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This report details the work performed by Systems Control Technology, Inc.
(SCT) for Task 1 of contract N00039-80-C-0509. This contract is for the
DARPA/NAVELEX Surgical Countermeasures (SCM) program which is directed toward
aﬁplying observable and qoncfol techniques to improve ECM performance.

Tagk 1 of the contract concarns the analysis of the miluild threat problem
as it impacts the SCM progriﬁ. ' ‘
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1. INTRODUCTION

The closed-loop FCM effort has been primarily concerned, up to this point,
with inducing a predetermined angular error into the tracking radar of a
threatening oncoming missile. This goal is only an intermediate one and
has a very limited practical value since it does not directly tranalate
(in a straight-forward manner) to the final "system goal",

The system goal of an EUM carrying target in the caze of an attacking
missile is to_cause that missile co miss by the largest distance possibla,
Miss distanca is therefore the ultimate rriterion for an ECM system
operating against surface-to-air missiles, cruise missiles or even radar
controlled artillery. Adopting this overall performanceo approach anables
one to evaluate any suggested ECM method in the context of a particular
target and environment. Moreover, given the scenario, one can synthesize
the ECM in a way that will maximize the miss distancas.

One of the most important constituents of tha scenario is the type of ECM
carrying target to be protected. The two main targets of concern are
ships and aircraft, and the corrssponding ECM methods and analysis seen

to be antirely different. The case of a high-altituds aircraft is clearly
three~dimensional (3-D) while the case of a ship is, in meny cases, 2=D
only. More important, an aircraft can be thought of as a point carget and

the miss distance can be simply measured from its center, whereas the
dafinition of a misa distance for a ship is not so obvious. Because of
these and other sssantial diffarences, we intend to deal with sach target
case saparately, and to concentrats in the present work on the aircraft
target case only,
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3 List of Notations

R(t) instantansous target/missile range.

Ry - initial target/missile range.
l t = time from the Snginning of the intaerception.

t - time of disturbance application from the beginning of the

' interception.
" l T = time~to=go to collision.
o 5T
-
l T -~ normalized time-to-go- Wyt
' N l Tf = total interception tinme,
v l rm ~ period of memory homing after breaking track.
o 4
e ] « Laplace transform variable. !
K‘ I". ' )
H - ' v, - target velocity, k
b v, - missile velocity, 1}
0 i
y \i A -~ relative target/missile closing velocity. '
b t ]
."_‘ d l A - aspect angle: angle betwean V_  and the LOS; also amplitude g
g of the circular disturbance.
t
- l
l L - lead angle: angle betwean Va and the LUS. !
= !
l v ~ track crossing sngle; aleo absolute phase of the circular ECM |
y: disturbancae. ?
"( l Kl ~ heading launch arror or absoluta angle of Vo, in spaca. \
U I l i
"_ \‘1-
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= the maximum bounded m

- the LOS angle in space; also normalized s , s8/w,.

-~ general 1 - D discurbance angle.

- pitch or yaw components of the 2-D LOS disturbance angle,
- upper bound on the controlling AD .

= sesker's errnr.

~ seeker's gimbal angle.

- missile's pitch angle with respect to space.

- target displacemant perpsndicular to the LOS.

- a unit step input of disturbance in Yc .

~ an impules disturbance of Y: applied ut ty in the forward
systen,

- an impulse applied to tha adjoint system to initiate the
run backwards from the collieion time T = Q0 ,

- missile displacament parpendicular to the LOS.

-~ rolative target/missile displacement.

- proportional navigation constant,

- miss distance in general.

- the circular-orbit overall (2-D) miss for a ona rad distur-

bance amplitude,
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n(T)
n(T) /_17:

m{t) /(™)

Wie) or W(T)

and W(as)

H(T)

Tl' '1'2

swl, awd

8w2

tha vaw and pitch components of m,

the 1-D optimal-control miss for a +.1 rad disturbance.
the bounded 1~D optimal«control mias.

the function relating the miss with the time-to-go,

n(T) raesulting from a Y: step,

same as above for a general typa oi_;f,nurbunca.

the impulse-response (same in the forward or the adjoint systems)
and the Laplace~transform of tha time-invariant function repre-
santing the antenna, AP, and aerodynamics of the miasila.

the adjoint system feedback quantity.

the seekar's open-loop transfer=function,
time constants of the ssesker,

opan~loop saeeker's gain.

time-constant of the memory circuit.
time=constant of the AP.

frequency and phase (with respact to collision) of the circular
ECM disturbanca.

switches which are open only uring the memory psriod T
before collision e

invarse of swl.
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L
1
‘ as - acceleration command
|
. 8oy = filtered acceleration command
: | l AP ~ Autd=Pilot
‘\ 1 BT - Break-Track
1 108 = Line-of-Sight batwean the missile and the tirace
" ;I MD = Miss-Distance
: l 1c - Initial Condition
Bq. (%)

‘_. 3

or (%,#) « indicates an aquation number

oc = Optimal Control

- co = Circular Qrbit
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2. THE INTERCEPTION MODEL

The scenario to be analyzed here is that of an ECM equipped aircraft which’
tries to defeat a homing missile. The worst case for the aircraft is to
fly high (so that there is no hope of driving the missile into the ground)
and towards the missile's launching site (so that the available time for
evasion is the minimum). The missile carries an active or a passive radar

and the ECM effect shows up through an induced additive angular error.

