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57 ABSTRACT

In a method of guiding a missile in flight to a target (FIG. 1),
the location of the missile and the range to the target are
measured at a plurality of moments during the flight of the
missile (step 10). The location of the target is calculated
from the measured ranges and the measured missile loca-
tions (step 20). A required velocity vector angle is calculated
from the calculated location of the target and a guidance law
(step 30). A lateral acceleration required to provide the
missile with a velocity oriented to the target at the required
velocity vector angle is calculated for the missile (step 40).
The missile is caused to accelerate with the calculated lateral
acceleration, so that the missile to follows a trajectory
according to the guidance law (step 50).

17 Claims, 2 Drawing Sheets
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1
MISSILE SEEKER AND GUIDANCE
METHOD

FIELD OF THE INVENTION

This invention relates to the field of missile seekers and
guidance methods.

BACKGROUND ART

Guided missiles that are capable of automatic tracking of
their target are typically equipped with a seeker, which
includes a sensor and an error-measuring device that indi-
cates a tracking error (i.e. the co-ordinates of the target in the
co-ordinate frame of the seeker, the target being at the origin
of that frame when the target is dead ahead of the missile).
The secker receives electromagnetic radiation that is
reflected or otherwise emanates from the target, and a
guidance law is used to calculate a control signal that must
be applied to the missile’s steering mechanisms in order for
the missile to intercept the target.

There is a need for a new generation of very small
anti-surface missiles that can acquire and track military
targets such as vehicles and defence installations. Because of
size and cost constraints, current missiles of that kind
generally either use command guidance (i.e. there is no
seeker inside the missile) or a very simple seeker such as a
semi-active laser receiver. There is a need for simpler,
lower-cost seeker concepts to meet the needs of future
lightweight weapons. Passive infrared- or visible-band seek-
ers can provide autonomous operation, so that the operator
does not need to keep a line of sight to the target, but they
suffer from the disadvantage that their performance is
degraded when visibility is poor, e.g. due to fog, rain or
battlefield smoke. Radar seekers do not suffer from that
disadvantage, but prior-art radar seekers are typically large,
costly and provide insufficient resolution to provide reliable
acquisition of the correct target.

A seeker typically measures the position of a target by
determining the angle of arrival of the electromagnetic
radiation arriving at the seeker from the target. The deter-
mination of that angle can be achieved in a number of
different ways. In conical scanning (conscan) radar, a narrow
radar beam is rotated around the radar boresight, typically by
mechanical means. The measured amplitude of the signals
received at the radar from the target will vary with the angle
between the boresight and the line of sight of the target;
when the boresight is on the target, the measured amplitude
will be constant as the beam rotates. In a monopulse radar,
a plurality of (typically four) receiving antennas are
arranged adjacent to each other, equally spaced around a
central point. A radar pulse echo from a target directly on the
boresight falls equally on all of the antennas, whereas a
pulse echo from a target angularly displaced from the
boresight falls more on some of the antennas than on others.
The relative signal amplitudes received from each antenna
therefore vary according to the position of the target. A
comparator and signal processor is used to derive the angle
of arrival of the target signal. A monopulse radar requires a
multi-channel radar receiver, which can be large and expen-
sive. Also, it can be difficult and expensive to achieve good
accuracy with a monopulse radar: angle measurements are
corrupted by thermal noise at low signal-to-noise ratios and
high tolerances are required in the gimbal mechanism, the
servo pickoffs and gyros, the antenna and the radome
aberration, all of which tends to drive up the cost and
complexity of the secker.
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Cost savings could be achieved by eliminating the need
for a gimbal mechanism to steer the antenna. Phased-array
antennas, in which steering is achieved by altering the
relative phases of an array of antenna elements, do not
require a gimbal mechanism. However, in the field of guided
missiles, phased-array antennas suffer from a number of
significant disadvantages. In particular, their available aper-
ture is small, which makes it difficult to achieve sufficient
precision in steering for reliable target tracking accuracy.

It would be advantageous to provide a missile seeker and
guidance method in which one or more of the aforemen-
tioned disadvantages is eliminated or at least reduced.

DISCLOSURE OF THE INVENTION

A first aspect of the invention provides a method for a
seeker, in a missile in flight, to locate a target, the method
having the steps set out in claim 1 below.

It will be understood that the range to the target is the
distance to the target, whereas the location of the target is
determined by the range and the angular position of the
target relative to the missile.

