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A NOVEL TRACKING SYSTEM FOR DISTANT BALLISTIC MISSILE
TARGETS
ABSTRACT

A laser tracking system steers a beam of laser energy
which is dithered in two directions to scan the surface of a
moving object. A laser energy detector detects laser energy

reflected from the target. Reflected energy 1s filtered to

distinguish  dither frequencies for signals 1n both

directions, which signals are independently analyzed to

determine the location of the target in relation to the laser
beam. A bias signal is generated which causes the beam of

laser energy to be steered toward a surface radius to be

steered toward a surface with the largest compound curvature
within the trackers' field-of-regard, to the target, to the
trracked location on-target, or modified signals steer a
portion of the beam to an optimum track location on target

while offsetting most of the beam's energy to a second

engagement location on target. Also, a track testing system
is capable of monitoring a laser beam focused on a missile
and determining the effective laser engagement on a spinning

target.
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A NOVEL TRACKING MEANS FOR DISTANT
BALLISTIC MISSILE TARGETS

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates generally to
systems for tracking a moving object and, more particularly,
to a non-imaging laser-based system and method of tracking

and engaging targeted objects and a system and method of

identifying target hits.

2. Discussion

Tracking systems have been developed and
deploved for tracking a targeted moving object such as a
rocket or missile generally for purposes of engaging the

object in an attempt to destroy or disable the object for
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military purposes. Generally speaking, the conventional

tracking system 1is referred to as an imaging tracker and
employs an 1maging device such as an electronic camera that
captures an 1image and selects a portion of that image and
then attempts to lock on to it with respect to the frame of
the image. According to one tracking system, the process of
acquisition of a - target generally consists of finding the

target, fixing the target in a large field of view tracker

and then transferring the instantaneous measurements of the
target's position to a narrow field of view tracker. In
turn, the narrow field of view tracker fixes the picture of
the target with respect to the Dborders of the frame,
generally known as the track gate. With the image fixed in
the frame, electronic cilrcuitry configured as a servo loop
generates an error signal which causes a high power laser
beam or other weaponry to track and engage the target in an
attempt to destroy the target.

Accordingly, the conventional imaging tracker
generally requires and relies on continuous use of one or
more 1magling devices such as electronic cameras to first
determine the approximate 1location and then the current
1instantaneous position of the targeted object. In addition,
some conventional imaging trackers try to determine target
velocity information and attempt to predict the anticipated
projection of the target. In an optically targeted weapon,
known conventional 1magilng trackers are associated with a
separate high power laser beam or other weaponry engagement
means for attempting to destroy or disable the detected
object that is being targeted. The high power laser beam

weaponry 1s 1ndependent of the 1imaging device and 1is

typically steered 1in response to the calculated optimum

position and velocity vector as determined by the processed
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product of the imaging device, with a targeting offset angle

to engage the optimum vulnerable zone on the target.

While the conventional imaging tracker systems
may effectively locate the target, a number of 1limitations
exlst wilth respect to the ability to continuously track a
moving target and effectively engage it. First, with the
conventional imaging approach, it has been found that the
high power laser beam used for engagement may interfere with
the i1maging device and therefore obliterate the track point,
thereby causing it to lose track of the targeted object. To

reduce 1nterference of the laser beam with the 1maging

device, the high power laser beam can be offset from the
1magling device. However, | the offset laser beam may introduce
additional error to the overall tracking scheme and does not
always effectively reduce or eliminate the interference
problems. Second, the ability to use imaging sensor data to
effectively point the laser depends on an accurate boresight

of the sensor line of sight with the laser line of site.

Historically, malntaining an adeqguate boresight under
stressing environmental conditions has been difficult.

Third, the conventional imaging tracker is generally limited
to the resolution of the imaging tracker itself. That 1is,
when the target is very small and below the resolution 1limit
of the 1imaging tracker, the ability to get a fix on the
target may be limited by the resolution of the tracker.

Accordingly, the conventional imaging tracker generally
cannot track targets smaller than the tracker's resolution
limit without exhibiting unacceptably large track errors.

Even with resolvable targets, track errors proportional to
the second and third derivative of the track angle with
respect to time and to the derivative of the aimpoint offset

angle may become unacceptably large, especially for close-in
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fly-by encounters. This results in a limitation on the size
of a target that may effectively be tracked. Without remedy,
the effectiveness of the conventional high energy laser
weapon 1s limited. Consequentially, for a given power,
longer dwell times are generally required to achieve adequate
killing fluence, thereby shortening keep out ranges and
further draining the laser fuel system.

Additionally, disturbances, elther small
disturbances of the ©pointing or tracking systems, or
propagation of the high power laser beam, may cause the laser
beam to miss the target. Similarly, laser beam propagation
through an optically inhomogeneous atmosphere may also cause
the laser beam to be diﬁerted away from the target. Such
disturbances to the laser beam tend to go undetected since
the conventional imaging device that is tracking the target

ls 1ndependent of the engaging high power laser beamn
weaponry .

Furthermore, there is a need to effectively
determine the accuracy of a laser weapon tracking system by
determining the effective kill engagement potential of a
laser beam on the target. That is, in order to determine the
effectiveness of a given laser weapon tracking system, 1t 1s

desirable to be able to score laser beam "hits" on a moving

target, especially in preliminary tracking tests using a low

power laser. Presently, there 1s a need to independently

assess the instantaneous location of a laser beam impinging

on a moving missile target for purposes of testing its

effectiveness without actually requiring destruction of the
Carget.

