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Measuring Apparatus for Measuring the Trajectory of a Target Object

FIELD OF THE INVENTION

The invention relates to a measuring apparatus and a method for measuring the

trajectory of a target object.

BACKGROUND OF THE INVENTION

For measuring the trajectory of a target object, for example a military missile such as a
rocket or a projectile, radar systems can be used which can perform measurements with
an accuracy in the mrad range. Such radar apparatuses are usually used in connection
with C-RAM systems for monitoring and measuring the trajectory of artillery projectiles.

This enables a positioning accuracy within several meters to be achieved.

Under certain circumstances it is desirable to determine trajectory data with higher
accuracy. Knowledge of such accurate trajectory data is required, for example, when
using so-called C-RAM systems, which serve for defending enemy artillery projectile

attacks.

SUMMARY OF THE INVENTION

It is an object of the invention to measure the trajectory of a target object with high

accuracy.

This object is achieved by the subject matter of the independent claims. Further
embodiments of the invention arise from the dependent claims and the following

description.
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One aspect of the invention relates to a measuring apparatus for measuring the
trajectory of a target object. The measuring apparatus can be part of a C-RAM system
(counter rocket, artillery, mortar), for example. A C-RAM system can use anti-aircraft
guns with special ammunition, missile or high-energy laser radiation as an effector.
Directing this system and/or the methods used for fire control usually requires precise

knowledge of the target coordinates of the target object.

According to one embodiment of the invention, the measuring apparatus comprises a
receiving device having a primary mirror and a secondary mirror; a first detector for
detecting first electromagnetic radiation having a first wavelength; a second detector for
detecting second electromagnetic radiation having a second wavelength, wherein the
primary mirror is designed to reflect the first electromagnetic radiation and the second
electromagnetic radiation and to direct it onto a focal region; wherein the secondary
mirror is arranged between the primary mirror and the focal region and is designed to
reflect only the second electromagnetic radiation in the direction of the second detector;
and wherein the first detector is arranged behind the secondary mirror in the focus

region of the primary mirror.

The measuring apparatus comprises in particular a primary mirror capable of reflecting
both kinds of electromagnetic radiation. In this manner, the system combines two
measuring arrangements which are mechanically coupled so as to simplify the tracking
movement of the receiving device and to increase measuring accuracy. With the
described arrangement and the measuring method described below it is possible to
determine the trajectory coordinates of artillery projectiles and other target objects with

an accuracy of a few centimeters.

The focal region of the primary mirror can be a region in which the focus of the primary
mirror is situated, or a region in which the primary mirror bundles the (first and second)

electromagnetic radiation. In general, a mirror can be a device that is suitable to reflect
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the corresponding electromagnetic radiation almost completely (at least more than 50%

or more than 90%).

According to one embodiment of the invention, the first electromagnetic radiation is
radar radiation. The receiving device can be a receiving antenna. The radar radiation

can be radiation having a wavelength in the centimeter range.

According to one embodiment of the invention, the second electromagnetic radiation
has a wavelength between 0.5 um and 1.5 ym. The second electromagnetic radiation
can be light and/or laser radiation. The second electromagnetic radiation can comprise

infrared light, visible light and/or ultraviolet light.

The receiving device can comprise a telescope for light or laser radiation, which, at the

same time, can bundle radar radiation using the primary mirror.

For example, the primary mirror can be coated with a coating that can reflect radar
radiation as well as laser radiation or light. The secondary mirror can be coated with a
coating that reflects only laser radiation or light, but is permeable to radar radiation. The
secondary mirror can be made from a material that is permeable to radar beams so that

they can impinge on the first detector.

According to one embodiment of the invention, the detector is designed to detect a
position of the center of gravity of the first electromagnetic radiation impinging on the
first detector. The second detector can also be designed to detect a position of the
center of gravity of the second electromagnetic radiation impinging on the second
detector. The first detector and/or the second detector can each be a four-quadrant
detector. Each of the detectors or one of the two detectors can comprise a position-

sensitive sensor.

According to one embodiment of the invention, the primary mirror is a parabolic mirror

(having a positive focal length), and the secondary mirror is hyperbolic mirror (having a
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negative focal length). The primary mirror can have a parabolic surface. The secondary
mirror can have a hyperbolic surface. Both mirrors can have a coinciding optical axis

which can define an optical axis of the receiving device.

According to one embodiment of the invention, the primary mirror has an opening
through which the second electromagnetic radiation from the secondary mirror is
reflected. The opening can be situated in the region of the primary mirror through which

the optical axis of the mirrors passes through the primary mirror.