The invention enables a method of tracking that can be
carried out by a radar seeker that is considerably simpler
than conventional seekers. The concept is based on the fact
that a radar can measure range (and also closing velocity)
with considerable precision. The seeker can calculate the
location of the target and create guidance commands without
a requirement for an angle-tracking loop or a steerable
monopulse antenna (although use of the same is not
excluded from the present invention). Thus, the position of
the target can be derived purely by measuring the range
history (and, in some embodiments, range rate and accel-
eration) while the missile flies an appropriate trajectory.

It may be that the location of the missile is measured by
a navigation system comprised in the missile, for example a
Global Positioning System (GPS) receiver. It may be that the
measurement of the location of the missile is made relative
to Earth axes. It may be that the missile includes an inertial
system to measure accelerations of the missile.

It may be that the measurements of missile location and
target range are made at successive points through the
missile trajectory.

It may be that the measurement of the location of the
missile and/or the measurement of the range to the target are
made at sufficiently many moments during the flight of the
missile to ensure that noise in the measurement is reduced to
a level at which it does not significantly affect the accuracy
of the calculation of the location of the target.

The method may also include the step of measuring, at a
plurality of moments during the flight of the missile, the
velocity of the missile. The measurement of the velocity of
the missile may be made by measuring changes in the
location of the missile over a period of time. The method
may also include the step of measuring, at a plurality of
moments during the flight of the missile, the acceleration of
the missile. The measurement may be made by measuring
changes in the location and/or velocity of the missile over a
period of time.

The method may include the step of improving the
accuracy of the calculation of target location by using
Doppler information. Use of Doppler information enables
the target to be separated from nearby interfering clutter,
which improves the accuracy of the calculation of target
location.

It may be that the calculation of the location of the target
includes the step of extrapolating forward an intermediate
calculated location, to take into account the finite time taken
to perform the measurements and calculations.

It may be that steps (a) and (b) of the method are repeated
continuously during the flight of the missile, to produce an
updating measurement of the target location.
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It may be that an iterative algorithm is used to find values
that minimise an error function for unknown parameters of
the target, for example target initial position and velocity.
The error function may comprise a sum of error terms, each
corresponding to an unknown parameter, that are each
weighted by the value of the contribution of that error to the
error in calculation of the target location.

It may be that a progressive time shift and frequency shift
are applied to a signal returned from the target, so that the
target can be treated as if it remains at a stationary range and
Doppler.

In the case of tracking a single target, it may be that
samples from a signal returned from the target are processed
a plurality of times in parallel, each with a different Doppler
walk associated with a different rate of change of Doppler
shift, resulting in a multiple set of multiple-range Doppler
maps. It may be that the apparent contrast of the maps is
measured. It may be that the relative acceleration of the
missile with respect to the target is deduced by identifying
the Doppler rate corresponding to the maximum contrast
amongst the measured contrasts.

It may be that the method is used to provide in-flight
calibration of a monopulse radar antenna system.

It may be that the target is a slowly accelerating target
such as a ground- or sea-based target or a hovering helicop-
ter.

A second aspect of the invention provides a radar seeker
configured to locate a target by:

(a) measuring, at a plurality of moments during the flight
of the missile, the location of the missile and the range
from the missile to the target; and

(b) calculating the location of the target from the mea-
sured ranges and the measured missile locations.

Advantageously, the radar seeker is configured to utilise
a waveform having a bandwidth sufficient to permit resolu-
tion of the target from other targets and clutter in the vicinity
of the target.

It may be that the seeker includes an antenna. It may be
that the seeker is capable of synthetic aperture radar (SAR)
processing.

It may be that the secker does not include a multi-channel
radar receiver.

It may be that the seeker does not include a steerable
antenna.

Alternatively, it may be that the seeker includes a beam-
steering system. For example, the seeker may include a
switchable antenna, which can be switched between a small
number of preset angles, selected according to the angle to
the target.

It may be that secker emits radar signals having a band-
width sufficient to provide resolution of a magnitude less
than the size of the target. That may for example be a
bandwidth of 500 MHz. Resolution r is related the waveform
bandwidth B (Hz) by the equation:

where c is the velocity of light

It may be that the radar uses binary phase coding, which
may have a rate of up to the bandwidth of the waveform, i.e.
B Hz.

It may be that the antenna has a maximum field of regard
sufficient to encompass all target sightline angles encoun-
tered during missile flight. That may for example be a
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maximum field of regard of at least £25°. It may be that the
seeker includes a fixed, un-steerable, antenna. It may be that
the antenna is a conformal array. The missile may then be
configured to allow space at the front of the secker for a
warhead. It may be that a further seeker, operating in the
infrared or visible electromagnetic spectrum, may be posi-
tioned within the conformal radar antenna.