Accordingly, 1t 1is therefore desirable to

provide for a system and method of tracking moving objects

with a laser beam that is less susceptible to error and
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interference problems.

It 1s further desirable to provide for a laser

beam tracking system that tracks and locks onto a moving

target with a high energy laser beam that is independent of a

well boresighted imaging tracker device.

Yet, 1t 1s also desirable to provide for such
a laser tracker that is capable of tracking small targets,

including unresolvable targets, lrrespective of imaging

tracker resolution.

Also, 1t 1s desirable to provide for a system

and method of independently accessing laser beam "hits" on a

movling target for purposes of testing the kill effectiveness

of laser weapon systems.

SUMMARY OF THE INVENTION

In accordance with the teachings of the

present inventlon, a system and method for tracking a moving

object with laser energy is provided. The system includes a
laser generator for generating a beam of laser energy and a
beam steerer for steering the beam of laser energy so as to
track a targeted moving object. The beam steerer steers the
beam of laser energy 1n an oscillatory fashion, preferably in
two orthogonal directions. The high power laser beam
oscillates in a first direction at a first dither fregquency
and 1n a second direction at a second dither frequency which
1s distinguilshable from the first dither frequency. A
telescope gathers laser energy that 1s reflected off of the
targeted object and a detector detects the amount of
reflected energy received. The detected energy 1s filtered
to separate the first and second dither frequencies for each

channel. The filtered signals are synchronously detected by
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multiplying each channel by a sinusoidal function derived
from the laser mirror generator for that channel. It 1s an
observed fact that when the beam centroid is exactly centered
on, for example, a cylindrical target midline, the reflected
power contalns only harmonics of the dither frequency. If
displaced to eilither side, the dither frequency component
magnitude 1increases proportional to the displacement with a
sign indicating which side. A bias signal is generated from
the received reflected synchronously detected power
proportional to the beam centroid displacement from the
target midline, having a sign that 1s either plus or minus,
depending on which side the beam centroid falls. This
causes the beam steerer ﬁo steer the laser beam to center it
on target, thereby tracking the targeted object.

The tracking system of the present invention
may operate for each channel 1n a centroid track mode for
tracking a central portion of an object or in an edge-track
mode to detect and track an edge. In the centroid track
mode, the laser beam locks-up on the central portion of the
targeted object for the direction scanned by one or both
channels. In the edge-track mode, the gathered signal 1is
processed using a modified before synchronous detection
technigque for one br both channels so as to distinguish' an

edge and lock-on to the edge for the given channel.

Additionally, the tracking system of the
present 1nvention may operate by utilizing a portion of the
beam's energy for target tracking, either on target centroid
or on one or more edges, and further offsetting the bulk of
the beam's energy to a separate known wvulnerable region on
the target. This offset could be done in either a temporal
or spatial domailn. In the temporal domain the offset could

be realized by alternately closing the tracking loop and
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offsetting the beam by the desired amount at high frequency.

In the spatial domain the offset could be achieved by
physically dividing the beam into a large and a small portion
with a known angular offset, with the lower power segment of
the beam beiling used to accomplish the tracking function.
This approach allows the tracking system of the present
invention to maintain track on an edge or feature of the
target that 1s optimum for tracking purposes, while devoting
most of 1ts energy to a wvulnerable zone that is optimum for
engagement.

According to another aspect of the present
invention, a system and method of independently assessing
laser beam "hits" on a rﬁoving target may be achieved. The
testing methodology includes assigning scoring regions within
a plurality of bands on a target missile. Each band contains
a select number of reflecting strips, preferably provided
with absorbing paint separating the reflecting strips. Each
region will have a different number of strips which
distinguishes one band from the other bands. Laser energy is
reflected from the missile target and the region of

engagement 1s determined as a function of the number of

strips and the missile roll rate.

BRIEF DESCRIPTION OF -THE DRAWINGS

Other objects and advantages of the present
invention will become apparent to those skilled in the art
upon reading the following detailed description and upon

reference to the drawlings in which:

FIG. 1 1llustrates angle definitions for

tracking a missile target with a tracker:;
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FIG. 2 1s a block diagram illustrating the

tracking system of the present invention integrated in
combination with an imaging tracker;

FIG. 3 further illustrates the tracking system

of the present invention for providing one-dimensional

tracking according to one embodiment:

FIG. 4 1llustrates one-dimensional dither
tracking along the centerline axis of a Carget and shows the

phase change of the detected signal as the beam centroid

passes over the target midline:

FIG. 5 1s a graph illustrating reflected
signal amplitudes for various laser beam displacements from

the center of the missile along one-dimension;

FIG. 6 1llustrates an error characteristic
curve (error signal as a function of beam-centroid-target

center displacement) illustrating relative error for several

dither magnitudes;

FIG. 7 1llustrates edge tracking of a missile

according to various possible combinations of edge and

centroild tracking with the present invention:

FIG. 8 1llustrates received signals for edge

detection before and after differentiation from flat and

cylindrical targets.

