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(57) ABSTRACT

A sensor for determining a direction-of-arrival of radiation
impingent on the sensor which has antennas positioned in a
particular set-up different from a rectangle, so that informa-
tion may be derived between two pairs of the antennas,
positioned in corners of a rectangular grid and additional
information may be derived from an additional antenna,
combined with one of the “grid” antennas forming a third
pair of antennas. The additional antenna is positioned away
from the corners and other pre-defined lines of the rectangle/
grid. In this manner, such as from phase differences between
the pairs of antennas, more information may be derived
compared to antennas positioned merely at the corners of a
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rectangle to remove ambiguous angles of direction-of-ar-
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rival without compromising accuracy of an angular deter-
mination.
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METHOD AND A SENSOR FOR
DETERMINING A DIRECTION-OF-ARRIVAL
OF IMPINGENT RADIATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a national stage application under 35 U.S.C. § 371
of International Application No. PCT/EP2012/075425, filed
Dec. 13, 2012, and claims the benefit of European Appli-
cation No. 11195784.1, filed Dec. 27, 2011 and U.S. Pro-
visional Application No. 61/576,609, filed Dec. 16, 2011, the
disclosures of all of which are incorporated herein by
reference.

The present invention relates to a method and a sensor for
determining a direction-of-arrival of impingent radiation
and more particularly to the avoidance of ambiguous direc-
tion determinations in phase-comparison monopulse radars.

The phase-comparison monopulse principle is one of the
most widely used methods for narrow band tracking radars
to determine angular displacement of a target and other
angle/direction-of-arrival determining systems. The phase-
comparison monopulse technique is being used in e.g. pulse
radars, pulse Doppler radars, CW Doppler radars and
FMCW Doppler radars, but is also being used by telemetric
receivers. The key concept of the phase-comparison
monopulse technique is to measure the delay of an incoming
wave front with a quasi-stationary frequency from a receiv-
ing antenna to another, physically separated, receiving
antenna. The typically very short time delay is measured by
measuring the phase difference of the received wave
between the two receivers, which is possible due to the
quasi-stationary nature of the frequency with a wavelength
A of the reflected or emitted signal from the target to be
tracked.

It is well known that increasing the separation D between
the receiving antennas directly increases the angular sensi-
tivity of the radar. To maximize the accuracy, it is thus
desirable to maximize the separation D between the receiv-
ing antennas. However, since a phase difference between
two signals can only be measured unambiguously within +7
radians, only in the case of the receiver separation being less
than half the wavelength A of the received signal, can the
angle to the object be determined unambiguously. As soon
as the separation D gets bigger than A/2, the conversion from
phase difference to angle gets ambiguous.

In the past, the above limitation has been worked around
in different ways. For the majority of phase-comparison
monopulse determining systems, the ambiguity problem is
solved by using narrow beam antennas that only receive
energy coming from a limited field of view where there is no
ambiguity present.

The present invention solves the above-mentioned prob-
lem by e.g. adding an additional receiving antenna placed
physically in a particular relationship relative to the other
receiving antennas. The additional receiving antenna pref-
erably is placed such that the phase comparison between the
additional receiving antenna and at least one of the original
receiving antennas creates an ambiguity shift at different
angles compared to the original receivers. This means that
based on one single received radar pulse, the angle to the
target can be determined unambiguously.

The present invention removes the compromise that so far
has been made between coverage of the receiving antennas
at a given point in time and the accuracy of the angular
measurement using the phase-comparison monopulse prin-
ciple. Separating the design constraints between instanta-
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neous field-of-view coverage and obtainable accuracy opens
a variety of new designs of radar systems and other direc-
tion-of-arrival determining systems and as such has a big
commercial value.

In a first aspect, the invention relates to a sensor for
determining a direction-of-arrival of radiation impingent on
the sensor comprising:

no more than 6 receiving antennas each being configured

to sense the radiation and output a corresponding signal

and of which:

at least 3 of the receiving antennas are first receiving
antennas which define corners of a parallelogram
having two first and two second parallel sides,

one or more of the receiving antennas is/are second
receiving antenna(s), each second antenna forming a
pair of antennas with another of the no more than 6
receiving antennas, where the antennas of each pair
are positioned, in relation to each other, in the same
relationship as an antenna positioned, in relation to
one of the first receiving antennas, more than 1% of
a smallest distance between two first receiving anten-
nas away from all axes extending through any pair
of: each of the four corners of the parallelogram and
a centre point of each of the four sides of the
parallelogram and

a processor configured to receive the output signals and

derive the direction-of-arrival from phase differences in
the corresponding signals between the antennas of at
least one of the pairs of antennas.

In this respect, the “direction-of-arrival” is the direction of
the radiation impingent on the sensor. Impingent means that
the radiation is directed toward the sensor from a position
away therefrom. Typically, this will be the direction toward
a source of the radiation, such as a target element from
which the radiation is reflected or emitted.

Presently, microwave radiation is the preferred type of
radiation, as the present invention is very suitable for radar
applications, such as for tracking flying objects or the like.
In this type of environment, microwave radiation has a
number of advantages. However, it is noted that the same
problems will be seen for all types of radiation and all
frequencies, from x-ray to radio waves or even longer
wavelengths.