It may be that the seeker includes an autofocus system
configured to correct for motion of the target relative to the
seeker during the radar integration period, the autofocus
system being configured to provide data from which the
relative acceleration of the missile with respect to the target
is calculated. Thus calculation of the missile/target sightline
acceleration may be used to improve the calculation of the
target location.

A third aspect of the invention provides a missile having
the features set out in claim 10 below.

It may be that the guidance law causes the missile to fly
on a curved trajectory. It may be that the curved trajectory
consists principally of two stages. It may be that, in the first
stage, the missile trajectory is an equiangular spiral around
the target. It may be that, on the equiangular trajectory, the
angle between the longitudinal axis of the missile and the
calculated target location is kept at a maximum, i.e. it is as
large as is possible whilst still keeping the target visible to
the seeker of the missile. It may be that, when the lateral
acceleration required to maintain the missile on that equi-
angular spiral trajectory becomes too large, a second stage
begins. It may be that, in the second stage, the missile has
a trajectory with a constant lateral acceleration equal to the
maximum lateral acceleration of which the missile is
capable. Such a trajectory is approximately circular if the
missile velocity is constant.

It may be that the trajectory is at a small angle to the
horizontal throughout substantial the whole of the trajectory.
It may be that the trajectory is at a small angle to the
horizontal throughout substantial the whole of the trajectory,
except during a terminal phase during which the missile
trajectory is close to vertical.

It may be that the missile is a small missile, for example
being too small in diameter to accommodate a seeker with
a gimballed antenna with sufficiently small beamwidth to
provide adequate angular resolution of the target. For
example, it may be that the diameter is less than 100 mm for
a seeker operating in W band (approximately 100 GHz).

Other optional but preferred features of the invention are
set out in the dependent claims.

It will of course be appreciated that features described in
relation to one aspect of the present invention may be
incorporated into other aspects of the present invention. For
example, the seeker of the invention may incorporate any of
the features described with reference to the method of the
invention and vice versa.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments of the invention will now be
described by way of example only and with reference to the
accompanying drawings, of which:

FIG. 1 is a block diagram showing a seeker and guidance
system according to an example embodiment of the inven-
tion; and

FIG. 2 is flow chart showing the steps of a guidance
method, according to an example embodiment of the inven-
tion, implemented in the seeker and guidance system
of FIG. 1.
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DETAILED DESCRIPTION

In a seeker and guidance system (FIG. 1), an antenna 1 is
connected to a seeker transmitter and receiver via a duplexer
2. The duplexer is a Transmit-Receive (TR) switch (or, in
other example embodiments, a circulator) configured to
connect the antenna 1 to a receiver mixer 6 during a receive
phase and to connect the antenna 1 to a transmitter phase
shifter 3 during a transmit phase.

A transmitter 4 generates a radio-frequency signal which
is passed through the phase shifter 3. The phase-shifter 3 is
a binary phase shifter providing either 0 degrees or 180
degrees phase shift according to a control signal from a
phase code sequence generator 5. The phase code sequence
generator 5 provides a random or a pre-determined binary
sequence at high bandwidth, typically several hundred MHz.

The receiver mixer 6 creates a baseband signal by mixing
the signal received from the antenna 1 with a component of
the signal 4 from the transmitter 4. The created baseband
signal is amplified in an amplifier 7 and converted to a
digital data stream in an Analogue to Digital Converter
(ADC) 8. The ADC 8 is clocked by a clock oscillator (not
shown) which is synchronised to the phase code sequence
generator 5.

The remainder of the processing is undertaken in a Digital
Signal Processor 9. The signal from the ADC 8 is modified
by a range and Doppler correction system 10 which imple-
ments an autofocus function. The signal is then correlated,
in a correlator 11, with the phase code sequence from the
phase code sequence generator 5, to separate the received
signal into multiple range cells, the cell resolution being
determined by the rate of the phase code sequence. Each
range cell is processed in FFT bank 12 to resolve the signals
into multiple frequency cells. The resulting output 13 is thus
a range-Doppler map in which the received signal is segre-
gated into a matrix of range and Doppler (velocity) cells. An
acquisition and tracking system 14 processes the range-

6

In a method of guiding a missile in flight to a target (FIG.

