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(54) A METHOD AND AN APPARATUS FOR COMPUTER-ASSISTED PROCESSING OF SAR RAW 
DATA

(57) The invention refers to a method for compu-
ter-assisted processing of SAR raw data (Dpq), compris-
ing radar echoes from ground that are the response to
radar pulses (RP) that have been transmitted by antenna
elements (101, 102, 103) of a radar sensor (1) on at least
one flying object (SA) moving in an azimuth direction (x)
above ground and where the radar echoes have been
received by antenna elements (101, 102, 103) of the ra-
dar sensor (1), the SAR raw data (Dpq) including radar
echoes originating from reference targets (RT) with
known radar cross sections and positions on ground and
being represented by data acquisitions for several chan-
nels (pq), each channel (pq) referring to radar pulses
transmitted by a specific antenna element (101, 102, 103)
and radar echoes received by a specific antenna element
(101, 102, 103). The method comprises one or more cal-
ibration procedures (TA2, S2; TA3, S3; TA4, S4), each
calibration procedure comprising the following steps:
i) by using the known radar cross section and position
on ground for each reference target (RT), extracting tar-
get data (Fs

pq) for each reference target (RT) in each
channel (pq) from the SAR raw data (Dpq) and determin-
ing a variation of one or more measurements (δφs

pq, δRC-
Ss

pq, δφs
pq,uv) over different radar echoes originating

from each reference target (RT) for each channel (pq) or
for each combination of two channels (pq) based on the
target data (Fs

pq);
ii) determining one or more calibration factors in the form
of one or more correction terms (ΔAe, ΔLe, ΔLe

inf) for one
or more sensor parameters of the radar sensor (1) based
on an optimisation comprising the optimisation goal to

minimise the variation of the one or more measurements
(δφs

pq, δRCSs
pq, δφs

pq,uv) for all reference targets (RT)
and for all channels (pq) or all combinations of two chan-
nels (pq).