In the present aspect, the sensor has no more than 6
antennas. In this respect, an antenna is an element being
configured to sense the radiation and output a corresponding
signal. Usually, the corresponding signal will have a param-
eter, such as current, voltage, frequency or numerical con-
tent, relating to an amplitude/intensity of the signal received.
Typically, the radiation will have a periodic content, such as
a frequency, whereby the output signal would vary corre-
spondingly. In this respect, even though the antenna may
comprise multiple sensing elements, the antenna is a single
element outputting a single signal.

In certain circumstances, the output signal is generated
not only based on the radiation received but with the use of
e.g. an internal reference, such as an internal signal. In
standard radars, an internal reference signal which also has
been used for transmitting radiation toward the target, is
combined with the signal output of the receiving antennas to
generate a periodic signal (down converted from the radia-
tion wavelength to a baseband signal) which then relates to
variations seen by the radiation in its path from radar to radar
via the target, usually a frequency modulation caused by
movement of the target in relation to the radar. This com-
bination with a reference signal may be performed in the
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present antennas, so that the output signal already is the
resulting, such as down converted, signal.

When 3 or 4 of the receiving antennas are positioned in
corners of an imaginary parallelogram, at least two receiving
antennas are provided along a first side thereof and at least
two are provided along another side thereof having an angle
to the first side. Thus, the receiving antennas may be used for
a 3-dimensional direction-of-arrival determination of a
radiation emitting element.

In a preferred embodiment, the parallelogram is a rect-
angle, but in principle, any angle between the sides may be
used. It is noted that many of the axes will coincide in this
particular embodiment.

Whether 3 or 4 first receiving antennas are used in the
corners of the parallelogram is not a manner of obtaining
more measuring capability but a question of sensitivity in
that now 2x2 antennas are positioned in each direction,
providing a higher sensitivity than if only 2 antennas are
used.

When the antennas are mutually separated by at least 0.6
times the wavelength of the received microwave radiation,
the problem with ambiguity is especially seen.

When positioning the second receiving antenna in the
particular relationship to one of the other receiving antennas,
such as one of the first receiving antennas, the pair of the
other receiving antenna and the second receiving antenna
will provide a phase difference which provides additional
information which may be used for removing ambiguity
which is caused by the phase differences between the first
receiving antennas positioned in corners of sides of the
parallelogram.

It is noted that the second receiving antenna may provide
this information together with any of the first receiving
antennas, which may then be the other antenna of the pair of
antennas, or when positioned in any position in relation to
the first receiving antennas, if a separate other antenna is
positioned correctly in relation to the second receiving
antenna to obtain the desired positional relationship which
generates the sought for phase difference information.

It is noted that the antennas usually will have a physical
extent, whereby the positions of the antennas typically will
be a center thereof. Thus, parts of an antenna may be
positioned closer than 1% of the distance from an axis while
the center thereof is not.

In preferred embodiments, the second antenna(s) is/are
not positioned closer than 2%, such than not closer than 5%,
such as not closer than 10% of the distance.

Then, a processor may be used for receiving the output
signals and derive the direction-of-arrival from phase dif-
ferences in the corresponding signals between the antennas
of at least one of the pairs of antennas. Usually, the direc-
tion-of-arrival is also derived from phase differences of pairs
of the first receiving antennas, where the receiving antennas
of each pair of the first antennas are positioned in corners of
the same side of the parallelogram.

Naturally, the processor may be an ASIC, an FPGA, a
DSP, a signal processor, a single processor or a distributed
processing network. The processor may be software pro-
grammable or hardwired—or a combination thereof.

The direction-of-arrival may be determined in one dimen-
sion by using the phase differences of only the first receiving
antennas provided on a single side of the parallelogram, if
the used second receiving antenna(s) is/are provided on a
line coinciding with this side of the parallelogram.

Alternatively, the direction-of-arrival may be determined
in two dimensions, where at least 3 of the first receiving
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antennas are used, where the position of the second receiv-
ing antenna(s) may then be chosen more independently.

The determination of a phase difference is simple to the
skilled person. It is, however, clear that also other methods
exist where not directly a phase difference is determined but
equivalent data, such as a time difference describing the path
difference taken by the radiation to reach the individual
antennas, or a measure of the path difference itself, may
equally well be used. Phase differences are typically used for
periodical or quasi periodical signals, which is also the
preferred type of radiation in accordance with the invention.

The manner of determining the direction-of-arrival on the
basis of the phase differences and the manners of removing
or reducing the ambiguities will be described further below.

