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(57) ABSTRACT

The invention relates to a method of compensating sub-array
or element failure in a phased array radar system. The method
comprises the step of defining a virtual array comprising a
multiple number of virtual transceiver tiles preferably
arranged halfway all connection lines interconnecting a trans-
mitter tile to a receiver tile. Further, the method comprises the
steps of performing phased array radar measurements, and
estimating radar data associated with a first transmitter/re-
ceiver combination by using radar data associated with a
second transmitter/receiver combination, wherein the virtual
transceiver tile of the first transmitter/receiver combination
substantially coincides with the virtual transceiver tile of the
second transmitter/receiver combination.
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METHOD OF COMPENSATING SUB-ARRAY
OR ELEMENT FAILURE IN A PHASED
ARRAY RADAR SYSTEM, A PHASED ARRAY
RADAR SYSTEM AND A COMPUTER
PROGRAM PRODUCT

[0001] The invention relates to a method of compensating
sub-array or element failure in a phased array radar system,
comprising the steps of providing a transmitter array com-
prising a multiple number of substantially identical transmit-
ter tiles, providing a receiver array comprising a multiple
number of substantially identical receiving tiles, and per-
forming phased array radar measurements.

[0002] Radar systems are known for transmitting and/or
receiving radar signals in preferred directions using a trans-
mission antenna and a separate receiver antenna or a single
antenna that is used for both transmission and receipt. Phased
array radar antennas include a multiple number of antenna
elements that often are arranged in regular patterns and are
connected to transmitter and/or receiver modules. For practi-
cal purposes, series of antenna elements and transceiver mod-
ules are often grouped into sub-arrays which are stacked to
form a complete phased array. It is noted that in this context,
both sub-arrays and array elements are denoted by tiles.
[0003] When a single transmitter tile and/or a single
receiver tile does not operate properly, e.g. due to a defect, the
resulting transmission antenna pattern and/or receiver
antenna pattern deteriorates, thereby significantly increasing
the radar system angular sensitivity to clutter and jammer
signals. The performance of the radar system becomes worse
thereby rendering a process of obtaining reliable radar obser-
vations more difficult.

[0004] In prior art systems, it is proposed to use only the
largest part of the phased array that still operates. However,
the radar system is then not used efficiently in terms of radar
gain and power. Further, signals of failing elements can be
estimated using data associated with neighbouring elements.
Such a system is, however, not applicable when an entire
sub-array fails. Alternatively, the defect transmitter tile or
receiver tile can be replaced. However, this is time consuming
and not always possible in an operational situation. The radar
system is then temporarily unavailable.

[0005] It is an object of the invention to provide a method
according to the preamble of compensating sub-array or ele-
ment failure in a phased array radar system wherein at least
one of the disadvantages identified above is reduced or
avoided. More specifically, the invention aims at obtaining a
method wherein the angular radar sensitivity pattern perfor-
mance of the radar system can be maintained at substantially
the same level after the occurrence of a single transmitter tile
or single receiver tile failure. Thereto, the method according
to the invention further comprises the steps of defining a
virtual array comprising a multiple number of virtual trans-
ceiver tiles each virtual transceiver corresponding to a par-
ticular transmitter tile and a particular receiver tile such that
the propagation time of a radar wave transmitted by the trans-
mitter tile and received by the receiver tile, via a radar object,
substantially equals the propagation time of a radar wave
transmitted and received by the virtual transceiver tile, via the
radar object, and estimating radar data associated with a first
transmitter/receiver combination by using radar data associ-
ated with a second transmitter/receiver combination, wherein
the virtual transceiver tile of the first transmitter/receiver
combination substantially coincides with the virtual trans-
ceiver tile of the second transmitter/receiver combination.

May 9, 2013

[0006] By defining the virtual transceiver tiles array and by
using radar data associated with a particular transmitter/re-
ceiver combination for estimating radar data associated with
another transmitter/receiver combination having the virtual
transceiver tile in common, it appears that a very good
approximation of radar data can be obtained. Therefore, miss-
ing radar data, e.g. caused by a malfunctioning transmitter tile
or receiver tile can be compensated. The reconstructed radar
data leads to an angular radar sensitivity pattern that has a
comparable quality compared to an original antenna pattern
based on real radar data obtained from all transmitter and
receiver tiles.

[0007] Advantageously, the operation of the phased array
radar system can be continued since the act of replacing a
defect transmitter module or receiver module can be post-
poned or even omitted.

[0008] The method according to the invention can be
applied to sub-arrays as well as to single elements.

[0009] It appears that the sensitivity of the phased array
radar system is reduced only by 1/Nx100% (one part in N) if
a single tile failure occurs, wherein N is the total number of
tiles.