EP 3 364 212 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

[0001] The invention refers to a method and an apparatus for computer-assisted processing of SAR raw data.
[0002] Synthetic aperture radar (SAR) is a technique for remote sensing that is being used increasingly in imaging,
monitoring and investigation on the earth’s surface. A SAR radar system consists of a flying object, e.g. a satellite or an
airplane, which moves at a constant speed, and a radar sensor that points in a direction orthogonal to the direction of
motion. The radar sensor periodically transmits electromagnetic waves and records the echoes of those waves reflected
on ground.
[0003] In standard SAR sensor operation, SAR raw data acquisitions are followed by a computationally intensive
processing step called image formation or SAR focussing in which echoes recorded in the SAR raw data are back-
projected onto the ground to yield the actual image of the scene. To provide useful results, this processing must also
ensure an accurate sensor calibration that enables users of the data to relate the SAR sensor measurement to physical
parameters of interest and geolocate this information.
[0004] SAR sensor calibration consists of an internal calibration and an external calibration. The internal calibration
is based on measurements performed internally by the SAR sensor itself. These measurements typically use dedicated
hardware to regularly monitor the sensor state that can later be used to compensate for temporal variations in the
transmitted electromagnetic wave and any signal distortions that occur when echoes from the image scene are received
and recorded.
[0005] External SAR sensor calibration is based on the analysis of reference targets with known radar cross sections
and positions on ground. The reference targets may be active transponders that transmit signals in response to incoming
radar pulses or passive reference targets, such as dihedral of trihedral radar reflectors, which reflect transmitted radar
pulses back towards the radar sensor.
[0006] Conventionally, external calibration is based on the SAR images derived from the SAR raw data. To do so,
calibration factors are determined based on a comparison of the characteristics of the reference targets in the SAR
images with the known characteristics of these reference targets. This calibration is very complex, as it requires SAR
images and therefore SAR image formation on the basis of SAR raw data.
[0007] It is an object of the invention to provide a method for computer-assisted processing of SAR raw data that
establishes an external calibration in an easy and efficient way.
[0008] This object is solved by the method according to claim 1 and the apparatus according to claim 11, respectively.
Preferred embodiments of the invention are described in the dependent claims.
[0009] The method of the invention provides a computer-assisted processing of SAR raw data, comprising radar
echoes from ground (i.e. the earth’s surface) that are the response to radar pulses that have been transmitted by antenna
elements of a radar sensor on at least one flying object (e.g. a single flying object) moving in an azimuth direction above
ground and where the radar echoes have been received by antenna elements of the radar sensor. The flying object may
refer to an airplane, a satellite or the like. The SAR raw data comprise several data channels, each of which includes
radar echoes originating from reference targets with known radar cross sections and positions on ground. Each channel
is identified by the combination of two antenna elements used to transmit pulses and receive echoes, and the data
acquisition for a channel comprises a plurality of data samples for several azimuth positions and several range positions,
the range positions corresponding to different distances from the radar sensor to ground.
[0010] The method of the invention comprises one or more calibration procedures. Each calibration procedure includes
steps i) and ii) described in the following. Step i) uses the known radar cross section and position on ground for each
reference target in order to extract target data for each reference target in each channel from the SAR raw data and in
order to determine a variation of one or more measurements over different radar echoes (i.e. radar echoes received in
response to different radar pulses) originating from each reference target for each channel or for each combination of
two channels based on the target data. The term "measurement" is to be interpreted broadly and may refer to any value
which can be derived from the target data. The term "measurement" was chosen because the target data are based on
SAR raw data which form measured values.
[0011] In a step ii), one or more calibration factors in the form of one or more correction terms for one or more sensor
parameters of the radar sensor are determined based on an optimisation comprising the optimisation goal to (simulta-
neously) minimise the variation of one or more measurements for all reference targets and for all channels or all com-
binations of two channels. The above minimisation can be defined in terms of corresponding error functions, where
examples of such error functions are given in the detailed description.
[0012] In a preferred embodiment, the measurements defined above refer to a residual phase and/or to a residual
delay and/or to the difference between two residual phases for two channels and/or to a radar cross section offset. These
quantities are defined as described with respect to embodiments explained later on. Furthermore, the one or more sensor
parameters preferably refer to antenna mount angles of each antenna element and/or relative positions of the phase
centres of the antenna elements with respect to a reference position on the at least one flying object.
[0013] The method of the invention has the advantage that calibration factors can be derived from the SAR raw data
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without focusing corresponding SAR images. This is especially important in situations where image focusing presupposes
precise calibration (e.g. for sensors that employ beamforming). In addition, the approach provides a systematic way for
analysing and correcting propagation direction dependent calibration issues, which is not the case for conventional
techniques. Calibration is achieved by an optimisation designed to minimise the variation of measurements for all ref-
erence targets and for all channels or all combinations of two channels. The invention results in reliable calibration factors
that can be used to improve image quality when processing new SAR raw data acquired by the radar sensor over areas
that do not include reference targets. To do so, the calibration factors are applied to the respective sensor parameters
during SAR image focusing.
[0014] In a preferred embodiment of the method according to the invention, the one or more calibration procedures
comprise a first calibration procedure. In this first calibration procedure, the variation of a measurement determined in
step i) refers to the variation of a radar cross section offset over different radar echoes originating from each reference
target in each channel. Furthermore, correction terms for sensor parameters in the form of antenna mount angles of
each antenna element on the at least one flying object are determined in step ii). In this embodiment, the radar cross
section offset represents the difference between the known radar cross section and the radar cross section according
to the target data for the respective reference target and the respective channel.
[0015] In another embodiment of the invention, the one or more calibration procedures comprise a second calibration
procedure. According to the second calibration procedure, the variation of a measurement determined in step i) refers
to the variation of a residual phase over different radar echoes originating from each reference target in each channel.
In this embodiment, correction terms for sensor parameters in the form of relative positions of the phase centres of the
antenna elements with respect to a reference position on the at least one flying object are determined in step ii). The
residual phase for a respective channel represents the difference between the (expected) phase of a radar echo based
on the positions of the transmitting and receiving antenna element phase centres of the respective channel and based
on the known position of the respective reference target on ground on the one hand and the phase according to the
target data for the respective reference target on the other hand. In a preferred variant of this embodiment, the optimisation
within the second calibration procedure includes the additional optimisation goal to minimise the mean residual delay
over different radar echoes originating from each reference target in each channel, where the residual delay for a
respective channel represents the difference between the (expected) propagation time from transmitting a radar pulse
until receiving its radar echo based on the positions of the transmitting and receiving antenna element phase centres of
the respective channel and based on the known position of the respective reference target on ground on the one hand
and the corresponding propagation time according to the target data for the respective reference target on the other
hand. In case that embodiments refer to positions of the transmitting and receiving antenna element phase centres,
these positions can be determined with well-known methods during data acquisition, e.g. by using a navigation system
of the at least one flying object. These positions initially contain residual errors which may later be compensated by
calibration factors.
[0016] According to another embodiment, the one or more calibration procedures comprise a third calibration proce-
dure. According to this third calibration procedure, the variation of a measurement determined in step i) refers to the
variation of the difference between two residual phases for two (different) channels over different radar echoes originating
from each reference target in each combination of two (different) channels. Furthermore, correction terms for sensor
parameters in the form of relative positions of the phase centres of the antenna elements with respect to a reference
position on the at least one flying object are determined in step ii). In this embodiment, the residual phase for a respective
channel represents the difference between the phase of a radar echo based on the positions of the transmitting and
receiving antenna element phase centres of the respective channel and based on the known position of the respective
reference target on ground on the one hand and the phase according to the target data for the respective reference
target on the other hand. The third calibration procedure is preferably performed as a refinement of the above described
second calibration procedure.
[0017] With respect to the first, second and third calibration procedures defined above, the method can comprise any
combination of those calibration procedures or only one of those calibration procedures. In a preferred embodiment, the
method comprises the first and the second and the third calibration procedures, resulting in very accurate calibration
factors. Preferably, the third calibration procedure is performed after the second calibration procedure and the second
calibration procedure is performed after the first calibration procedure.
[0018] In a preferred variant, the method according to the invention comprises several calibration procedures which
are performed based on an iteration, where each calibration procedure constitutes an iteration step and where step i)
of an iteration step (i.e. the associated calibration procedure) takes into account one or more calibration factors determined
in all preceding iteration steps. This embodiment enables an improved calibration by iteratively combining several cali-
bration procedures.
[0019] In another embodiment of the invention, the extraction of target data for each reference target and each channel
in step i) of at least one calibration procedure comprises a well-known range compression as well as a correction based
on the known radar cross section and the known position of the respective reference target on ground. In a preferred
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variant of this embodiment, the correction is further based on the antenna diagrams of the transmitting and receiving
antenna elements associated with the respective channel and/or based on the expected propagation time from the phase
centre of the transmit antenna element to the respective reference target and back to the phase centre of the receive
antenna element in the respective channel and/or based on internal calibration data acquired by recording pulses that
have traversed the same transmit and receive branches in the radar sensor as target data in the respective channel.
The expected propagation time is determined based on the positions of the transmitting and receiving antenna element
phase centres of the respective channel and based on the known position of the respective reference target on ground.
[0020] In another preferred embodiment, the extraction of target data for each reference target and each channel in
step i) of at least one calibration procedure comprises a clutter suppression operation for suppressing radar echoes
originating from scatterers other than the respective reference target.
[0021] In another preferred embodiment, the method of the invention comprises a separate calibration procedure in
addition to the one or more calibration procedures, where the separate calibration procedure comprises steps a) and b)
described in the following. According to step a), by using the known radar cross section and position on ground for each
reference target, target data for each reference target in each channel are extracted from the SAR raw data and the
variation of a residual delay over different radar echoes originating from each reference target in each channel is deter-
mined. The residual delay for a respective channel represents the difference between the (expected) propagation time
from transmitting a radar pulse until receiving its radar echo based on the positions of the transmitting and receiving
antenna element phase centres of the respective channel and based on the known position of the respective reference
target on ground on the one hand and the corresponding propagation time according to the target data for the respective
reference target on the other hand.
[0022] According to step b), frequency-dependent phase and amplitude variations within the bandwidth of the radar
echoes are estimated by determining calibration factors in the form of correction terms for the respective antenna
elements based on a (simultaneous) minimisation of error functions, where at least one error function (preferably two
error functions) is defined over different radar echoes originating from each reference target in each channel. The at
least one error function is defined based on a frequency response function for each radar echo originating from the
respective reference target in the respective channel, where the frequency response function is derived from the target
data and the variation of the residual delay obtained in step a). The above calibration factors can be applied to the
respective antenna elements during SAR image focusing.
[0023] In a preferred variant of the above embodiment, the separate calibration procedure is part of the above defined
iteration and forms an iteration step therein, where step i) of all iteration steps (if any) after the iteration step of the
separate calibration procedure takes into account the correction terms determined in step b). In one embodiment, the
separate calibration procedure is performed before any other calibration procedure.
[0024] In another preferred embodiment of the method according to the invention, after performing the one or more
calibration procedures, one or more calibration constants, particularly a gain and/or delay and/or phase shift for each
(individual) antenna element, are determined. These calibration constants are provided to be applied in a later processing
of other SAR raw data as overall, constant corrections to the entire SAR raw data set or entire images derived from the
SAR raw data.
[0025] Besides the above method, the invention also refers to an apparatus for computer-assisted processing of SAR
raw data, comprising radar echoes from ground that are the response to radar pulses that have been transmitted by
antenna elements of a radar sensor on at least one flying object moving in an azimuth direction above ground and where
the radar echoes have been received by antenna elements of the radar sensor. The SAR raw data comprise several
data channels, each of which includes radar echoes originating from reference targets with known radar cross sections
and positions on ground. Each channel is identified by the combination of two antenna elements used to transmit pulses
and receive echoes, and the data acquisition for a channel comprises a plurality of data samples for several azimuth
positions and several range positions, the range positions extending in a range direction perpendicular to the azimuth
direction. This apparatus is configured to perform the method according to the invention or one or more preferred
embodiments thereof. In other words, the apparatus comprises means in the form of hardware and/or software in order
to perform steps i) and ii) as defined in claim 1.
[0026] The invention also refers to a computer program product comprising program code stored on a machine readable
medium, where the program code is configured to perform a method according to the invention or one or more preferred
embodiments thereof, when the program code is run on a computer.
[0027] Furthermore, the invention refers to a computer program comprising program code which is configured to
perform a method according to the invention or one or more preferred embodiments thereof, when the program code is
run on a computer.
[0028] In the following, embodiments of the invention will be described in detail with respect to the accompanying
drawings wherein:

Fig. 1 is a schematic drawing illustrating the acquisition of SAR raw data in the context of the invention; and
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Fig. 2 shows flow charts describing the steps performed in an embodiment of the invention.

[0029] For better understanding, the acquisition of SAR raw data based on radar pulses transmitted from a satellite
will be described based on Fig. 1. When acquiring the SAR raw data, the satellite SA moves in the direction indicated
by arrow M which is the direction along the x-axis of the Cartesian coordinate system shown in Fig. 1. The direction
along the x-axis is designated as the azimuth direction. The satellite SA flies at an altitude above the Earth’s ground
that is represented by the z-coordinate of the Cartesian coordinate system. The satellite SA comprises a radar sensor
1. As can be seen from the detailed view DT in Fig. 1, this radar sensor 1 comprises several antenna elements 101,
102 and 103. The number of three antenna elements is only an example and the radar sensor 1 can comprise more or
less of such antenna elements. In the embodiment described herein, the radar sensor is configured to transmit radar
pulses through individual antenna elements at a predetermined pulse repetition frequency and to receive the echoes of
the transmitted radar pulses through one or more antenna elements, which may include the element used for transmitting.
The radar echoes are recorded by the radar sensor 1 and form the SAR raw data. In Fig. 1, a radar pulse transmitted
by the radar sensor 1 is represented by its contour on the Earth’s surface and is designated by reference numeral RP.
[0030] The radar echo of each transmitted radar pulse is recorded by sampling the radar radiation reflected on ground
in time. The propagation time is directly related to a range distance by the speed of light, while the propagation direction
(range direction) varies along the y-axis of the Cartesian coordinate system. In the embodiment shown in Fig. 1, all the
information of the radar echoes between the lines L and L’ is recorded for each transmitted pulse. Both lines have a
predetermined range distance that depend on the sensor and the imaging configuration and define the width of the
imaged swath. The hatched region of the radar pulse RP indicates the information recorded by the radar sensor for each
transmitted pulse.
[0031] The acquired SAR raw data comprise data sets for several combinations of a transmitting antenna element
and a receiving antenna element, where each transmit/receive combination is designated as a channel. Several antenna
elements may receive and record the echoes of a single transmitted pulse at the same time, such that several channels
can be acquired simultaneously. In the embodiment of Fig. 1, there are nine channels as each antenna element can
transmit radar pulses and receive radar echoes. The data acquisition for each channel comprises data samples for a
plurality of azimuth positions and a plurality of range positions.
[0032] The principle of a SAR measurement is based on the fact that individual points on the Earth’s ground are
recorded from different angles due to the movement of the satellite SA. This is illustrated by point P in Fig. 1. This point
P is, in the scenario of Fig. 1, at the point of closest approach to the satellite SA. By the movement of the satellite in the
direction M, this distance will become greater. As the sensor approaches the position in Fig. 1, on the other hand, this
distance was decreasing. Due to the Doppler effect, a frequency shift of the recorded radar echoes occurs and can be
analysed. As a consequence, all echoes from any given point can be coherently focussed to yield high resolution maps
of scattering amplitude and phase. This information constitutes the final SAR image.
[0033] The method described in the following determines appropriate external calibration factors and calibration con-
stants for a SAR radar sensor, such as sensor 1 of Fig. 1. To enable this external calibration, radar echoes of reference
targets with known radar cross sections and known positions on ground are recorded during the SAR data acquisition.
As an example, the locations of such reference targets RT are indicated in Fig. 1. The reference targets may be passive
reflectors, such as dihedral or trihedral radar reflectors, or transponders that actively transmit signals in response to
received radar pulses. According to the invention, the calibration factors and calibration constants are obtained directly
from the SAR raw data without analysing SAR images derived therefrom. Conventional calibration methods, on the other
hand, are based on analysing SAR images and not the underlying SAR raw data.
[0034] In the following, a general outline of the steps performed according to an embodiment of the invention will be
described with respect to Fig. 2. Thereafter, a detailed mathematical description of the corresponding steps indicated
in Fig. 2 is given.
[0035] The diagram of Fig. 2 shows two flow charts separated by the vertical dashed line LI. The right flow chart refers
to the calibration correction estimation, comprising several target analyses TA1, TA2, TA3, TA4 and TA5. The sub-steps
of each of those target analyses are the same and are shown in the left flow chart of Fig. 2. The calibration correction
estimation uses as input IN the data acquisitions Dpq for each channel pq, where p denotes the index of a transmitting
antenna element and q denotes the index of a receiving antenna element. The method begins with a target analysis
TA1 which is repeatedly carried out in the course of the method. In order to distinguish between the target analyses,
different reference numerals TA1, TA2, TA3, TA4 and TA5 are used although the sub-steps in each analysis are the
same and correspond to the sub-steps shown in the left flow chart of Fig. 2.
[0036] In particular, each target analysis comprises the following steps according to the left flow chart of Fig. 2:

- Step S101, referring to the quantitative description of the acquisition geometry, where this step will be explained in
detail in section § 1.1 below;

- Step S102, referring to the determination of a response model, where this step will be explained in detail in section
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§ 1.2 below;
- Step S103, referring to a response correction, where this step will be explained in detail in section § 1.4 below;
- Step S104, referring to a clutter suppression, where this step will be explained in detail in section § 1.5 below;
- Step S105, referring to the residual error analysis, where this step will be explained in detail in section § 1.6 below.