FIG. 9 1llustrates- an error signal derived
from the edge detection according to one embodiment of the

present invention;

FIG. 10 1llustrates tracking with two offset

beam locations using either a temporal or spatial domain

according to an alternate embodiment:

FIG. 11 1s a side view of a primary mirror and

actuated secondary mirror assembly for providing two offset

beams 1n a spatial domain according to the alternate
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embodiment :

FIG. 12 1s a schematic illustration of a laser
tracking test system employing a test missile according to a

laser engagement test of the present invention: and

FIG. 13 1S a block diagram further

invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Turning now to FIG. 1, tracking angle

definitions are defined in relation to a missile target 12

and a tracking system 10. The tracking angles are defined in
relation to selected vectors which will be used to describe
the tracking system 10 of the present invention. A moving
target such as missile 12 is shown executing a fly-by at an
instantaneous distance R from the tracking system 10. The
tracking system 10 may be carried by a land-based platform,
an airborne platform or a spacecraft platform. All such
platforms are within the scope of the present invention.

Target missile 12 has a velocity V with target

and boresight angles being large in general compared to the

small differential angles shown prefixed by deltas (A). Also

shown 1in FIG. 1 1is an aimpoint line-of-sight vector 14
defined by tracker 10 and the front end centroid of missile
l2. A tracker line-of-sight vector 16 is defined by tracker
10 and an edge-edge point near the rear end of missile 12.

Also 1ncluded is an HEL beam axis 15 and tracker boresight

vector 17.

A system error €,,., 1s shown defined as the

difference between the instantaneous HEL beam axis 15 and the
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5 selected aimpoint 1line-of-sight wvector 14. A track error

€racx 1S defined as the difference between the tracker

boresight vector 17 and the tracker line-of-sight vector 16.
The tracking system 10 of the present invention as will be

explained hereinafter reduces or eliminates the system error

10 €4 WwWhlch may otherwise arise in a conventional imaging

tracker due to poor target resolution, poor estimation of the
misslle roll-axis based upon the measured missile velocity
vector or angular acceleration and rate of acceleration

errors which may occur, especially near the distance-of-

15 closest approach range.

The differential angles shown include the High

Energy Laser (HEL) laser beam displacement  A6__ which is

defined as the angular displacement between the tracker

boresight wvector 17 and the HEL beam axis 15. The

20 differential aim angle AB,, ~ is defined as the angular

displacement between the tracker line-of-sight vector 16 and

the aimpoint line-of-sight vector 14. The tracker boresight

displacement 6, .. 1s defined as the angular displacement of

the tracker boresight vector 17 from the vertical axis, while

235 the target angle 0, . 1s defined as the angular displacement

P

of the tracker line-of-sight vector 16 from the vertical
axis.
Referring to FIG. 2, the tracking system 10 of
the present invention is shown integrated with a conventional
30 imaging tracker 20. The conventional imaging tracker 20 may

be employed with the tracking system 10 of the present

invention to initially determine an approximate location of a

targeted object. This in turn enables a high power laser

10
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beam of the tracking system 10 of the present invention to be
positioned in the general vicinity of a target and close
enough to enable tracking and subsequent lock-on to engage
the target. While the conventional imaging tracker 20 is
shown 1n conjunction with the present invention, it should be
appreciated that the tracking system 10 may be used with or
without the imaging tracker 20 and that other forms of
trackers may be used in place of imaging tracker 20.

The conventional imaging tracker 20 as shown
includes an imaging device such as an electronic camera (not
shown). The 1maging tracker receives energy from the target,

either a reflected energy from sunlight or a target

1lluminator, or from the targets thermal energy. The imaging

tracker 20 defines a target within the frames of an image and

determines the target angle 6, .. and change in aimpoint

AB,,,. The target angle 6., . is input to an adder 22 along

wlth the bore-sight angle 6, ., as determined from a track loop

25. This summation will generally define the track error

€ racx Which 1s input to a first filter L(s) 24. The change in

aimpoint Af,,, is added along with the track error e via

track

adder 27 and the summation 1s input into a second filter F(s)

28 which derives Af,, . Output A6_, is added with the output

of the first filter L(s) 24 via adder 26 to provide for an

estimation of a laser beam angle 60_,. This information

derived from the 1imaging tracker 20 can advantageously

provide a rough estimation of the position of a targeted

object.
The tracking system 10 of the present

invention preferably provides for target tracking in two

11
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dimensions, however, one dimensional target tracking may be
employed according to the teachings of the present invention.
As 1llustrated in FIG. 2, to accomplish target tracking in a
first direction defined by the X coordinate, a first servo
loop 30x 1s provided. Similarly, to accomplish target
tracking in a second direction defined by the Y coordinate, a
second servo loop 30y 1s provided. First servo loop 30x
provides centroid or edge tracking along the X coordinate,
while the second servo loop 30y provides centroid or edge
tracking along the Y coordinate. According to the preferred
embodiment, the X and Y coordinates are orthogonal to one
another and are pref erably arranged parallel and
perpendicular to the roll axis of target 12.

The tracking system 10 further includes a
receiver telescope and bandpass filters 58 which receive
scattered laser energy from a relatively wide field of view.

The receiver telescope and bandpass filters 58 filter the
individual first and second dither frequencies and pass the
corresponding dither frequency signals to the respective
first and second servo loops 30x and 30v. That 1s, the
signal containing the first dither frequency is filtered via
telescope and bandpass filters 58 and passed on to the first
servo loop 30x, while the second dither frequency signal is

likewlise passed on to the second servo loop 30v.

