculate the augmented, generalized Farey Series &*(\y, Ag);
5  From &*(\1, \2), locate the adjacent pair of elements h/k < h'/k’ that
surround «;
6 if a=h/k ora=h/k then
7 t= o0
8 else
9 if k£ < k' then
_h+ N\
10 = k— X
11 else
W=\
12 TV N
13 end
14 if a <z or (k<k' and a = z) then
15 (p,q, P,Q) = (h,k, W k")
16 else
17 (p,q, P,Q) = (M,K',h, k)
18 end
r —|Qa—-r IJ
o = :
19 lga—p| |
20 t =T(Q + q'— Kq);
21 end
22 end

Algorithm 3.3: Intercept Time for Constant Duty Cycles

Figure 3.2 clearly demonstrates the effects of the synchronization ratios (as described
in 3.23) and was created using Algorithm 3.3 with the values \; = 0.13, T} = 1,
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Ay = 0.26, and T changes from 0.1 to 4 (values taken from [11]). The effects of the
synchronization ratios are clear as the maximum intercept time increases to infinity for

the values as specified by the Farey Series at 3.23.

20 T T T T T T

181 .

16} : .

14 .

12} .

10 b

Maximum Intercept Time (s)

Fig. 3.2 Maximum Intercept Time for Two Pulse Trains
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3.3 ESM Context

The ESM application of interest involves the use of a scanning super-heterodyne re-
ceiver (SHR) to search for multiple radar emitters spread across multiple frequencies.
The previous section has outlined the theory that allows us to calculate the maximum
intercept time between two pulse trains, but the question still remains of how this can
be utilized.

We know that the SHR (by its nature) must scan through the spectrum of interest in
a series of discrete frequency bands. It dwells on each band for a period of time defined
by the receiver schedule. Each band may contain many, one, or no radar emitters of
interest. For each emitter that does transmit in a particular frequency band m, we can

use Algorithm 3.3 to calculate the maximum intercept time by setting

A1 = Agean, = the scan duty cycle of emitter n

Ty = Tscan, = the scan PRI of emitter n
d

Ao = dTm = the duty cycle of duration m (3.34)
2

M
T2 = Tsched = (Z dm> + M(ttune)
m=1

where the emitter n is transmitting in frequency band m, d,, is the duration the SHR
is tuned to frequency band m, M is the total number of SHR tuning bands, and t:y,.
is the time required for the SHR to tune to another frequency band. The duration
d,, must exceed the minimum time required to intercept emitter n (normally a fixed
number of radar pulses).

From equation 3.34, any change to a duration d,, affects the total SHR period T5.
Figure 3.2 shows that any changes to these variables has a non-linear impact on the
maximum intercept time, that the maximum intercept time function is non-monotonic,
and that there are multiple minima. If we want to minimize the maximum intercept
time for an emitter, then we need to choose d,, accordingly. However, varying any d,,
changes T3, and hence the maximum intercept time for every other (N — 1) emitters
could also change.

If we naively adjust consecutive d,, values, we may or may not find values that pro-
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vide acceptable maximum intercept times. A global optimization technique, however,
should be able to examine all the d,, variables simultaneously, and choose appropriate

values that do not conflict with each other.

3.4 Summary

The calculation of the maximum intercept time between a scanning super-heterodyne
receiver (S.H.R) and a radar emitter requires the problem to be formulated as a co-
incidence between two pulse trains. This type of coincidence is well understood, and
algorithms that rely heavily on the field of Number Theory have been developed by
Clarkson et al to produce solutions to the non-trivial case. The ESM context requires
that the SHR scan for multiple emitters which may transmit in different frequency
bands of the receiver. Creating a schedule for the SHR that reduces the maximum time
to intercept for each of these emitters is difficult because of the non-linear nature of
the maximum intercept time function, and the interdependency of the SHR durations
in each scanned frequency band. The use of a global optimization technique is the

proposed solution to these problems, and is investigated in the following chapters.
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Chapter 4

Resource Allocation for ESM

Recelvers

The interception of a pulsed radar emitter by a scanning super-heterodyne receiver
(SHR) can be modeled as the coincidence between two pulse trains, and the mathematics
- used to calculate the maximum intercept time were presented in the previous chapter.
But knowing how to calculate the maximum intercept time does not explain how the
receiver parameters should be set. The SHR is a resource whose purpose is to intercept
multiple emitters which are transmitting across multiple frequency bands, and we want
to generate a schedule for the receiver that intercepts each emitter in the shortest
possible time frame. The generic problem of the ‘fair allocation of scarce resources’ has
been studied extensively, and in this chapter we will examine several possible techniques
for setting the receiver parameters to generate a receiver schedule.

Before examining the details of schedule generation, it is important to specify several
desirable properties of any chosen generation technique. Firstly, any technique must
address the parameter generation problem from a systematic approach and account for
the effect of the values of all variables simultaneously. Any schedule that is created must
be tested against the emitters of interest and its performance must be measured in a
repeatable fashion. The performance of the schedule relies on the maximum intercept
time calculations, so the technique must be capable of implementing the theory outlined
in the previous chapter.
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4.1 Resource Scheduling Theory

The study of the many diverse areas of minimization and optimization is known as
Optimization Theory [6]. By evaluating a problem with a scientific approach, it is
possible to describe a problem as a mathematical model and apply various known
algorithms to generate solutions [15].

In order to be successful, the various algorithms can only be applied to mathematical
models that have certain properties. Some techniques, such as the simplex and interior
point methods only apply when the variables interact in a linear fashion, while others
such as gradient methods can account for non-linear effects. Some techniques can only
deal with integer or binary valued variables, while others can handle those with real
values. And some techniques can find an optimal solution, while others use heuristic
techniques and can only find ’good’ solutions that may be ‘close’ to an optimal one.
Describing a particular problem as a mathematical model and finding ‘the best’ solution
technique is an entire field of study, and no attempt is made here to survey the entire
field or describe the state of the art. However, the maximum intercept time problem
closely resembles other problems where scarce resources need to be shared in the best
way possible, all the while accounting for other constraints. In order to examine the
properties of our problem and investigate what techniques may be available to solve it,

we need to construct the mathematical model that describes it.

4.2 Problem Formulation

The decision variables which are used to minimize the maximum intercept time are
the durations that the super-heterodyne receiver (SHR) dwells in each frequency band.

These durations are specified as

dp, m=1.M | (4.1)

where m is the index of the frequency band and there are M frequency bands.

The objective function we are trying to minimize is the sum of the maximum in-
tercept times for each emitter. The maximum intercept time provides a guaranteed
measure of an intercept, and since each emitter has different parameters, the sum of all

the maximum intercept times (for each emitter) is the best non-statistical performance
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measurement.