[0010] As an example, when a particular receiver and/or a
particular transmitter tile is defect, radar data associated with
transmitter/receiver combinations related to the single trans-
mitter and/or single receiver can be estimated using radar data
associated with coinciding virtual transceiver tiles. Here, for
each missing transmitter/receiver combination, data can be
used associated with another transmitter/receiver combina-
tion having a virtual transceiver tile position in common with
the virtual transceiver tile position corresponding to the miss-
ing transmitter/receiver combination. Hence, the method may
identifying other transmitter/receiver combinations having
their virtual transceiver tiles in common with the virtual trans-
ceiver tiles corresponding with the transmitter/receiver com-
binations associated with radar data to be estimated. A cor-
rected radar response can be obtained by adding a missing
response due to the particular receiver and/or transmitter tile
to the total radar response that is obtained with the failing
receiver/transmitter tile.

[0011] Optionally, also radar data can be estimated when a
multiple number of receivers and/or transmitters are defect.
[0012] In a specific embodiment, an additional measure-
ment is performed for each identified transmitter/receiver tile
response. In a second, more efficient embodiment, the
method according to an aspect of the invention includes a step
of combining data measurements associated with the identi-
fied transmitter/receiver combinations having their virtual
transceiver tiles in common with the virtual transceiver tiles
corresponding with the transmitter/receiver combinations
associated with radar data to be estimated.

[0013] According to a further aspect of the invention, the
method may include the step of simultaneously transmitting,
at the transmitter tiles, a sequence of radar signals that are
mutually orthogonal or linearly independent in the aperture
domain, a step of receiving radar data at receiver tiles, a step
of determining radar data associated with a single or a com-
bination of particular transmitter tiles and a single or a com-
bination of particular receiver tiles, from a sequence of radar
data received at the particular receiver tile by using the
orthogonality or the linear independence of the transmitted
radar signals, and a step of determining also radar data asso-
ciated with the identified transmitter/receiver combination by
using the orthogonality or linear independence of the trans-
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mitted radar signal. By transmitting a sequence of coded
signals and using all transmitters for each transmission, and
exploiting the aperture coding of the signals for reconstruc-
tion, the transmitter gain and the receiver gain of the radar
system is used efficiently, and less radar transmissions and
data acquisition steps are required compared with the above-
mentioned first embodiment, but multiple beams must be
formed from the signals of a receive sub-array.

[0014] In a relatively simple embodiment, an aperture

coded sequence of radar signals is emitted sequentially. How-

ever, if a separate receiver and transmitter is installed for each
emission, and if the emissions are orthogonal in another
domain than the aperture domain, e.g. in the time-frequency
domain or polarisation domain, the aperture coded sequence
of'emissions can be transmitted and received simultaneously.

[0015] Ina specific embodiment according to the invention,

the method includes the steps of:

[0016] determining a sequence of aperture codes of trans-
mission signals that will allow reconstruction of missing
virtual transceiver signals;

[0017] determining beams and corresponding tapering
weights of these beams for forming a reconstruction of
missing virtual transceiver signals;

[0018] transmitting the aperture coded sequence of radar
signals;
[0019] receiving a sequence of reflected signals at each tile

with the predetermined beams and beam weights;

[0020] reconstructing a total signal of missing virtual trans-
ceivers from the sequence of received aperture coded sig-
nals by exploiting the coding properties; and

[0021] adding the reconstructed total missing signal to an
uncorrected radar signal.

[0022] The coding properties may include orthogonality or
linear independence, e.g. when using a time division multi-
plex transform, a frequency division multiplex transform and/
or a code division multiplex transform.
[0023] Further, the invention relates to a phased array radar
system. Additionally, the invention relates to a computer pro-
gram product. A computer program product may comprise a
set of computer executable instructions stored on a data car-
rier, such as a CD, a DVD or a solid state memory, e.g. a USB
or a SSD (solid state drive). The set of computer executable
instructions, which allow a programmable computer to carry
out the method as defined above, may also be available for
downloading from a remote server, for example via the Inter-
net.

[0024] Other advantageous embodiments according to the

invention are described in the following claims.

[0025] By way of example only, embodiments of the

present invention will now be described with reference to the

accompanying figures in which

[0026] FIG. 1a shows a schematic view of a first phased

array radar system according to the invention in a perfect

state;

[0027] FIG. 15 shows a schematic view of the phased array

radar system of FIG. 1q in a state wherein a receiver module

is defect;

[0028] FIG. 2a shows a schematic view of the phased array

radar system of FIG. 1a in a first specific acquisition step;

[0029] FIG. 25 shows a schematic view of the phased array

radar system of FIG. 1a in a second specific acquisition step;

[0030] FIG. 3 shows a first schematic representation of

measurements performed by a phased array radar system

according to the invention;
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[0031] FIG. 4 shows a second schematic representation of
measurements performed by a phased array radar system
according to the invention, and