Also shown 1n FIG. 2 is an image derotator 56

which 1s coupled to the dither generators 32x and 32y. Image
derotator 56 derotates the two dither frequency signals from
the X and Y generators by taking the appropriate 1linear
combination so that the orthogonal dither frequency signals
are preferably parallel and perpendicular to the target roll
axls. Angle information needed to implement derotation may

be derived from the imaging tracker 20. As outputs, the

12
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image derotator 56 provides corresponding orthogonal signals
U and V to the dither mirror drive 54.

The first and second servo loops 30x and 30y

are 1dentical servo control loops, each processing signals
for a designated coordinate. Referring to first servo loop
30x, a switch 46x selects between an edge track mode and a
centroilid track mode of operation. In the edge track mode,
the tracking system 10 provides for edge detection along the
X coordinate, while the centroid track mode of operation
enables the tracking system 10 to track the central portion

of the target along the X coordinate. According to one

embodiment, the X coordinate may be defined as the roll axis
of missile target 12.

Also 1ncluded in the first servo loop 30x is
an adder 40x which receives either the edge track output or
centroid track output. In addition, adder 40x receives an
optical path loop closure signal 38x as part of the enclosed
loop path. The summation provided by adder 40x is fed to a
multiplier 34x which multiplies a signal from a first dither
generator 32x by the summation. First dither generator 32x
provides the first dither frequency for the oscillatory
signal along the X coordinate. The output of multiplier 34x
1s passed on to filter H(s) 36x which in turn provides the
optical path loop closure signal 38x. In effect, the filter
36x provides integration and filtering. Another filter LP(s)

42x provides a bias output to adder 45.

Similar to first servo loop 30x, the second servo loop
30y contailns switch 46y for switching between an edge track
mode 44y and a centroid track mode of operation. Also
included 1s adder 40y, multiplier 34y, and dither generator
32y for providing the second dither frequency. The first and

second dither frequencies are distinguishable from each

13
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other, yet preferably incommensurate so the ratio thereof is
not reducible to a small whole number. A filter H(s) 36y

similarly provides integration and filtering which is fed

back along an optical path loop closure signal 38y to adder
40y. Additionally, another filter LP(s) 42y provides a bias
output from adder 40y to adder 45 which in turn sums outputs
from both servo loops 30x and 30y. The output of adder 45 is
provided as an input to adder 49 along with the output of the
imaging tracker 20.

Referring to FIG. 3, the tracking system 10 is
1llustrated in more detail for tracking targets 1in one

dimension given one servo loop such as servo loop 30x. A

high power laser beam generator 50 focuses a high power laser

beam 60 onto a fast pointing mirror 52 for controlled

pointing of the laser beam toward target 12. Fast pointing
mirror 52 1s a servo-controlled pointing mirror generally
mounted on a gimbal (not shown) which is steered in response
to a bilas signal 55. When the laser beam 60 engages or 1s
very near target 12, laser energy is reflected from target

12.

The tracking system 10 further includes a
telescope/detector 64 which is generally positioned to
collect laser energy from a relatively wide field of view.
Since the telescope/detector 64 has a sufficiently large
field of view, precision-pointing of the telescope/detector
64 1s not needed. The telescope/detector 64 may include a
telescope having a detector 1located at the focal plane
thereof for detecting the total scattered energy received by
the telescope. The telescope/detector 64 produces an
electrical signal proportional to the intensity of the light
gathered therewith. Telescope/detector 64 preferably

includes a filter, such as a bandpass filter, which limits

14
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the recelved energy to the laser wavelength of the high power
laser beam 60. Also, telescope/detector 64 preferably has
bandpass filters for separating dither frequencies,
especially when used for two-dimensional tracking.

The electrical signal output from telescope/detector
64 1s amplified via amplifier 66 and passed through an R-C
circult made up of capacitor C and resistor R. Multiplier 34
mixes the electrical signal with the oscillatory signal
produced by the dither generator 32 and variable phase shift
block 69. The output of multiplier 34 is transmitted through

integrator and filter 68. Accordingly, the filtered signal

for the given channel 1S synchronously detected by
multiplying it with a cosine signal derived from the laser
mirror dither generator 32 and passed on to the integrator
and filter 68. The output of the integrator and filter 68 is
summed wlth the oscillatory signal generated by the dither
generator 32 to produce a resultant bias signal. The bias
signal causes the fast steering mirror 52 to move the
reflecting surface thereof at a rate proportional to the bias
signal 1n such a direction so as to null-out the bias or
error signal along the corresponding dimension, i.e., dither
axis. '

Operation of the tracking system 10 will now be
described herein in connection with the one-dimensional
tracking arrangement shown in FIG. 3. The high power laser
beam generator 50 generates a high power laser beam 60
directed off of the fast pointing mirror 52 toward a target

such as milssile 12. As previously described, a conventional

1maging tracker 20 may first be employed to determine an
approximate location of the target, thereby allowing the high
power laser beam 60 to be placed in the general vicinity of

target missile 12. With particular reference to FIG. 4, the

15
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high power laser beam 60 is shown oscillating in accordance

with the dither frequency along the dither axis, shown as the

Y coordinate, which 1is perpendicular to the roll axis of
mlissile 12. The high power laser beam 60 oscillates 1in
response to the mirror drive signal 32, thereby passing
through the body portion of the missile 12 along the Y axis
according to the oscillating frequency. The laser beam 60 is
steered to execute a periodic scan across the short dimension
of the missile body and in response produces reflected energy
signals as shown by the two detected waveforms 70a and 70b
shown on the right side of FIG. 4. The two detected signal
waveforms 70a and 70b difﬁer 1n phase by 180 degrees relative

to each other depending on whether the average beam center of

laser beam 60 1s on one side or the other (i.e., high or low)
with respect to the centerline of target 12. Hence,
detectling this phase relative to the mirror driver tells the
tracking system 10 whether to steer the high power laser beam

60 down or up.