2), the location of the missile and the range to the target are

measured at a plurality of moments during the flight of the

missile (step 100). The location of the target is calculated
5 from the measured ranges and the measured missile loca-
tions (step 200). A required velocity vector angle is calcu-
lated from the calculated location of the target and a guid-
ance law (step 300). A lateral acceleration required to
provide the missile with a velocity oriented to the target at
the required velocity vector angle is calculated for the
missile (step 400). The missile is caused to accelerate with
the calculated lateral acceleration, so that the missile follows
a trajectory according to the guidance law (step 500).

The method of FIG. 2, and some of the ideas underlying
it, will now be described in more detail. The description is
of an example implementation of the method and does not
limit the scope of the claimed invention.

Consider a seeker measuring the range, velocity and
acceleration of a target, relative to the missile, at a set of n
points along the missile trajectory.

The location of the missile is measured by the missile’s
navigation system (e.g. using a Global Positioning System
GPS receiver) relative to the Farth (i.e. in an earth-axis
co-ordinate system). Let the missile be at points (X,, y;, Z;)
to (X,, ¥, Z,)- Let the target be at points (a,, b, c,) to (a,,
b,, c,). Hence, the range to the target when the missile is at
point n is:

10

15

20

25

RV a2+ b+ Gocr)?

30 The relative velocity of the missile and the target is:

(n = @) = ) + (9 = D)3 = Bu) + (2 — €)% = E0)
R,

35

The relative acceleration of the missile and the target is:

(n = @)y = ) + Cin = )+ O = 55 = B )+ (5 = B )+ (G = )2 = 8) + (3 = 802 = V2

Doppler map to detect and acquire the target signal, track the
appropriate cells containing the target return, and provide a
target-tracking signal 15 to a guidance law calculation
processing block 16.

In a method of guiding a missile in flight to a target
(discussed further below, with reference to FIG. 2), the
guidance law calculation processing block 16 determines the
location of the target and calculates and provides guidance

Ry

Assuming, in this example, that the target is moving at a

45 constant velocity (a,b,6)=(u,v,w), so that
a,=ag+ut,,
b,=by+t,,

50 €, =Co+Wi,,

Where (ag,b,,c,) is the initial position of the target. Then:

Ry = (5 = @ + uB,))? + (3 — (B + V02 + (2 — (€0 + W5,

Xn — In —
( ]()(
(ao + uty) (bo + vin)

](yn—v)+( o ](zn—w)
(co + wiy)

V=R, =

Xy —
( (ao + uty,)

A=k, =

]xn + (&, —u)? +(

Ry

Yn =

0 n

(co +wi,)

commands to the missile. A navigation unit 18 provides
location data of the missile for use in the calculation.

Ry

65
In those equations, the missile motion parameters ((X,y,z)
and its derivatives) are all measured values, known in the



US 10,072,908 B2

7

missile. The remaining six unknowns, the target initial
position (a,, b,, c,) and constant velocity (u, v, w) can in
principle be solved if the measurements of the missile
motion parameters are made at at least two trajectory points
(giving six equations). In practice, measurement will be
noisy, and so many trajectory points are used, with the
values for a,, b,, c,, u, v, w that give a best fit to the
measured data being determined. In this example, an itera-
tive algorithm is used to find a solution to the n equations by
seeking values for the six unknown target parameters that
minimise an error function. Consider a trial solution (8,bo,
80,0,9,W), giving solutions (R, V,,A,). A measure of the
error of that solution is given by:

+
B E 4

The three error terms are weighted separately by &z, €, €,
according to the contribution of that error to the overall
accuracy of the calculation of the target location. An opti-
misation method (e.g. Generalized Reduced Gradient
(GR@G2) nonlinear optimization code, as developed by Leon
Lasdon, University of Texas at Austin, and Alan Waren,
Cleveland State University) is used to search for a minimum
value of E by varying the trial solution (34,b,80,0,%,%) to
find a best-fit solution (éﬂﬁﬂéﬂﬁﬂQﬂvV).

The seeker measurement process has a latency T, princi-
pally due to a finite integration time. Consequently, the
estimate of the target location is made by extrapolating
forward to the present time. So, the current estimated
position of the target at time t,, is:

(Ao, by o)=(a+(1,+T) b+, +T)),C-HR(E,+T))

The above process is repeated continuously during flight, to
produce an updating measurement of the target position and
velocity. The measurement is derived directly in Earth axes
and is independent of the missile body orientation. The
measurement is substantially unaffected by antenna or
radome aberration effects.