N
7 = Z(mtercepttime(Tl, Ty, A1, A2) ) (4.2)

n=1
where N is the number of emitters, intercepttime(...) is the value returned by Algo-
rithm 3.3, and the values (77,75, A\, A2) are repeated from 3.34.

A1 = Ascan,, = the scan duty cycle of emitter n

T = Tscan, = the scan PRI of emitter n
d

Ay = 2
2 T

M
T2 = Tsched = <Z dm> + M(ttune)
m=1

It should be noted that the value Z is the sum of each emitter’s maximum inter-

= the duty cycle of duration m

cept time, each of which is calculated independent of phase, which removes any phase
dependency of the objective function.

The constraints to this problem are: the number of frequency bands M scanned by -
the SHR (of magnitude 10), the SHR re-tuning time ¢;y,.(of magnitude 0.1 s), and the
minimum duration dp, (which must exceed the minimum time 10(¢pyseprr) < dm for
emitter n and be less than the maximum allowed duration tp42Duration). Additionally,
the scan duty cycle, the scan PRI, and the pulse PRI of each emitter is known, but the
starting phase (¢,) of each emitter is not.

The fixed parameters of the emitters and the receiver are:

()‘b T17 tpulsePRIa ¢n) ttune) cR
(Tl’ tpulsePRIa ttune) > O
O< <l

an € [07 Tl)

While the theory allows calculations using any positive, real-valued duration, prac-

tical implementation details of resolution in the SHR only allow a discrete number p



4 Resource Allocation for ESM Receivers 33

of duration values (d,, € ZP, d,, > 0) where p is of the order 10° for microsecond

resolution.

4.3 Choosing an Appropriate Optimization Technique

Now that we have a mathematical model of our problem, we need to investigate its
properties in order to determine if a suitable algorithm or solution technique exists.

The objective function for the problem is non-linear. The relationship between the
periods and starting phases of an emitter and a receiver was outlined in the previous
chapter, and Figure 3.2 clearly shows the non-linear character of the intercept time. As
defined in the previous section, the decision variables all hold discrete values, so the
algorithm must be able to handle these.

The complexity of the problem places a significant requirement on the choice of
algorithm. The order of the problem is exponential, since the possible number of calcu-
lations required to find the best schedule is O(D™), where D represents the number of
discrete values each duration d,, can hold, and M is the number of frequency bands be-
ing scanned. As the number of frequency bands is increased, the scheduling possibilities
suffers from combinatorial explosion. The only reasonable techniques that are available
to solve problems of this magnitude are those that rely on heuristic algorithms. These
do not guarantee an optimal schedule, but generate schedules that may be close to the
optimal. As a result of these conditions, we need to examine the available heuristic
algorithms that can solve a non-linear, discrete-valued problem in a systematic and

repeatable manner.

Method Name Heuristic | Non-Linear | Discrete | Repeatable
Exhaustive Search No Yes Yes Yes
Genetic Algorithms Yes Yes Yes Yes
Gradient Methods No Yes Yes Yes

Greedy Search Yes Yes Yes Yes
Hooke and Jeeves Yes Yes Yes Yes
Simulated Annealing Yes Yes Yes Yes
Tabu Search Yes Yes Yes Yes

Table 4.1 Properties of Several Optimization Techniques

There are many optimization methods that meet most of these criteria, a selection
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of which are listed in Table 4.1. We can see that most of the methods can be applied
to the receiver scheduling problem, but for implementation reasons, genetic algorithms

were chosen as the optimization technique.

4.3.1 Genetic Algorithms

Genetic algorithms (GA) are optimization techniques that follow a sequence of steps
inspired by the biological evolution of species in the natural world [16]. They are a
heuristic technique that have proven themselves very useful at spanning a search space
in a computationally efficient manner. Since their inception, GAs have taken many
variations and have been specialized for specific applications, but the basic steps of the

algorithm are outlined in Algorithm 4.1.

1 begin
2 Choose the initial population of individuals;
3 Calculate the fitness of each individual in the population;
4 repeat
5 Use a reproduction operator to randomly select from the best individuals;
6 Use a crossover operator to generate and breed new individuals;
7 Use a mutation operator to randomly change the values of randomly
selected individuals;
8 Calculate the fitness of each individual in the population;
9 until terminating conditions met;
10 end

Algorithm 4.1: Genetic Algorithm

Goldberg [17] provides guidance on how to promote successful use of genetic algo-

rithms, which are outlined in the following items and are addressed in the next chapter:

e Initial Population. All GAs require that the decision variables be encoded as
an artificial chromosome in a string/list format, and typically use fixed length
strings. As with any optimization routine, if the initial population contains initial
parameters that are close to a good solution, the GA will be much more successful
at finding the good solution. The initial solution must provide a population large

enough and with enough diversity to allow the GA to span the search space.
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¢ Fitness Function. The fitness function provides a means of measuring the qual-
ity, or fitness of one individual against another. Since the construction of future
generations depends on the sub-components (the genes or building-blocks) of an
individual, it is important that it be designed to not deceive the GA (i.e. lead
the algorithm away from the good solution), and that it provide suitable scal-
ing among its individual parameters so that it is possible to safely compare one
individual with another.

¢ Reproduction Operator. The reproduction operator must select the best in-
dividuals from the current population for use by the crossover operator. It must
make these selections in such a way that future generations are able to succes-
sively improve their fitness values (i.e. selecting only one individual for crossover,
even if it is the best one, will cause the optimization to stall, much as inbreeding

can have detrimental effects in biological systems).

e Crossover Operator. The crossover, or recombination operator acts on two
individuals to create a ‘child’. There are many variations on how to do this, but
they all involve the random selection of elements from the two ‘parents’ which
are combined to form the ‘child’. The crossover operator is important because it
allows the algorithm to ‘jump’ to a different portion of the search space, preventing
it from becoming trapped in a local minima. Elitism, where a number of the
best solutions are kept from generation to generation, can be used in conjunction
with the crossover operator. The crossover fraction defines the percentage of the
population (other than elites) that are formed by the crossover of two parents.
The remaining fraction (1 - the crossover fraction) defines how many children will

be formed by mutation.

e Mutation Operator. The mutation operator acts on a randomly selected indi-
vidual from the population to create a mutated ‘child’. As with the reproduction
operator, there are many variations on how to do this, but they all involve ran-
dom changes to randomly selected elements of the individual chosen for mutation.
The mutation operator allows exploration of the search space in the vicinity of a

current solution.

e Terminating Conditions. The terminating conditions are the set of conditions
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that controls when the GA stops iterating. The algorithm should stop when the
optimal solution is found, but since there is no guarantee of optimality, other
conditions need to be set. These limits are typically either

— the number of generations;

— the amount of processing time;

— obtaining a pre-determined fitness level; or

— when the incremental improvement of the fitness between generations is be-

low a pre-determined level.