Accordingly, the laser tracking system 10 of the

present 1nvention will scan across target 12 in one or two
dimensions and detect reflected energy from the target. The

reflected energy 1s analyzed to determine a target location

1n relation to the 'laser beam and further will determine the

blas signal necessary to bring the laser beam closer into

engagement with the target missile 12. When lock-up 1is
achieved, the dither amplitude may be reduced to a
malntenance value. For example, a maintenance wvalue of ten

percent (10%) of the spot with the target may suffice
according to one example. For military destruction purposes,
the high energy laser beam 60 may be provided with enough

energy to quickly disable or even destroy the target missile
12.

16
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Referring to FIG 5, the output of the

telescope/detector 64 is shown and is examined for dither in

a single dimension. 0 represents the displacement of the

laser beam center from the target centerline measured in
units of the beam radius. The amplitude  of the
telescope/detector 64 output increases as the high power
laser beam 60 1s moved closer to the center of the target 12.
Also, the detected signal remaining when the beam is

centered on the target 1s the second harmonic which generally

exhibits one-half of the period as evidenced by § equal to

0.0. If the plot of FIG. 5 were to continue through zero,

curves labeled 0 equal to 0.2, 0.4, 0.8 would be reproduced,

except the phases would be shifted by 180 degrees.

FIG. 6 1llustrates a plot of the error characteristic

curve which shows the output of the integrator and filter 68.

The error signal passes through zero and changes sign as the

average laser beam center passes through the target midline.
This error signal 1s directly proportional to dither
magnitude, here expressed in units of the beam radius, at
small magnitudes. The relative error signal has a slope that
remalns finite as the beam center displacement passes through
zero which means that there i1s basically no "dead zone" in
the servo-control domain and consecg{uently no static residual
error. Also, the capture range of the laser beam shown
provides a two beam radii capture range from the center of
the target to the center of the beam. Lines 74a and 74b in
Figure 5 refer to two different values of the relative dither
amplitude, expressed as a fraction of the beam diameter.

Thus far, operation of the tracking system 10 has been

discussed for the centroid tracking mode. It should Dbe
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appreciated that the concept is also applicable to tracking
target edges by introducing a differentiating process, by
modifying the dither generator output as described in FIG.
2A. Examples of edge-edge and centroid-edge tracking with
the tracking system 10 are 1illustrated in FIG. 7.

Illustration 76 shows edge-edge tracking against the nose
portion of target missile 12. Tracking system 10 detects an
edge 1n both the X coordinate and Y coordinate in order to
distinguish edge-edge detection. Illustration 78 shows
centroid-edge trackling against the nose portion of target
missile 12. In this example, centroid detection is performed
in the Y coordinate, while edge detection is provided along

the X coordinate. Illustration 80 further shows edge-edge

tracking agalnst a sharp feature near the rear portion of
target missile 12. It should be appreciated that wvarious
combinations of edge and centroid tracking may be achieved
wilth the present 1invention to track and engage any of a
varliety of objects which may be targeted.

The rectangular area centered on the cross-hair is a
lissajou scanned pattern traced by the centroid of the high
power beam 60 as 1t dithers at the two different dither
frequencies 1in orthogonal directions. The lissajou pattern
is a distinctive feature of the two-dimensional dither track.

In effect, the two-dimensional tracking provides a scan in
which the two dither frequencies are chosen to create a
dense, uniformally filled scan pattern in the detection

process made applicable to two-dimensional targets with
finite dimensions. Analysis of scattered signals from
various target shapes 1s made in each dimension to determine
the corresponding error signal necessary to bring the high

power laser beam 60 into engagement with the desired tracking

edge or centroid of the target.
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To further i1llustrate edge detection, FIG. 8 shows how
a received signal may look from a target consisting of a flat
rectangular strip and a cylinder having a similar width. The
beam line-of-sight 1s near but not on the target. The target
response for the rectangular strip 1s shown by signal 82
while the edge differentiated response therefore is provided
by signal 84. Similarly, the cylinder target edge scan 1is
shown by signal 86, while 1ts edge differentiated waveform is
provided by signal 88. Accordingly, the addition of a
differentiator turns a centroid detector into an edge
detector and therefore the concept 1s used to establish a
lock-point on a target at the 1intersection of two one-
dimensional dither-lock 1lines. An error signal may then be
derived from the edge detection as shown in FIG. 9.

Alternately, the tracking system 10 of the present

lnvention may be embodied to provide offset tracking

according to either a spatial or temporal mode of operation.
Referring to FIG. 10, 1llustrations 130 and 132 show the

utilization of a small portion 60a of the laser beam energy

60 for target tracking either on target centroid or on one or
more edges, and further employing the bulk or large portion
60b of the laser beam energy 60 to a separate known
vulnerable region On the target 12. Accordingly, the low
energy portion 60a of the laser beam tracks target 12, while

the large portion 60b of the laser energy 1s offset by a

desired amount to engage a desired region on the target 12,
generally 1n an attempt to destroy the target 12. As shown
in 1llustration 130, the low energy portion 60a tracks a
centroild-edge against the nose of target 12, while high

energy portion 60b 1s offset toward a midportion of target

12. Illustration 132 shows an edge-edge track with the low

energy portion 60a against a sharp feature near the rear of

19
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the target 12, while the high energy portion 60b is directed
to a desired central region of target 12.