For the seeker to be able to calculate the target position,
a guidance law is used that controls the missile to fly a
particular curved trajectory. Selection of the trajectory
results from a balancing of the competing demands of, on
the one hand, the desire for good resolution and, on the other
hand, physical limitations in the operating performance of
the missile, including in some cases particular operational
requirements. Thus, the missile trajectory is selected to
obtain estimates for the target position and velocity that is of
an optimal accuracy, taking other constraints into account. In
this example, for reasons discussed in more detail below, the
missile flies a trajectory consisting principally of two stages.
In the first stage, the missile flies in a equiangular spiral
trajectory, keeping the sightline from the missile to the
estimated target position at a constant, maximal, angle.
When the lateral acceleration required to maintain the mis-
sile on that equiangular spiral trajectory becomes too large,
the second stage begins, in which the trajectory has a lateral
acceleration maintained at the maximum lateral acceleration
of which the missile is capable.

It is desirable to have a resolution that is sufficient to
separate the target from all other objects visible to the
missile. In this example, a prior-art technique, Doppler
Beam Sharpening alternatively called Synthetic Aperture
Radar, is used to achieve that. The technique aims to
combine fine range resolution with fine Doppler resolution.
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If a target can be isolated in a particular range cell at range
R then the target lies on a sphere radius R centred about the
seeker. Also, if the target Doppler shift is measured to be f,
then the target lies on a cone of semi-angle 0 with its apex
at the seeker and its axis along the missile velocity vector
Vv, and

B 2V, cos(8)
T

The sphere and the cone intercept each other in a circle of
radius R sin(0). For a ground- or sea-based target, the target
lies on an approximately flat surface, which intercepts the
circle at two points. Thus the location of the target is
determined down to those two points, and it is usually
immediately apparent which of the two points is the point at
which the target is actually to be found.

The implications for choice of trajectory are as follows.
Where the missile flight path is at a small angle to the
horizontal, the circle intercepts the surface approximately
perpendicularly, and hence the seeker’s resolution cell
encloses a very small area of the surface. For a steep dive
angle, on the other hand, the circle is closer to being parallel
with the surface, and the resolution cell therefore encloses a
much larger area, i.e. the position of the target is determined
much less accurately for a steep dive angle than for a
substantially horizontal flight.

From the above equation for the target Doppler shift
frequency, the width of the resolution cell is:

A

00=- ZVmsin(0)6

Ja

where 8f, is the Doppler resolution. Thus, the cross-track
resolution is large when 0 is small, so it is preferable for the
relative velocity vector of the missile to be at as large an
angle as possible to the sightline between the target and the
missile.

So, when the target is in a ground environment that is
close to horizontal, the optimal trajectory to achieve good
resolution is parallel to the ground and offset away from the
sightline as far as possible. That results in the velocity
resolution cells being approximately perpendicular to the
range resolution cells, and having a minimum width on the
ground. For complex conditions, for example in urban areas
or mountainous regions, the seeker’s circular resolution cell
may intercept the ground at several points. Although in that
case the considerations affecting optimal trajectory may be
more complex, one can nevertheless say that it is desirable
for the seeker’s trajectory not to be too steep, as a steep
trajectory will generally result in the secker’s circular reso-
Iution cell encompassing a large area of clutter, with deg-
radation of accuracy.

Various constraints limit the resolution that can be
achieved in practice. The seeker will have a limited field of
regard (FOR), and, to avoid the seeker losing sight of the
target, the missile flies on a trajectory in which the maximum
angle of look from the seeker to the target is kept within the
FOR. Also, the trajectory must be such that the missile does
not impact the ground before reaching the target. Further-
more, for some warhead types, it is necessary for the missile
trajectory to have a terminal dive angle that is as steep as
possible, so that an “up-and-over” trajectory is then pre-
ferred; however, that is in conflict with the condition for a
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good seeker resolution, and so a compromise may be nec-
essary when selecting the trajectory. Another constraint is
that the trajectory curvature should not demand a missile
acceleration greater than the actual maximum acceleration
capability of the missile.

Taking those considerations into account, the proposed
two-stage trajectory starts with an initial phase during which
flight is level (assuming a target on a substantially horizontal
surface) and the missile velocity is held at an angle 0, to
the sightline, resulting in a trajectory having a constant
sightline angle to the target, i.e. an equiangular spiral
trajectory. Note that 0, can be selected to be slightly larger
than the maximum FOR because of the missile incidence
angle: because the missile is turning towards the target as it
flies, the sightline angle relative to the missile body is
smaller than the sightline angle relative to the velocity
vector. Hence 0, can be selected to be slightly larger than
the FOR.