4.4 Pseudo-Random Scheduler

In order to compare the results of the genetic algorithm optimization technique, a naive
pseudo-random (PR) scheduling technique was chosen. The PR scheduler worked by

iterating through each frequency band, dwelling in that band for a randomly generated

- duration. This effectively created a pulse train that was the superposition of multiple

random pulses.. This random pulse train was then compared with the pulse train of
each emitter, and an intercept occurred when there was a coincidence between pulses.

The PR method was chosen for comparison because it avoided synchronization with
the emitter by not having any periodicity in its pulses. It did not rely on the maximum
intercept time theory specified in previous chapters, and thus provided an impartial
- reference for comparison with the GA results. The main drawback of the PR method
was that it required enumeration of the pulse trains to determine coincidence, which
made the simulations very computationally intensive. The PR method does not provide

a guaranteed maximum intercept time.
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4.5 Summary

Creating a schedule for a super-heterodyne receiver that minimizes the maximum inter-
cept time for multiple emitters, each of which radiates in multiple frequency bands, is a
case of the generic optimization problem of ‘the fair allocation of scarce resources’. By
constructing a mathematical model of the problem, several optimization techniques were
examined for their applicability. The complexity of the problem is of an exponential
order, the objective function is non-linear, and the decision variables are discrete, and
genetic algorithms was selected as the optimization technique. The problem remains
to determine experimentally if genetic algorithms are able to create a useful receiver

schedule for the maximum intercept time problem.



38

Chapter 5
Experimental Setup and Results

In this experiment, we used two techniques to generate schedules for scanning super-
heterodyne receivers (SHR): a genetic algorithm (GA) and a pseudo-random (PR) al-
gorithm. A procedure was developed for generating receiver schedules, and multiple
scenarios were created to examine the effects of differing combinations of emitters. Ini-
tial results from the GA technique allowed it to be improved by using the maximum-scan
values, and a maximum-scan (MS) algorithm was created. The results for each scenario

were then evaluated against the other scheduling techniques.

5.1 Procedure

Emitter and receiver models were created, and the parameters of these models were fed
into each scheduler. The first used the GA approach and the second used a pseudo-
random approach. Multiple scenarios were run multiple times, and the results from
each run were recorded in separate log files. The GA scheduler produced a set of
durations, and these values were used with the emitter parameters to generate a set of
maximum intercept times. The pseudo-random scheduler produced maximum intercept
times directly. Once all the values were available, the results were compared and the
performance of each schedule was measured.

The schedulers were created using Matlab 6 (Release 13SP1) with the Genetic Algo-
rithm and Direct Search Toolbox (Version 1.0). All processing was done using Microsoft
Windows 2000 Server on 8 Dell PowerEdge 1750 servers, each installed with dual 2.8
GHz Intel Xeon processors and 512MB of memory.
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5.1.1 Emitter and Receiver Models

Emitter and receiver models were created that contained representative parameters for
a generic scanning superheterodyne receiver and generic pulsed radar emitters. The
receiver model was created using the parameters outlined in Table 5.1, and the same
receiver model was used in each scenario. The receiver had a single channel. The emitter
models were created using the parameters outlined in Table 5.2, and different emitter
models were used in each scenario. Each emitter had a single mode. Multiple emitter
models were generated using normally distributed values within the ranges specified in
Table 5.2, with the condition that a minimum of 10 RF pulses must be transmitted in
each emitter scan. This condition ensured the possibility of coincidence between the
receiver and the emitter (if there were less than 10 RF pulses, interception would never

occur). The same models were used for consecutive runs of each scenario.

Parameter Description Value
tiune The time required for the receiver to change be- 0.1s
- tween frequency bands
BW,st The instantaneous bandwidth of the receiver 500 MHz
Firinscan | The minimum center frequency which the receiver | 1 GHz
can scan
Fyrazscan | The maximum center frequency which the receiver | 25 GHz
can scan
tMazDuration | The maximum duration which the receiver will 20 s
dwell on any frequency band
Minimum Pulses required for a feasible intercep- 10
tion
Table 5.1 Description of the Receiver Model
Parameter Description Min Value | Max Value
F The RF frequency of transmission 1 GHz 25 GHz
PRI The pulse repetition interval 1.4ms 5.6 ms
Tecan The scan period 1s 12s
Ascan The scan duty cycle 0.001 0.1
Minimum scan width (7 = AT) for AT > 10tpuisepri
feasible interception

Table 5.2 Description of the Emitter Model
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5.1.2 Scenarios

In order to examine the effectiveness of the schedulers in generating schedules, four
scenarios were created (Table 5.3). The first scenario, SESB, was a trivial scenario that
allowed observation of the scheduler under simple conditions. The next two scenarios,
SEMB and MESB, were slightly more complicated in that they contained multiple
emitters. The last scenario, MEMBI100, contained quantities and a distribution of
emitters approaching that of reality.

Each scenario consisted of different quantities and distributions across frequency
bands of emitters, and each scenario used the same receiver model. The actual param-

eters used in each scenario are listed in the appendix.

Scenario Name No. of Emitters Emitter Distribution
Single Emitter - Single 1 1 band
Band (SESB)
Single Emitter - Multiple 10 10 bands, each emitter separated
Bands (SEMB) onto 10 different frequency bands
Multiple Emitter - Single 10 1 band, all emitters on the same
Band (MESB) frequency band
Multiple Emitter - Multiple 100 all emitters randomly (uniformly)
Bands (MEMB100) distributed across all frequency

bands '

Table 5.3 Scheduling Scenarios

5.2 Measuring Performance

Measuring the performance of each schedule needed to be done in a consistent and
repeatable fashion. To assist with this, the following definitions were used to express

the quality of particular receiver schedules.

e “Emitter Intercept Time” is defined as the maximum intercept time for a partic-

ular emitter evaluated using a receiver schedule.

e “Schedule Intercept Time” is defined as the sum of the emitter intercept times
for each emitter evaluated using a receiver schedule, and is simply the objective

function Z from the previous chapter.
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e A “Feasible Schedule” is defined as a schedule that produces a finite maximum

intercept time for every emitter.

The results between the schedule intercept time for each scheduler was compared.
The minimum, maximum, and mean emitter intercept times from each scheduler were

also compared.

5.3 Genetic Algorithm Scheduler Setup

As outlined in the previous chapter and Goldberg [17], the initial population, fitness
function, and operators of the genetic algorithm must be chosen carefully. In order for
the algorithm to be successful, each needed to be tailored to the formulation of the

problem.

5.3.1 Initial Population

The effects of the population size were examined by iterating through the GA with
population sizes of 50 to 500 and plotting the results (Figure 5.1). No significant effects
on the rate of minimization or the final result were observed, but the time to compute
the fitness function for each generation increased as the population size increased. A
reasonable run-time for each generation was obtained using a population size of 100.

