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Abstract—The integration of directed energy weapons (DEWS) into modern military platforms is of
considerable interest to those examining the impact of emerging technology on the future fighting force.
Hence the performance prediction of DEWs is of importance. The purpose of this study is to develop
a simple framework where the minimum number of DEWSs deployed in an operational setting can be
determined, to achieve a desired level of performance.

1. INTRODUCTION

Directed energy weapons (DEWs) have been identified as an emerging technology which has the potential
for specialised applications for the future fighting force [1,2]. The two such weapons of considerable
interest are high energy lasers (HELs) and high power radio frequency (HPRF) DEWs. HEL DEWs
apply a narrowly focused beam of energy, with wavelength smaller than 1075 metres, to defeat threats
through a thermal effect [3,4] while HPRF DEWs direct a pulsed beam of microwave energy towards
a target, such that surface currents are induced on it to produce system coupling and consequent
disruption [5,6]. A major military application of these DEWSs is to defeating airborne threats from
a ground based platform [7,8]. Such threats of interest include missiles and uncrewed aerial vehicles
(UAVs), and the latter application of DEWSs has received much attention [10-12]. This is because UAVs
can be used by ground-based forces to conduct intelligence gathering exercises, and can also be used in
swarms to cause potential disruptions [9].

Given the utility of DEWSs for defeating airborne threats there has been much interest in the
performance prediction of DEWSs, and in particular, the case where a degree of collaboration between
defensive platforms is utilised. Recent work at Defence Science and Technology Group (DSTG) has not
only examined the performance analysis of single DEW effectors [13], but has explored their application
to active protection systems (APS). An APS permits a series of armoured fighting vehicles (AFVs) to
be equipped with an automatic threat detection and defeat system [14,15]. Studies at DSTG have
investigated the concept of collaboration between AFVs equipped with APS which utilise DEWs [16—-
19]. The framework in which collaboration for APS has been studied at DSTG has been to assume
that a fleet of AFVs consist of a subset of vehicles with a target detection, classification and tracking
capability, while a second subset contains DEW capabilities. These two subsets of vehicles are not
necessarily disjoint, and the operating protocol is that when the AFV team identifies a suitable target
it schedules the most suitable DEW-enabled vehicle to eliminate the threat.

Hence the analysis undertaken at DSTG has not examined the application of multiple DEWs to
defeat a single threat. Consequently, this study will introduce a basic methodology in which this can
be investigated. Of more importance is the fact that this framework will permit the examination of the
question of what is the minimum number of DEWSs required to ensure a guaranteed minimum likelihood
of threat defeat within an operational setting. This will also allow one to determine the specifications
of DEWs within an AFV combat team, to ensure that threats of interest can be defeated successfully
with a sufficiently large probability.
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2. NUMBER OF NECESSARY EFFECTORS

The purpose of this section is to derive an expression for the probability of disruption of a target when an
arbitrary number of DEWs are focused on it. Towards this objective some assumptions will be imposed
and justified. In addition to this, a useful expression will be derived to permit the determination of the
number of DEW effectors to guarantee a minimum probability of disruption of the target. Throughout
the following attention will be restricted to HEL DEWSs, and thus DEW will be used for brevity.

Suppose that there are a series of N DEWSs deployed on AFVs within the theatre of operations,
and that they are focused on a single threat. A DEW’s peak power density can be used to measure the
applied power incident on the target [19]. It is assumed that these DEWs strike the target’s surface
area in different positions, and that the target has a vulnerability threshold ¢/, such that if any of the
resultant power densities of the DEWSs on the target exceed this threshold then the target has been
disabled. Hence one can consider the target defeated if at least one DEW’s resultant power density
exceeds the surface area vulnerability threshold [19].

The assumption concerning the difference of the point of impact of the series of DEWs on the
target facilitates the mathematical model, and eliminates the need to consider the complex interaction
of DEW beams on the target.