As the flight proceeds, the lateral acceleration required
from the missile for it to maintain its velocity at the angle
0., t0 the sightline builds up, until a point is reached where
the missile cannot maintain the necessary acceleration. At
this point, the guidance law enters its second stage, at which
the lateral acceleration of the missile is held close to its
maximum value until the moment of impact with the target.
Such a trajectory has approximately constant curvature (i.e
the trajectory is an arc of a circle) if the missile velocity is
constant. It can be shown that a seeker using Doppler beam
sharpening (Synthetic Aperture Radar—SAR) and flying on
a constant-curvature trajectory has cross-track resolution on
the target that is constant and independent of range to go.

The transition from the first stage to the second stage of
the trajectory is made when it is calculated that the maxi-
mum lateral acceleration a is required for the remainder of
flight in order to intercept the target. That is when the range
R, from the missile to the projected impact point is:

PATLISTI (.
R = S0 Onar )
a

The projected impact point is (a,+ut,,b, +vt,.c, +wt, ), where
t, is the estimated time to impact. Thus, in summary,
according to this guidance law, the desired angle between
the missile velocity vector and the sightline to the target is:

2V25in(,ar)
6 =0, for Ry < ————
a

R.a
2V2

2V 25in(Or)
a

0= sin’l( ] for R; >

The velocity vector required to implement the chosen 6 is,
in this example, calculated as follows. Let the missile-to-
target sightline unit vector be (s,5,,s,). To simplify the
calculation, we rotate the x, y, Z axes to a new co-ordinate
system, having axes X', y', 7, in which the y' component s',
is zero, i.e.

(%, s’y, 57) = ($xCO8Q — 5, 8ine, Sysine + 5,c08@, ;)

and
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so that 5" =0 (and the sightline therefore lies in the (x',y")
plane). We now calculate a vector (v',v',,v',) which is at the
desired angle 0 to the sightline, according to the trajectory
calculation above, and lies at an angle ¢ to the vertical in the
(v',z") plane. The angle ¢ of the plane of the velocity vector
is selected as a compromise between obtaining optimum
seeker resolution (i.e. trajectory in the horizontal plane) and
optimum terminal dive angle (i.e. trajectory in the vertical
plane). The desired vector satisfies:

o o ! o
cos 0=V s +v s\ +vis’,
and

v,=v’, tan @

Therefore, we have

o ‘o
L, .(cose—vzsytango—vzsz

/ /
(Vs Vi V) = , Vitang, Vz]

4
where K is a scale factor providing the required speed V ,,:

Vin

cosf — V. sitang — vist \?
\/(#) ~ (vttang) — (v)?

]
SX

K=

Rotating back to the original axis system, to give the
required missile velocity vector, we have:

o

The required missile acceleration A,, is selected to be
proportional to the required change in missile velocity
vector:

v, V)=(v', cos 0+v, sin a,—v’, sin a+v’, cos a,v’)

A, =PVt v, =vv,~w)

where P is a value selected according to the dynamics of
the missile and autopilot.

In summary, the processing sequence in this example
implementation is as follows:

1 Take input measurements:

a. Missile inertial measurements from the missile’s iner-

tial measurement UNit: X,,., Voo Zows X Yos Zons Koras S s
Zm

b. Target sightline measurements from the secker: R, V, A.

2 Calculate target location and velocity: a, b, ¢, u, v, w.

3 Calculate sightline vector (55,5, )~(a-x,b-y,c-z).

4 Calculate required velocity vector angle 6 from the
guidance law.

5 Calculate desired missile velocity vector (v,,v,,v,).

6 Calculate required missile lateral acceleration A,,,.

7 Repeat from step 1.

The basic requirements for a seeker able to implement the
above example algorithm are:

Good range resolution and precise range measurement

accuracy;

Capability to achieve SAR processing to resolve the target

from other targets and clutter; and

Accurate Doppler measurement accuracy.

There are no requirements for angle tracking except the
need to ensure the target remains within the antenna beam-
width.

In a simple seeker implementation such as that shown in
FIG. 1, a broad beam antenna is used whose beamwidth
encompasses all the required sightline angles. For example,
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the broad-beam antenna could be a conformal array (i.e. an
antenna integrated into and conformal with the radome),
which has many advantages, particularly in a small seeker,
for example:

Maximum use of available aperture—the antenna aper-
ture is equal to the missile diameter for zero look angle
and the aperture increases with increasing angle of look
as the projected area increases.