The initial population was generated by picking initial durations that were uniformly
distributed between a minimum and maximum value. The minimum duration value was
the time required for coincidence of 10tyy5eprr using the minimum ¢,y 5.prr value from
all the emitters. The maximum duration value was set at 20 s, an arbitrary value that
exceeded all the emitter scan rates. Using these values provided the GA with a solution
that contained reasonable starting values.

The genome size was set to 49. This corresponded with the number of frequency
bands of the SHR required to span the required frequency range, defined in chapter 2

as:

_ Fuozscan — Fainscan + BWinst

BWinst
_ 25GHz — 1GHz + 500MHz

500MHz

M

=49
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Fig. 5.1 The effects of several GA parameters on the Fitness Function
Scores after 10 generations (Monte-Carlo summary for 10 iterations)

5.3.2 Fitness Function

The “Schedule Intercept Time” was used as the measure of the fitness. This was previ-
ously defined as the objective function at equation 4.2, but required slight modification
in order to provide results in a reasonable time. The calculation of the fitness value was
very processor intensive, and every effort was made to shorten the required number of
calculations.

The resulting fitness function was

N
Z = Z(intercepttimeQ(Tl, T2, A1, 22))n (5.1)

n=1
where N is the number of emitters, intercepttime2(...) is the value returned by Algo-

rithm 5.2, and the values (77, Ty, A1, \9) are repeated the same as those from Eq. 3.34.
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Enumerating the Synchronization Ratios

The algorithm for generating the augmented, generalized Farey Series (Algorithm 3.2)

has two limitations when used to enumerate the synchronization ratios:

1. The recursive nature of the algorithm results in an excessive use of computing

stack; and

2. The algorithm returns all the elements of the augmented, generalized Farey Series
of the appropriate order, when only the adjacent elements h/k and h'/k' are

required to compute the maximum intercept time using Algorithm 3.3.

By combining the similarities between Algorithm 3.2 and the Algorithm described
by Knuth et al [18] for generating the Stern-Brocot Tree, Algorithm 5.1 was developed
to generate the adjacent elements of the Augmented, Generalized Farey Series in an

iterative manner:

Algorithm for Calculating Maximum Intercept Time

The modification to Algorithm 3.3 in order to utilize Algorithm 5.1 is outlined in Al-
gorithm 5.2.

5.3.3 Reproduction

The selection operator was stochastic universal sampling [19], which provided a fair
sampling of individuals. The effects of the elite count were examined by iterating
through the GA with an elite count varying from 0 to 10 (Figure 5.1). No significant

effects on the rate of minimization were observed, so the elite count was set to zero.

5.3.4 Crossover

The crossover operator was a random multi-point operator, where genes from both
parents were randomly swapped along the length of the individual. The effects of the
crossover fraction were examined by iterating through the GA with fractions ranging
from 0 to 1 and plotting the results (Figure 5.1). A crossover value of 0.8 provided
the best rate of minimization. This value gave the best balance betwecen improvement

generated through crossover vs improvement generated through mutation.
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input : (A, Ay, 71, T5), where T), is the PRI and A, are the duty cycles for pulse

train n
output: (&3,8%), the adjacent elements to o = T5/T; of the Augmented,
Generalized Farey Series elements
1 proc (67,8%) = augfarey2(\;, Ag, T1, To):

2 begin
s  a=T/T;

4 h=0,k=1K =1,k =0
5  while (A (k+ k) + X(h+ 1)) <1do
6 hmediant =h-+ h/;
7 kmediant =k+ kl;

s if a < (Z:ZZZM:) then
9 h' = hmediant;

10 k' = kmediant

11 else

12 h = hmediant;

13 k = kmediant

14 end

15 end

16 E = %7 6?2 = Z—:;

17 end

Algorithm 5.1: An Iterative Method for Producing the Augmented, Generalized

Farey Series
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train n
output: ¢, the maximum intercept time
1 proc t = intercepttime2(T7, T3, A1, Ao)): ;

2 begin
3 o = Tg/Tl,
4 (h/k, W k") = augfarey2(A1, A2, T1, T3);
5 if a=h/k or a=Hh/k' then
6 t=00
7 else
8 if kK < k' then
— htM
9 = X
10 else
11 T = Zﬁ;iz
12 end
13 if a <z or(k<k and o =) then
14 (p,q, P, Q) = (h, k, W', k')
15 else
16 (p,q, P, Q) = W,k h, k)
17 end
18 = [“— = |J3
19 t=T3(Q+q— kq);
20 end

21 end

input : (71,75, A1, A2), where T), is the PRI and )\, are the duty cycles for pulse

Algorithm 5.2: Calculating Maximum Intercept Time
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The effects of elitism were also examined over the range 0 to 10 on a population of

100 (Figure 5.1). No significant impact was noticed so elitism was not used (0 elites).

5.3.5 Mutation

The mutation operator was Gaussian mutation [20]. The mutation was controlled by two
variables, Scale and Shrink. Scale was used to generate a range for the mutated values
of Scale(max duration - min duration), where the minimum and maximum durations
were the same as those defined for the initial population (see section 5.3.1). Shrink
controlled the variance of the mutation. The highest degree of variance was used in the
first generation, which decreased as the number of generations increased. The variance

at the kth generation was determined by

var, = vark-1 (1 — Shrink M amGeZemtion)
Several combinations of Scale and Shrink were tried, and a Scale value of 0.1 and a
Shrink value of 0.75 provided the fastest rate of minimization. These values ensured
the GA examined the search space within the vicinity of the current solution. This was
desirable because of the highly non-linear nature of the objective function, where small
variations could cause large deviations. As each generation was calculated, the decrease
in variance was limited (i.e. it did not decrease to zero). This ensured that the small
area available for mutation was well searched and that movement between closely space

local minima was not limited.

5.3.6 Terminating Conditions

The terminating condition for the GA was the completion of 400 generations. While
other valid terminating conditions were possible and were attempted, the comparison
of different simulations with differing generations became a problem. A Monte-Carlo
approach was deemed necessary to account for the heuristic nature of the GA, and
summarizing the results correctly required simulations with an equivalent number of
generations. No significant improvement of the objective function was noticeable after
approximately 300 generations, but the extra 100 generations were run to allow the
scheduler plenty of opportunity to search the space. The ‘no significant improvement’
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of the objective function could be measured in milliseconds.

5.3.7 Multiple Runs

Since the use of genetic algorithms is a heuristic technique that relies on randomness
during execution, we expect the results to vary slightly between simulations. The GA
scheduler for each scenario was run 1000 times in a Monte-Carlo manner to verify it
produced consistent results. This number of runs was required to generate histograms

that approximated a normal distribution.

5.4 Pseudo-Random Scheduler Setup

The Pseudo-Random (PR) scheduler was set up to naively enumerate a schedule with
randomly generated durations. The duration values were uniformly distributed between
a minimum duration value of 10¢pyseprr using the minimum ¢pseprr value from all the
emitters (the minimum time required for coincidence) and a maximum duration value
set at 20 s, an arbitrary value that exceeded all the emitter scan rates.