The aircraft is assumed to have some prior knowledge and real time
observables regarding the missile. The effect of these on the ECM perfor-
mance will be discussed later, except for one assumption, regarding the.
missile's roll stabilization, that has to be made at the outset. The-
assumption to be made here is that the missile'’s pitch and yaw dynamics
are isolated through the employment of roll stabilization or an.effective
roll damﬁ}ng (a steady roll rate is acceptable). This assumption is
essential to the missile's designer himself in order to ensure good per-
formance so that there is no loss of generality from the ECM designer's
viewpoint.

The pitch/yaw separation assumption allows one to analyze a planmar (2-D)
instead of a 3-D problem. Figure 2.1 shows the planar geometry of homing in
either the Pitch or the Yaw planes; this geometry is often referred to as
"the collision triangle" because it describes the steady-state geometry
leading to collision. The target has a velocity Vt and the interceptor
has Vm‘ If the target does not accelerate, the initial range, Ro’ and
the angle L between the velocity vector, Vm, and the LOS determige the
proper course (lead angle L relative to LOS) and time of flight, Tf, to
collision for the interceptor. A 1is called the aspect angle and ¥ is
the track crossing angle. The law of sines determines the lead amgle and
the law of cosines determines the relative velocity and hence the flight

time Tf, thus ideally:
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At the beginning of interception the interceptor's velocity vector points
(in general) to the wrong direction. The dotted vector Va umakes an
angle Yy with the proper course, wvhere vy 1is refarred to s the heading
launch error (Vm also serves here as the reference diraction in space

and 1s assumed tg 1ie in the colliaion plane).

The commonly used next step to be taken for snalysis is to linearize thes
problem by applying small perturbations to the collision triangle parameters.
One is interestad in obtaining the incremental X (the angle of tha LOS in
space) due to increments of target and missile displacements Y: and Ym,
gctgondiculnr to the range vector. It is simple to raalize that one can
¢ircumvent this pfoccdurc by collapsing the collision triangle to whera

the small angls convention holds for L and A (the result for the general

case will bs given shortly). .This is virtually a head-on intarcept which can

ba described by Fig. 2.2, In this figure Yt' Ym and A are the pertur-
bations or their corrasponding absolute values (the same notation is used
for both), i.a4. (sae Fig. 2.1):

Yc - V: sin A t

Ym = Vm sin L ¢t (2.4)

R(t) = Ro - vc t

R(E) = RO - Vc *t

Fig. 2,2 The Linearized Interception Geometry
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The equation for the parturbation ) can then be simply written as

YUY . ‘
A= RG] 3 VRV + v, (2.5)
e 'f
Before proceeding any further, we intend to present (sée Fig. 2.4) a
typical block diagram [1] of the homing closed-loop. and to simplify

it in steps 80 as to elaborate on the above basic relationships and

delineate the way to proceed with the analysis. The 2-D block diagram

of Fig. 2.4 is based on the angular relationships shown in Fig. 2.3.

Line of sight
to target

BT mngle

Seeker center

line
< c-seeker Velocity
error vector
{_Los
angle 5 _Gimbal Missile
‘ h angle center line
’ Y-velocity vector angle
Arbitrar
~ el-pitch angle . ;efgrency?

Fig. 2.3 The Basic Angles Involved in the Homing Geometry "
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The relatlonship for the geeker etrror obtained from Fig. 2.3 by
inspaction ia:

€=A-8 -8 , (2.6)

where the four ang.es involved are defined in the figure itself. The

angle A in Fig. 2.4 is given by Eq. (2.3), where Y, and Ym can either
represent absolute or parturbation quantities. Thae reason why both view
points are interchangesable is that the quantities used for control, either
Bh (for pursuit navigation) or X (or proportional nav,) are independent
of the chosan raferance coordinate system. The seeker's control (which ;
comprises the blocks inside the left broken-line frame) is designed 3o ; §
that the error, € , represents A for frequencias within the relevant E
bandwidth. The 1l/s block represants the electrical (or hydraulic or :
pneumatic) motor which drives the antenna to the angle eh with respect to ]
the missile's body, The 8 block represents a rate-gyro which servas to
isolate the antenna direction in space from the missile's body maneuvers.

T T ha R T

.

Ry

The error € 3 A cerves in the implumantation of the proportional navi-
gation law, where one is interested in controlling the missile's acceleration
perpendicular to the LOS to be:

vt e e b S

o e

¥ = chX . 2.7

Vet et Dl
—

The commanded acceleration at the input to the Auto-Pilot (AP) must, in
general, ba 1/cosl larger since the AP can only exert acceleration
parpendicular to the velocity vector (can cause 7).

It turns out that the factor 1l/cosl (which is essentially a constant)

makes the only difference (in the diagram of Fig., 2.4) bstween the genaral
case shown in Fig., 2.1 and the head-on case ghown in Fig. 2,2. In order

to realiza (2.7) (assuming L = 0 for the rest of this work), N V. {

ig applied (along with a 3 ~ bias, {f in the vertical plane, to compensate
for gravity) to the AP which is essentially an acceleration feedback closed
loop. The AP output is a rudder angle, and the relevant gquantity for

homing is ?m which is related to the rudder angle through the aerodynamical
equationa. The homing loop ls finally closed by the missile diasplacement,
Ym' (perpendicular to the L0S) which is the result of the double geometrical

o S s e el ATuR it Sitm gt et e W T n i m L4 L E T
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At this point, it is noteworthy to indicate that in a 6 degrees of
freedom simulacion, two channels similar to Fig., 2.4 are used. The two
gsesker errors, &£ and ep y in azimuth and in elev.cion are derived by
transforming the 3~D vector (xt = Xp e Yo-Yo,oZ, - zm] through
the body/earth and seeker/body transformations (matrices), whare

|xt s Y: ' Zt] and Ixm , Ym
of the target and the missile respectively; notice that this double
tranasformation raplaces the 2-D geometry given by (2.6).