[0032] FIG. 5a shows a schematic view of the phased array
radar system of FIG. 1a in another first specific acquisition
step;

[0033] FIG. 54 shows a schematic view of the phased array
radar system of FIG. 14 in another second specific acquisition
step;

[0034] FIG. 6 shows a schematic taper function;

[0035] FIG. 7 shows a schematic view of a second phased

array radar system according to the invention wherein a
receiver module is defect;

[0036] FIG. 8 shows a first schematic view of transmitter/
receiver combinations;

[0037] FIG. 9 shows a second schematic view of transmit-
ter/receiver combinations;

[0038] FIG. 10 shows a third schematic view of transmitter/
receiver combinations in view of the phased array radar sys-
tem of FIG. 7 wherein a transmitter module is defect;

[0039] FIG. 11 shows a fourth schematic view of transmit-
ter/receiver combinations in view of the phased array radar
system of FIG. 7 wherein a transmitter module is defect;
[0040] FIG. 12 shows a flow chart of an embodiment of a
method according to the invention;

[0041] FIG. 13 shows a schematic view of a third phased
array radar system according to the invention; and

[0042] FIG. 14 shows a schematic view of a transmitter tile,
a receiver tile and a corresponding virtual transceiver tile.
[0043] The figures are merely schematic views of preferred
embodiments according to the invention. In the figures, the
same reference numbers refer to equal or corresponding parts.
[0044] FIG. 1a shows a schematic view of a first phased
array radar system 1 according to the invention. Here, the
system 1 is in a perfect state, i.e. the transmitter tiles t, t, and
the receiver tiles 3a-f, comprised by the system, operate regu-
larly. There is no defect in the tiles, also called modules. The
tiles or modules may include a single or a multiple number of
array elements.

[0045] The transmitter modules t,, t, are arranged at equi-
distant positions on a linear transmitting line T, ., forming a
transmitter array. Similarly, a first set of receiver modules 3a-f°
are also arranged at equidistant positions on a linear receiving
line, forming a receiver array. A second set of receiver mod-
ules is arranged next and parallel to the first set of receiver
modules. The distance D between adjacent receiving modules
3 substantially equals the distance E between adjacent trans-
mitting modules t. The receiving module distance is defined at
the distance between the center points 4 of the corresponding
modules. A similar definition applies to the distance between
transmitting modules. Further, the transmitting line T,,,, and
the receiving line R,,,, are substantially parallel.

[0046] FIG. 1a further shows connection lines 5 intercon-
necting all pairs of transmitter modules t and receiver mod-
ules 3. Halfway each connection line 5 a virtual transceiver
module 6 is defined interrelating the respective transmitter
module t and receiver module 3. The system 1 further com-
prises a processor 10 connected to the transmitter array and
the receiver array.

[0047] During use ofthe system 1, phased array radar mea-
surements are performed leading to a number of samples. In
the lower part of FIG. 1a the samples are represented as dots
7 arranged along the transmission line T,,,,, in relation to the
corresponding virtual transceiver modules 6, thus expressing
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the multiple input multiple output (MIMO) structure of the
transmitter/receiver geometry of the phased array radar sys-
tem 1. A first bar 8 indicates samples generated by a first
transmitter module t;, while a second bar 9 indicates samples
generated by a second transmitter module t,. As can be seen,
there is an overlap in virtual transceiver modules 6, i.e. a
particular virtual transceiver module 6 (not at end sections of
the virtual array) corresponds to two pairs of transmitter/
receiver.

[0048] According to an aspect of the invention, the proces-
sor is arranged for estimating radar data that are missed if a
transmitter and/or receiver module fails and/or when a radar
measurement associated with a transmitter/receiver combi-
nation is not available. In particular, radar measurements
associated with a particular transmitter tile and/or a particular
receiver tile may not be available. The estimated radar data
are based on data associated with transmitter/receiver pairs
that have a virtual transceiver module in common with a pair
including the failing transmitter and/or receiver module.
[0049] FIG. 15 shows a schematic view of the phased array
radar system 1 in a state wherein a receiver module r; defect.
The other receiver modules r|, r,, r,-t operate regularly. The
first bar 8 and the second bar 9 include a gap. In order to
reconstruct the missing radar data at the defect receiver mod-
ule 13, the virtual element signals v,; are defined as a signal
directly related to a signal generated by a transmitter module
i and received by a receiver module j.

[0050] FIG. 2a shows a schematic view of the phased array
radar system 1 during a first specific acquisition step. Here, an
additional data acquisition step is performed in order to esti-
mate radar data generated by the first transmitter module t,
that would be received by the defect third receiver r5. This is
accomplished by acquiring data associated with the virtual
transceiver module v,,.