Suppose that DEW j has a peak power density I;(t) on the target at time ¢. Its units are in Watts
per metre square (as for the threshold U). Hence if ¢;(t) is the probability that DEW j defeats the
target by time ¢ then ¢;(t) = P(I;(t) > U). It is also assumed that the DEWs illuminate the target
independently, which is an assumption consistent with the surface strike point assumption adopted
previously. Then the probability of the target being defeated is exactly the probability that at least one
of the DEWSs has a power density on the target that exceeds the threshold U. Consequently,

IP(Target disrupted by time ¢)
= IP(At least one DEW’s power density on target exceeds U by timet)
= 1 — IP(None of the DEW’s power densities on target exceeds U by timet)
N

N
= 1-[[PU0 <uy =1 ] - ¢;0), (1)
j=1

j=1

where the second last equality in (1) follows by the independence assumption. Therefore (1) enables
one to calculate the probability of target disruption when a series of DEWs are applying energy to it.
If relevant DEW performance characteristics are introduced then one can evaluate (1) in practice.

Rather than examine (1) it is instead of significant military utility to examine the following question.
Suppose that in a given operational setting one is interested in determining the minimum number of
DEWs to be deployed so that a guaranteed minimum likelihood of target defeat is assured. To put this
into a tangible context, one may be interested in the minimum number of AFVs, each equipped with
a DEW, to be assured that a threat of a particular type will be eliminated with a given likelihood of
defeat. This question can be investigated in a mathematical setting by examining what is the minimum
N in (1) such that the final probability in the latter is at least a fixed level € € (0, 1) uniformly over
time ¢.

Examining (1) the requirement above can be specified by searching for the smallest N such that

N

1-JJa-e;0)) >« (2)

j=1

Through a rearrangement of (2), and by noting that the logarithm function is increasing and that when
an inequality is normalised by a negative number the inequality direction is reversed, one arrives at

N

log(1 — ¢;(t))
jz::l log(1 —¢) =1 (3)
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Consequently, based upon (3), it is required to determine the solution to

N

min ZMZI ) (4)

N log(1 —¢)

Given a series of DEW parameters and an appropriate power density function it is then possible to
determine ¢;(t) and produce plots of (3), and then search for the smallest NV so that (3) exceeds unity
over all permissible values of ¢. In addition this can be done to investigate the appropriate DEW power
level required to achieve the desired probability of defeat. The next section will illustrate this through
specific examples.

3. CASE STUDIES

To illustrate how (4) can provide insights into the tradeoff between the number of deployed DEW
effectors and the maintenance of a desired level of performance, this section considers particular
examples. A simple physical scene is assumed for the combat space to simplify the numerical analysis.
The threat is assumed to be such that a series of platforms with DEWSs are on an intercept course for it.
Relative to this threat it is thus assumed that each platform moves toward it with a fixed velocity, and
that it will reach the threat after a given time. Although the effectors are on platforms on an intercept
course toward the target, it is assumed that their DEW beams will not cause collateral damage to team
members. Hence for modelling simplicity the threat is assumed stationary and on the same horizontal
plane as the platforms deploying the DEWs.

Suppose that DEW effector j € {1,2,...,N} travels on its platform at v; metres per second
and that it would take T} seconds to reach the target. Hence the distance to the target at time ¢ is
R;(t) = max{0,v;(T;—t)}. The DEWs are assumed to operate in the same setting as applied in [13, 19],
whose models for propagation have been based upon that in [20]. The key operational parameters are
that all DEWs operate at a wavelength of A = 1.045 x 10~% metres, with a power level P; Watts and
duty cycle Cj. The DEW dwell time on the target is modelled by a truncated exponential distribution
with parameter u, seconds and that the target has an average illumination area parameter u, square
metres. As in [13] it will be assumed that pu, = 1/3 seconds and p, = ((1.045%)/9) x 10~8u,., where
is the radar cross section (RCS) of the target in square metres.