» 2 I are the absolute location vectors

Tha next step we make is to simplify thardiagrcm of Figure 2.4 to that of
Fig. 2.5, The block G in Fig. 2.5 represents the "Transfer-Function",

eh/i y which includes the 1/s, s, and the compensation block appearing
in the seeker part of Fig. 2.4, Notice that an ideal saeker space-
stabilization against a Bm input is assumad soc that em plays no further
role and does not show up in Fig., 2.5. Also, it ias important to indicate
that ¢ includes one integration so that the appfoximntiun ¢zl still
holds, Another impressive short-cut made in this simplification is to
reduce the whole AP and aerodynamics into a single fitst order pole.
Although this step appears to be somswhat simplistic at first glanca,

it is nevertheless reasonable to make since the function of a waell-
designed AP 1s to yield an almost constant closed=loop response in spite
of large plant (aarodynamice) variations. A practical way to estimate
the squivalent overall time-constant, TAP is to fit the Bode cur%n. of
a l-pole and the closed=loop AP responses.
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3. THE APPLICATION OF THE ADJOINT
METHOD TO THE MISS~DISTANCE CALCULATION

The Adjoint Method can be used to reduce the analysis of a terminal
value linsar cime~varying problem to a one-variable (miss-distance)
impulse-response problem which is (in our cabe) Laplace transformable
(2}, The mathod can ba explainad with the help of Fig. 3.1. Fig. 3.la
shows four typical graphs of the quantity Ay(:,tl) = Yt - Ym

(appeaaring in Fig. 2.5) as a function of time, ¢, where each graph
Tepresents the response to a target displacement step input, _JWT:' ,
(initially Y: " Ym = 0) applied at different timaes tl < Tf « All graphs
ats terminated at t = T! which is the common tims of collision. The
valua of Ay at that instant is defined as the miss distance, m, resulting
from a disturbance applied at tys i.a.,:

m e Ay(Tf,tl) .

Notice that, if the input step is applied a long time before collision, the
Homing loop succaads in decaying the resulting miss to a small value, m, .

On the other hand, if the target "jumped" at the last moment (just bafora
collision), it is obvious that the micsile has no time to make any correction;
thus the miss then equala the full input astep size (m5 =1) .

Fig. 3.1b summarizes tha miss-distance results of all poscible (infinite)
runs of the typs shown in Fig. 3.la in a single continucus graph. This
graph is the miss as a direct function of the net £light time, -, (from
the application of the disturbance at t = & to collision at t = Tf ).
Notice that & and TE are absolute times, counted from an arbitrary
instant t = 0 , while T is the time=-to=-gv to collision; thus, T may
take any positive value, The .r?: at tha denominator of m(t) aymbolizes
the fact that this is the miss distance resulting from a unit-step input

of Y:.
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The Adjoint Method enables one to obtain graphs of the type shown in

Rty

Fig. 3.1b in a single run,

2T e
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ay (4t )y m()LIT, ;
A A
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Figure 3.1 The Relationship Betwaen the Original (a) and the
Adjoint System (b) Rasponsas
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It involves the comstruction of an "adjoint svstem" according to a theory

and a set of rules which can be found in many works (such as (1, 2, 3] )

As an example, we will further simplify Fig, 2.5 by reducing the antenna,
AP and Aerodynamics into a single time invariant operator (having an
impulse rewponse W(t)) as shown in Fig. 3.2,

§Y, (taty) * g M=ay(tsT,) A y
t 1 " f ] VCN(t) m

V(Tgt) = R(t)
Tf . RO/Vc

Im

Figure 3,2 A Simplified lloming Loop Subjected to an Impulaw of
Turget Displacement, dy_, Applied uv t, (T,=t, Before
. t 1 ¢l
Colllsion)

In this figure the Homing loop is subjected to an impulse of target
displacement only (no other disturbances exist)., The adjoint system,
corresponding to the asbove, is shown in Fig. 3.3, where the miss,
m(t), 1is now a function of the "time~to-go", v = Ty = t, » and §(1)

r— emd s =ms Gug PAE DD B WE O B A aa

i), m(e) /Sy, « §(7)<H(t) m(t)/SA : H(t)
t o RALISY —
- c'
Flgure 3,3 he Adjoint Svstem Corresponding to the Homluw

-~ :

Loop Shown in Flgure 3.2,

e

is an impulse applied at T = 0 which drives the ayscem from the

-
—

P ! collision instant backwards. [t is seen from the Figure that

m(r)léyc u §(r) = H(™) . {3.1)

17
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and H(r) can be expressed through the convolution principle as

H(t) =

A jr

Z W(x) (S(T=x) = H(t=-%)] du . (3.2)

Ona can now Laplace transform both sides of (3.2) (since T is defined

in the range 0 + o« which i{s not the case for t in the original
system) and obtain:

"
- g;  W(l-H)

or

Iﬂ-

(L=H) = W(l=H) . (3.3)

[- N

The last result makes use of the following relationship regarding
the Laplace Transform,

#(reH(1)] » =dH(s)/ds .

Integrating in the s domain, we have:

fdgl-ﬂz s n(l-H) 'del *k

l=H
1-H = C exp (/Wds] = 2 %"—’1 . (3.4)
€

where the last relationship is obtained from (3.1).