In order to examine the effects of phase, 10 pulse trains were created for each emitter,
each pulse train corresponding to a phase ranging from 0 to 90 percent of the emitter
scan rate (in 10 percent increments).

Intercept times were then determined by comparing the random pulse train of the
schedule with the periodic pulse trains of each emitter and phase.. Each coincidence
between the pulse trains was examined, and the first coincidence that exceeded the
minimum duration required for intercept (10¢puseprr for the emitter) was deemed an
intercept. The maximum value from each phase was deemed the maximum intercept

time. The scheduler ran for the simulation times shown in Table 5.4. Each scenario ran

60 times.
Scenario | Simulation Time
SESB 1000 s
SEMB 2500 s
MESB 1500 s
MEMB100 8800 s

Table 5.4 Maximum Simulation Times for the PR Scheduler
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5.5 Results

The results from each scenario are presented as they were generated by each scheduler.
A summary is then provided which allows an easy comparison of the results between
schedulers. '

5.5.1 Genetic Algorithm Results

A histogram of the schedule intercept time results generated by the GA scheduler was
generated for each scenario, and is displayed at Figure 5.2. Each histogram shows the
schedule intercept time on the x-axis, and the y-axis shows the number of schedules
that have intercept times in the various x-axis ranges.

Box plots were created that summarize the schedule durations for each scenario,
and are displayed in Figures 5.4 to 5.7. In each box plot, the frequency bands are
displayed on the x-axis and the range of durations is displayed on the y-axis. As
shown in Figure 5.3, the bar indicates the median duration, the box surrounding the
bar indicates the interquartile range (the range from the 75th percentile to the 25th
percentile), and the upper and lower whiskers indicate the extent of the maximum and

minimum duration values.

5.5.2 Pseudo-Random Results

The simulation times for each run were picked so that the pseudo-random scheduler
was able to consistently find intercepts for each phase of each emitter.
The maximum intercept time values were averaged over the multiple runs. The

schedule and emitter intercept times are contained in Tables 5.5 and 5.6.

5.5.3 Summarized Results

A summary of the GA, PR, and MS results are presented in Tables 5.5 and 5.6. Table 5.5
contains the results of the schedule intercept times generated by each scheduler, and
Table 5.6 contains the emitter intercept times generated by the best schedule (shortest
schedule intercept time) from each scheduler.
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Fig. 5.2 Histogram of Schedule Intercept Times (GA Scheduler)

5.6 Analysis

The experiment generated many results, some of which were unexpected. The genetic
algorithm scheduler produced the best results when compared with the pseudo-random

scheduling technique, and provided some insight into a new scheduling algorithm.

5.6.1 Expected Results

The genetic algorithm scheduler was expected to produce the best results (shortest
schedule intercept time). Balancing the durations in each frequency band (and the
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Scenario | Scheduler Min Schedule In- | Max  Schedule | Mean Schedule
tercept Time Intercept Time Intercept Time
GA 28.093 s 30.811 s 29.351 s
SESB PR 16.800 s 1059.2 s 316.76 s
GA 1020.8 s 1051.5 s 1035.5 s
SEMB PR 2897.2 s 6681.4 s 4943.6 s
GA 238.83 s 257.82 s 247.25
MESB PR 757.24 s 5315.6 s 2295.8 s
GA 45505 s 53856 s 48138 s
MEMB100 PR 13489 s 94966 s 46167 s

Table 5.5 Schedule Intercept Time Statistics

impact, of these on the maximum intercept time calculations) with the minimum coin-

cidence durations and the slew time constraints fit very well with the characteristics of

the GA scheduler’s heuristic technique. The GA scheduler was expected to find ‘good’

duration values that balanced the effects of the constraints. These durations were ex-

pected to be as small as possible until the slew rate constraint bounded their values.

This would effectively ‘slice’ time between each frequency band to produce minimized

intercept times for each emitter.

The pseudo-random scheduler was not expected to generate the best results. While

the random durations generated by the PR scheduler were expected to break the syn-

chronization between the receiver and the emitters, the algorithm was not expected to

pick ‘good’ duration values that would reduce the maximum time to intercept.
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Fig. 5.4 SESB - Box Plot of Schedule Durations (GA Scheduler)

5.6.2 Comparison of Expected vs. Actual Results

As expected, the best results (lowest maximum schedule intercept time) were generated
by the genetic algorithm scheduler. The pseudo-random scheduler did not consistently
produce feasible schedules as it was unable to find intercepts for all emitter phases

before each simulation was truncated.

5.6.3 Analysis of GA Results

The GA scheduler was consistent at finding feasible solutions, and with lower mean
schedule intercept times than the PR scheduler. The histograms in Figure 5.2 show that
the schedule intercept time results for each scenario were consistent between multiple

runs of the scheduler.
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Fig. 5.5 SEMB - Box Plot of Schedule Durations (GA Scheduler)

Figures 5.4 to 5.7 show how the duration value results for each scenario were consis-
tent between multiple runs of the scheduler. For each scenario, the scheduler picked a
duration value for each frequency band that intercepted all the emitters in that band.

Surprisingly, the GA scheduler produced schedules where there was no time-slicing
of the durations between frequency bands. As shown in Figure 5.8 for the MEMB100
scenario (the same observation was made for all the scenarios), the scheduler chose
durations for each frequency band that were very close to the largest emitter scan rate
of all the emitters in that band (Maximum-Scan rate).

With no upper limit constraining the duration in each frequency band, the durations
still did not vastly exceed the emitter maximum scan rates. This can be explained by

examining the effects of increased duration in any particular frequency band. As the
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Fig. 5.6 MESB - Box Plot of Schedule Durations (GA Scheduler)

duration increased, the maximum intercept time decreased for each emitter. The longer
duration caused more overlap of the pulse trains, and hence more intercepts with less
number of pulses. When the duration exceeded the maximum scan rate, there was no
further decrease in maximum intercept time - the emitter was intercepted on the first
‘look’ from the receiver. However, an increase to any duration past that point increased
the maximum intercept time (by increasing the intercept times for following frequency
bands), so the scheduler did not increase the duration any further. Any emitter with
a scan rate lower than the emitter with the largest scan rate was always intercepted
(sometimes multiple times) because of a complete overlap of the pulse trains.

The slew time and minimum duration constraints were not active in frequency bands
that contained emitters. For frequency bands with no emitters, the GA scheduler tried
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to shorten the duration in that band to the minimum possible value, which was set as

a constraint.

5.6.4 Maximum-Scan Scheduling

The GA scheduler consistently generated schedules where the durations appeared to
stabilize at the maximum-scan (MS) values. As this became apparent, the results were
incorporated into the experiment with the intent of improving the results.