Another aspect of the invention relates to a method of
determining a direction-of-arrival of radiation impingent on
a sensor comprising no more than 6 receiving antennas each
being configured to sense the radiation and output a corre-
sponding signal and of which:

at least 3 of the antennas are first receiving antennas

define corners of a parallelogram having two first and
two second parallel sides,
one or more of the receiving antennas is/are second
receiving antenna(s), each second antenna forming a
pair of antennas with another of the no more than 6
receiving antennas, where the antennas of each pair are
positioned, in relation to each other, in the same rela-
tionship as an antenna positioned, in relation to one of
the first receiving antennas, more than 1% of a smallest
distance between two first receiving antennas away
from all axes extending through any pair of: each of the
four corners of the parallelogram and a centre point of
each of the four sides of the parallelogram and
the method comprising deriving the direction-of-arrival
from phase differences in the corresponding signals between
the antennas of at least one of the pairs of antennas.
A third aspect of the invention relates to a method of
determining a direction-of-arrival of radiation impingent on
a sensor comprising a plurality of receiving antennas each
being configured to sense the radiation and output a corre-
sponding signal, the method comprising:
positioning the receiving antennas so that 3 or more first
receiving antennas of the receiving antennas are posi-
tioned at different positions along a first direction,

two of the first antennas being positioned with a distance,
D, there between, one of the first antennas being
positioned between the two first antennas at a position
more than D*1% away from a position directly
between the two first antennas,

determining the direction-of-arrival from at least:

a phase difference between the two first antennas, and
aphase difference between one of the two first antennas
and the one antenna.

Consequently, a more simple set-up is provided requiring
only 3 receiving antennas provided on a single straight line
and with different distances there between. It is clear that one
distance between the receiving antennas, keeping the angle
and radiation wavelength constant, will provide one set of
possible angle candidates, and a sensible selection of the
other difference will provide another set of angle candidates.
Combining or comparing these candidates will remove or
reduce the possible ambiguous angles.

A fourth aspect of the invention relates to a method of
determining a direction-of-arrival of radiation impingent on
a sensor comprising a plurality of receiving antennas each
being configured to sense the radiation and output a corre-
sponding signal, the method comprising:
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positioning the receiving antennas so that:

at least 3 of the receiving antennas are first receiving
antennas define corners of a parallelogram having
two first and two second parallel sides,

one or more of the receiving antennas is/are second
receiving antenna(s), each second receiving antenna
forming a pair of antennas with another of the
plurality of receiving antennas, where the antennas
of each pair are positioned, in relation to each other,
in the same relationship as an antenna positioned, in
relation to one of the first receiving antennas, more
than 1% of a smallest distance between two first
receiving antennas away from all axes extending
through any pair of: each of the four corners of the
parallelogram and a centre point of each of the four
sides of the parallelogram and

determining the direction-of-arrival from at least:

a phase difference between a first pair of the first
receiving antennas positioned on one of the first
parallel sides,

a phase difference between a second pair of the first
receiving antennas positioned on one of the second
parallel sides, and

a phase difference between at least one of the pairs of
antennas being a second receiving antenna and the,
pertaining, other of the antennas.

Compared to the third aspect, this aspect relates to a
two-dimensional determination where the receiving anten-
nas are positioned in relation to two directions which are not
identical, whereby a non-zero angle exists there between.
Preferably, the two directions are perpendicular to each
other, so that the parallelogram is a rectangle, but any
non-zero angle may be used.

Opposed to the third aspect, the receiving antennas for
each dimension or direction need not be provided on a line
along the direction. The receiving antennas may be provided
a distance therefrom. This has a number of advantages in
that antenna(s) used for one dimension may be re-used for
also the other direction.

In general, 3 or more first receiving antennas are used
which define corners of an imaginary parallelogram or
which define two non-parallel directions as well as distances
between the first receiving antennas along these directions.
Naturally, one or more of the first receiving antennas may be
provided on both directions and will be positioned in a
corner of two sides of the parallelogram.

The particular manner of deriving the direction-of-arrival
relates to the use of at least three phase differences derived
from pairs of the first receiving antennas, selected to be
positioned along the two directions or sets of non-parallel
sides of the parallelogram, as well as a specifically chosen
set/pair of receiving antennas including the second receiving
antenna, where the particular positional relationship exists
between the second receiving antenna and the other antenna,
such as a first receiving antenna. The positional relationship
of the pair(s) of antennas comprising a second antenna
ensures additional information to the determination of the
direction-of-arrival.

In this respect, several pairs of a second receiving antenna
and pertaining other antenna may exist. Naturally, in this
situation, the phase difference of these pair(s) is that between
the pertaining second receiving antenna and the other
antenna.

As mentioned further above, the phase difference may be
replaced by another measure, such as a time difference or a
path difference which is another manner of describing the
same phenomenon: the fact that the radiation reaches the
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receiving antennas from a direction and thus may reach the
receiving antennas at different points in time as it will travel
different distances.

In a preferred embodiment of any of the above aspects,
the radiation is at least substantially periodic, such as
periodic in time, such as with a sine-like shape. This may be
the situation where a signal is amplitude or frequency
modulated and is combined (beated or summed/multiplied)
with itself. This will be the typical situation in many
instances, such as in radar technology.

In that or another embodiment, which is also relevant to
all aspects of the invention, the method further comprises the
step of directing radiation toward a target which subse-
quently generates the impingent radiation by reflecting at
least part of the radiation directed toward the target. This is
also typical in radar equipment which then also has a
transmitter for providing the radiation, which radiation or a
signal representing it may be used in the above combination
in order to arrive at an output signal with a periodic
signature.

In general, it is desired that the radiation is impingent on
all antennas and that the antennas are provided on a common
substrate, such as a flat panel which optionally may be
movable or rotatable if desired.