The constant C can now be found using the fact that the miss distance
due to a step in target displacement (not an impulse), which occurred
just prior to collision, equals unity; thus:

m(o)/_f?: 2 1 = lim .fi:ﬂ . axp [SWds)

s+~ |8 s+ ™

‘. (3-5)
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Eqs. (3.1), (3.4) and (3.5) provide an analvtic solution for l-H (and
thus for the miss distance) in some ipecial cases of W, For exampla:

N l/’a)o
Wes "_7“—_‘.(' w°+]3‘ * ol = (' Q)°+l) ’ (3.6)
and the miss distance for a step of target acceleration (with N = 3)
ia
n(T) |. -jf'l [ xs ] - Tz exp (=T) (3.7)
L] [}
. 13()\-!-1)3 2woz

where T » Wyt and A = l/mo are used for normalization, The gain
of N=3 in W of (3.6) can be idantified as the proportional
navigation constant (appearing in Fig., 2.5) and is the minimum value
which will yield a converging mius distance for an accelerating target
as is obvinus rvom (3.7),

It is important to realize that an analytic result can always be
obtained for any W(t) in the system of Fig, 1.2 by formally solving
(3.4), The genaral solution is, however, extremaly unmanageable

sxcapt for some few specific cases such as that of (3.6). In other
words, running a digital simulation of the Adjoint System is far
simpler than numerically evaluating the result of (3.4) in the genaral
case. Once adopting this approach, there is no limit on the complaxity
of the homing loop, as long as it can be considered a linear, time-
varying systen,




4. ECM APPLIED TO THE HOMING MISSILE

In all practical cases of homing missilas there is a minimum range at f
which the sensor becomes '"blind", and no further measurements are possible. i
In the cade of controlled ECM it is posaible to break track at a range
much larger than the regular blind range. The question to be igked :
howaver, is "what the missile i{s programmed to do in such a case'. The i
conventional missile is expected to store the last command and use it

for control while first waiting, and later searching, for the lost target,
Also, when the target has been reacquired, there is an {nitial period of
pursuit navigation which is latar swicched to proportional navigation.

All of the above describaed process can be handled by the adjoint method )
since switching at given times can he considered a time-varying gain
(0 or 1),

I

Gt

SRR e

=3

— 3

Our purposa in this section is to f£ind the relationships between the miss
distance and the ECM and missile parameters. The quaestions of which
miseile parameters are obaervable, and how to darive ECM objectives will
be discussed latar. s

PR e

.

The homing missile shown in Fig. 2.5 will now be augmented with a memory
circult designed tn memorize a low-passad varsion of the last command;
this is used to replaca the ragular command from the moment of break track
to collision, Notice that collision in our terminology is the point in

time and in space where the missile/target 3-D distance is minimum;

because of the small disturbances awsumad, this time {u always given by

Tf - RO/Vc of (2.3). It 4is also assumed that the ECM is designed to braeak
track at an instant close snough to collision so that the search and

i s b o e e i i T e

reacquisition process cannot ba completed. The last assumption allows us

to omlt the pursuit circuit and the norresponding switching between the two
navigation laws.

Fig 4.1 shows the complate syster to he analyzed in the ssquel. The /
sceker's open-loop sarvo is realized with:

K(l+tl|)

G = m‘:{;;s’ 0 (401)
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The closed loop seeker output is factored by the same open-loop gain,
K, 9o that A will have the units of rad/sec whenever A is given Y
in radians, Tha ECM effect is introduzed through the additive line=of- : 2
sight disturbance AD + This disturbance can, in general, take any
form; in Fig. 4.1 it is taken ao the 1-D component of an ECM induced
circular orbit, i.e.,

s e T

AD = A cos [wo(Tt"t)M] . ’ (402)

The disturbance phasa with respect to collision can be chosen at will,
and the amplitude, A = 0 or 1 , servas to introduce or delete XD in
case other types of disturbances ars of concern (such as At )

The mamory circuit is a simple first order filter which stores the
filtered i 3} 1t sits in standby and has no effect (SW2 is open) as
long us the seeker maintains a normal tracking. T.w seconds bcgorc : ,f
collision the track is broken and tha memory circuit replaces the regular
sesker output (SWl = swa ars opaned and 8W2 closed). The memory circuit
is built herae so as not to discharge by opening (SW3) the input to the
filter's integrator (Other methods, such as sxponentially decaying

:?% memory, can also be used)., The rest of the loop is the same as in

#&” ) Fig. 2.5 except that one of the geometrical integrations was included
g in the AP block (for use in the adjoint eystem).

'y The system of Fig. 4.1 can ba directly transformed to yield its adjoint as
,”7 e shown in the closad=loop part of Fig. 4.2. This Figure should be compared
: with Fig. 3.3 to help identify the main functions. The leftmost integrator )
in Pig. 4.2 is one of the integrators imbedded in W(t) of Fig. 3.3; it 3
was separatad from the rest of W(r) so that an initial coundition 1ICwl p

T R T
. f »
v .

can be assigned to it as & practical substitute for the Delta Eunction {
shown in Figure 3.3. Notice that tha transfer functions, or configurations
E . containing only time-invariant components, are self-adjoint; for example, the

P —

g . reeker loop appears in Figura 4.2 in exactly the same form as it appears in

‘ _ Figure 4.1, Also, notice that the adjoint time, T, runs from T=0 at

L collision backwards so that the switches SW1l and S5W3 are {nitially open

while SW2 s initlally closed, | .
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The ovutput of the Adjolnt System can, in general, be taken from any point
to represent miss-distance responses to various types of inputs, distur-
bances or noise. In the case studied here only two responses are shown!
m(T)/_r?? (the response to a target displacement obtained at the output
of tha leftmost integrator) and m(t)/8)X (obtained at the seaker's
output at the right). The impulse response, m(t)/8A , represents the
miss~distance rasulting from an impulsa of disturbance in the line-of~
sight angle ) (neglecting the minus aign). This basic output can now
sarve to darive responases o any typa of A disturbance through the use
of the convolution techniqua.