[0037] Furthermore, the target analysis comprises another step between step S102 and step S103. This step is only
relevant in view of the efficient implementation of the method in practice in that it does not impact the results obtained
and is described in detail in section § 1.3 below.
[0038] Each target analysis determines, from the SAR raw data Dpq, range compressed and clutter suppressed target

data  (see equation (27) below) for each reference target s, where s is an index denoting a corresponding particular

reference target. Furthermore, the target analysis results in a residual phase  (see equation (34) below), a target

coherence  (see equation (35) below), a residual delay  (see equation (38) below) and in an absolute RCS

offset  (see equation (39) below), where RCS refers to the radar cross section of the corresponding reference
target. The above mentioned quantities, derived by the target analysis, represent measurements in the terminology of
the claims. Those quantities are only indicated in step TA1 of Fig. 2 for the sake of clarity. The same quantities are also
determined in the target analyses according to steps TA2, TA3, TA4 and TA5. Furthermore, in step S4, the additional

measurement  representing the residual interferometric phase between two channels is derived (see equation
(63) below).
[0039] Based on the result of the target analysis TA1, a residual range IRF calibration (IRF = Impulse Response
Function) is performed as step S1. This step refers to the separate calibration procedure according to the terminology
of the claims. A detailed description of this step is given in section § 2 below. The residual range IRF calibration results
in a calibration factor ΔCe for each antenna element e (see equation (47) below). After step S1, another target analysis
TA2 is performed, where the calibration factor ΔCe is taken into account in equation (24) below.
[0040] The result of the target analysis TA2 is processed in step S2 referring to the determination of antenna element
mount angles. This step results in a calibration factor in the form of antenna element mount angle corrections ΔAe for
each antenna element e (see equation (48) below). A detailed description of this step is given in section § 3 below. Step
S2 represents the first calibration procedure according to the terminology of the claims.
[0041] After step S2, another target analysis TA3 is performed, where the antenna element mount angle correction is
taken into account in equation (16) below. The result of the target analysis TA3 is processed in step S3, which refers to
the correction of antenna element lever arms. Step S3 results in the calibration factor ΔLe for each antenna element e.
Furthermore, a global correction to the speed of light, Δc, is determined in step S3. This global correction accounts for
tropospheric propagation effects. Step S3 is described in detail in section § 4 below and represents the second calibration
procedure according to the terminology of the claims.
[0042] After step S3, the target analysis TA4 is performed, where the calibration factor ΔLe is taken into account in

equation (11) below and the tropospheric propagation correction Δc is taken into account in equation (14). The result of

target analysis TA4 is used in step S4, which refers to an antenna element baseline calibration resulting in the calibration

factor  In step S4, the additional measurement  as defined in equation (63) below, is used. Step S4
corresponds to the third calibration procedure in the terminology of the claims. Step S4 is described in detail in section
§ 5 below

[0043] The calibration factor  is added to the calibration factor ΔLe determined in step S3, resulting in an

updated and refined calibration factor ΔLe. Based on this new calibration factor, the target analysis TA5 is performed.

The result of the target analysis TA5 is thereafter used to determine calibration constants according to step S5. Step
S5 is described in detail in section § 6 below.
[0044] It is to be noted that, with respect to the above description, when a target analysis with a new calibration factor
is carried out, other calibration factors determined in previous steps are also taken into account in the respective target
analysis.

[0045] The method described herein results in calibration factors ΔCe, ΔAe, ΔLe and  as well as in calibration

constants. Those quantities can now be applied during the processing of new SAR data acquisitions of the radar sensor,
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thus resulting in calibrated SAR data and SAR images. The tropospheric propagation correction Δc is estimated to allow

the unbiased estimation of ΔLe, but may not be useful in processing new acquisitions, as tropospheric conditions change

with time.
[0046] In the following, steps S1 to S5 and S101 to S105 shown in Fig. 2 will be described in detail. At first, a definition
of the notation and variables used is given in the following table:

Symbol Description Units

c Speed of light m/s

PRF Overall Pulse Repetition Frequency for all acquired channels Hz

f0 Centre frequency Hz

B System bandwidth, symmetric about f0 Hz

PD Pulse Duration s

RSF Range Sampling Frequency. Hz

t, t’ Pulse number (azimuth sample index) counting pulses in all data channels or only 
those in a particular channel, respectively

τ , τ ’ Range sample index for the entire scene and relative to the expected range coordinate 
of a particular reference target, respectively

  
A quantity derived from the response of reference target s in a channel that uses 
antenna elements p and q to transmit and receive signals, respectively.

Dpq(t’,τ) Raw measurement data acquired in channel pq

Cpq(t’,τ) Internal calibration data acquired for channel pq, obtained by recording pulses that 
have traversed the transmit- and receive-channels in the instrument.

Range-compressed response of a reference target, corrected for expected systematic 
variations

The range-compressed response   after clutter suppression

The expected two-way distance from the sensor to the target and back m

Unit length line-of-sight vector from antenna element e to the reference target, in 
instrument coordinates

m

The expected two-way signal propagation time from the sensor to the target and back s

The residual phase error for the reference target, after compensating for expected 
systematic variations

rad

The phase coherence of the reference target, which is close to 1 for a clean signal 
and decreases in the presence of noise

The difference between the expected two-way propagation time   and that 
measured in the radar data

s

The difference between the expected and measured target RCS dB

εopt A small, positive constant introduced for numerical stability during the minimisation of 
L1-norm errors. Set to 10-4

ΔCe(f) Complex, frequency dependent one-way response correction for antenna element e
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[0047] For a given acquisition, the navigation sub-system on the satellite provides a sensor position 

in terms of (x,y,z) coordinates in an arbitrary, global Cartesian coordinate system as a function of discrete time t, such
that t corresponds to the tth radar pulse transmitted during the acquisition. These coordinates correspond to a specific
point on the sensor platform, referred to as the instrument reference point in the following.
[0048] In addition, the navigation sub-system provides attitude angles 

[0049] The attitude angles measure the sensor roll (subscript r), pitch (subscript p) and yaw (subscript y) and relate
the global (x,y,z) coordinate system to the so-called Cartesian instrument coordinate system. The latter has coordinate
axes denoted (u,v,w) and is centred on the instrument reference point such that any particular point on the sensor has
an instrument coordinate that is constant over time. Using these definitions, the time dependent transformation from
instrument coordinates (u,v,w) to global coordinates (x,y,z) at a particular instant in time t can be defined as 

 where R(t) is a 3x3 rotation matrix derived from the attitude angles A(t). The precise definition of the rotation depends
on the conventions adopted for the coordinate systems and attitude angles. The inverse of this transformation is given by: 

[0050] In addition, the calibration of element mount angles uses a modified inverse transformation 

(continued)

Symbol Description Units

ΔAe Antenna element mount angle correction (roll,pitch,yaw)