In a preferred embodiment, the determining step com-
prises estimating, for each pair of receiving antennas, one or
more candidate angles and subsequently determining the
direction-of-arrival on the basis of a set of candidate angles
comprising one candidate angle from each pair of receiving
antennas. The candidate angles of the set having the lowest
sum of difference angles relative to any direction, the
direction-of-arrival may be selected as the direction of that
set.

The very nature of the ambiguity is that a number of
angles will provide the same phase difference and thus
cannot be separated from each other using only two receiv-
ing antennas. Thus, for each phase difference, using two
receiving antennas, a number of candidate angles may be
derived. Selecting the distances between the antenna pairs to
be different, or generally selecting the positions of the
antennas of the pair sensibly, the candidate angles for
another distance or relative position will be different. Thus,
comparing the candidate angles, such as for each dimension,
will provide candidate angles of one antenna pair which
does not coincide with any candidate angles of the other
antenna pair(s), but at least one angle from one pair will
coincide, at least within a measurement error, with one from
the other pair(s).

Thus, having generated the two or more sets of candidate
angles (one for each antenna pair), a direction may be
determined for each set, where the direction of the set is that
having the lowest sum of difference angles to the candidate
angles of the set. The direction-of-arrival may then be
determined as the direction of the set having the lowest sum
of difference angles. This may be a simple minimizing
operation.

A particular advantage of all aspects of the present
invention is that the ambiguity may be handled even though
the sensor has a large field of view relative to the monopulse
distance D between the receiving antennas. Thus, preferably,
the sensor of the invention has a separation of the receiving
antennas which is more than 1.2 times the width of at least
one of the receiving antennas in the corresponding dimen-
sion.

A fifth aspect of the invention relates to a method of
tracking a trajectory of a target in flight, the projectile
reflecting or emitting radiation, the method comprising:
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at least once, determining a direction-of-arrival of radia-
tion reflected by or emitted by the target using the
method of any of the second and fourth aspects of the
invention,

tracking the trajectory using a radar and

correcting the trajectory using the direction-of-arrival
determined.

In this aspect, the target may be any type of flying object,
such as a launched projectile, a sports ball or the like. The
target may emit the radiation or reflect radiation directed
toward it.

The tracking of the trajectory of the target is performed
using a radar, which receives radiation from the target and
transforms this into information defining the trajectory.
Naturally, the radar may also be able to perform the deter-
mination of the direction-of-arrival, if suitably equipped
with a receiving antenna structure according to the invention
and the correct software running on its processor.

The correction of the trajectory may be performed on the
basis of one or a few determined directions-of-arrival, such
as if the radar performs a usual trajectory determination on
the basis of a measurement which has the ambiguity prob-
lem, where the direction-of-arrival determination may be
performed and the trajectory already determined or the
trajectory to be determined is then corrected.

Alternatively, the full trajectory or a major part thereof
may be determined on the basis of data also used in the
direction-of-arrival determination so that this determination
is performed most of the time. The trajectory thus is initially
generated in the correct manner.

A sixth aspect of the invention relates to a sensor for
determining a direction-of-arrival of radiation impingent on
the sensor comprising a plurality of receiving antennas each
being configured to sense the radiation and output a corre-
sponding signal, the sensor comprising:

3 or more first receiving antennas of the receiving anten-
nas being positioned at different positions along a first
direction, two of the first antennas being positioned
with a distance, D, there between, one of the first
antennas being positioned between the two first anten-
nas at a position more than D*1% away from a position
directly between the two first antennas,

a determining element configured to receive the output
signals from the first receiving antennas and determine
the direction from at least:

a phase difference between the two first receiving
antennas, and

a phase difference between the one antenna and one of
the two antennas.

This is similar to the third aspect, and the comments of the
above aspects are equally valid for this sixth aspect.

A seventh aspect of the invention relates to a sensor for
determining a direction-of-arrival of radiation impingent on
the sensor comprising a plurality of receiving antennas each
being configured to sense the radiation and output a corre-
sponding signal, the antennas being positioned so that:

at least 3 of the receiving antennas are first receiving
antennas define corners of a parallelogram having two
first and two second parallel sides,

one or more of the receiving antennas is/are second
receiving antenna(s), each second receiving antenna
forming a pair of antennas with another of the no more
than 6 receiving antennas, where the antennas of each
pair are positioned, in relation to each other, in the same
relationship as an antenna positioned, in relation to one
of the first receiving antennas, more than 1% of a
smallest distance between two first receiving antennas
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away from all axes extending through any pair of: each
of the four corners of the parallelogram and a centre
point of each of the four sides of the parallelogram and
the sensor further comprising a determining element
configured to receive the output signals from the first
receiving antennas and the antennas of at least one of
the pairs of antennas and determine the direction-of-
arrival from at least:

a phase difference between a first pair of the first receiving

antennas positioned on one of the first parallel sides,

a phase difference between a second pair of the first

receiving antennas positioned on one of the second
parallel sides, and

a phase difference between the antennas of at least one of

the pairs of antennas comprising a second antenna.

This corresponds to the fourth aspect, and all comments
made in relation to any of the above aspects of the invention
are equally relevant to this aspect.

In a preferred embodiment, the impingent radiation is at
least substantially periodic, such as periodic in time, as is
described further above.