Based upon [13], the probability of DEW disruption of the target can be shown to be

u I/JZ-(Tj—t)(T]-—H—s)

t
¢i(t) = 7 _NQ_W/O e Hrse MTRRIC . ds. (5)

where k£ = 1.8330 x 1075,

In the examples to follow it will be assumed that C; = 1 for all j (full duty cycle), p, = 10 (target
has small RCS, such as a UAV), v; = 20 (slowly moving DEW platforms) and 7; = 120. The interest
will be in the impact on N as Pj, U and € are varied. The power level of each DEW will be considered
equal (so that P; = P for all j), so that the analysis is investigating the situation where each military
asset has an equivalent DEW. In each example the cases where N € {1,2,...,8} are only shown for
brevity.

For the first case suppose that ¢ = 0.8 and &/ = 1. The two plots in Figure 1 graph (3) for two
different power levels, and for N varying from one to eight. The left subplot is for the case where
P; = 103 for all j, and the right subplot corresponds to P; = 10 for all j. Also included in these plots
is a horizontal line at unity for reference. The left plot demonstrates that for a power level of 103 Watts
there will not be a sufficient number of effectors to achieve the disruption probability of € = 0.8, unless
the number of effectors is significantly larger than eight. However, the right subplot, which is for the
case where each effector has power level of 10% Watts, shows that a minimum of three will achieve
the desired minimum disruption probability. Further increasing the power level of DEWs causes this
minimum number to reduce.

The next set of examples can be found in Figure 2. Here the same minimum disruption probability
is maintained but the vulnerability threshold has been increased to U = 10. The left subplot is for a
power level of 103 Watts for each effector. As can be observed it would require significantly more than
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Figure 1. Two illustrations of (3), plotted as a function of ¢, to enable determination of (4), with
different DEW parameterisations and threshold characteristics.
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Figure 2. Another set of illustrations of (3), plotted as a function of ¢, to enable determination of (4).

eight effectors to guarantee the desired probability of disruption. However, when the power level is
increased to 10% Watts, a minimum of one effector will be sufficient, which is demonstrated in the right
subplot.

The final case study can be observed in Figure 3, and the left subplot supposes that &/ = 100,
corresponding to a target with a large disruption threshold. In this situation the minimum probability
of disruption has been set to € = 0.95, and the power level of each DEW has been set to 106 Watts. The
figure shows that a minimum of six effectors are sufficient in this situation. If the power is reduced it
was found that the number of effectors must exceed eight, while if the power is increased, the minimum
N reduces as expected.

The right subplot in Figure 3 increases the target disruption threshold to &4 = 10,000, while
maintaining € = 0.95. This is the situation where the target is sufficiently shielded against thermal
effects. The power level of each DEW was increased to 10% Watts to achieve the results in this figure.
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Figure 3. Two further examples of (3) to determine the minimum N in (4).

Based upon it one can conclude that a minimum of two effectors will be sufficient to guarantee the desired
performance under the assumed conditions. If the power is reduced then it will require significantly
more than eight DEW effectors to achieve the desired performance.

4. CONCLUSIONS

The main purpose of this study was to provide a quantification of the probability of disruption of a
single threat when a series of DEWSs are applying energy to it. Based upon this it was then possible to
introduce a methodology to determine the minimum number of DEWSs required to ensure a minimum
likelihood of target disruption. The case studies demonstrated that for low to moderate disruption
thresholds (4 < 10) a uniform power level of 106 Watts would imply only a few platforms would require
DEWSs, while if the power level was reduced below this setting it would result in requiring a large number
of DEWs. This situation was also observed when the disruption threshold was increased to beyond 100,
and the key observation was that the DEW power level would have to increase beyond 10® Watts to
result in the choice of N = 2 being sufficient to ensure a disruption probability of at least 0.95.

Hence if an AFV team is to be assured of being able to defeat a specific type of target then the
approach in this letter can provide rules of thumb in terms of the necessary DEW power levels and the
number of platforms with such DEWSs to ensure a desired likelihood of threat defeat.
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