ΔLe Antenna element lever arm correction in instrument coordinates

Δc Global correction to the speed of light to account for tropospheric propagation delays

ΔRCSe One-way antenna element gain calibration constant dB

Δτe One-way antenna element delay calibration constant s

Δφe One-way antenna element phase calibration constant rad
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[0051] in which an additional, constant roll, pitch and yaw correction ΔA is applied to the sensor attitude angles for the
rotation from the instrument into the antenna element coordinate system.
[0052] The SAR instrument (i.e. the radar sensor) under consideration uses an antenna array with E individual elements
in an arbitrary spatial arrangement. In a polarimetric SAR sensor, each element may transmit and receive signals in
horizontal (H) or vertical (V) polarisation. For the present purposes, the two modes of operation (H or V) are treated as
two distinct elements, such that the E elements of the array actually correspond to E/2 physical elements with two
polarisation settings each. The on-ground characterisation of the antenna array provides the following information con-
cerning each particular element e of the array:

- Lever arm Le : The coordinates of the antenna phase centre as measured in the instrument coordinate system
(u,v,w).

- Complex antenna gain diagram Ae (α, β, f): A diagram describing the amplification and phase shift affecting a
signal transmitted or received through the antenna element in a particular propagation direction at a particular
frequency. The three dimensions α, β and f denote the off-nadir angle, the squint angle and the frequency, respec-
tively. The propagation direction, parameterised by angles α and β, is defined in terms of the instrument coordinate
system. The propagation direction towards a point P measured relative to the element phase centre in the instrument
coordinate system is given by the mappings 

where the definitions of a and b depend on the coordinate and angle conventions adopted.

[0053] The radar sensor provides multiple channels of complex SAR raw data Dpq (t’,τ) as well as the corresponding
internal calibration measurements Cpq (t’,τ). The subscript pq identifies the data channel by the particular combination
antenna array elements employed to transmit pulses (element p) and receive echoes (element q). In the present approach,
SAR data acquired for calibration purposes always use individual antenna elements on transmit and receive, as the use
of multiple elements would imply beam-forming, which in turn requires accurate array calibration to already have been
carried out. The dimensions of the raw data are t’, which is related to the discrete time t defined above, and τ, the so-
called fast time, which measures the comparatively short duration between pulse transmission the time at which a
particular raw data sample is received and recorded. In the following, t’ and τ denote sample indices that can, however,
be easily converted to physical units. The distinction between t and t’ arises because, in practice, the particular trans-
mit/receive element combination pq is interleaved with other combinations in a pulse sequence. Assuming a regular
pulse sequence that repeats itself after L pulses results in the simple relationship 

where opq denotes the offset of a particular transmit/receive combination within the sequence. The internal calibration
data Cpq(t’,τ) characterises propagation effects in the radar by providing a record of the transmitted pulse that has
bypassed the antenna and was fed back directly into the receive path. Ideally, calibration pulses are recorded on a pulse-
to-pulse basis using the actual signal pathways employed for the particular transmit and receive element combination.
In practice, the calibration data may not be acquired for each pulse, such that it needs to be interpolated in time, or may
not cover every transmit/receive combination, in which case the same calibration data must be re-used for several pulses
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in the sequence.
[0054] Sensor calibration data takes are acquired over test-sites with dedicated reference targets. The relevant prop-
erties of these targets must be measured to a high degree of accuracy to allow for a meaningful comparison between
the expected radar return and the actual SAR measurements. The relevant properties for a given reference target s are:

- Target Position Ts: Coordinates of the phase centre of the target in the global (x,y,z) coordinate system. The
reference targets used are assumed to be very close to ideal point scatterers, such that the phase centre position
remains constant as a function of illumination direction, frequency and polarisation.

- Target RCS  The scattering amplitude (i.e. the square root of the radar cross section
in m) of the target s in all transmit/receive polarisation combinations as a function of propagation direction (θ,φ) and
frequency f. This amplitude may be complex, with the scattering phase describing movements of the target phase
centre as a function of propagation direction and frequency, if the target cannot be considered an ideal point-like
scatterer. The propagation direction from a given reference target towards a point P in global coordinates, where,
as before, the details depend on the coordinate conventions adopted, is derived from the mappings 

§ 1 Reference Target Analysis

[0055] The analysis of reference targets in the acquired calibration SAR data is the central building block of the
calibration approach. The analysis comprises the selection and pre-processing of relevant parts of the input data and
the subsequent extraction of information necessary for estimating calibration corrections. It is repeated for each valid
reference target s in each SAR data channel pq acquired, where valid targets are those that can be expected to produce
a response in the channel under consideration. Analysis does not, therefore, cover targets that are misaligned or do not
produce a response for the transmit and receive antenna element polarisations in a particular SAR data channel.

§ 1.1 Acquisition Geometry

[0056] The process begins with pre-processing the navigation data. First, the position of transmit and receive phase
centres for each pulse of the raw data channel in global coordinates are obtained from equations (3) and (8) as 

where ΔLp and ΔLq denote lever arm corrections, in the instrument coordinate system, for the p and q antenna elements,
respectively. These are initially zero but take non-zero values when reference target analysis is repeated later on in the
calibration process.
[0057] Given the phase centre positions, the following relevant spatial relationships between the sensor and the
reference target during data acquisition are derived: 
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where  is the time-variant two-way range distance from sensor to target and  are unitary line-of-sight
vectors in instrument coordinates. The range distance can be converted to the equivalent two-way travel time from
sensor to target and back as follows: 

where Δc is a multiplicative correction applied to the speed of light to account for propagation delays in the troposphere.
This correction is initially zero but takes a non-zero value when reference target analysis is repeated later on in the
calibration process.
[0058] It should be noted that, in contrast to other calibration corrections estimated, the tropospheric propagation
correction Δc is specific to the calibration acquisition under consideration and is not transferrable to other data takes.
This is due to the fact that tropospheric conditions may change in time and, in the spaceborne case, the thickness of
the troposphere between the reference target and the sensor changes depending on the altitude of the reference target
(note that the form of the correction in eq. (14) assumes that all reference targets in a single calibration acquisition are
at roughly the same altitude). The correction is nevertheless important, as it removes tropospheric bias from other
corrections, such as the antenna lever arms and the residual range delays, which are then transferred to other data takes.