The GA scheduler was initialized with an initial population that contained a MS-
valued genome, and each scenario was re-run. If the genome with the MS values was
a ‘good’ initial solution, the GA scheduler was expected to choose it for continued

iterations.
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Scenario | Scheduler Min. Emitter | Max. En‘litter Mean  Emitter
Intercept Time | Intercept Time | Intercept Time

GA 28.093 s 28.093 s 28.093 s
SESB PR 16.800 s 1059.2 s 316.76 s
GA 102.08 s 102.08 s 102.08 s
SEMB PR 16.800 s 2137.8 494.36 s
GA 23.883 s 23.883 s 23.883 s
MESB PR 72.614 s 1231.0 s 229.58 s
GA 437.56 s 875.09 s 455.05 s
MEMB100 PR 1.1077 s 3216.4 s 37231 s

Table 5.6 Emitter Intercept Time Statistics (Best Schedule)

A naive maximum-scan scheduling technique was also created to verify what the
MS values could produce. This technique was the equivalent of the receiver ‘staring’ at
a frequency band until all the emitters in that band had been intercepted. This would
guarantee that a periodically scanning emitter would always be intercepted the first
time the receiver ‘looked’ for it.

Genetic Algorithm with Maximum-Scan Initial Values

The GA scheduler was initially set up exactly as specified in section 5.3. A single
individual from the initial population was randomly selected and replaced with an
individual containing the maximum-scan values for that scenario.

After this modified GA scheduler was run several times, it was observed that the
objective function value would degrade (i.e. it would increase) for several generations.
After these generations, the objective function value would then improve (i.e. decrease),
but never to a value lower than that from the first generation.

This was explained by the fact that the best individual in the initial population was
the individual with the MS values. As it was selected for reproduction and crossover,
the MS value genes were combined with the randomly valued genes of other individuals.
With the elite count at zero, the MS valued individual was then discarded. Only after
the offspring of the MS valued individual were propagated sufficiently through the
population (which took several generations) was the objective function able to improve.
The MS valued individual was essentially ‘re-bred’ after it’s genes were prevalent enough

in the population, and the scheduler could not find a way to improve the fitness.
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Fig. 5.8 Comparison of GA results (MEMB100) with Maximum Emitter
Scans

After observing this phenomenon, the elite count was set to one and the modified
GA scheduler was run again. The objective function value did not change with any
number of generations, and the MS valued individual was always kept from generation

to generation.

Maximum-Scan Scheduler Setup

The Maximum-Scan (MS) scheduler was set up to naively enumerate a schedule with
durations generated from the emitter values. The emitters were divided into the fre-
quency bands of the SHR, and the emitter with the longest scan rate in each band was
chosen. This scan rate was used as the duration for the band. If no emitter existed

in a particular frequency band, a minimum duration of 10¢,,,.prr Was chosen for the
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emitter with the smallest ¢p,seprr over all the emitters.

To account for the starting phases of the receiver and emitter, the worst possible
combination of phase was calculated as the larger of either the emitter phase or the
receiver phase. Since the receiver phase was always longer, the maximum intercept

time for each emitter used the value

M
tys = (Z des) + M(ttune)

m=1

(5.2)

where M is the number of frequency bands and ty,,. is the time required for the

receiver to change frequency bands.

Scenario Scheduler Min Schedule In- | Max  Schedule | Mean Schedule
tercept Time Intercept Time | Intercept Time
GA (Original) | 28.093 s 30.811' s 29.351 s
SESB GA (MS Init) 14.569 s
MS 14.569 s
GA (Original) | 1020.8 s | 1051.5 s | 1035.5 s
SEMB GA (MS Init) 899.545 s
MS 899.545 s
GA (Original) | 238.83 s | 257.82 s | 247.25
MESB GA (MS Init) 134.394 s
MS 134.394 s
GA (Original) | 45505 s | 53856 s ] 48138 s
MEMBI100 | GA (MS Init) 38808 s
MS 38808 s

Table 5.7 Maximum Scan Schedule Intercept Time Statistics

5.6.5 Analysis of MS Results

The results for the GA scheduler initialized with the maximum-scan values, and the MS
scheduler are presented in Tables 5.7 and 5.8. The modified GA scheduler was not able
to improve the schedule intercept time (400 generations). The maximum scan scheduler

produced equivalent results to the modified GA scheduler.
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Seenario Scheduler Min. Emitter | Max.  Emitter | Mean  Emitter
Intercept Time Intercept Time Intercept Time
GA (Original) | 28.093 s 28.093 s 28.093 s
SESB GA (MS Init) 14.569 s
MS ' 14.569 s :
GA (Original) | 102.08 s [ 102.08 s 1 102.08 s
SEMB GA (MS Init) 89.955 s
MS 89.955 s
GA (Original) | 23.883 s 123.883 s | 23.883 s
MESB GA (MS Init) 13.439 s
MS 13.439 s
GA (Original) | 437.56 s | 875.09 s | 455.05 s
MEMBI100 | GA (MS Init) 388.09 s
MS 388.09 s

Table 5.8 Maximum Scan Emitter Intercept Time Statistics (Best Sched-
ule)

5.6.6 Analysis of PR Results

The results of the pseudo-random scheduler have several flaws that make comparison
with the other schedulers difficult. First, the PR scheduler did not enumerate all the
phases of each emitter. Only 10 phases were included, and although they were evenly
distributed from 0 to 90 % of the emitter scan rate, it is possible that phases exist that
could not be found by the scheduler. Secondly, the simulations for the PR scheduler
did not account for the receiver starting phase. The minimum schedule and emitter
intercept times would be different for different receiver starting. phases.

While these flaws existed, the results were still useful for comparison with the GA
scheduler, and produced some unexpected values. The PR scheduler generally per-
formed worse than the GA and GA/MS schedulers, especially for scenarios where there
were few emitters. This poor performance was related to the amount of time that the
PR scheduler dwelled in frequency bands where there were no emitters. This dwell
time increased the intercept time for every other band. The PR minimum schedule
and emitter intercept times were sometimes better than the GA scheduler because of
the PR starting phase, but this was solely related to the receiver starting phase. If the
emitter was in later bands (or the receiver started in a different frequency band), the

intercept times would have been correspondingly longer.
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As the emitter density grew, the number of bands without emitters decreased, and
the performance of the PR scheduler increased. For the MEMB100 scenario, most bands
contained emitters, so a dwell time in a band increased the number of intercepts, and
decreased the maximum intercept time. The PR scheduler generated mean schedule
and emitter intercept times for the MEMB100 scenario that were better than the GA
scheduler.

In comparison with the GA results, the PR scheduler provided minimum and no

guaranteed maximum values, and provided much higher maximum intercept times.