[0051] FIG. 25 shows a schematic view of the phased array
radar system 1 during a second specific acquisition step,
wherein a further additional data acquisition step if per-
formed in order to estimate radar data generated by the second
transmitter module t, that would be received by the defect
third receiver ry. This is accomplished by acquiring data
associated with the data of the virtual transceiver module v, ,.
[0052] Since the virtual transceiver modules v,, and v,
also relate to radar data of the missing pairs t,/r; and t,/r; ,
respectively, the missing data can be estimated relatively
accurately, thereby effectively compensating the missing
data. Here, two pairs of transmitter/receiver are identified that
have a common virtual transceiver module with two respec-
tive pairs of transmitter/receiver that are missing in the data.
Inthe estimating step the obtained additional data is weighted
properly to reconstruct the original missing beam data.
[0053] In general, measurement data associated with a
transmitter i and a receiver j can be reconstructed using mea-
surement data associated with a transmitter i-k and a receiver
i+k, wherein the symbols 1, j and k denote integers indicating
a particular transmitter/receiver in the respective array. It can
be shown that the first and second measurement data have the
same corresponding virtual array in common.

[0054] FIG. 3 shows a first schematic representation of
measurements performed by a phased array radar system 1
according to the invention. Here, six transmitter modules are
arranged in parallel to six receiver modules, and the offset
between subsequent modules is identical. The transmitter
modules are symbolically indicated in the vertical column 20,
while the receiver modules are symbolically indicated in the

May 9, 2013

horizontal row 21. The matrix dots 22 represent specific radar
measurements relating to the corresponding transmitter mod-
ule and receiver module.

[0055] As an example, the fourth receiver module fails.
Then, the measurements in the fourth column 23 are not
available. In principle, measurements related to diagonal
traces 24a-f can be used to construct the missing data. In a
specific implementation, the six measurement data are found
by using measurement data in a first block of data 25 wherein
the third receiver module receives measurements from the
second, third and fourth transmitter module, and by using
measurement data in a second block of data 26 wherein the
sixth receiver module receives measurements from the sec-
ond, third and fourth transmitter module.

[0056] In general, a step has to be performed of identifying
other transmitter/receiver combinations having their virtual
transceiver tiles in common with the virtual transceiver tiles
corresponding with the transmitter/receiver combinations
associated with radar data to be estimated.

[0057] In order to actually perform the estimation of the
missing measurements, a step of performed wherein at least
one additional measurement is generated to obtain radar data
associated with the identified other transmitter/receiver com-
binations.

[0058] In the situation as shown in FIG. 3, two additional
measurement steps, repair transmissions, have to be per-
formed, a first measurement received by the third receiver
module and a second measurement received by the sixth
receiver module.

[0059] FIG. 3 further shows a transmitter taper function 27
that is applied for performing the regular measurement. By
applying the transmitter taper function a desired phased array
antenna pattern is obtained. Similarly, a receiver taper func-
tion 30 is shown. During the first and the second addition
measurement step, different transmitter taper functions 28, 29
are applied, as well as different receiver taper functions 31,
32, in order to compensate for the regular taper functions that
would have been applied for the missing transmitter/receiver
combinations. Thus, a step of correcting a taper function of
receiver/transmitter tiles is applied when estimating radar
data associated with a first transmitter/receiver combination
by using radar data associated with a second transmitter/
receiver combination.

[0060] It is noted that in the case of uniform tapers, the
transmitted signals transmitted by the second, third and fourth
transmitter modules are equal during the process of obtaining
additional measurement data. Therefore, a single additional
measurement step (repair step) is sufficient to obtain the data
for construction of the missing data.

[0061] In this regard it is further noted that the application
of a taper function is a scalar weighting function. Therefore,
the product of the transmitter weighting function with the
receiver weighting function can be modified as long as the
product remains the same. As an example, the transmitter
weighting function and the receiver weighting function are
allowed to interchange.

[0062] FIG. 4 shows a second schematic representation of
measurements performed by a phased array radar system 1
according to the invention. Here, the second transmitter mod-
ule fails, so that a horizontal measurement data block 40 has
to be constructed using additional data. As an example, the
data can be constructed using data of a first block of data
associated with the first transmitter module and the second,
third, fourth and fifth receiver module, and data of a second



US 2013/0113652 Al

block of data associated with the fifth transmitter module and

the second, third, fourth and fifth receiver module. Again, two

additional measurement steps are needed.

[0063] The applied method is in principle also applicable in

case a transmitter module is failing or in case a transmitter

module and a receiver module are failing. Also, the method
can be applied in case of a multiple number of failing trans-
mitter modules and or receiver modules.

[0064] After constructing the missing measurement data,

the desired data can be obtained by adding the constructed

missing data to the regularly obtained data.