A preferred sensor further comprises a transmitter for
directing radiation toward a target which subsequently may
generate the impingent radiation by reflecting at least part of
the radiation directed toward the target.

Preferably, the determining element is configured to esti-
mate, for each pair of receiving antennas, one or more
candidate angles and subsequently determine the direction-
of-arrival on the basis of a set of candidate angles compris-
ing one candidate angle from each pair of receiving anten-
nas, the candidate angles of the set having the lowest sum of
difference angles relative to any direction, the direction-of-
arrival being selected as the direction of that set.

Naturally, other minimization operations may be used,
such other techniques to find the direction-of-arrival that fits
best with the candidate angles.

A final aspect of the invention relates to a sensor for
tracking a trajectory of a target in flight, the target reflecting
or emitting radiation, the sensor comprising a sensor accord-
ing to any of the first and third aspects of the invention, and
wherein the determining element is configured to:

from the output signals from at least part of the receiving

antennas, derive a trajectory of the target and

correct the trajectory using the determined direction-of-

arrival.

As mentioned in relation to the fifth aspect, the correction
may be performed during or after the trajectory is deter-
mined, and the trajectory may be generated using a usual
radar, which has the ambiguity problem, or using a radar
which is able to determine also the direction-of-arrival, so
that the trajectory is, in fact, correct from the start.

In the following, preferred embodiments will be described
with reference to the drawing, wherein:

FIG. 1 illustrates a prior art monopulse receiving radar,

FIG. 2 illustrates ambiguity in the radar of FIG. 1

FIG. 3 illustrates a radar according to a first embodiment
according to the invention,

FIG. 4 illustrates a radar according to a second embodi-
ment according to the invention, and

FIG. 5 illustrates the possible solutions in a parallelogram
embodiment.

PHASE-COMPARISON MONOPULSE
PRINCIPLE

Consider a standard radar receiver with two separate
receiving antennas 1 (RX1) and 2 (RX2) in FIG. 1, the
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receiving antennas RX1 and RX2 are separated by the
distance 3 (D,,). The incoming wave front 5 reflected from
a target arrives at an angle 6 (E) relative to a line 4 which
is 90 degrees relative to the line 3 going through the two
receiving antennas 1 and 2. Due to the angle 6 (E), the signal
received by receiving antenna 1 travels an additional dis-
tance 7 which equals D, ,sin(E).

Consequently, the phase difference, 0,,, in radians
between the received signal 8 from the receiving antenna
RX1 compared to the signal 9 from receiving antenna RX2
will be phase shifted an amount equal to the distance 7
divided by the wavelength A multiplied with 27, see equa-
tion [1].

Dy, -sin(E
2ﬂ1251n()

012 = T

Equation [1] has been used by all phase-comparison
monopulse tracking radars to determine the physical angle to
a target from a measured phase difference 0, between two
physically separated antennas, RX1 and RX2.

Since a phase difference between two periodic signals can
only be measured unambiguously within +m radians, the
phase difference 0,, essentially includes N,, times 2m,
where the ambiguity index N, is an integer number like -2,
-1, 0, 1, 2 etc. Consequently, equation [1] can be rewritten
to [2], where 0, ,,,,, 1s the phase difference which is directly
measured and which always will be within +m radians.

O120mp
2

+N12)L

in(E) =
sin(E) ( D>

In the special case of N, ,=0, 0,,,,.,., equals 8, , in equation
[1]. Since sin(E) always will be absolute less than 1, there is
an upper absolute limitation on ambiguity index N, which
can be used in equation [2], see equation [3].

[Nia| < ﬂoor(% + 0.5)

In table 1 the number of useable N,,’s are listed for a
couple of different distances D,, between the receiving
antennas RX1 and RX2.

TABLE 1

Ambiguity index N, versus receiver separation D,

Receiver separation, D, Ambiguity index, N,

=N2 0

<302 -1,0,1

<502 -2-1,0,1,2

<10 M2 -5,-4,-3,-2,-1,0,1,2,3,4,5

For a target located at position 10 in FIG. 2 relative to the
receiving antennas 1 and 2, this means that from only the
directly measured phase difference 6,,,,,,, there is no way
of telling whether the target is located at position 10 or at one
of the positions 11 in FIG. 2. The “ghost positions” 11 in
FIG. 2 corresponds to the ambiguity index N, being -2, -1,
1, 2 instead of the, in this case, correct ambiguity index
N,,=0.
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The above described ambiguity problem has always been
a challenge for phase-comparison monopulse receiver sys-
tems in order to determine the angle to targets relative to the
receiver orientation. This has been overcome by either 1)
assuming an initial ambiguity index, or by 2) over time
observing angular movement of the target and correlating
this with predetermined ‘likely” movement of the target. For
most phase-comparison monopulse radars solution 1) has
been used. For the assumption of ambiguity index N, , equal
to 0 to be valid, it is necessary that the receiver beam width
is sufficiently narrow to eliminate the likehood of getting
ambiguity index’es N,, that are not 0. For a receiving
antenna with a physical width of W in the direction parallel
to the direction between receiving antenna RX1 and RX2,
the narrowest 3 dB beam width possible in this dimension
will be given by [4].