5.6.7 Sensitivity and Variability

The genetic algorithm scheduler was very sensitive to the initial population and muta-
tion values. The best results were obtained when the durations were constrained with
maximum and minimum durations. The reason for this was the highly non-linear ob-
jective function. If no maximum or minimum durations were used, the GA scheduler

still obtained the same results, but required many more generations to produce them.

5.7 Summary

The use of a genetic algorithm scheduler was successful at producing a schedule for a
scanning superheterodyne receiver. The GA scheduler consistently used duration values
for each frequency band that were near the highest scan rate of all the emitters in each
band. Using this observation, the GA scheduler was initialized to these values, and it
could not obtain a better solution. A new scheduler was created that naively used the
maximum scan rates to generate the duration values, and it produced the same results
as the GA scheduler that was initialized with the maximum scan values, with much less

computational effort.
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Chapter 6
Conclusion

The combination of genetic algorithms with pulse train theory was successful at pro-
ducing a schedule for an ESM receiver. The genetic algorithm scheduler consistently
used duration values for each frequency band that were near the largest scan rate of all
the emitters in each band. This was an unexpected result and demonstrated that the
minimization of the maximum intercept time for a set of emitters can be accomplished
using the maximum scan values.

A scheduling algorithm was created that utilized the maximum scan values. It
generated ESM receiver schedules that were equivalent to the best schedules produced
by the genetic algorithm scheduler, and produced them with much less computational
effort.

The schedules that were created by both the genetic algorithm scheduler and the
maximum scan scheduler produced emitter intercept times that were very long. Hun-
dreds of seconds to intercept an emitter is typically an intolerably long time in ESM
applications. However, the schedules have generated a maximum time to intercept; the
mean time to intercept will depend on the phases of the emitter and receiver pulse
trains, and may be much less.

The creation of ESM receiver schedules is a difficult and important task for those
involved in the interception of radar signals. Radar emitters are growing in capability
and diversity, and are a continuous threat on the modern battlefield. ESM systems are
important contributors to situational awareness, and determining methods to utilize

the full potential of these resources will continue to be a sound investment.
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6.1 Suggestions for Future Research
The following suggestions are made for future research:

o Investigate the effects of time-slicing between frequency bands. The originally
expected result of a time-sliced schedule is still an area open for study. If con-
straints are introduced on the maximum durations that can be used in each fre-
quency band, what are the effects of these on the maximum intercept time? The
relationship between schedules that optimize for maximum bandwidth scanning
per unit time needs to be quantified against schedules that optimize for maximum

intercept time.

e The effects of an individual emitter on a complete schedule are not well under-
stood. If an emitter is removed or added from the emitter list, what impact does

that have on the maximum intercept time? Can this impact be quantified?

e Investigate the use of an optimization technique such as genetic algorithms to
generate schedules that minimize the mean time to intercept for a set of scanning
emitters. The maximum intercept time is very useful, but it is not the only
performance measure available, and would be well complemented by the mean

intercept time.

e Investigate the modification of the receiver schedule in an adaptive manner during
receiver operation. If a periodic emitter is intercepted while a receiver is scanning,
the next (and subsequent) transmissions can easily be calculated. Is it possible
to reduce the duration of the receiver in that emitters frequency band? If it is
possible, how much should it be changed? This will change the receiver schedule

period, so what would be the impact on the maximum intercept time?



Appendix A

Emitter Data

Table A.1 SESB Emitter Data

No. F PRI Tscan >\scan

1 | 2.00 GHz | 2.386330 ms | 8.40 s | 0.0030429

Table A.2 SEMB Emitter Data

Z
o

F P RI Tscan A scan

2.10 GHz | 2.386330 ms | 8.40 s | 0.0030429

3.90 GHz | 2.386330 ms | 8.40 s | 0.0030429

5.70 GHz | 2.386330 ms | 8.40 s | 0.0030429

7.50 GHz | 2.386330 ms | 8.40 s | 0.0030429

9.30 GHz | 2.386330 ms | 8.40 s | 0.0030429

11.10 GHz | 2.386330 ms | 8.40 s | 0.0030429

12.90 GHz | 2.386330 ms | 8.40 s | 0.0030429

14.70 GHz | 2.386330 ms | 8.40 s | 0.0030429

O 00| I O] O W=t QO DN =

16.50 GHz | 2.386330 ms | 8.40 s | 0.0030429

—_
<o

18.30 GHz | 2.386330 ms | 8.40 s | 0.0030429
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Table A.3 MESB Emitter Data

=z
o

F

PRI

TS can

i )\scan

8.00 GHz

5.418742 ms

6.75 s

0.0881341

8.00 GHz

5.514937 ms

3.99s

0.0259806

8.00 GHz

4.496685 ms

250 s

0.0181639

8.00 GHz

2.236380 ms

4.29 s

0.0664828

8.00 GHz

3.370742 ms

1.71s

0.0988452

8.00 GHz

3.178684 ms

6.67 s

0.0340612

8.00 GHz

2.348989 ms

7.38 s

0.0762761

8.00 GHz

4.090211 ms

3.30s

0.0386020

OO I | O =t WD —

8.00 GHz

4.259552 ms

6.07 s

0.0572150

—
)

8.00 GHz

1.648567 ms

7.63 s

0.0059766

Table A.4: MEMB100 Emitter Data

Z
e

F

PRI

TS can

>\S can

13.16 GHz

1.797600 ms

9.7l s

0.0273970

12.96 GHz

3.126869 ms

8.60 s

0.0259943

13.86 GHz

5.156397 ms

3.51s

0.0867866

5.22 GHz

1.780437 ms

8.58 s

0.0789118

24.80 GHz

2.838795 ms

994 s

0.0620121

23.82 GHz

2.044534 ms

11.73 s

0.0296313

7.51 GHz

3.120441 ms

4.36 s

0.0622921

19.58 GHz

4.510228 ms

6.26 s

0.0597872

QIO | |OUT bW N~

7.08 GHz

3.078491 ms

5.71 s

0.0718073

—_
o)

16.15 GHz

1.872294 ms

5.22 s

0.0932047

—_
—_

9.08 GHz

4.653633 ms

10.63 s

0.0048320

—_
[\V)

15.67 GHz

4.377531 ms

5.08 s

0.0946003

p—
w

18.38 GHz

2.960216 ms

9.32 s

0.0270812

—_
=

5.88 GHz

2.589813 ms

6.93 s

0.0497300

—
(8]

7.65 GHz

2.335764 ms

1121 s

0.0874644

—_
D

5.77 GHz

5.034410 ms

6.43 s

0.0395221

—
-~J

1.33 GHz

1.691551 ms

2.22s

0.0875999

Continued on next page
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No. F PRI Tscan Ascan