Two types of ECM-induced ) - disturbances were studied, i.e., a (2-D) Lo
circular seeker orbit and a 1-D Bang-Bang optimal disturbance (or control i %
from the viewpoint of the target), The idea of deriving a 2-D miass~ Doy
distance response from the l-D* (Pitch or Yaw) homing loop is explained ; '{
by the following reasoning. A circular seeker orbit is composad of two
90° out-of=-phuse oscillations in the Pitch and the Yaw homing planes.
The overall 2-D miss-distance must also be circularly symmetric since \
the Pitch and Yaw loops are assumed identical (in fact, because of
symmetry considerations, the missila's trajectory in the 3=D space will
be circular or spiral -~ depanding on the range). Tha above reasoning
suggests that the misa~distance can be described by the phasor (in a
plane perpendicular to the missile's velocity vector and containing the : }
target) shown in Fig. 4.3, Notica that the Pitech axls in the Figure i)
ia the intersuction of the Pitch plane (vertical to earth if the missile's p

N R T

) 4 - roll is zearo) and the Figure's plane; similarly, the Yaw axis is tha }
4 . intersection of the Yaw plane (not necessarily horizontal) and the |
Figura's plana. The phasor shown in Fig, 4.3 has a constant (although \ }

* This should not be confused with the number of Degreas=-of-Freedon (DOF). i
The 1-D situation refers to our planar treatment which may, in general, i
be performed with nissile's aquations written in 1, 2 or 3 DOF, %

i
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unknown) length and a phase which is determined by that of the seeker's
orbit. Since only the length of the miss phasor is of comncern, it can

be obtained as:
m, =V 2 2 R (4.3)

where mp and my are the Pitch and Yaw miss-distances obtained from
two similar systems disturbed in parallel by (as in (4.2))

xp = COS @uot + V)

xy = sin @Jot + P) (4.4)

with any arbitrary disturbance phase Vy .

In practice, there is no need to run two Adjoint Systems in parallel to
calculate'mp and my » and they can both be obtained from one run as
shown in Fig. 4.2. Notice thgt factoring by, say, cos Wy and integrating
in Fig. 4.2 is consistent with the input AD = cos [mo(Tf-c)] in Fig. 4.1
(% =0 since it makes no difference), since t should be replaced in

the Adjoint System by (Tf - T). Thus, convolving the 1-D miss-distance
impulse-response with both the sin and the cos functions in parallel and
taking the square-root of their squares results in the 6verall m, of

(4.3) as a function of the time-to-go T .

The. optimal-control ECM is evaluated in the following. The'idea of
optimally controlling the (1-D) miss-distance (which amounts to maximizing
it) 1is explained with the help of Fig. 4.4 showing a typical miss-distance
impulse-response. Assuming an amplitude-bounded controller, the optimal
control is achieved by switching the control sign at the impulsg:;gsponse

zero-crossings {(as shown in the Figure), i.e.:

XD - Amax SIGN [m(t)/SA) . (4.5)

26
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of Fig. 4.2, i

S i BT T

l
|
The maximum effect obtained by using this control is

i @ iy
Moax kmx.g | m(t)/8) | dT . (4.6) : ;

' The evaluation of M ax as above is performed by the bottom channel : :
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5., NUMERLCAL RESULTS
5.1 GENERAL

The block diagrams of Figs. 4.1 and 4.2 were coded into a comprahensive
easy-to-use program. Table 5.1 gives a list of parameters which are
used in the program and also appear in Figs. 4.1 and 4,2 (the Figures
includa the names of the program variables and the plot numbers (in
parenthesis) as well,

The first step taken in using the simulation was to "design'" a well
bahaved missile. Tha main design parameters in the configuration of

Fig. 4.1 are:
N. TAP. K' 11. 12 )

A navigation constant of N = 3 was chosen tc enable the missile to
achieve a converging (to zaro) miss against a constant accalarating
target as explained in Section 3 (see Eq., (3.7)). The closed=-loop AP
time~-constant, Tpp + Was taken as 0,5 sec to represent a well-designed
AP of a reasonably sized, say 200 kg , missile. The three antenna
parametars were, at first, chosen to correspond to tha APQ-112 which
caused the homing loop to diverga., Reallzing that this antanna was not
designed for a homing miasile, it was later replaced with the Triplae-S
antenna (with compensation) which was originally designed for the Harpoon

SR e b & Mt ok e i e S, S =

missile. This antenna, which is represented by!
K= 126 3 T 0.03 T, " 0.3,

yielded sxcellent results (for the missile) as judged from the behavior
of the miss impulss-response (damping rate and area).

The closing speed, Vc » can vary vastly betwaen Vm + V: (in a head-on
course) and Vm - Vt (assuning Vm > Vt) . For example, {f Vm-600 m/sec
and Vt = 300 m/sec , 300 m/sec < Vc < 900 m/sec . A madium speed of

600 m/sec was arbitrarily chosen to work with. Examining Fig. 4.2, it is
noticed that V. cancals out {n the main loop, so that m(r)/_r?: is

28




Table 5.1 Parametery Used in the Program

et

—1

| PARAMETER PROGRANM l !
' SYMBOL SYMBOL USED IN ,
| | ! l ~

AP | TAP | Auto-pilot time constant ‘

N CNAV Proportional navigation gain ;

v, VCLS Missile/target closing speed :

® PHASE Phase of thae circular sedker orbit

Tsw TSW Break-track time before collision

TM TMEM Memory circuit time constant

k RK | Seaker open-loop gain

T Tl | Seeker zaro time-constant

Ty T2 Seeker pole time-constant

Wy OMCIR Orbit radian frequency

Te TFIN Run time of simulation

- SAMRAT Integration gteps per sacond
; - ; IFWBW | Original/adjodnt switch: 1 -original; i
i | 2 - adjoint i ;
| | ! }

independent of it. However, m(%)/d\ is linearly dependent on V_ ,
since it is tapped from a point already factorsd by Vc (the block

¥ N) . Thus, all the mies results derived from m(T)/8N can be lacar 3
c I

adjusted (or normalized) to any desired V..