[0065] Preferably, the system according to the invention is

arranged for performing the steps of:

[0066] simultaneously transmitting, at the transmitter tiles,
a sequence of radar signals that are mutually orthogonal or
linearly independent in the aperture domain;

[0067] receiving radar data at receiver tiles;

[0068] determining radar data associated with a single or a
combination of a particular transmitter tile and a single or
a combination of particular receiver tiles, from a sequence
ofradar data received at the particular receiver tile by using
the orthogonality or linear dependence of the transmitted
radar signal; and

[0069] determining also radar data associated with the
identified transmitter/receiver combination by using the
orthogonality or linear dependence of the transmitted radar
signal.

[0070] By transmitting a sequence of radar signals that are
mutually orthogonal or linearly independent in the aperture
domain, the orthogonality principle can advantageously be
applied in determining radar data associated with the identi-
fied transmitter/receiver combination. As an example, when
three beams are linearly dependent, only two coded transmis-
sion are needed.

[0071] Further, the system may be arranged to perform the
steps of:
[0072] determining a sequence of aperture codes of trans-

mission signals that will allow reconstruction of missing
virtual transceiver signals;

[0073] determining beams and corresponding tapering
weights of these beams for forming a reconstruction of
missing virtual transceiver signals;

[0074] transmitting the aperture coded sequence of radar
signals;
[0075] receiving a sequence of reflected signals at each tile

with the predetermined beams and beam weights;

[0076] reconstructing a total signal of missing virtual trans-
ceivers from the sequence of received aperture coded sig-
nals by exploiting the coding properties; and

[0077] adding the reconstructed total missing signal to an
uncorrected radar signal.

[0078] By applying a sequence of aperture codes, the full

aperture can be exploited during transmission which is advan-

tageous from an energetic point of view to avoid efficiency
loss. As an example, the aperture code may include a time
division multiplex (TDM) transform, a frequency division
multiplex (FDM) transform and/or a code division multiplex

(CDM) transform.

[0079] A TDM coding is simple to implement and to design

in hardware. Further, FDM coding allows simultaneous trans-

mission of repair beams, but requires then a multiple number
of receivers per receiving module. When using CDM, all

repair beams can be added by orthogonal sequences, e.g.

using a Fourier decomposition or a Hadamard decomposi-
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tion. Further, at each transmission a full aperture usage
applies. When combining coding algorithms, advantages
may add up. As an example, when using both FDM and CDM
coding, a full aperture usage is applied and, in principle, all
repair beams can be transmitted simultaneously.

[0080] FIGS. 5a and 56 show schematic views of the
phased array radar system shown in FIG. 2a, but in another
first and second specific acquisition step. Here, separable
signals are transmitted simultaneously by the transmitter
modules t. By exploiting the orthogonal properties of the
transmitted signals, the data of the virtual transceiver module,
also called the virtual element signal, can be determined. In
formulas, the virtual element signal is denoted

vy=txr; wherein
Vo=l X ¥ =t Hilo)x7;
vy, = lxr=(1,—it))xr; so that

= V= (Vartve)/2

ppbes Vo =(=ivgtivy)/2.

by
[0081] In order to compensate for failure of a transmitter
module R, the following algorithm can be adopted:
Transmit 7,=7+i7, and receive R, . .. Rg
[0082] Normal Taper A, ... A forreceivetile R, ... Ry
[0083] Extra beam output with Taper A, for receive tiles
R 'andR,,,
Transmit 75, =7,—i75 and receive R, . .. Rg
[0084] Normal Taper A, ... A forreceivetile R, ... Ry
[0085] Extra beam output with Taper A, for receive tiles

Rn—l and Rn+1

Reconstruct v;=T,R;
T\R~(TRAT,R)2; j=n
ToR=(~iT R+iT,R))/2; j=n

T\R,=T>R,_,, using the R, beam of tile n—1 with taper

n

THR,=T\R,_,, using the R, beam of tile #+1 with taper
4

n

[0086] Make the final beam

TR=(T+)E R)=T\R+. .. +T\ Rs+T>R +T5R + . ..
+T5R¢

[0087] As such, the applied method includes the steps of
simultaneously transmitting, at the transmitter modules,
radar signals that are mutually orthogonal in the aperture
domain, receiving radar data at transmitter modules, deter-
mining radar data associated with a combination of a particu-
lar transmitter module and a particular receiver module, from
radar data received at the particular receiver module by using
the orthogonality of the transmitted radar signal, and deter-
mining also radar data associated with the identified trans-
mitter/receiver combination by using the orthogonality of the
transmitted radar signal.