Space within the radome is available for use. In small
anti-surface missiles this is the ideal position to place
the warhead.

No need for accurate beam pointing.

High transmitter power can be achieved by multiple
low-power modules, each feeding a separate element of
the array and using free space power combining to
achieve the full power level.

If high range resolution is required, a broad bandwidth
signal is used. That may be achieved for example through
very high rate binary phase coding.

Whilst the present invention has been described and
illustrated with reference to particular embodiments, it will
be appreciated by those of ordinary skill in the art that the
invention lends itself to many different variations not spe-
cifically illustrated herein.

Although the simplest method for measuring target accel-
eration is to measure closing velocity in progressive time
steps and calculate the rate of change of velocity, more
sophisticated techniques are available, for example tech-
niques relating to autofocusing.

To create a focused SAR image, the target return is held
in a fixed range-Doppler cell throughout the integration
period, typically 100 to 500 ms. During that time the missile
can fly over 100 m—orders of magnitude more than the
resolution we are trying to achieve. Therefore, a progressive
time shift and frequency shift is applied to the target return
so that it remains at a stationary range and Doppler before
the SAR fast Fourier transform (FFT) processing is applied.
Once the Doppler shift of the target is measured, the rate of
range walk is easily calculated and if the closing velocity can
be assumed to be constant good focusing quality can be
achieved. However, because the Doppler shift of the signal
returns vary over the beamwidth of the target a single value
of range walk cannot create a focused image over the whole
of the beamwidth. Various autofocusing techniques are
known in the prior art to overcome that problem.

One technique that can be applied is to assume that the
rate of change of Doppler shift is constant over the integra-
tion period. The samples from the target return are processed
multiple times in parallel, each with a different Doppler walk
associated with a different rate of change of Doppler shift.
That results in a set of multiple-range Doppler maps of the
target scene. An algorithm is applied which measures the
apparent contrast of the scene—effectively looking for a
high spatial frequency. If a graph of contrast versus Doppler
rate is plotted, the point with maximum contrast can be
found and hence the sightline acceleration rate can be
deduced.

In applications in which a broadbeam antenna does not
have sufficient gain to achieve target acquisition at a desired
range, a simple beam-steering system can be incorporated.
That may be, for example, a switchable beam, which can be
positioned at a small number of preset angles selected
according to the calculated target angle. (That would also
have the advantage of eliminating mechanically the spurious
extra target location resulting from the SAR processing.)

In some applications, the tracking algorithms described
above may not provide adequate accuracy to achieve a
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required terminal accuracy. In such cases, the missile may
also incorporate an electro-optic (IIR) detector in the nose of
the missile. The radar can be used to provide long-range,
all-weather performance and the IR sensor can be used to
take over guidance at short range in the terminal phase.
Provided the maximum target speed is not too high, the IR
sensor will only need a small Field of Regard and could
therefore be un-gimballed.

Another possibility is to use the seeker tracking algorithm
described above in a monopulse radar. Although using a
monopulse configuration would add significantly to the
complexity of the seeker, requiring multiple receiver chan-
nels and greatly increased antenna pointing accuracy, the
target location method could be used to provide in-flight
calibration of the antenna system. That could overcome one
of the main difficulties foreseen with a non-gimballed
antenna array, namely the difficulty in achieving accurate
pointing accuracy, particularly in the severe and variable
thermal environment suffered in the nose of a missile.

Where in the foregoing description, integers or elements
are mentioned which have known, obvious or foreseeable
equivalents, then such equivalents are herein incorporated as
if individually set forth. Reference should be made to the
claims for determining the true scope of the present inven-
tion, which should be construed so as to encompass any such
equivalents. It will also be appreciated by the reader that
integers or features of the invention that are described as
preferable, advantageous, convenient or the like are optional
and do not limit the scope of the independent claims.
Moreover, it is to be understood that such optional integers
or features, whilst of possible benefit in some embodiments
of the invention, may be absent in other embodiments.

The invention claimed is:

1. A method for a seeker, in a missile in flight, to locate
a moving target, the method comprising:

(a) measuring, at a plurality of moments during the flight
of the missile, the location of the missile and the range
to the moving target;

(b) calculating the location of the moving target from the
measured ranges and the measured missile locations;
and

(¢) measuring Doppler information to determine a closing
velocity of the missile relative to the moving target and
using the Doppler information, in synthetic aperture
radar processing, to separate the moving target from
clutter in the calculation of the location of the moving
target and in calculation of a velocity of the moving
target.