A
2.26- W)

BWsyp = tasin(

The angle range corresponding to ambiguity index N, is
0 is given by [5].

Ovjpm0 = tasin(Z_Dlz) 5]

This means that if the antenna dimension W in one
dimension is greater than 1.13 times the distance D,
between the receiver antennas in the same dimension used
for the phase-comparison monopulse, then there will be
ambiguity in the direction-of-arrival determination of the
incoming wave. Meaning, unless the present invention is
used, or additional information is provided, then the direc-
tion-of-arrival determination will be ambiguous.

Monopulse Resolving of the Phase Ambiguity

To solve the above ambiguity problem, an additional
receiving antenna 12 (RX4) may be provided.

Large-number antenna sensors are known as e.g. Phased
array receivers which consist of a number of receivers
arranged in a grid, typically linearly spaced. These systems
are capable of determining the direction-of-arrival of the
reflected/emitted wave from a target, but only if the spacing
of at least one of the rows or columns of the receivers is less
than A/2. The present embodiment is based on only adding
one additional receiving antenna RX4 being placed at a
different distance than D, from either receiving antenna
RX1 or RX2.

In FIG. 3, a one-dimensional set-up is described aimed at
determining a direction-of-arrival in one dimension, i.e. in
relation to a line between the receiving antennas RX1 and
RX2. In this embodiment, the receiving antenna (RX4) 12 is
positioned at a distance 30 (D,, ;) from the receiving
antenna RX2 and is positioned on the same line that goes
through receiving antennas RX1 and RX2. In this manner,
the phase shift determined may be used for determining the
angle or direction-of-arrival of the beam in the plane of the
drawing.

Thus, sin(E) can be determined from the phase difference
0,54,ms» 10 radians between the received signal from the
receiving antenna RX2 compared to the signal from receiv-
ing antenna RX4, see equation [6].
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sin(E) = (02;‘;”'"1’ + N24)

Day

When the phase differences 0,,,,, and 0,,,... are deter-
mined at the same instance in time, both equations [2] and
[6] need to be fulfilled. In FIG. 3, a graphical illustration,
with the correct target position 10 corresponding to both N,
and N,, equal to 0, is shown as well as the ghost positions
14 corresponding to the ambiguity index N,, being -1 and
1 and with the ghost positions 11 corresponding to the
ambiguity index N, being -2, -1, 1 and 2. From FIG. 3 it
is easily seen that only the correct position 10 will satisfy
both the phase difference 0, ,,, and the phase difference
054.ms since none of the ghost positions 11 and 14 coincide.
Consequently, the ambiguity has been resolved and the
corresponding index N, , and N, , has been determined at one
given instance in time. There are several ways to determine
mathematically which pair of N, and N, that satisfies both
equations [2] and [6]. One way, to do this is to minimize the
term err in equation [7] using only values for N, that satisfy
equation [3]. N,, can be any integer value in equation [7].

Oaamp Doy (OIZamb [7]
err =|—— —-

+ Ny —
24 Do e

+N12)

Another way is to identify the pair of N, and N,, that
satisfies both equations [2] and [6] given any measured
phase differences 0,,,,, and 0,,,,, and to simply make a
two-dimensional look-up table taking 6,,,,,, and 6,.,,.,, as
input.

From equation [7] it is clear, that only in the case where
the distance D,, | is different from the distance D, it will
be possible to determine a unique solution for N, and N,,.
Full 3 Dimensional Monopulse Resolving of the Phase
Ambiguity

Even though real life situations exist in which the ambi-
guity problem may exist only in one dimension, even though
direction-of-arrival or position determination is made in two
or three dimensions, in the preferred environment, the
ambiguity resolving technique described above is used
simultaneously both vertically and horizontally, whereby a
three dimensional angle to the target is obtained unambigu-
ously and on the basis of a single received pulse reflected
from the target.

Naturally, the set-up of FIG. 3 may be repeated for the two
dimensions, but the receiver antenna configuration prefer-
ably is made as that of FIG. 4 which is a frontal view of the
antenna panel. In FIG. 4, the positions of receiving antenna
(RX1) 15 and (RX2) 16 define the vertical direction (Y) 24
of the antenna panel and are separated by the distance (D, ,)
19, and the positions of receiving antenna (RX2) 16 and
(RX3) 17 define the horizontal direction (X) 23 of the
antenna panel and are separated by the distance (D,;) 20.
The position of receiving antenna (RX4) 18 is vertically
separated from receiving antenna RX2 by the distance
(D54 1) 21 and horizontally separated by the distance
(D., ) 22. Receiving antenna RX4 is separated from RX2
by the distance (D,,):

Dz4:\/Dz412+Dz432

In FIG. 5 the position of receiving antenna (RX1) 15,
(RX2) 16 and (RX3) 17 define a parallelogram. Receiving
antenna (RX4) 18 needs to be positioned away from axes
extending through any pair of: each of the four corners of the
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parallelogram 15, 16, 17 and 26 and a center point 27 of each
of the four sides of the parallelogram.