According to one embodiment of the invention, the measuring apparatus further
comprises a radiation unit that is designed to radiate electromagnetic radiation having
the second wavelength in the direction of an optical axis of the receiving device. In this
manner, the target object can be illuminated or radiated by the measuring apparatus
with the second electromagnetic radiation. The radiation device can be a laser radiation

device for radiating a laser beam having the corresponding wavelength.

The radiation device can be (fixedly) fastened on the receiving device. Thus, the
radiation device is pivoted together with the receiving device when the receiving device

is directed at the target object.

According to one embodiment of the invention, the measuring apparatus is designed to
determine, with a predefined angular accuracy (for example 0.5 mrad), an angular

deviation of the receiving device from the target object by means of the first detector.

According to one embodiment of the invention, the radiation device is designed to
radiate second electromagnetic radiation in an angular range that is greater than the

angular accuracy (for example 1 mrad).

According to one embodiment of the invention, the measuring apparatus further
comprises a semi-permeable mirror that is designed to reflect the second

electromagnetic radiation in the direction of the second detector. The semi-permeable
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mirror can be designed to allow a third electromagnetic radiation to pass through. After
the second electromagnetic radiation (for example light and/or laser radiation) has been
reflected from the secondary mirror (and potentially has been radiated through the
opening in the primary mirror), the second electromagnetic radiation can be directed
through the semi-permeable mirror in the direction towards the detector. Other
wavelength ranges (comprising the third electromagnetic radiation, for example light of
a different wavelength) can be allowed to pass through in the direction of a camera, for

example.

A reversed arrangement, in which the second electromagnetic radiation is allowed to
pass through from a semi-permeable mirror to the second detector and with the semi-
permeable mirror being designed to reflect a third electromagnetic radiation, is also

possible.

According to one embodiment of the invention, the primary mirror and the secondary
mirror are fixedly connected to one another and/or are combined to form a movable
receiving device that can be directed at the target object. Thus, the receiving device can

be directed at the target object for both types of electromagnetic beams.

According to one embodiment of the invention, the measuring apparatus further
comprises a directing unit having actuators for directing the receiving device at the

target object.

According to one embodiment of the invention, the directing unit comprises angle
detectors for detecting the angular orientation of an optical axis of the receiving device.
The target position of the target object can be determined from the signals of the angle

detectors when the optical axis of the receiving device is directed at the target object.

According to one embodiment of the invention, the measuring apparatus further
comprises a controller for receiving a first angular deviation of the first electromagnetic

radiation from the first detector, and for receiving a second angular deviation of the
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second electromagnetic radiation from the second detector. The controller can be
designed to determine how an optical axis of the receiving device has to be oriented to

reduce the angular deviations of the two detectors.

Another aspect of the invention relates to a system for measuring the trajectory of a
target object, which system comprises a measuring apparatus as described above and
below, and a (separate) radar apparatus for radiating radar radiation as first
electromagnetic radiation. The radar apparatus can also be used to determine a first

rough target position for a first orientation of the receiving device.

Another aspect of the invention relates to a method for measuring the trajectory of a

target object.

According to one embodiment of the invention, the method comprises the following
steps: receiving first electromagnetic radiation reflected from the target object in a
receiving device which comprises a primary mirror and a secondary mirror; reflecting
the first electromagnetic radiation onto a first detector by means of the primary mirror;
determining a rough position of the target object with a first accuracy from the signals of
the first detector; directing the receiving device at the target object by means of the
rough position; receiving in the receiving antenna a second electromagnetic radiation
reflected from the target object; reflecting onto a second detector the second
electromagnetic radiation by means of the primary mirror and the secondary mirror;
determining, from the signals of the second detector, a fine position of the target object

with a second accuracy that is greater than the first accuracy.

To measure the target coordinates of the target object, the target object is radiated from
the ground with chronologically pulsed electromagnetic radiation. It is possible to use
radiation having wavelengths in the centimeter range (radar radiation) as well as

wavelengths in the range of from 0.5 to 1.5 ym (light, laser radiation).



10

15

20

25

30

Producing the first electromagnetic radiation can be carried out by means of a (separate)
radar apparatus. Producing the second electromagnetic radiation can be carried out by

means of a laser unit (integrated in the measuring apparatus).

The first and second radiations scattered back from the target object to the ground can
be received by a receiving antenna and detectors or sensors arranged downstream of
the receiving antenna. The receiving antenna can comprise a telescope arrangement
having a primary mirror and a secondary mirror, wherein at least the primary mirror can
reflect and bundle both types of electromagnetic radiation (i.e., the first and the second

electromagnetic radiations).