§ 1.2 Antenna Gain and Target Return / Response Model

[0059] The expected brightness of a given reference target in the SAR data acquired depends on the antenna element
illumination in the direction of the target as a function of time as well as on the intrinsic brightness of the target.
[0060] The time dependent antenna gain is obtained by first transforming the reference target position Ts into antenna
element coordinates relative to the respective antenna element phase centre using the modified transform of equation (5): 

where ΔAe∈{p,q} denote the antenna element mount angles for elements p and q, respectively. These are initially zero
but take non-zero values when reference target analysis is repeated later on in the calibration process.
[0061] The time and frequency dependent two-way gain towards the reference target can then be obtained in using
the mappings of equations (6) and (7) 

[0062] Similarly, the intrinsic brightness of the reference target as a function of frequency and time is obtained from
the target RCS by applying equations (9) and (10) to the element phase centre positions in global coordinates: 

 where Pol[e] denotes the polarisation of antenna element e and the monostatic approximation



EP 3 364 212 A1

12

5

10

15

20

25

30

35

40

45

50

55

 has been used. In cases where this monostatic approximation breaks down,
because the propagation direction from sensor to target is differs significantly between the transmit and receive paths,
it is necessary to use more complicated RCS models that explicitly take into account both propagation directions and
would thus be parameterised in terms of four angles instead of two.

§ 1.3 Data Limits

[0063] The radar returns of a single reference target in a single data channel occupy a small fraction of the total raw
data constituting the calibration data acquisition. The first step of radar data analysis is therefore to determine the extent
of the raw data to be analysed for a single target in a single channel. The aim of this section is to define a mask 

where s,p and q have been dropped for notational brevity.
[0064] In azimuth, i.e. time t’, the analysis limits must include at least those samples that cover the relevant portion of
the antenna beam, i.e. the part that will be used in operational imaging modes. Mission planning is therefore expected
to provide a mask 

which can then be used to derive Maz(t’) as follows: 

[0065] The mask in range direction, Mrg(t’,τ), includes the samples required for pulse compression (for a given pulse
duration PD) at each azimuth time t’ and a constant margin τmarg to account for residual range delays. It also accounts
for internal delays within the radar instrument, δτpq(t’).

[0066] The instrument delay term is composed of the delay measurement that is part of the internal calibration data
and an external calibration delay measurement. 

where  is the two-way propagation delay that can be derived from the internal calibration signal Cpq(t’,τ)
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and Δτe∈{p,q} denote residual one-way propagation delays through the respective antenna elements that are not captured

by internal calibration measurements. The latter are initially zero but take non-zero values when reference target analysis
is repeated later on in the calibration process.

§ 1.4 Pulse Compression and Response Correction

[0067] Once the relevant data limits are known, the corresponding data from the SAR raw data channel are read,
compressed in range and corrected for known properties of the antenna element patterns, the expected reference target
response, residual instrument delays and the propagation time from the antenna element phase centre to the target and
back: 

 where FFT and IFFT denote the forward and inverse Fourier transform, respectively, j is the complex root of -1, f denotes
a sample index rather than a physical frequency and 

[0068] In eq. (25), the mapping F[f] converts the frequency sample index f into a physical frequency measured in Hz,
taking into account the centre frequency f0 and the range sampling frequency RSF.
[0069] The calibration corrections ΔCe∈{p,q}(f) and Δτe∈{p,q} denote residual corrections to the one-way frequency
response and the one-way propagation delay of antenna elements p and q. They are initially 1 (for ΔCe∈{p,q}) and 0 (for
Δτe∈{p,q}) but take different values when reference target analysis is repeated later on in the calibration process.
[0070] The application of eq. (23) has several simultaneous effects on the input raw data Dpq(t’,τ):

• Range Compression: by effectively correlating the input raw data with the reference transfer function C.
• Amplitude Flattening: by removing systematic, azimuth and frequency dependent amplitude variations due to the

antenna gain  the expected target response  and the two-way inverse square amplitude decay

 
• Phase Flattening: by removing the expected phase variation due to the azimuth-variant propagation time from the

sensor to the reference target and back as part of the phase correction φ. Importantly, this correction removes
aliasing from the target response, such that analyses that follow are not biased by ambiguities, even when the input
data are under-sampled in azimuth. Also note that frequency and propagation direction dependent variations of the

antenna phase centre are compensated for by the phase of  (the same applies to the reference target phase

centre if  is complex).
• Range Cell Migration and Delay Correction: by including delay terms Δτe∈{p,q} in the phase correction φ and

making it frequency dependent.

[0071] The output data  is expected to contain the response of the reference target at τ’ = 0 for all t’,
and both the amplitude and the phase of the response are expected to be constant. Any deviation from this expectation
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corresponds to a miss-calibration of the sensor that is to be corrected by introducing appropriate calibration refinements.
[0072] The description in this section has, in the interest of clarity, not made reference to the sample mask of eq. (18).
An actual implementation would use the mask to significantly increase computational efficiency by only processing the
relevant samples for the data channel and reference target under consideration.

[0073] The result of the radar raw data pre-processing is a data buffer  that includes range compressed
data for azimuth times t’ at which Maz(t’) = 1 and a small fast-time interval |τ’| < τmarg.

§ 1.5 Azimuth Bandpass Filter for Clutter Suppression

[0074] The range compressed raw data  contains, in addition to the reference target response, unwanted
contributions from other targets elsewhere in the imaged scene. This "clutter" contribution needs to be suppressed as
far as possible before the target response can be meaningfully analysed.
[0075] Clutter filtering begins with a Fourier transformation in azimuth to obtain 

where  has been zero-padded in t’ from Naz to  samples before the transformation to avoid artefacts at the

response edges due to the subsequent filtering operation.
[0076] This transformation is essentially equivalent to performing an azimuth compression of the reference target
response where, because the phase has been flattened in the application of eq. (23), ambiguities in the target response

due to azimuth under-sampling of the raw data channel no longer occur. In  the reference target energy
is focussed into a small number of samples around faz = 0, where deviations from 0 indicate an error in the assumed

antenna element phase centre positions in the sensor flight direction.
[0077] Clutter suppression is achieved by damping energy contributions outside a small region around the compressed

reference target using a Gaussian kernel K(faz) to obtain the filtered data  

where 

and Z(t’) compensates for the systematic amplitude decrease introduced by the filter at the edges of the response. It is
obtained by convolving a zero-padded vector of Naz ones with the Gaussian kernel corresponding to eq. (28). Padded

samples are removed from  after filtering.
[0078] The Gaussian is centred about the maximum target response m, determined within a range of permissible
frequencies -fmax < faz < fmax: 
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where the limit fmax is determined from a liberal estimate of the largest realistically to be expected residual element
phase centre position error δLmax by the relation 

[0079] The standard deviation σ of the Gaussian filter is chosen to maximise clutter suppression while preserving
features of the response down to the angular resolution in azimuth required for the accurate estimation of calibration
corrections.
[0080] The angular resolution is defined in terms of the effective squint angle 

[0081] The filter width then follows from the required angular resolution δβ, which is typically set to a value on the order
of 0.1 degrees: 

[0082] Finally, accurate radiometric calibration requires an estimate of the clutter energy remaining in the reference
target response after filtering. The average clutter energy per bin in the azimuth frequency domain is robustly estimated
as the median intensity between two and three standard deviations offset from the peak response. The corresponding
average clutter energy per sample in the azimuth time domain is then obtained by taking into account the kernel support
as follows:

[0083] Equation (33) assumes that the FFT and IFFT operations follow the generally accepted convention by using

scaling factors of 1 and  respectively.
[0084] The amount of residual clutter energy is of central importance to the approach as a whole, as it quantifies the
amount of noise that ultimately limits the accuracy of the calibration corrections derived. In this context, it should be
pointed out that while the phase correction of eq. (25) ensures that azimuth under-sampling is not an issue for the
reference target response itself, such under-sampling will increase the residual clutter energy due to aliased clutter
contributions.

