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Fig. 3. Sample run planar trajectories. Target performs a 10 [g] maximum
acceleration maneuver to one side (no blinding).

the target. After the leading missile passes the target, the
simulation continues to run to evaluate the performance of
the second missile. In all simulations, perfect information is
considered for the target.

B. Perfect Information Sample Run Examples

Before turning to a statistical MC evaluation, first we pre-
sent two sample run examples. For both examples, the missiles
are guided towards the target having perfect information, i.e.,
without an estimator in the loop. The first missile employs a
PN guidance law with N, = 4 whereas the second missile
uses OGL with ¢ = 0. The initial flight path angle of the
target is ;0 = O [deg] and the missiles are on a perfect
collision triangle with the target. We consider 10 [g] maximum
maneuverability limit for the target.

The first example considers the target performing a maxi-
mum acceleration maneuver to one side throughout the entire
duration of the engagement, i.e., without blinding the missiles.
This scenario corresponds to the limit case of the proposed
blinding-evasion guidance (52) with At, being set to tf, thus
t/ = 0, meaning pure evasion only. The obtained trajectories
for this scenario are shown in Fig. 3 with corresponding
acceleration profiles depicted in Fig. 4. The second example
considers the target employing the proposed blinding-evasion
guidance strategy with the switch parameter At, being set to
0.5 [sec]. Figure 5 shows the resulting trajectories, while Fig. 6
depicts the corresponding acceleration profile.

As expected, perfect information guidance leads to very
small miss distances in both examples. However, when the
blinding guidance approach is not active, the trajectories of
the missiles are separated from each other most of the time,
see Fig. 3. This in turn, and as will be shown in the next
subsection, allows the missiles to make use of the triangular
structure by exploiting the missiles’ LOS angle measurements
from different look angles. On the other hand, when the
blinding guidance law of the target is active, the trajectories
of the missiles are shaped such that the LOS separation angle

Fig. 4. Acceleration profiles of the missiles and the target. Target performs
a 10 [g] maximum acceleration maneuver to one side (no blinding).

Fig. 5. Sample run planar trajectories. Target employs the proposed blinding-
evasion guidance strategy with Ats = 0.5 [sec].

becomes close to zero within a relatively short time, despite
limited maneuver capability of the target, see Fig. 5 and 6.

C. Pure Estimation Performance Evaluation

To evaluate the missiles’ estimation performance without
interfering with their guidance, again perfect information is
considered to guide the missiles. The engagement geometry
and missiles’ guidance parameters are the same as in the
previous subsection. Four different values of the target’s switch
parameter At, are considered. For each At, € {tf, 1, 0.5, 0},
a set of 500 MC runs is performed.

Figure 7 presents the obtained results for the estimator
associated with the first missile’ in terms of the actual standard

SResults for the estimator associated with the second missile are omitted
as the obtained results are very similar to those in Fig. 7. This comes as a
consequence of both missiles processing the same measurement sequences.
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Fig. 6. Acceleration profiles of the missiles and the target. Target employs
the proposed blinding-evasion guidance strategy with At = 0.5 [sec].
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Fig. 7. Estimation performance of the first missile. Standard deviation of the
state estimation errors evaluated based on 500 Monte Carlo runs.

deviations of estimation errors (l-sigma values). The sym-
bol ~ over the respective variables indicates the error between
the true and estimated value. In addition to the five estimated
states (p1, A1, V4 at, and V;), we also depict the accuracy of
the time-to-go approximation.

In line with the discussion in Section [[II-D} it can be
observed from Fig. [7] that the estimation accuracy of some
variables deteriorates as At becomes smaller (meaning longer
blinding), especially that of the range, speed, and time-to-go.
Note that At = O corresponds to another limiting case of
(32), when only blinding is performed. In this case, all the
estimated variables diverge near the end of the engagement.
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Fig. 8. CDF of the missile team miss distance for different values of Atg
and u¢ = 10 [g].

D. Miss Distance Evaluation

Here, we analyze the intertwined guidance-estimation per-
formance of the missiles for different values of At, and u;
and when the missiles are guided towards the target using
estimated states from the filters. For each value of At, and 4,
a set of 500 MC simulations is run. For a given MC realization,
the missile team homing performance is characterized by
the smallest of the miss distances of both missiles. The
guidance law and guidance parameter of each missile are
distributed uniformly. The guidance parameters are restricted
to N’ € {3,4,5} for PN and APN; and ¢ € {1073,1075,0}
for OGL. The missiles’ initial flight path angles, ;,9, are
chosen such that the missiles’ velocity vectors point towards
the initial target location

Yio = sin ! (Visin (10 + Aio) /Vi) + Aios 4 € {1,2}

with a 10% uniformly distributed heading error. The initial
flight path angles of the target, 7.0, are drawn from a uniform
distribution on the interval (—15,15) [deg].