[0088] FIG. 6 shows a schematic taper function 11 that is
applied to data received at the individual transceiver modules
3 to construct an ideal phased array signal. In order to simu-
late also the correct taper function, the algorithm includes the
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step of correcting a taper function of receiver modules when
estimating radar data associated with a first transmitter/re-
ceiver combination by using radar data associated with sec-
ond transmitter/receiver combination. A typical algorithm
wherein low receiver side lobes are maintained could read as

T,=T+T,

[0089] receiveR,;...R ¢

[0090] ReceiveR, ; andR,,, with R taper
T,=Ty-iT,

[0091] receiveR,;...R,,

[0092] ReceiveR,,_, andR, ., withR, taper
Reconstruct v;=T;R;

[0093] T,R,T,R;:
[0094] AddT,andT,

[0095] T,R,,T,R,:
[0096] add neighbouring R,

[0097] Make the final beam
TR=X T\R+2 THR;

[0098] Intheabove-described embodiments, the number of

transmitter modules is two. FIG. 7 shows a schematic view of
a second phased array radar system according to the invention
having a full array 17 of transmitter modules t,-t;. Again, a
receiver module 19 in a full receiver array 18 is defect. Fur-
ther, an virtual array 16 of virtual transceiver modules is
defined to express the typical MIMO structure. The lower part
of FIG. 5 shows the transmitter receiver sampling population
P along the transmission line T,,,. in relation to the corre-
sponding virtual transceiver modules. A lowered part 70 of
the sampling population P curve illustrates the loss in data at
the receiver module 19.
[0099] FIG. 8 shows a first schematic view of transmitter/
receiver combinations. A first pattern at the top on the left of
FIG. 8 indicates the lost transmitter/receiver TR positions. As
a second step, the TR positions are split in two equiform parts
that fill up each other after a shift. Then, virtual transceiver
module solutions are constructed producing the fill-in TR
area as shown in the lower three patterns of FIG. 8. As a
constraint no Rx is allowed on the failing module and all Rx
and Tx modules related to the virtual transceiver modules
should be within the array size.
[0100] A realization of a full aperture transmit power could
be implemented by the algorithm:

[0101] Transmit and measure

T,~R, and R,
TRy, and Ry,

[0102]
M, =W,

axy

Apply failure window
Ry

be,y:Wn Rb)c,y
[0103]

M\ =M, +iM,,

Calculate lost array halves

M, =M, +iM,,

M2 is removed

[0104] Sum the two halves
M =M +My,,
[0105] Add M,,, to the perturbed beam result
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[0106] Here, FIG. 9 shows a second schematic view of
transmitter/receiver combinations illustrating the used termi-
nology.

[0107] The applied method is in principle also applicable in
case a transmitter module is failing.

[0108] FIG. 10 shows a third schematic view of transmitter/
receiver combinations in view of the phased array radar sys-
tem including a full transmitter array 17 and a full receiver
array 18 wherein a transmitter module 71 is defect. In the
upper right pattern, the lost TR positions are determined.
Again the Tr positions are splitin 2 equiform parts that fill up
each other after applying a shift, see upper left pattern in FIG.
10. The transmitter modules associated with the virtual trans-
ceiver modules are mutually orthogonal. Here, three taper
functions can be applied at the receiver modules associated
with the virtual transceiver modules. Here, a Tx taper can be
incorporated in the left and right half beam taper.

[0109] FIG. 11 shows a fourth schematic view of transmit-
ter/receiver combinations in view of the phased array radar
system having full receiver and transmitter arrays 18, 17
wherein both a receiver module and a transmitter module are
defect. A similar strategy can be applied of determining lost
TR positions, see upper right pattern, splitting the TR posi-
tions in 2 equiform parts that fill up each other after a shift, see
upper left pattern, and locating the corresponding Tx array
associated with the virtual transceiver module or MIMO,
outside the failing module, see lower pattern in FIG. 11.
[0110] FIG. 12 shows a flow chart of an embodiment of the
method according to the invention. A method is used for
compensating sub-array or element failure in a phased array
radar system. The method comprises a step of providing (100)
atransmitter array comprising a multiple number of substan-
tially identical transmitter tiles arranged at equidistant posi-
tions on a linear transmitting line, a step of providing (110) a
receiver array comprising a multiple number of substantially
identical receiving tiles arranged at equidistant positions on a
linear receiving line, wherein the distance between adjacent
transmitting tiles substantially equals the distance between
adjacent receiving tiles and wherein the linear transmitting
line is substantially parallel to the linear receiving line, a step
of performing (120) phased array radar measurements, a step
of defining (130) virtual array comprising a multiple number
of virtual transceiver tiles arranged halfway all connection
lines interconnecting a transmitter tile to a receiver tile, and a
step of estimating (140) radar data associated with a first
transmitter/receiver combination by using radar data associ-
ated with a second transmitter/receiver combination, wherein
the virtual transceiver tile of the first transmitter/receiver
combination substantially coincides with the virtual trans-
ceiver tile of the second transmitter/receiver combination.
[0111] The method of compensating sub-array failure in a
phased array radar system can be performed using dedicated
hardware structures, such as FPGA and/or ASIC components.
Otherwise, the method can also at least partially be performed
using a computer program product comprising instructions
for causing a processor of the computer system to perform the
above described steps of the method according to the inven-
tion. All processing steps can in principle be performed on a
single processor. However it is noted that at least one step can
be performed on a separate processor, e.g. the step of estimat-
ing radar data associated with a first transmitter/receiver com-
bination by using radar data associated with a second trans-
mitter/receiver combination, having a coinciding transmitter/
receiver combination.
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[0112] FIG. 13 shows a schematic view of a third phased
array radar system 1 according to the invention. Here, four
transmitter tiles t,_, are arranged at equidistant positions on a
linear transmitting line T,,,. The intermediate distance
between subsequent transmitter tiles is distance D,. The sys-
tem 1 further includes four receiver tiles 3, , located on a
linear receiving line R;,,.. The receiver tiles are grouped in
two pairs having a mutual offset that is greater than the inter-
mediate distance D, between the tiles in the same pair. The
intermediate distances Dt and Dr are substantially equal, so
that virtual transceiver modules 6 may coincide.