In FIG. 4, the receiving antennas 15 and 16 are used to
determine the vertical angle E to the target from the corre-
sponding phase difference 0,,,,, (e.g., see equation [2]),
receiving antennas 16 and 17 are used to determine the
horizontal angle A to the target from the corresponding
phase difference 0,,,,, (e.g., see equation [8]). Receiving
antennas 16 and 18 are used to determine the angle P to the
target from the corresponding phase difference 0,,,,,, (e.g.,
see equation [9]). The outputs of the receiving antennas 15,
16, 17, and 18 may be received by a determining element 25
to determine a direction-of-arrival.

O A 8
sin(A) _( Z;Tb N23)D—23 (8]
sin(P) ( 2;‘;:"1’ +N24)D—24 Bl

From the phase difference 0,,,,,, a number of candidate
angles E, is determined using the applicable N, in equation
[2] from equation [10], in addition from the phase difference
0,3,4ms @ NumMber of candidate angles A, is determined using
the applicable N,; in equation [8] from equation [10].
Finally, from the phase difference 6,,,,, a number of
candidate angles P, is determined using the applicable N, , in
equation [9] from equation [10]. From the sets of candidate
angles (E,, A,, P,) a direction-of-arrival is determined by
minimizing the sum of difference angles between the direc-
tion-of-arrival and the set of candidate angles (E,, A,, P,)).
The direction-of-arrival is represented by the vertical angle
E and horizontal angle A with corresponding ambiguity
indexes N, and N,.

INpol = ﬂoor(% + 0.5), [Nl < ﬂoor(% + 0.5)

and

[Naa| < ﬂoor(% + 0.5)

The minimization of the three sets of candidate angles (E,,
A,, P,)) can be done by minimizing the term err in equation
[11] using only values for ambiguity index N, ,, N,; and N,
that satisfy equation [10].

Oracmp [11]

D24y ( O120mp

D24 3 (023>
N P
Dy, 2 12) (

Dos 2

err =

+N23)

24—

In this example, the direction going through antennas
RX1 and RX2 is perpendicular to the direction going
through antennas RX2 and RX3. It should be noted that this
need not be the case.

The resolving of the ambiguity outlined above can be
done for every individual measurement point without using
knowledge of target location in any previous point(s) in
time. For a more robust solution, the ambiguity resolving
can be combined with a tracking algorithm aiming at track-
ing an object and generating a trajectory thereof, whereby
the next measurement point on the trajectory for a target is
restricted to occur at the vicinity of one or more of previous
measurement point, this will typically eliminate the need for
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solving the ambiguity. In the preferred solution, the ambi-
guity resolving is carried out independently on all data
points belonging to the same target during the acquisition
phase of the target tracking. Based on all the resolved
ambiguities and the relative movement of the target during
the acquisition phase, the final assessment of the starting
ambiguity is determined. If a target is lost during tracking for
some time making it possible to have shifted in angular
ambiguity, then it is recommended to re-acquire the ambi-
guity indexes.

Thus, the present direction-of-arrival may be used for
generating the correct track of e.g. a flying projectile, such
as a golf ball or a base ball, which may be tracked by a usual
radar, which may otherwise have the ambiguity. Thus, the
present invention may be used in addition to the radar, or the
radar may be altered to encompass the invention, whereby
the present direction-of-arrival data may be used in the
determination of the trajectory. In one example, the normal
tracking may be used for determining the overall trajectory
and the direction-of-arrival is performed only once or a few
times in order to ensure that no wrong choices have been
made in the radar as to solving ambiguity. If the trajectory
determined does not coincide with the direction-of-arrival,
the trajectory may be altered. Alternatively, all or most of the
points determined of the trajectory may be determined also
on the basis of a determined direction-of-arrival.

The invention claimed is:

1. A method of determining a three-dimensional direction-
of-arrival of radiation impingent on a sensor having a
plurality of receiving antennas each being configured to
sense the radiation and output a corresponding signal, the
method comprising:

positioning the antennas so that:

at least three of the antennas are first receiving antennas
which define corners of a parallelogram having two
first and two second parallel sides,

one or more of the receiving antennas is/are a second
receiving antenna(s), each second antenna forming a
pair of antennas with a first antenna,

wherein the second antenna of each pair is positioned,
in relation to the first antenna with which it is paired,
more than 2% of a smallest distance between two
first receiving antennas away from all axes extending
through any two of the four corners of the parallelo-
gram, any corner of the parallelogram and a centre
point of any of the four sides of the parallelogram,
and the centre point of any of the sides of the
parallelogram and the centre points of any other side
of the parallelogram; and

determining the three-dimensional direction-of-arrival

from at least:

a first phase difference between signals received by a
first pair of the first receiving antennas positioned on
one of the first parallel sides and a distance between
the antennas of the first pair of antennas,

a second phase difference between signals received by
a second pair of the first receiving antennas posi-
tioned on one of the second parallel sides and a
distance between the antennas of the second pair of
antennas, and

a third phase difference between signals received by a
third pair of antennas, being a pair of antennas
comprising a second receiving antenna and a first
antenna, and a distance between the antennas of the
third pair of antennas.

2. A method according to claim 1, wherein the impingent
radiation is at least substantially periodic.
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3. A method according to claim 1, further comprising the
step of directing radiation toward a target which subse-
quently generates the impingent radiation by reflecting at
least part of the radiation directed toward the target.