§ 1.6 Residual Phase, Coherence, Delay and RCS Mismatch

[0085] The clutter filtered, range compressed raw data  is used to derive several vector quantities to be used
later in the calibration process.
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[0086] The residual phase measures phase errors in the target response that are related to inaccuracies in the
navigation data and the antenna element lever arms. 

[0087] The target coherence is used to quantify the reliability of the measurement as a function of azimuth time. It is
close to one for clean portions of the target response and decreases towards zero where the response is perturbed by
residual clutter, system noise or radio frequency interference. It is denoted w, as it is principally used as a weight when
deriving calibration corrections, and is defined as 

where B is a low-pass filter that is narrow enough to provide an unbiased coherence estimate. The convolution may, for
example, correspond to a moving average with on the order of 100 samples.
[0088] The residual delay measures the offset of the target response from the expected range at τ’ = 0. It is estimated
in a two-step procedure beginning with localising the maximum response with sample accuracy. 

[0089] A sub-sample refinement to the initial, coarse estimate is obtained by estimating a phase gradient in the fre-
quency domain. Assuming that the filtered data has Nrg samples in the range dimension (corresponding to τ’), the residual
target offset can be derived as 

where  and the superscript * denotes complex conjugation. The combined
residual offset in seconds is then given by 

[0090] The analysis of the filtered raw data with respect to the radar cross section aims to derive the absolute, unit-
less offset, in dB, between the expected and the measured RCS of the reference target. Although equation (23) has
already accounted for systematic intensity variations due to antenna element gains and the expected target RCS, the
derivation of the absolute RCS offset from the filtered data must also include additional terms from the radar equation
for real-aperture radar and compensate for the residual clutter intensity of eq. (33) as follows: 
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where λ = (1 + Δc)c/f0 denotes the wavelength and the term Gaux collects constant system gain terms that were not
included in the corrections of eq. (23). Examples of the latter include the gain due to analog-to-digital conversion and
the damping usually applied to only the internal calibration signals (but not to the actual SAR imaging data).

§ 2 Residual Range Impulse Response Calibration

[0091] The aim of the residual range impulse response calibration is to measure systematic, frequency dependent
amplitude and non-linear phase variations that occur within the pulse bandwidth when internal calibration measurements
fail to faithfully reproduce the transfer function of the radar instrument. Corresponding corrections are estimated for each
individual antenna element and are assumed to be reciprocal, i.e. identical on transmit and receive.
[0092] Estimation begins with pre-processing the filtered raw data to remove constant offsets in gain, residual delay,
phase and amplitude as follows: 

where, as above, Nrg denotes the number of samples in range and F[f] maps the frequency index f to a physical frequency

in Hz.  represents the normalised frequency response of the target at each azimuth time t’, in which the overall
energy is unity and linear phase ramps over frequency f have been removed by compensating for propagation time

variations  
[0093] Corrections in terms of gain, in dB, and phase are estimated separately. Each antenna element e is thereby

associated with corrections  and  that minimise errors of the form 

where the coherence of eq. (35) is used to increase the impact of reliable measurements on the estimated corrections.
By setting each of the above error terms to zero, the above relations lead to over-determined systems of equations with
one equation for each azimuth sample t’, frequency f, channel combination pq and reference target s.
[0094] The error functions defined above use the L1-norm, rather than quadratic errors, to reduce the impact of outliers
on the solution. The L1-error minimisation is carried out using an iteratively re-weighted least squares approach applied
to linear equations of the form 
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[0095] Given a set of current correction estimates  and  both initially zero, the error
minimisation proceeds by deriving updated weights 

and solving the systems of equations implied by (43) and (44) using standard least-squares techniques to obtain updated
corrections that are less affected by outliers. The small, positive number εopt is introduced for numerical stability only; it
is set to 10-4.
[0096] Upon convergence, the complex valued response correction for an antenna element e is given by 

[0097] After residual range frequency response corrections have been obtained, the reference target analysis of section
§ 1 is repeated, where these corrections are taken into account in eq. (24), before further calibration corrections are
derived.

§ 3 Antenna Element Mount Angle Calibration

[0098] The aim of the element mount angle estimation is to derive optimal roll/pitch/yaw corrections 

to be applied when transforming global coordinates into the antenna coordinate system in eq. (5). The approach taken

is to choose the attitude corrections that minimise variations in the RCS offsets  of eq. (39). The corresponding
error function takes the form 

where ΔRCSe is the unknown constant gain offset, in dB and assumed reciprocal, affecting the signal after propagating

through antenna element e, and  denotes the change in the antenna gain, in dB and at the centre
frequency, due to mount angles ΔAe at each azimuth position t’. The definition of the latter closely follows that of the

two-way complex antenna gain in eq. (16): 
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with 

[0099] As before, the optimisation uses a L1-error function to reduce the impact of outliers and needs to be carried
by iteratively solving re-weighted least-squares problems. The minimisation of errors of the form (49) is complicated,
however, by the non-linearity of eq. (51) in terms of attitude corrections ΔAe. The first step is therefore to derive a linear

approximation of  that is valid close to a given value of ΔAe: 

[0100] The local gradients  are computed numerically from the changes in  when
ΔAe is perturbed in the respective angular dimension.

[0101] The determination of antenna element mount angles is then carried out as a fixed point iteration. Each iteration
solves an over-determined system of equations of the form 

for the constants ΔRCSe and the incremental corrections εe to the element mount angles. The system consists of one
equation for each azimuth sample t’ of each raw data channel pq and each reference target s and is solved using standard
least-squares approaches.
[0102] The iteration accomplishes the robust L1-norm minimisation implied by the form of the error function in eq. (49)
by updating the weights 

on the basis of the current estimates of ΔRCSe and ΔAe before each iteration. After each iteration, the corrections εe

are applied additively to the current ΔAe and the functions  and numerical gradients



EP 3 364 212 A1

20

5

10

15

20

25

30

35

40

45

50

55

 are updated accordingly.
[0103] The iteration terminates once the antenna element mount angles have converged. The reference target analysis
described in section § 1 is then repeated, where the estimated mount angle corrections are taken into account in eq.
(16), before proceeding with further calibration steps.
[0104] For polarimetric SAR sensors, the above procedure must be modified to ensure that a single physical antenna
element is associated with only one mount angle, instead of separate mount angles for the H and V polarisations. This

is achieved by simply reducing the number of unknowns by symbolically setting  for pairs of logical
elements p and q that correspond to the same physical antenna element.