Figure [§] shows the empirical cumulative distribution
function (CDF) of the missile team homing performance for
Aty = {tf,2,1,0.5, 0} [sec] and @; = 10 [g]. It can be
observed from this figure that the best choice of the target’s
switching parameter Atg is 0.5 [sec]. For larger values of
Atg, the homing accuracy of the missiles improves as a
consequence of improved estimation performance. On the
other hand, albeit the missiles are blinded throughout the
engagement, i.e., Aty = 0 [sec], the homing accuracy of
the missiles slightly improves compared to the case when
Aty = 0.5 [sec]. This is expected as the target does not
perform any evasion maneuver.

The homing performance of the missile team for different
values of @; € G; [g] and At € (0, 2.5) [sec] is depicted in
Fig. P] The shades of this contour plot represent the missile
team miss corresponding to the best 95% of the runs, i.e., the
CDF’s quantile function evaluated at 0.95 (CDFs’ cross point
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Fig. 9. Missile team miss distance (in [m]) of 95% of the runs for different
values of the switch parameter Ats; and maximum maneuverability limit @;.

values with the dotted horizontal line in Fig. [8). This quantity
is also known as the “warhead lethality range” ensuring a 95%
kill probability for the missile team. Figure. [§] suggests, that for
a given maximum maneuverability limit of the target u;, there
exists an optimal value of the target’s switching parameter At
for which the missiles’ homing accuracy is the worst, i.e., a
value of At which leads to the highest survival probability
of the target.

VI. CONCLUSIONS

A novel blinding-evasion guidance concept has been pro-
posed for an aerial target to defend against a team of two
homing missiles. The missiles are assumed to share their
respective LOS angle measurements of the target. Provided
sufficient separation between the two LOS vectors, the missiles
can benefit from improved estimation accuracy of the target.
Under mild requirements on the target’s control authority, the
proposed blinding guidance enables the target to force the two
LOS vectors to coincide with each other, hence essentially
“blinding” the two missiles. Subsequently, an appropriately
timed evasion maneuver helps the target to increase its survi-
vability likelihood from the blinded homing missiles.

Results from a Monte Carlo simulation campaign suggest
that, for a given level of target maneuverability limit, there
exists an optimal timing for the switch from the blinding-only
to the evasion-only strategy. For the considered parameters in
this study, the optimal switching time for a target limitation
of 5 [g] and for a target limitation of 20 [g] resulted to be
about 0.5 second and about 0.7 second ahead of the predicted
impact of the leading missile, respectively. The demonstrated
capability of the proposed blinding-evasion guidance concept
against two highly maneuverable homing missiles can, for a
carefully selected switching time, considerably improve the
target’s survivability.

The limitations of the present work include the following.
The employed linear guidance laws of the missiles are as-

10

sumed to be perfectly known to the target; observability-
enhancing guidance laws are not considered as possible ma-
neuver strategies for the missiles; and the homing missiles rely
solely on the triangulation technique to enhance observability.

APPENDIX A
CLASSICAL MISSILE GUIDANCE LAWS

The classical guidance laws of PN, APN, and OGL are

normally expressed using the kinematic variables as [21]]

u; = . Zi’j

P ) cos(yi — )
where N ; is the effective navigation gain, Z; ; is the missile’s

zero-effort-miss (ZEM) distance, and t{° is computed by

t?o = _pi/Vpi7 Vpi < 0.

Note that, in some cases, a more accurate time-to-go estima-
tion might be needed such as the one reported in [26], [27].

The expression for the ZEM distance is different for each
guidance law, i.e.,

j € {PN, APN, OGL}

Zipn = —Vyidi(t1%)?
Ziapn = Zipn + 5(t°)%as cos(ve + i)
Ziocr = Ziapn — TE0(0:)asi cos(yi — \;)

where ); and V,,; are given by (T) and (@), respectively, 7; is
the time constant of the ith missile, and (6;) is a function
of the normalized time-to-go 6; = t°/7; given by

¥(6;) = exp(—6;) +6; — 1.

The navigation gains of PN and APN are constant, whereas
that of the OGL is time-varying and given by

! 691'2 ¢(91)

Ni,OGL: T ap2 3 _9,-20; _ o—0; 3
3 +66; — 607 + 207 — 3e=20 — 120;e=Y% + 6¢/7;

where ¢ represents the ratio between the weights on the control
effort and the miss distance in the quadratic cost function used
in the OGL formulation [28]].

Assuming small deviations from the collision triangles, we
have that

—Vyi (tigo)z}\i ~ &+ éitf0~
Using this expression in the definitions of the above ZEM
distances, the guidance laws of PN, APN, and OGL can be
easily fitted into the linear form of (@3) as follows:
1) PN-Guided Missile:
Kzl :Ni/,PN/(tgo)27 Kz‘Q = il,PN/t?o
K"=0, K!=0 K!=0.
2) APN-Guided Missile:
Kzl = Nil,APN/(tgo)2a
Kzt = ktiNi/,APNCt/2’
3) OGL-Guided Missile:
Ki =N/ oar/(t!°)?, K =N oar/t{’
K" = —kiN] o ¥(0:)Ci /07, K| =ki,N] 561,Ct/2
K} = ktiNf,OGLDt/2.

K2

K? =N/ pn/t°, K["=0
K = ktiN'/,APNDt/Q'

K3
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APPENDIX B

PARTICULAR MATRICES OF THE MATRIX EQUATION @)
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