4. A method according to claim 1, wherein the determin-
ing step comprises:

estimating, for each pair of receiving antennas, one or

more candidate angles and subsequently,

generating a set of candidate angles, each set of candidate

angles comprising a candidate angle from each pair of
receiving antennas,

for each set of candidate angles, determining a direction

and a difference angle between the direction and each
candidate angle of the set,

determining, for each set of candidate angles, a sum ofthe

difference angles between the direction and each can-
didate angle of the set,

determining a first set of candidate angles having the

lowest sum and

selecting the direction-of-arrival as the direction of the

first set of candidate angles.

5. A method according to claim 1 wherein the positioning
step comprises positioning the first antennas with a mutual
distance of at least 0.6 times a wavelength of the impingent
microwave radiation.

6. A method according to claim 5, wherein the determi-
nation step is performed on the basis of signals output
simultaneously from the first and second receiving antennas.

7. A method according to claim 1, further comprising the
step of directing radiation toward a target which subse-
quently generates the impingent radiation by reflecting at
least part of the radiation directed toward the target.

8. A method according to claim 1, wherein the second
receiving antenna is positioned within the parallelogram.

9. A method according to claim 1, wherein the sensor has
exactly 5 receiving antennas of which three are first receiv-
ing antennas.

10. A method according to claim 1, wherein the sensor has
exactly four receiving antennas of which three are first
receiving antennas.

11. A method for tracking a trajectory of a target in flight,
the target reflecting or emitting radiation, the method com-
prising:

at least once, determining the direction-of-arrival of radia-

tion reflected by or emitted from the target using the
method of claim 1;

tracking the trajectory using a radar; and

correcting the trajectory using the direction-of-arrival

determined.

12. A sensor for determining a three-dimensional direc-
tion-of-arrival of radiation impingent thereon, the sensor
comprising no more than six receiving antennas each being
configured to sense the radiation and output a corresponding
signal, the antennas being positioned so that:

at least three of the antennas are first receiving antennas

defining corners of a parallelogram having two first and
two second parallel sides,

one or more of the receiving antennas is/are second

receiving antenna(s), each second antenna forming a
pair of antennas with another of the plurality of receiv-
ing antennas, where the antennas of each pair are
positioned, in relation to each other, in the same rela-
tionship as an antenna positioned, in relation to one of
the first receiving antennas, more than 2% of a smallest
distance between two first receiving antennas away
from all axes extending through any two of the four
corners of the parallelogram, any or the corners of the
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parallelogram and a centre point of any of the four sides

of the parallelogram, and the centre point of any of the

sides of the parallelogram and the centre point of any
other side of the parallelogram, and

the sensor further comprising a determining element

configured to receive the output signals from the first

receiving antennas and the second receiving antenna(s)
and determine the three-dimensional direction-of-ar-
rival from at least:

a first phase difference between signals received by a
first pair of the first receiving antennas positioned on
one of the first parallel sides and a distance between
the antennas of the first pair of antennas,

a second phase difference between signals received by
a second pair of the first receiving antennas posi-
tioned on one of the second parallel sides and a
distance between the antennas of the second pair of
antennas, and

a third phase difference between signals received by a
third pair of antennas, being a pair of antennas
comprising a second antenna, and a distance between
the antennas of the third pair of antennas.

13. A sensor according to claim 12, wherein the impingent
radiation is at least substantially periodic.

14. A sensor according to claim 12, further comprising a
transmitter for directing radiation toward a target which
subsequently may generate the impingent radiation by
reflecting at least part of the radiation directed toward the
target.

15. A sensor according to claim 12, wherein the deter-
mining element is configured to:

estimate, for each pair of receiving antennas, one or more

candidate angles and subsequently

generate a plurality of sets of candidate angles, each set of

candidate angles comprising a candidate angle from

each pair of receiving antennas,
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for each set of candidate angles, determine a direction and
a difference angle between the direction and each
candidate angle of the set,

determine, for each set of candidate angles, a sum of the

difference angles between the direction and each can-
didate angle of the set,

determine a first set of candidate angles having the lowest

sum and

select the direction-of-arrival as the direction of the

determined first set of candidate angles.

16. A device for tracking a trajectory of a target in flight,
the target reflecting or emitting radiation, the device com-
prising:

a sensor according to claim 12,

wherein the determining element is adapted to:

from the output signals from at least part of the anten-
nas, derive a trajectory of the target, and

correct the derived trajectory using the determined
direction-of-arrival.

17. A sensor according to claim 12, wherein the first
antennas are positioned with a mutual distance of at least 0.6
times a wavelength of the impingent microwave radiation.

18. A sensor according to claim 17, wherein the deter-
mining element is configured to perform the determination
on the basis of signals output simultaneously by the first and
second receiving antennas.

19. A sensor according to claim 12, further comprising a
transmitter for directing radiation toward a target from
which a portion of this radiation is reflected to the sensor.

20. A sensor according to claim 12, wherein the sensor has
exactly five receiving antennas of which three are first
receiving antennas.

21. A sensor according to claim 12, wherein the sensor has
exactly four receiving antennas of which three are first
receiving antennas.

22. A sensor according to claim 12, wherein each pair of
antennas includes a first receiving antenna.

#* #* #* #* #*
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