The memory parametar, Ty , is in general not simple to choose since it ;
should be optimized for tha expected noise, glint, axpected targat
maneuvers, atc. A typlecal Ty ™ 0.5 sec was chosen quite arbitrarily.
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The second step, aftar having defined the missile and scenario, was to
compare the results of the Forward (original system) and Backward
(adjoint sy 'stem) runs, Figure 5.1 is an adjoint run which shows
m(?)[_r?: . Figures S5.la - d show forward runs corresponding to points
A - D in Fig. 5.1. It can be checked that the values of 4y at colli~
sion agree with those read from Fig. 5.1. Figures 5.2 and 5.2a - d make

a similar comparison for the case where break track (BT) occurs 1 sec

before collision, i.e. TSW = 1 sec . Comparing Figs. 5.1 and 5.2, it ’
is noticed that the miss in Fig. 5.2 can go much higher than the origi-
nal 1 = displacement (_r?:> , whereas Fig. 5.1 shows a well-behaved
damped response. The reason for the first negative peak in Fig. 5.2 is
that, at first, the missile makes a vigorous correction which results

in a large overshoot since BT occurs about 0.1 sec after homing has
been initiated. Also, it is noticed that the memory circuit behaveés -
excellently, since Fig. 5.2 shows an asymptotic approach to zero (which

can also be seen from the small miss of Fig. 5.2d.

m(r)/ lY‘ y m
g 4 - BACKWARD
0.3 0.37
2.40@  ©2.200 O 420 @ deo 9 800
L 1 1
2 300 T =0 - 9 8020
Q@ 400 ~ - @.400
8 /C W]
‘ ™ N _\\
Q. 000 ~ 2 000
-Q. 400 — -0 409
w A : -
T T — T,3ec
@ dc0 @ 200 0. 400 ? §0Q 0. 800 19
YDM1S

Figure 5.1: An adjoint run showing m(t)/ IYC. Points A, B, C, D are
compared with forward runs in Figures 5.la through 5.1d.
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5.2 MLSS-DISTAMCE RESPONSES WITH NO BREAK-TRACK

The following material presents the miss-distance results which are
relevant to the case of ECM-induced circular disturbance AD « The
impulse response, m(T)/8\ , itself is the basic result from which all
the others are derived; although it has no direct use, it serves to
convey soma very useful information such as the homing-loop natural
frequancy, damping rate, gain, and time extent.

Figure 5,3 shows the miss=distance impulse respcnsa to a XD input,
Notice that all miss figures are normalired to a unity

A=input; for example, a l-radian area A-impulse applied 0.1 seconds
before collision would causs a 800 maters miss (point A in the figure).
On the other hand, if the same input is applied more than a second before
collision, it would cause a negligible miss as is obvious from the fig=
ure. The meaning of the above observation is that any typs of A
disturbance applied more than a sscond before collision is ineffactiva.
The homing=loop "natural frequency" is another important charactaristic
obtained from the impulse-response beahavior; its valus of about

Wy * 19 rad/sec serves for the circular orbit disturbances shown in
Figs. 5.4 to 5.6,

Figure 5.4 shows Lhe miss response to a cos (ubt) input (having a
l-rad amplitude). Three corrasponding forward runs are shown in Figs.
5.4 = ¢} it is noticed that for t > 1 sec all miss distances are
squal (70 m) as predicted from the asymptotic approach of the adjoint
graph to =70 m in Fig. 5.4 (all backward ) results ars shown
reversad in polarity). Figure 5.5 shows the response to a sin (woc)
input (which happens to approach a larger final value of 150 m) , and
Fig. 3.6 shows the combinad 2-D circular miss response.

The optimal control (OC) response is given in Fig, 5.7 and yields a
maximum miss of 223 m for control bounded by + 1 rad . Comparing
this final value with the circular miss final value of 170 m wsuggests
that the circular disturbance (at the above frequency) is quite an

af feur lve ECM mathod,
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Flgure 5.5: Miss-distance given a sin(mo?) disturbance.
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5.3 THE EFFECT OF BREAK-TRACK ON THE MISS DISTANCE

The effaect of an early Braak-Track (BT) is investigated fn the next
series of figures (5.8 to 5,11) and summarized in Fig. 5.12, Figures
5.3, 5.8, 5.9, and 5,10 show the behavior of the m(T)/é\ impulse
responses as the BT time increases from 0 to 0,1, 0.5, and 1 seacs,
raspectively. It 18 observed that, asida from the sharp peak immedi-
ately adjacent to tha BT instant (as explained in conjunction with