To accomplish the desired laser beam offset. either a
temporal or spatial domain may be employed. 1In the temporal
domain, the offset can be achieved by alternately closing the
tracking loop and offsetting the laser beam by the desired
amount at a high frequency. Accordingly, the temporal domain

will allow the laser beam to alternate between a target

region and a kill region. When doing so, it 1is preferred

that the laser beam has a low energy level when in the target
region and switches to a high energy 1level in the kill
region. In the spatial domain, the offset between the low
energy portion 60a and high portion 60b of the laser energy
can be achieved by physically dividing the laser beam into a
large energy portion and a small energy portion with a known
angular offset, preferably with the lower power segment of
the beam belng used to accomplish the tracking function.

This approach allows the tracking system 10 of the present

invention to maintain track on an edge or feature of the

target 12 that 1s optimum for tracking purposes, while
devoting most of the available energy to a wvulnerable region
that 1s optimum for engagement. For either the temporal or
spatial domain, the amount of offset can be provided by an
angular offset which may be determined based on a desired
region for engagement and distance to the target 12.

FIG. 11 1llustrates a mirror assembly 154 that may be
used to realize the divided high energy portion 60b and low
energy portion 60a of laser energy according to the spatial
domailn. The mirror assembly 154 includes a combination of a
concave primary milrror 156 connected in a fixed relationship
with a convex secondary mirror assembly 160 via support

struts 170. The primary mirror 156 has a center hole 158
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formed therein for receiving a high energy 1laser beam 60.

The secondary mirror assembly 160 includes a convex mnmirror
surface 164 fixed in place via a central mirror mount 168 at
the central portion of assembly 160. The secondary mirror
assembly 160 further includes a reflective surface 162 formed
around the annulus of the outer perimeter of reflective
surface 164. Outer annulus reflective surface 162 is
poslitioned via a plurality of movable piston actuators 166.

Four piston actuators may suffice according to one
embodiment . Piston actuators 166 change the orientation of

the outer annulus reflective surface 162 relative to the

mirror assembly 160 so as to provide the low energy laser

beam 60a modulating at the appropriate dither frequencies in

the X and Y coordinate directions.

In operation, laser energy such as energy 60 1is
receilived through center hole 158 of primary mirror 166. The
laser energy reflects off convex secondary mirror surface 164
and fills the primary mirror 156 which focuses the energy
toward the desired location to make up the high energy beam
60b. At the same time, laser energy is reflected from the
outer annulus reflective surface 162 of secondary mirror
assemply 160 and reflected off of primary mirror 156 at low
energy beam 60a, independent of the central portion of the
secondary milirror 164. Relative -placement of the piston
actuators 166 causes the annular light beam 60a to focus
toward a different position on target 12 which is offset from
the malin portion of the high power beam 60b itself.
Moreover, the plston actuators 166 will vibrate in such a way
as to cause the displaced annular beam focus to dither as
previously described. Both dither travel and tilt offset of
the secondary mirror will likely be in the microradian range

and hence a standard afocal telescope design which meets
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other system requirements may be emploved.

Accordingly, tracking is accomplished by providing a
spatial or temporal offset between beam power deposited on a
tracking location and on an offset engagement location. A
fraction of the beam's power P, may be used to track in the
spatial domain, while a periodic fraction T, of a beam's track
period T, (where T, equals the time between the beam
revisiting a track location) may be used to track in the
temporal domain. For temporal offset, the time T, spent

irradiating the engagement location is less than the total

track period or revisit time T,. For spatial offset, P,, the
fraction of the beam's power used for tracking must of course
be small compared with the total Dbeam power P_,..,, for
efficient engagement.

In spatial offset, a beam segment or beamlet (P,) is
angularly separated from the engagement beam (P, - P.) in the
pointer  tracker, allowling adjustment of the desired

engagement location with constant tracking on the desired

tracking location by varying 6_... In temporal offset, the

beam locks onto 1ts optimum track location for a time period

T. and 1s then offset by 6. to the desired engagement

aimpoint for a time T, - T.. The energy beam then returns to
the desired trackpoint for a time TF and repeats the switched

time cycle.

Turning now to FIGS. 12 and 13, a laser tracking
system 1s 1llustrated therein for use in "scoring" infrared
laser beam hits on a moving target for purposes of evaluating
laser tracking system performance. Since tracking systems
are sometimes subject to error, the laser tracking testing
system 100 provides an independent method for test scoring

laser hits on a target. Referring particularly to FIG. 9, a
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missile target 12 is shown in relation to tracking system 10
and laser beam 60. While the tracking system 10 described
herein generally provides a high power laser beam, it should
be appreciated that for purposes of testing laser beam
tracking and engagement, a lower power laser beam may suffice
and 1s generally preferred.

Also shown 1n FIG. 12 is an exploded view of a front
portion of missile 12. According to the testing methodology,
a scoring region 1s 1initially determined and divided into a
plurality of bands such as scoring bands 102, 104 and 106.
Each of the scoring bands 102, 104 and 106 contains a unique
number of reflecting strips, different from the number of
strips 1n the other bands. According to a preferred
embodiment, the scoring bands 102, 104 and 106 are provided
with a width of approximately the expected laser beam width.