The two detectors can each detect the first electromagnetic radiation and the second
electromagnetic radiation, respectively, and can each determine a positional deviation
and angular deviation, respectively, of the target from the respective detector and can

generate corresponding signals therefrom.

By means of the received signals evaluated in a controller or electronics, the receiving
antenna, with regard to the azimuth angle and elevation angle, is continuously directed
at the target during the measurement in such a manner that optimal reception is
established at any time. This can be performed by (only) the signals of the first detector,

for example.

The angle coordinates of the target object can be determined using angle encoders or

angle detectors attached on the rotation axles of a directing unit for the receiving device.

The determination of the distance from the target object can be carried out by
measuring the runtime of the transmitted and received pulsed electromagnetic radiation,
for example of the second electromagnetic radiation. The determination of the target
distance can also be carried out by measuring the runtime of the pulses of an

illumination laser (as laser unit).
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Measuring the trajectory of the target object, for example a RAM target (RAM: rocket,
artillery, mortar), can be carried out independently of a characteristic signature of the

target object (i.e., the detailed radiation pattern thereof).

Exemplary embodiments of the invention are described in detail below with reference to

the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1 shows a schematic view of a system for measuring the trajectory of a target

object according to an embodiment of the invention.

Fig. 2 shows a schematic view of a measuring apparatus for measuring the trajectory of

a target object according to an embodiment of the invention.

Fig. 3 shows a flow diagram for a method for measuring the trajectory of a target object

according to an embodiment of the invention.

Basically, identical or similar parts are designated by the same reference signs.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Fig. 1 shows a system 10 for measuring the trajectory of a target object 12, which
system comprises a measuring apparatus 14 having a receiving antenna 16 and a
directing unit 18. The directing unit 18 can direct the receiving antenna 16 toward the
target object 12. The target object 12 can be a missile, a rocket or an artillery projectile,

for example.

The system further comprises a radar apparatus 20 that can radiate radar radiation 22
onto the target object 12, which can be electromagnetic radiation having a wavelength

in the centimeter range.
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The measuring apparatus 14 can capture radar radiation 24 reflected from the target
object 12 and, in addition, can radiate laser radiation 26 onto the target object 12, and

can also capture laser radiation 28 reflected from the target object 10.

The measuring apparatus 12 or the measuring arrangement 12 is illustrated in Fig. 12 in

greater detail.

The measuring apparatus 12 comprises the movable antenna 16 which comprises a
telescopic construction formed from a primary mirror 32 and a secondary mirror 34,

which are held by a joint mechanical structure or are fixedly connected to one another.

The primary mirror 32 is substantially composed of glass-ceramics and has a diameter
of typically one meter. The primary mirror has a reflecting surface 36 in the shape of a
paraboloid having a focal length of typically two meters. The surface 36 is provided with
a metallic reflective coating which reflects, for example, 95% of the received radar

radiation 22 and of the laser radiation 28.

The radiation 24, 28 received from the target object 12 is bundled by the primary mirror
32 onto the secondary mirror 34, which can be attached at a distance of approximately
2 meters before the primary mirror 32, for example just before the focus of the primary
mirror 32. The optical axes 38 of the two mirrors 32, 34 can coincide and form an optical

axis 38 of the receiving antenna 16.

The secondary mirror as well is substantially composed of glass-ceramics and can have
a surface 40 in the shape of a hyperboloid. The surface 40 is provided with a dielectric
coating which is highly reflective for the laser radiation 28 in the wavelength range of the
laser radiation used, but is highly permeable for the radar radiation 24 used. The glass
ceramics used for the secondary mirror 34 is also highly permeable for the radar

radiation 24.
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A first detector 42 which comprises four receiving devices 44 in a quadrant arrangement
for measuring the received radar radiation 22 is attached on the back side of the

secondary mirror 34.

Attached to the receiving antenna 16 is a laser unit (or an illumination laser) 46, which
illuminates the target object 12 with laser radiation 26 when the optical axis 38 of the

receiving antenna 16 is substantially directed at the target.

The laser radiation 28 scattered back from the target object 12 is received by means of
the receiving antenna 16, is reflected from the primary mirror 32 onto the secondary
mirror 23 and, as a bundled beam, is deflected through a hole or opening 46 arranged
centrically (with respect to the axis 38) in the primary mirror 32 onto a position-sensitive
detector 62 via the deflection mirrors 53, 54, 56, 58 and 60 mounted in the two

rotational axes 48, 50 of the directing unit 18, and is focused on said detector.