Fig. 5.2), the response ia hasically similar in shape (natural frequency
and time extant); it is, howaver, shifted by an to tha right and
enormously amplified. Also, it should be indicated that all impulse
rasponses go to 2ero at large homing times~~ neaning that disturbancas
applied a long time before collision have negligible effect even with an
early BT,
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G v Figures 5.7, 3.8a, 5.9a, 5.10a, and 5,11 show the optimalecontrol niss.
. It is observed that these graphs are also ohifted by Tg, and amplifiad
: ' monotonically with TSW‘ Figure 5,12 summarizce the asymptotic valuea of
the optimal control miss as a function of the BT time (the By graph will
be used later). It is clear that the payoff involved with an early 3T

i is very high-- up to 3 orders of magnitude for 3 sgac of TSW'

The sensitivity of the circular orbit miss, By s to the orbital frae-

) N quency, wy is shown in Fig. 5.13. This result will be discussed in
Section 6.2,
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5.4 NON-LINEAR EFFECTS ON THE ACHIEVABLE MISS DISTANCE

Up to this point the homing loop has been considered as a time-varying
linear systen. However, in practice there are soma bounded variables
within the loop that limit the validity of the above results to only
those cases complying with the bounds. Although bounds exist on all
missile entities, only one or two variables actually tend to hit their
limits; these arz usually tha seeker error and the acceleration command
to the AP (DELANG or ¢ and ACLCMD or 4. in Fig. 4.1).

The actual acceleration coumand values are usually much smaller than
those obtained in cur forward runs since, in many casas, L is first
filterad (to attenuate the seaker's noise) and only then bounded.
Graphs of the memory filcer output (ALMEM or 'CM) are thus included to
show the effect of such a filter on the 8 amplitude., Although a
typical noise filter may have a time=-constant of about 0,1 - 0.2 sec ,
tha 0.5 sec memory [ilter used hare can still sarve to indicatas the
tendency of conaiderably attenuating aan.

The method adopted here is the following. Optimal-control forward-runs !
results should bae scaled down so as to contain tham within their respec- ¢
tive bounds for all times. The most limiting scaling factor should then X
be used to scala the misses read from tha OC backward runs. Sinca it is :
much simpler to deal with circular orbit (CO) forward runs than with 0C

forward runs, the CO forward runs were used to obtain the scaling factor
which was then applied to the backward OC runs. This practical proce-

dure is based on the assumption that about the same factor will apply to
beth OC and CO rasults,
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Conwider, for sxample, the figure set 5.14, whars Tsw « 0.5 and:

nax " 1,45 rad ; an = 3.3 105 m/nc2 i Aoy = 3,6 ¢ 10A m/lncz.
max max

Assuming bounds of 1.5° (or 26 mrad) on &, 13g (or 150 m/accz)

{
on a. and 10 g on 8oy requires scaling by: b
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e
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-, l -2 . -4 -3 a4
. 1.8 « 10 for ¢ 3 4,5 ¢« 10 for a5, and 2.8 « 10 for tha
i 3
l filterad command . .
g l It is obvious that tha ¢ bound poses no problem and that 4 is the
most limiting paramecer, We will, howaver, use the 4oy factor bacause :-.
of the above comment (regarding the missing noise filtar) and bacause .'
' day in this case (whare Ty " TAP) ; 4lso vepresents the actual
missile's accelaration., Thus, only the au factor will be used in ol
l the sequel. Reading the maximum miss from PFig, 3.12 for ’1“..,‘w = 0.5 and 4 8
factoring yilelds: ..‘.
g4
m.B('rsw- 0.5 = 6000+ 2.8+ 10" =« 168m, L
l wvhere My denotes the bounded OC maximum miss. Repeating the above ' L
procedure for other ‘I‘sw values yields the following results: S
l - 4
l TABLE 5.2: The Bounded Misses
‘ T, sec 0.1 0.5 1 2 3 -
- s
¥ | agye W/oec? (4.2 + 10 (3.6 + 10° [3.2 + 10* (3.1 0 10% [2.9 ¢ 20° :
) aoy factor 2.6 ¢+ 107(2.8 + 107 (3.1 « 107(3.3 + 107 (3,5 « 107
my, neters | 1.2 16.8 69 260 665
- a
: - The my, results are also shown in Fig. 5.12. ]
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b. THE REQULRED OBSERVABLES (OR PRIQR KNOWLEDGE)

The potential of inducing a very large miss~distance through the employ~
ment of an sppropriate ECM has been discussed in the pravious sectiouns,
The actual harnessing of this potential to the benefit of the ECM carry-
ing targat depends on its available observables. Let us now discuss the
question of which obsarvables (and at what accuracy) are raquired for
the main two ECM methods, namely the circular orbit and the optimal con-
trol.

6.1 THE OPTIMAL CONTROL OBSERVABLES

The optimal-control (0C) ECM is the most demanding, in terms of observ=
ables, becausa it has to figure out the zerc-crossing points of the
appropriamta backward run in real tima. Ideally, the target should at

least have ths level of knowledge required to conatruct tha adjoint

(or forward) aystem as shown in Fig. 4.2. Since it is very unlikely for
the target to search for parameters, such as TAP ’ TM v Ty v Ty 0 N, ete,
(ses Table 5.1) during the actual engagement, (t seems that only a priori
datailed knowledge of the attacking missile can aenable tha use of the
optimal control ECM. Further work ls required to study the information
content of the unexcited missila's omcillations.