[0113] It is noted that the intermediate distance between
subsequent receivers can be chosen different from the inter-
mediate distance between subsequent transmitters. As an
example, the intermediate distance D, between subsequent
receivers can be chosen to be an integer number times greater
than the intermediate distance D, between subsequent trans-
mitters. Further, in principle, instead of arranging the trans-
mitters and/or the receivers on a linear line, the tiles can be
located on another line, e.g. a curved line. Then, the ratio
between intermediate distances of receivers and transmitters,
respectively, need not be an integer number. Also, it is not
necessary that a transmission line is substantially parallel to a
receiving line. As an example, the transmission line and the
receiving line may intersect at a constant angle. However, in
order to apply the invention, at least a number of virtual
transmitter tiles coincide.

[0114] In the above described radar systems, the virtual
transceiver modules are arranged halfway connection lines
interconnecting a transmitter tile to a receiver tile. Then, the
system is arranged for imaging radar objects in the so-called
far field.

[0115] FIG. 14 shows a configuration of a transmitter tile
60, a receiver tile 61 and a corresponding virtual transceiver
tile 62. The virtual transceiver tile 62 can, more generally, be
defined by locating it such that the propagation time of aradar
wave transmitted by the transmitter tile 60 and received by the
receiver tile 61, via a radar object 70, substantially equals the
propagation time of a radar wave transmitted and received by
the virtual transceiver tile 62, via the radar object 70. The
radar wave path length d, between the transmitter tile 60 and
the radar object 70 added to the radar wave path length d,
between the radar object 70 and the receiver tile 61 substan-
tially equals two times the radar wave path length d; between
the virtual transceiver tile 62 and the object 70. When the
propagation medium is inhomogeneous, the radar wave path
length may differ from geometrical distances between tiles
and radar object.

[0116] Generally, the virtual transceiver tile 62 can be
located on a sphere S. In order to make the definition of the
virtual transceiver tile 62 unique, the virtual transceiver tile
62 is e.g. positioned such that the distance between the trans-
mitter and the transceiver is equal to the distance between the
receiver and the transceiver, and the distance between the
transmitter and the transceiver is minimized. In the case that
the radar object 70 is sufficiently far removed from the trans-
mitter tile 60 and receiver tile 61, the virtual transceiver tile 62
will be located halfway the connection line interconnecting
the transmitter 60 and the receiver 61. Alternatively, if the
radar object 70 is more close, the radar system 1 is arranged
for imaging a near field radar object.

[0117] The invention is not restricted to the embodiments
described herein. It will be understood that many variants are
possible.
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[0118] Other such variants will be apparent for the person
skilled in the art and are considered to fall within the scope of
the invention as defined in the following claims.

1. A method of compensating sub-array or element failure
in a phased array radar system, comprising the steps of:

providing a transmitter array comprising a multiple num-

ber of substantially identical transmitter tiles;
providing a receiver array comprising a multiple number of
substantially identical receiving tiles;

performing phased array radar measurements;

defining a virtual array comprising a multiple number of

virtual transceiver tiles, each virtual transceiver corre-
sponding to a particular transmitter tile and a particular
receiver tile such that the propagation time of a radar
wave transmitted by the transmitter tile and received by
the receiver tile, via a radar object, substantially equals
the propagation time of a radar wave transmitted and
received by the virtual transceiver tile, via the radar
object; and

estimating radar data associated with a first transmitter/

receiver combination by using radar data associated with
a second transmitter/receiver combination, wherein the
virtual transceiver tile of the first transmitter/receiver
combination substantially coincides with the virtual
transceiver tile of the second transmitter/receiver com-
bination.

2. A method according to claim 1, further comprising the
step of estimating radar data associated with transmitter/re-
ceiver combinations related to a single transmitter and/or a
single receiver.