18 | 16.80 GHz | 4.661460 ms | 7.52 s | 0.0935375
19 | 20.89 GHz | 2.846186 ms | 5.75 s | 0.0558757
20 | 14.44 GHz | 2.099700 ms | 8.75s | 0.0592432
21 | 5.08 GHz | 5481098 ms | 5.13 s | 0.0408765
22 | 11.96 GHz | 5.504966 ms | 8.94s | 0.0742614
23 | 19.25 GHz | 4.425113 ms | 3.98 s | 0.0614646
24 | 227 GHz | 3.771203 ms | 6.18 s | 0.0970295
25 | 21.15 GHz | 4.747527 ms | 11.46 s | 0.0761346
26 | 5.20 GHz | 2.982082 ms | 9.69s | 0.0175082
27 | 22.12 GHz | 5.143786 ms | 5.73 s | 0.0552682
28 | 22.44 GHz | 3.550831 ms | 5.64 s | 0.0613446
29 | 20.48 GHz | 3.988689 ms | 9.57 s | 0.0695291
30 | 3.90 GHz | 4.307371 ms | 10.57 s | 0.0789917
31 | 4.67 GHz | 3.283458 ms | 5.42s | 0.0970469
32 | 24.64 GHz | 3.534349 ms | 6.91 s | 0.0359500
33 | 14.39 GHz | 1.639482 ms | 4.82's | 0.0890089
34 | 12.84 GHz | 4.110638 ms | 11.09 s | 0.0837311
35 | 6.17 GHz | 4.339509 ms | 6.43 s | 0.0578648
36 |20.98 GHz | 1.952186 ms | 8.61 s | 0.0702946
37 | 15.18 GHz | 2.598196 ms | 8.40s | 0.0771879
38 | 19.34 GHz | 1.819293 ms | 11.00 s | 0.0995365
39 | 2448 GHz | 2.813104 ms | 8.01 s | 0.0130569
40 | 23.27 GHz | 2.172387 ms | 1.77 s | 0.0148782
41 | 244 GHz | 2.483675 ms | 7.41 s | 0.0558603
42 | 7.87 GHz | 5.062557 ms | 7.64s | 0.0176172
43 | 22.41 GHz | 1.456599 ms | 5.46 s | 0.0381740
44 | 13.24 GHz | 2.716863 ms | 4.85s | 0.0871736
45 | 9.31 GHz | 3.301557 ms | 7.33 s | 0.0458288
46 | 4.19 GHz | 2.585145 ms | 5.95s | 0.0972846
47 | 24.16 GHz | 3.358922 ms | 2.52s | 0.0706584

Continued on next page
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No. F PRI Tscan Ascan

43 | 14.11 GHz | 3.019498 ms | 1.93 s | 0.0885051
49 | 947 GHz | 4.738354 ms | 2.03 s | 0.0494276
50 | 20.40 GHz | 4.042357 ms | 6.80s | 0.0072973
51 | 7.64 GHz | 1.402148 ms | 3.44 s | 0.0839391
52 | 1.50 GHz | 3.667153 ms | 10.29 s | 0.0058277
53 | 9.07 GHz | 3.926444 ms | 10.62 s | 0.0237746
54 | 3.25 GHz | 3.975251 ms | 5.45s | 0.0957959
55 | 21.53 GHz | 3.157808 ms | 10.87 s | 0.0854505
56 | 16.91 GHz | 4.300434 ms | 8.89 s | 0.0396295
57 | 418 GHz | 2.315539 ms | 2.94s | 0.0276751
58 | 16.79 GHz | 2.629983 ms | 2.53 s | 0.0763788
59 | 9.51 GHz | 5.468325 ms | 8.63 s | 0.0636587
60 | 11.07 GHz | 2.996473 ms | 8.71 s | 0.0261936
61 | 20.64 GHz | 1.527296 ms | 5.07s | 0.0125489
62 | 15.21 GHz | 4.208155 ms | 8.93 s | 0.0648965
63 | 17.85 GHz | 4.564396 ms | 11.73 s | 0.0114942
64 | 21.26 GHz | 3.538085 ms | 1.10 s | 0.0383053
65 | 19.64 GHz | 5.593650 ms | 3.09 s | 0.0558030
66 | 6.49 GHz | 1.718818 ms | 9.80s | 0.0550373
67 | 8.20 GHz | 4.499719 ms | 9.08 s | 0.0697027
68 | 14.04 GHz | 2.975929 ms | 2.26 s | 0.0936222
69 | 4.26 GHz | 3.223620 ms | 11.87 s | 0.0690171
70 | 15.52 GHz | 2.659275 ms | 7.86 s | 0.0753095
71 | 19.02 GHz | 3.454866 ms | 8.16 s | 0.0157066
72 | 11.09 GHz | 2.045102 ms | 2.84 s | 0.0737503
73 | 14.98 GHz | 4.039454 ms | 1.16 s | 0.0904640
74 | 19.64 GHz | 4.813706 ms | 1.20s | 0.0708769
75 | 23.80 GHz | 1.592706 ms | 5.16 s | 0.0419684
76 | 8.23 GHz | 5.063407 ms | 4.68 s | 0.0516153
77 | 12.93 GHz | 1.763654 ms | 1.29s | 0.0137612

Continued on next page
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No.

F

PRI

TSC(l'f'L

>\8 can

78

11.68 GHz

2.540545 ms

3.19s

0.0708869

79

4.13 GHz

4.517547 ms

11.39 s

0.0501202

30

19.16 GHz

1.799629 ms

5.79 s

0.0501169

81

23.92 GHz

3.417226 ms

6.19 s

0.0124753

82

3.44 GHz

2.187102 ms

10.39 s

0.0183930

83

3.56 GHz

5.085828 ms

3.78 s

0.0934025

84

14.68 GHz

2.499293 ms

5.27s

0.0823717

85

20.09 GHz

4.072721 ms

1101 s

0.0047722

86

23.37 GHz

4.759986 ms

11.75 s

0.0088655

87

8.75 GHz

1.705648 ms

1.17 s

0.0149028

88

12.55 GHz

4.476332 ms

7.76 s

0.0902846

89

8.36 GHz

1.503575 ms

9.81 s

0.0018892

90

17.03 GHz

5.049121 ms

221s

0.0274648

91.

20.52 GHz

2.084643 ms

11.46 s

0.0483679

92

11.65 GHz

5.118360 ms

8.65 s

0.0447024

93

22.85 GHz

2.210459 ms

9.85 s

0.0022543

94

21.79 GHz

2.347294 ms

11.02 s

0.0543277

95

13.22 GHz

3.405658 ms

9.33 s

0.0081385

96

11.75 GHz

3.737724 ms

10.65 s

0.0313668

97

8.24 GHz

1.909030 ms

4.40 s

0.0044015

98

18.71 GHz

2.884612 ms

11.01 s

0.0707788

99

18.24 GHz

2.353691 ms

3.88 s

0.0464478

100

24.28 GHz

1.757232 ms

544 s

0.0131914
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