The abova conclusion does not exclude the use of the 0C method, since
one can snvisage programming an ECM computer according to Fig., 4.2 and
feeding it with various missile's parameter sets as thay are obtained
from intelligence sources, In such a scenario the only real-time
idencification that has to take place is with respect to tha attacking
missila typse. This can be made on the basis of real-ti.e radar measure-
ments such as RF carrier, PRF, pulse-width, or a complete pulse foot~
print analysin, Thers are still two more sngagement (not missile)
parameters that have to be figured out in real-time; these are the

initial range, R0 , and the closing speed, Vc )

The OC method cap be used in either a 1-D or 2-D moda. The 2-D
overall miss will be & factor of v7 higher than the 1-D miss.
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6.2 THE CIRCULAR-ORBIT OBSERVABLES

The e¢ircular-orbit (CO) ECM method 1s much simpler than the OC method
in terms of observables, since it deals with the overall 2~D miss and
not with the 1-D optimally controlled miss. This 2-D versus 1-D
differance is crucial since no phasm, or exact synchronization with
respect to the collision inatant, is required, The main parameter to
be chosen is the orbital frequency, and it turns out that the miss-
distance is quite inssnsitive to that frequency also. Figure 5.13
shows a miss peak at wy = 20 rad/sec which is the peak frequancy of
the closed=loop seeker as shown in Fig., 6.1. Thig ia not surprising
since the homing loop can be considered open-loop for large ranges
(1/R(t) appears in the feedback path for the disturbance AD in
Fig. 4.2), and the only components appearing in the forward path are
the closed loop seeker and the AP time-constant (at a much lower
frequency). Since the interesting cases are those where BT occurs at
around 1 - 3 seconds , the 1/R(t) factor is always large and has
only a small affect during the active homing period (before BT).

Although Fig. 5.13 (for a constant Tsw = 1,5 gec) shows a peak in
the CO miss, it does not show any in the bounded CO miss, Mep
(obtainad as in Section 5.4)., The reason for the almost constant
mep is that the actual limiting point 1is at the AP ihput so that a
larger ECM disturbance can be applied to compensate for the suekar
attenuation at frequencies far from the peak without causing ¢
limiting.,

The conclusion regarding wy is that almoat any frequency used for
the disturbance, having amplitude within the seekar's linear region,
can induce missas of around 75% of those given by the 1-D LT

graph of Fig. 5.12 as a function of the BT time Tou®
The second parameter to be chosen is the BT instant. Iwo kinds of
inputs are required for this purpose, 1.e., the time-to-gc and TSW.
The time-towgo can be calculated on the basis of range R(t) and

range-rate (Vc) estimates obtained from the received power, .\ much

L S e i i

s S i

Trh e

ke 25l e Lrinss e S+ T £ e et




simpler data source may be an on-board probing radar which can measure
R(t) and Vc directly. The ’1‘Sw parameter can be sither obtained ; 5
from intelliyence as the average time of reacquisition or can be : %
"probed" in real-time., Probing for Tsw can be performed by breaking '

track early in the engagement and measuring the actual reacquisition tima,

oei Smd Gusi s N IS BN BB

An entirely differant appreach to defeat the missile can be conceived
in cases where one knows some more aspecifics about it. Most missiles

use a pneumatic or hydraulic power source to drive the seeker and the -é .é
deflection aurfacaes. This power source is quite limited and in many } i
cagses determines the far end of the missile's 'fire zone'". The cir- ;

cular ECM disturbance can drain this source much faster than expectad !
and effectively contract the actual fire-zona. Thus, a missile which : f f
was fired at a target ac, say, the flrﬁhnr half of its fire-zone, may ' 1

run out of power in mid way causing a substantial '"mise-distance'. ; !

The only ECM consideration in such a case is to cause thae highest power

e o L

drain possible (which is, usually, propertional to Wy for a given
amplitude). In addition to that, the target has to astimate the launching
range and to have a good idea about the fire-zone shapa.
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Figure 6.1: The sweker's closed-loop respunse
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7. OPERATIONAL SUMMARY
7.1 CLRCULAR ORBIT ECM

° Tsw obtained from eithar:

- intelligence sourcas
- probing by cauaing an early BT,

] wo obtained from aither:

= intelligence
= gearched for in real time to cause an antenna orbit of about
1° radius.

e Tima-to-go (R{t) and Vc) from eithaer:

- probing radar

3 % - astimated ori the basis of received power,
L{~ ! 7.2 FIRE~ZONE "MODIFLCATION" THROUGH ‘A CIRCULAR ECM
o e Maximum fire-zone range from:
i
Ay

- intelligence
¢ Launch range
ﬂ? i - estimated basad on the received power, aircraft altitude, atc.
J . o uy from:

- a real-time search for the highest frequency at which the antenna
can be caused to orbit at, say, 1° radius,

— 7 >

e Filre-zone contraction factor as a function of gt

~ intelligence
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L 8. CONCLUSIONS AND FUTURE WORK

The ultimate objective of a closed-~loop ECM has baen identified as the
maximization of the miss-distance, This objective can be pursued in
many ways, among which is the induction of & circular orbit to the

minsile's seeker; chis orbit is known to be achievable in the cases
of conical~scan and SWIC radars.

The real-time observables, or the prior knowledge which is required,
determine the ECM effsctiveness, but it has beaen shown that even with
veary limited data the effactivenaess is not degraded too much.

In many casas, the general type of the missile can serve as a basis

for a rough parameter astimation. For example, a leng-rangs missile
can generally be associated with a certain range of weights and thus
with its appropriate tims constants, Some prior intelligence informa-
tion, espacially regarding Tsw. is always helpful and can save precious
engagement time thus increasing the probability of obtaining a larga
miss, The depsndence of the probability-density=function of the miss«

distance on the combinad prior and resl-tima data should be further
investigated.

Most of the work reported hera was concernad with only a particular
ECM method (circular orbit).tlyore work should be done regarding other
types of ECM such as gain-switching (which is a 1l-D method and thus
needs synchronization with respect to the colliamion time),

The application and extension of this work to the casge of anti-ship
missiles also saems to be a very important subject in our future work,
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