3. A method according to claim 2, further comprising the
step of identifying other transmitter/receiver combinations
having their virtual transceiver tiles in common with the
virtual transceiver tiles corresponding with the transmitter/
receiver combinations associated with radar data to be esti-
mated.

4. A method according to claim 3, further comprising the
step of performing at least one additional measurement to
obtain radar data associated with the identified other trans-
mitter/receiver combinations.

5. A method according to claim 1, further comprising the
steps of:

simultaneously transmitting, at the transmitter tiles, a

sequence of radar signals that are mutually orthogonal or
linearly independent in the aperture domain;

receiving radar data at receiver tiles;

determining radar data associated with a single or a com-

bination of a particular transmitter tile and a single or a
combination of particular receiver tiles, from a sequence
of radar data received at the particular receiver tile by
using the orthogonality or linear dependence of the
transmitted radar signal; and

determining also radar data associated with the identified

transmitter/receiver combination by using the orthogo-
nality or linear dependence of the transmitted radar sig-
nal.

6. A method according to claim 1, including the steps of:

determining a sequence of aperture codes of transmission

signals that will allow reconstruction of missing virtual
transceiver signals;

determining beams and corresponding tapering weights of

these beams for forming a reconstruction of missing
virtual transceiver signals;

transmitting the aperture coded sequence of radar signals;
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receiving a sequence of reflected signals at each tile with
the predetermined beams and beam weights;

reconstructing a total signal of missing virtual transceivers
from the sequence of received aperture coded signals by
exploiting the coding properties; and

adding the reconstructed total missing signal to an uncor-

rected radar signal.

7. A method according to claim 6, wherein the coding
properties include orthogonality or linear independence, and/
or wherein the coding includes a time division multiplex
transform, a frequency division multiplex transform and/or a
code division multiplex transform.

8. A method according to claim 1, wherein a virtual trans-
ceiver tile is arranged halfway all connection lines intercon-
necting a transmitter tile to a receiver tile.

9. A method according to claim 1, comprising the step of
correcting a taper function of receiver tiles and/or transmitter
tiles when estimating radar data associated with a first trans-
mitter/receiver combination by using radar data associated
with a second transmitter/receiver combination.

10. A method according to claim 1, wherein radar data is
estimated when a radar measurement associated with a trans-
mitter/receiver combination is not available.

11. A method according to claim 10, wherein radar mea-
surements associated with a particular transmitter tile and/or
a particular receiver tile are not available.

12. A method according to claim 1, wherein the number of
transmitter tiles is two or more than two.

13. A method according to claim 1, wherein the transmitter
tiles are arranged at equidistant positions on a linear trans-
mitting line, and wherein the receiving tiles are arranged at
equidistant positions on a linear receiving line, wherein the
distance between adjacent transmitting tiles substantially
equals the distance between adjacent receiving tiles and
wherein the linear transmitting line is substantially parallel to
the linear receiving line.

14. A phased array radar system, comprising:

a transmitter array comprising a multiple number of sub-

stantially identical transmitter tiles;

a receiver array comprising a multiple number of substan-

tially identical receiving tiles; and

a processor for processing phased array radar measure-

ments, wherein the processor is arranged for performing
the steps of:
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defining a virtual array comprising a multiple number of
virtual transceiver tiles, each virtual transceiver corre-
sponding to a particular transmitter tile and a particular
receiver tile such that the propagation time of a radar
wave transmitted by the transmitter tile and received by
the receiver tile, via a radar object, substantially equals
the propagation time of a radar wave transmitted and
received by the virtual transceiver tile, via the radar
object; and

estimating radar data associated with a first transmitter/

receiver combination by using radar data associated with
a second transmitter/receiver combination, wherein the
virtual transceiver tile of the first transmitter/receiver
combination substantially coincides with the virtual
transceiver tile of the second transmitter/receiver com-
bination.

15. A computer program product for compensating sub-
array or element failure in a phased array radar system, which
computer program product comprises instructions for caus-
ing a processor to perform the step of processing phased array
radar measurements obtained by means of:

a transmitter array comprising a multiple number of sub-

stantially identical transmitter tiles; and

a receiver array comprising a multiple number of substan-

tially identical receiving tiles, wherein the step of pro-
cessing including the steps of:

defining a virtual array comprising a multiple number of

virtual transceiver tiles, each virtual transceiver corre-
sponding to a particular transmitter tile and a particular
receiver tile such that the propagation time of a radar
wave transmitted by the transmitter tile and received by
the receiver tile, via a radar object, substantially equals
the propagation time of a radar wave transmitted and
received by the virtual transceiver tile, via the radar
object; and

estimating radar data associated with a first transmitter/

receiver combination by using radar data associated with
a second transmitter/receiver combination, wherein the
virtual transceiver tile of the first transmitter/receiver
combination substantially coincides with the virtual
transceiver tile of the second transmitter/receiver com-
bination.