Each band 1ncludes a predetermined number of reflecting
strips 110 which are separated by non-reflecting regions 108.
According to the example shown, scoring band 102 contains
three reflecting strips, scoring band 104 contains four
reflecting strips, while scoring band 106 contains five
reflecting strips. Reflecting strips 110 for each band may
be formed by 1nitially painting the infrared on the exterior

surface of the missile throughout each band of the scoring

region and scraplng away the absorbing paint to form the
reflecting strips 110, while leaving regions of IR absorbing
paint to form the non-reflecting regions 108. The reflecting
strips 110 and non-reflecting regions 108 are preferably

formed at equal intervals around the scoring band of the

missile 12 circumference and parallel to the missile roll

axis. While three scoring bands are shown within the scoring
region, containing three, four and five reflecting strips, it

should be appreciated that a different number of scoring
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pands and various combinations of reflecting strips may be
employed without departing from the spirit of the invention.

| For a laser tracking system test, laser beam 60 is
focused on the scoring region of missile 12 in accordance

with a gilven tracking system operation. As the low power

laser beam 60 focuses along the roll axis of missile 12, the
reflected return energy 1is picked up and received by a simple
telescope 114 and focused onto a detector 116. The focused
energy detected by detector 116 1is provided as an electrical
signal to amplifier 118 and the amplified signal is passed on
to a frequency counter 120. Frequency counter 120 provides
the scattered laser 1light modulation frequency which 1is
preferably passed on to .a processor 122 or other computing
device to determine which scoring band within the scoring

region the laser beam 60 is tracking and engaged with.

When the laser beam 60 intercepts one of the scoring
regions 102, 104 or 106, the reflected energy will be
modulated at rates equal to the number of reflecting strips
110 multiplied by the missile roll rate. The missile roll

rate may be determined from monitoring a fiducial strip or

from independent radar, if available. With a fiducial strip,

the fiducial strip has a unique length which may be used to
count the 1roll rate of the missile 12. Accordingly,
processor 122 may collect the modulated frequency and divide
1t by the determined missile roll rate to determine the
number of strips within the region engaged and therefore
determine which scoring band 102, 104 or 106 from which the
energy 1s reflecting. The laser tracking test system 100 may
compare the desired tracking point with the actual location
of the laser beam on the particular scoring to determine any
error 1n a given tracking system. The tracking system test

100 advantageously ©provides an independent means for
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accessing imaging tracker performance and is insensitive to
atmosphere effects and details of the beam irradiance
distribution.

The tracking system described above is particularly
suitable for tracking distant ballistic missile targets from
alrborne and spacecraft platforms. In airborne platform
applications, the high power laser must be able to transmit
1ts beam through a relatively turbulent atmosphere en route
to the target. Of course the beam will be poorly organized
by passage through turbulent atmosphere in an airborne
application. However, tests and analysis of the system shows
that 1t centers the center of the 1laser beam onto the

sharpest radius of the curvature of the target. On

spacecraft based applications, the atmosphere is not a
problem but the nanoradian pointing accuracy or the high
power laser Dbeam 1s subject to disturbance by spacecraft

vibrations. The laser «cross body and tracking system

discussed above 1s particularly sultable for both
applications. In particular or alrborne platform
applications, the target is acquired by the airborne tracker
in the usual manner. An 1mage 1s formed as a large plume
with a missile dark body located at the top. A high power
laser is used to scan the area of the target 1n a Lissajou
pattern. As the high power laser beam scans the area in the
Lissajou pattern (i.e. large amplitude scan), the high
powered beam 1s also dithered in two orthogonal directions at
two 1ncommensurate frequencies around a 100 H,. As a result,
backscatter radiation from the hard body target is received
by a simple telescope with a field-of-view encompassing the
target-plume image.

The synchronous detection of the telescope output at

the two dither frequencies during the search phase will
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disclose whether or not the beam is scanning the target and
1f so, the orientation of the target relative to the scan

directions. Subsequently the scan direction is rotated to be

generally perpendicular to the missile roll axis. The beam

1s then locked on the missile center line by a servoloop
using the synchronous detector output to sense the phase of
the scatter signal relative to the dither mirror driver. The
servo then operates to null the fundamental and maximize the
second harmonic of the return signal to ensure that the beam
1s locked on the missile roll axis. Lastly for airborne
applications only, the high power laser beam locked on the
target 1s used as an ~atmospheric sensing beacon. An
lnterferometric or Hartmann-plate sensing of the return phase
enables a compensating phase correction to be applied to the
outgolng 1laser beam to improve 1its radiance and increase
fluence delivered to the target. Alternatively, a variation
of a Coherent Adaptive Optics Technique (COAT) could be used
to i1mprove the radiance on the target. The Hartmann-plate

sensing is as well as the COAT technique is fully described

1n the literature. See for example, R.K. Tyson, "Principles
of Adaptive Optics: Academic Press, Inc., Boston, 1991. p.

66-159.

For space based applications; the system would operate
in a similar way except the use of the high powered beam is
not at the atmospheric sensing beacon is not required.

As discussed above, in connection with FIGs. 10 and
11, the high power laser beam may be separated in two beams
such as a high power beam and a track point beam. In such an
application, a convenient two dimensional track point, such
as a missile nose, can be locked up with the track point beam
using two dither frequencies with the main beam offset

disposed along the body. Because the offset beam or high
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powered portion of the beam can be controlled to a relatively
high precision, the high power beam spot on the target will
have the same stability as the tracking beam itself.