The deflection mirror 60 can be designed as a wavelength-selective mirror so that light
received therefrom and having wavelengths other than the laser wavelength of the
illumination laser 46 can be used, for example, for observation purposes by means of a
camera 64, and/or that laser radiation having wavelengths other than the laser
wavelength of the illumination laser 46 can be radiated onto the target object 12 to

combat it.

The directing unit 18 comprises two actuators 66 (for example electric motors) by
means of which the receiving antenna 16 can be moved about the two rotational axes
48, 50. The measuring apparatus 14 further comprises two angle detectors 68 which
are mounted on the two rotation axles of the directing unit 18 of the receiving antenna
16 and by means of which the angular orientation of the receiving antenna 16 can be

determined.

10
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Controlling the actuators 66 is carried out by a controller 70 or electronics 70 which also
receives and processes signals from the angle detectors 68. The controller 70 can also

communicate and exchange information with the radar apparatus 20.

Fig. 3 shows a flow diagram for a method for measuring the trajectory of the target
object 12.

In step 80, the radar radiation 22 is produced by means of the radar apparatus 20 which
is separated from the measuring apparatus 14. The radar apparatus determines a first
target position or target coordinates of the target object 12 with an accuracy of a few
meters and transmits the target coordinates to the measuring apparatus 14 or the

controller 70 thereof.

In step 82, the receiving antenna 16 of the measuring apparatus 14 is directed by
means of the two-axis directing unit 18 at the target coordinates transmitted from the
external radar apparatus 20. For this purpose, the controller 70 controls the actuators
66 correspondingly. The current orientation of the receiving antenna 16 can also be

determined based on the signals of the angle detectors 68.

In step 84, the radar radiation reflected from the target object 12 in the direction of the
measuring apparatus 14 is received by the receiving antenna 16 and is bundled onto
the first detector 42 by the primary mirror 32. Based on the sensor signals of the
detector 32, the controller 70 determines the angular deviation of the receiving antenna
16 from the target object 12 with a first accuracy of approximately 0.5 mrad. This can be

carried out by means of differential phase measurements, for example.

In step 86, the antenna 16 then tracks the target object 12 accordingly by means of the

directing unit 18 which is controlled by the controller.

In step 88, after the orientation in step 86, the target object 12 is radiated by means of

the laser unit 46 with laser radiation 26, for example with pulsed laser radiation 26,

11
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which can lie in a wavelength range of from 0.5 to 1.5 ym. The pulse lengths of the laser
pulses are typically only a few nanoseconds; the pulse repetition rate can be several
hundred pulses up to one thousand pulses per second and/or the pulse energies can be

several tens of mJ. The divergence of the emitted laser radiation 26 is typically 1 mrad.

In step 90, the laser radiation 28 reflected from the target object 12 in the direction of
the measuring apparatus 14 is received by the receiving antenna 16 and is bundled and
deflected onto the second detector 62 by the primary mirror 32, the primary mirror 34
and the subsequent deflection mirrors 52, 54, 56, 58 and 60. The signals received from
the second detector 62, for example a position-sensitive sensor 62, are evaluated by
the controller 70. Therefrom, the controller 70 determines the angle offsets or angular

deviations of the receiving antennas 16 with an accuracy of a few prad.

In step 92, an accurate position determination of the target object 12 is carried out by
the controller 70 based on the signals of the angle detectors or angle encoder 68 and
the angular deviations detected in step 90. Based on this data, the angular position of

the target object 12 can be determined with an accuracy of a few microradians.

In step 94, the distance of the target object 12 from the controller is determined. This
can be carried out via a runtime measurement of the laser pulses of the laser radiation
26, 28.

The steps 82 to 94 can be regularly repeated so as to measure or determine the
trajectory of the target object 12. The time resolution of the measurement can result

from the pulse repetition rate of the illumination laser 46.

It should be added that “comprising” does not exclude other elements or steps and that
“one” or “a@” does not exclude a plurality. It should further be noted that features or steps
that have been described with reference to one of the above exemplary embodiments

can also be used in combination with other features or steps of other exemplary

12
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limiting.
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Patent claims

1. A measuring apparatus (14) for measuring the trajectory of a target object (12),
the measuring apparatus (14) comprising:

a receiving device (16) having a primary mirror (32) and a secondary mirror (34);

a first detector (42) for detecting first electromagnetic radiation (24) having a first
wavelength;

a second detector (62) for detecting second electromagnetic radiation (28)
having a second wavelength;

wherein the primary mirror (32) is designed to reflect the first electromagnetic
radiation (24) and the second electromagnetic radiation (28) and to direct said radiation
onto a focal region;

wherein the secondary mirror (34) is arranged between the primary mirror (32)
and the focal range and is designed to reflect only the second electromagnetic radiation
(28) in the direction of the second detector (62);

wherein the first detector (42) is arranged behind the secondary mirror (34) in the

focal region of the primary mirror (32).