2. The method of claim 1, including the step of measuring
Doppler rate information to determine a closing acceleration
of the missile relative to the moving target and using the
Doppler rate information in the calculations of the location
of'the moving target and of the velocity of the moving target.

3. The method of claim 1, wherein calculated location of
the moving target is used to calibrate a measurement of an
angular location of the moving target relative to the seeker.

4. The method of claim 1, in which the missile has a
trajectory having a first stage and a second stage, the second
stage comprising a constant lateral acceleration trajectory,
the method being used at least in the second stage.

5. The method of claim 4 in which the constant lateral
acceleration trajectory has a lateral acceleration maintained
at or close to the maximum lateral acceleration of which the
missile is capable.

6. A radar seeker comprising:

a digital signal processor configured to perform synthetic

aperture radar processing, to locate a moving target, by:
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(a) measuring, at a plurality of moments during the flight
of the missile, the location of the missile and the from
the missile to the moving target;

(b) calculating the location of the moving target from the
measured ranges and the measured missile locations;
and

(c) utilizing Doppler processing to create a Synthetic
Aperture Radar Image to provide additional resolution
to separate the moving target from other targets and
clutter in the vicinity of the moving target and to
calculate a velocity of the moving target.

7. A radar seeker as claimed in claim 6, configured to
utilise an autofocus system to correct for motion of the
moving target relative to the seeker during an integration
period of the radar, to provide a measurement of a relative
acceleration of the moving target with respect to the missile.

8. A radar seeker as claimed in claim 6, wherein the seeker
includes an angle-tracking system to determine the angle of
the missile-target sightline with respect to the missile axis
and wherein the location and velocity of the moving target
is used to calibrate the angle tracking system in order to
remove or reduce angle measurement errors.

9. A radar seeker as claimed in claim 6, including an
antenna in the form of a conformal array configured to allow
space in front of the seeker for a warhead or additional
moving target sensor.

10. A radar seeker as claimed in claim 6, configured to
follow a trajectory having first and second stages, the second
stage comprising a trajectory selected to maintain a lateral
acceleration that is at or close to the maximum that can be
achieved by the missile and the seeker being configured to
utilise said Doppler processing in the second stage.

11. A missile comprising:

a navigation system; and

a digital signal processor configured to perform synthetic
aperture radar processing, the digital signal processor
being configured to:

(a) measure, at a plurality of moments during the flight of
the missile, the location of the missile and the range to
a moving target;

(b) calculate the location of the moving target from the
measured ranges and the measured missile locations;

(c) calculate a required velocity vector angle from the
calculated location of the moving target and a guidance
law;
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(d) calculate for the missile a lateral acceleration required
to provide the missile with a velocity oriented to
intercept the moving target at the required velocity
vector angle;

(e) supply the calculated lateral acceleration to another
part of the missile that is configured to cause the missile
to accelerate; and

(D utilize Doppler processing to create a synthetic Aper-
ture Radar Image to provide additional resolution to
separate the moving target from other targets and
clutter in the vicinity of the moving target and to
calculate a velocity of the moving target.

12. A missile as claimed in claim 11, the missile being
configured to (i) measure Doppler information to determine
a closing velocity of the missile relative to the moving target
and to use the Doppler information in the calculation of the
location of the moving target and in the calculation of a
velocity of the moving target and/or (ii) to measure Doppler
rate information to determine a closing acceleration of the
missile relative to the moving target and to use the Doppler
rate information in the calculation of the location of the
moving target and in the calculation of a velocity of the
moving target.

13. Amissile as claimed in claim 11, wherein the guidance
law is such that, in operation, the missile is caused to fly, in
a first stage, a trajectory selected to give an equiangular
spiral around the moving target.

14. Amissile as claimed in claim 13, wherein the guidance
law is such that, in operation, the missile is caused to fly the
equiangular spiral at a maximum angle of the field of regard
of the seeker antenna.

15. Amissile as claimed in claim 13, wherein the guidance
law is such that, in operation, the missile is caused to fly, in
a second stage, a trajectory selected to maintain a lateral
acceleration that is the maximum that can be achieved by the
missile.

16. Amissile as claimed in claim 15, wherein the guidance
law is such that, in operation, the missile is caused to fly the
equiangular spiral at a maximum angle of the field of regard
of the seeker antenna, and wherein the guidance law is such
that, in operation, the second stage commences when the
acceleration required to maintain the missile on the equian-
gular spiral becomes too large.

17. A missile as claimed in claim 11 that is too small to
accommodate a seeker with a steerable antenna.
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