While this invention has been described in connection
with a particular example thereof, no limitation is intended
except as defined by the following claims. A skilled
practitioner will realize that other modifications can be
made without departing from the spirit of this invention

after studying the specification and drawings.
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WHAT 1S CLAIMED T
1. A tracking system for tracking a moving object

with laser energy, said tracking system cComprising;

a laser generator for generazing a beam of laser

p_—

a Deam steerer for steering the beam of laser enerqgy ;

a first dither generator for causing said beam steerexr

to dither the bea

-

of laser energy 1in a first directio

B

according to a first fregquency;

a second dither generator for causing said beam

sCeerery to dither the beam of laser energy 1n a second

{1,

1rection according to a second freguency;

& laser energy detector for detecting laser enerqgy

refl

(D

cted from a targeted object; and

means Ior generatlng a bias signal to cause the beam

steerer to steer the beam of laser energy so as to track rhe

largest radius of curvature of the targeted

object 1in

P~

{2

response to the detected laser energy.

2. Tne tracking system as defined in claim 1 wherein

salid steered beam of laser energy is divided into a first and

.

& second beam, said first beam tracking the targeted object

and said second beam being offset from the first beam to

engage a desired region. -

3.+ The tracking system as defined in claim 2 wherein

sard first beam 1s steered in response to the first and

second frequenciles via piston actuated reflective surface,

while said second beam is focused onto said desired reglon.

4 . The laser tracking system as defined in claim 1

wherein sald steered beam of laser energy is switched between

28
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a tracking region for tracking the targeted object and an

offset engagement region for engaging a desired engagement
reglon on the target.

5. The laser tracking system as defined in claim 4
wherein the laser energy beam provides a lower energy level

when tracking and a higher energy level when engaging the

desired engagement region.

6. A tracking system for tracking a moving object
with laser energy, said tracking system comprising:

a laser generator for generating a beam of laser
enerqy; a peam steerer for steering the beam of laser
energy and oscillating the beam along a first axis at a first

frequency;

a laser energy detector for detecting laser enerqgy

retlected from a targeted object: and

means for generating a bias signal to cause the beam

largest radius of curvature of the targeted object in

response to the detected laser energy.

7 . A tracking system for tracking a moving object

with laser energy, said tracking system comprising:

a laser generator for generating laser energy;

means for steering said laser energy so that at least

some of said laser energy tracks a moving object and at least

some of said laser energy engages a desired region on said
moving object;
a first dither generator for causing said means for

steering to dither said at least some of said laser energy

for tracking 1n a first direction according to a first
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frequency;

a second dither generator for causing said means for
steering to dither said at least some of said laser energy
for tracking in a second direction according to a second

trequency;

a laser energy detector for detecting laser energy
reflected from a targeted object: and

means for generating a signal to cause the means for
steering to steer said at least some of said laser energy for

engaging the target so as to track the largest radius of

curvature of the targeted object in response to the detected

laser energy.

8. The tracking system as defined in claim 7 wherein

sald laser energy is divided into a first and a second beam,

said first beam tracking the targeted object and said second

beam offset from the first beam so as to engage a desired

region on the object.

9. The trackilng system as defined in claim 8 wherein
sald means for steering comprises a primary mirror arranged
1n a fixed relationship with a secondary mirror for providing
salid second beam, said mirror further including a steerable
reflective surface for steering a portion of said laser

energy to provide said first beam.

10. The tracking system as defined in claim 9 wherein

sald laser energy is switched between a tracking region and

an engagement region on the targeted object so that said
laser energy may repetitively switch between a tracking

location and an engagement location which is offset from the

tracking location.
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11. A method for tracking a moving object with laser

energy, sald method comprising the steps of:
generating a beam of laser energy;

steering the beam of laser energy so as to oscillate

the beam in a first direction according to a first frequency;

detecting laser energy reflected from a targeted
object;

generating a blas signal in response to said detected

laser energy and said first frequency; and

steering the beam of laser energy in response to said
blas signal so as to track the largest radius of curvature of

the targeted object.

12. The method as defined in Claim 11 further
comprising the step of steering the beam of laser energy in a
second direction according to a second frequency and

filtering said detected signal to separate the first and

second frequencies.

13. A method of tracking a moving object with laser

energy, sald method comprising the steps of:

generating a beam of laser energy;

steering the beam of laser energy so as to oscillate
the beam along a first axis according to a first frequency;
steering the beam of laser energy so as to oscillate

the beam along a second axis according to a second frequency;

detecting laser energy reflected from a targeted

object;

generating a signal in response to said detected laser

energy;
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filtering said signal so as to distinguish said first

frequency from said second frequency: and

steering the beam of laser energy in response to said

filtered signal so as to track the largest radius of

said beam of laser energy.

14. The method as defined in Claim 13 further
comprising the step of dividing said beam of Jlaser enerqgy
into a first and a second beam, tracking said targeted object

with said first beam and engaging a desired engagement region

with said second beam which is offset from saild first beam.

16. The method as defined in Claim 15 wherein said
beam of laser energy is switched between a tracking region
and an engagement region which is offset from the tracking

region, said beam of laser energy tracking said target and

then switching to said engagement region in a time shared

manner.
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