2. The measuring apparatus (14) according to claim 1,

wherein the first electromagnetic radiation (24) is radar radiation.

3. The measuring apparatus (14) according to claim 1 or 2,
wherein the second electromagnetic radiation (28) has a wavelength between 0.5

Mm and 1.5 pm.

4. The measuring apparatus (14) according to any one of the preceding claims,
wherein the first detector (42) is designed to detect a position of the center of
gravity of the first electromagnetic radiation (24) impinging on the first detector (42),

and/or

14
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wherein the second detector (62) is designed to detect a position of the center of
gravity of the second electromagnetic radiation (28) impinging on the second detector
(62).

5. The measuring apparatus (14) according to any one of the preceding claims,
wherein the primary mirror (32) is a parabolic mirror and the secondary mirror (34) is a

hyperbolic mirror.

6. The measuring apparatus (14) according to any one of the preceding claims,
wherein the primary mirror (32) has an opening (46) through which the second

electromagnetic radiation (28) from the secondary mirror (34) is reflected.

7. The measuring apparatus (14) according to any one of the preceding claims,
further comprising:

a radiation unit (46) that is designed to radiate electromagnetic radiation (26)
having the second wavelength in the direction of an optical axis (38) of the receiving
device (16);

wherein the radiation unit (46) is fastened on the receiving device (16).

8. The measuring apparatus (14) according to claim 7,

wherein the measuring apparatus (14) is designed to determine, with a
predefined angular accuracy, an angular deviation of the receiving device (16) from the
target object (12) by means of the first detector (42);

wherein the radiation device (46) is designed to radiate a second electromagnetic

radiation (26) in an angular range that is greater than the angular accuracy.

9. The measuring apparatus (14) according to any of the preceding claims, further
comprising:
a semi-permeable mirror (60) that is designed to reflect the second

electromagnetic radiation (28) in the direction of the second detector (62); and/or

15
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wherein the semi-permeable mirror (60) is designed to let a third electromagnetic

radiation pass through.

10.  The measuring apparatus (14) according to any one of the preceding claims,
wherein the primary mirror (32) and the secondary mirror (34) are fixedly
connected to one another and are combined to form a movable receiving device (16)

that can be directed at the target object (12).

11.  The measuring apparatus (14) according to any one of the preceding claims,
further comprising:

a directing unit (18) having actuators (66) for directing the receiving device (16)
at the target (12).

12. The measuring apparatus (14) according to claim 11,
wherein the directing unit (18) comprises angle detectors (68) for detecting the

angular orientation of an optical axis (38) of the receiving device (16).

13.  The measuring apparatus (14) according to any one of the preceding claims,
further comprising:

a controller (70) for receiving a first angular deviation of the first electromagnetic
radiation (24) from the first detector (42) and a second angular deviation of the second
electromagnetic radiation (28) from the second detector (62);

wherein the controller (70) is designed to determine how an optical axis (38) of
the receiving device (16) has to be oriented to reduce the angular deviations of the two
detectors (42, 62).

14. A system (10) for measuring the trajectory of a target object (12), the system
comprising:

a measuring apparatus (14) according to any one of claims 1 to 13;

a radar apparatus (20) for radiating radar radiation (22) as first electromagnetic

radiation.

16
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15. A method for measuring the trajectory of a target object (12), the method
comprising the steps:

receiving first electromagnetic radiation (24) reflected from the target object (12)
in a receiving device (16) which comprises a primary mirror (32) and a secondary mirror
(34);

reflecting the first electromagnetic radiation (24) onto the first detector (42) by
means of the primary mirror (32);

determining a rough position of the target object (12) with a first accuracy from
the signals of the first detector (42);

directing the receiving device (16) at the target object (12) by means of the rough
position;

receiving in the receiving device (16) second electromagnetic radiation (28)
reflected from the target object (12);

reflecting onto a second detector (62) the second electromagnetic radiation (28)
by means of the primary mirror (32) and the secondary mirror (34);

determining, from the signals of the second detector (62), a fine position of the

target object (12) with a second accuracy that is greater than the first accuracy.

17