§ 4 Coarse Antenna Element Phase Centre Position Calibration

[0105] The positions of the antenna element phase centres, as parameterised by the corresponding lever arms, are
refined in two steps. The first step, described in this section, derives relatively coarse positions that are accurate to within
the limits set by residual errors affecting the input navigation data and the assumed reference target positions. This
coarse estimate also accounts for a residual tropospheric propagation delay, modelled as a correction to the speed of light.
[0106] The optimisation process uses two error functions that essentially separate the effects of element lever arm
related errors into the range and azimuth dimensions. The first error function relates the lever arm corrections to the
measured range position offsets of reference targets: 

where 

[0107] This error function aims to explain the observed reference target range offsets  of eq. (38) in terms of

the projection of lever arm refinements ΔLe onto the line-of-sight vectors  of eq. (13) in combination with a tropo-

spheric propagation correction Δc and residual element propagation delays Δre, measured in metres rather than seconds

to avoid introducing a non-linearity. ΔLe, Δc and Δre are considered unknown variables, and the range position error is

summed over azimuth time t’ using the target coherence  of eq. (35) as a weight to yield a single error term for
each data channel pq and reference target s.
[0108] The impact of residual element lever arm errors and the tropospheric propagation delay as a function of azimuth

time t’ is captured by a second error function based on the residual phase  of eq. (34). This phase measurement

is considerably more sensitive than the residual delay  used above but can only capture relative errors within the
illumination time due to the presence of unavoidable, hardware related constant phase offsets. 
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where  is the result of unwrapping the residual phase  along azimuth. To minimise the estimation
bias introduced by potential phase unwrapping errors, the azimuth dependent analysis is restricted to the largest con-

tiguous set of samples for which the coherence  exceeds a certain threshold (e.g. 0.85).
[0109] The azimuth error function is similar to that of eq. (55) and penalises residual phase variations that can be

reduced by introducing appropriate lever arm and tropospheric propagation corrections. The variable  treated as
an unknown specific to each channel pq and reference target s, can be considered an auxiliary variable that absorbs
offsets due to residual propagation delays in the sensor as well as arbitrary constant phase offsets. Its value is estimated
but is, in itself, not useful for the purpose of sensor calibration.
[0110] As before, the error functions use the L1-norm instead of quadratic penalties to reduce the impact of outliers
on the optimisation. The error minimisation can therefore be formulated as an iterated least-squares process applied to
an over-determined system of equations of the form 

and 

using weights 

and 

that are updated, before each iteration, on the basis of the current estimates of Δc, ΔLe, Δre and  all of which are

initially set to zero. The system of equations to be solved in each iteration is linear in the unknowns provided that

 defined in eq. (12), and  derived from  in eq. (14), are treated as fixed, precomputed quantities.
In fact, however, both quantities do change when ΔLe are updated, which would cause a small, second order inaccuracy
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in the estimation of Δc. This marginal effect is counteracted by updating, after each iteration,  and  using the

current estimates of ΔLe, while keeping Δc = 0 in the evaluation of eq. (14).

[0111] Once the iteration has converged, for instance when the maximum lever arm change falls to a small fraction
of the radar wavelength, the estimated range shifts Δre can be converted into one-way antenna element propagation
delays using the estimated Δc via 

[0112] Finally, the reference target analysis of section § 1 is carried out anew for all data channels and reference
targets to ensure that the updated calibration corrections are taken into account before proceeding further. In addition,

for very large lever arm corrections that cause a measurable change in the line-of-sight vectors  it becomes
necessary to repeat the entire estimation process, cumulating corrections ΔLe and Δτe.

§ 5 Interferometric Antenna Element Baseline Calibration

[0113] A further refinement of the antenna element phase centre position is possible using interferograms between
filtered, range-compressed raw data channels derived for the same reference target. In contrast to the coarse estimate
attained in section § 4, the refined estimate is independent of residual errors in the navigation data and the reference
target positions. The two approaches are complementary in that the interferometric approach cannot determine absolute
phase centre positions or accurately characterise tropospheric propagation effects. Instead, it yields highly accurate
estimates of the spatial separation, or baseline, between antenna element phase centres.
[0114] The residual interferometric phase between two data channels pq and uv corresponding to the same reference
target s is obtained as 

where INTt’→t[ ] denotes interpolation from the channel time axis t’ to the common time axis t introduced in eq. (1).
[0115] Analysis begins by grouping phase vectors 

derived for all available reference targets s = 1,2,3 ... in a particular interferometric channel combination pq,uv. As in
the error model of eq. (57), these phases must first be unwrapped. To ensure that the interferometric phase information
for different reference targets remains consistent, which is necessary for 3D baseline refinement, this phase unwrapping

must be carried out in two dimensions. To this end, each phase measurement  is associated with a 2D
coordinate (r0,β) where 
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and  is obtained from  by interpolation. The 2D coordinates corresponding to all phase vectors in
groups like (64) are triangulated and the application of a phase unwrapping algorithm for irregular grids yields unwrapped

phase vectors  As in section § 4, bias due to potential unwrapping errors
is minimised by restricting the analysis to the largest connected set of phase measurements with a combined coherence

 above a certain threshold, where connectivity is defined in terms of the 2D triangulated mesh of meas-
urement points. In addition, the estimation of phase calibration constants requires that phase unwrapping preserves the
average phase of the input samples.
[0116] The error model used for baseline refinement can be stated as 

where 

and coherences  as well as line-of-sight vectors  have been interpolated to the common time axis t. The

variables  representing element-wise 3D lever arm refinements defined precisely as ΔLe introduced in eq. (11),

and Δφpq,uv, representing phase calibration constants, are considered unknown variables.

[0117] The robust L1-norm minimisation of errors  proceeds, as in preceding sections, by the iterative solution
of a re-weighted, over-determined linear system of equations using least-squares techniques. Equations in the system
take the form 

with weights 

that are updated on the basis of the current estimates for  and Δφpq before each iteration. In addition, the system

of equations must include three equations to account for the fact that interferometric analysis only yields relative position
information: 
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[0118] The system of equations would be singular without these additional constraints. They imply that interferometric
baseline optimisation introduces corrections to the antenna element phase centre positions that conserve the geometric
centre of the antenna array in the instrument coordinate system.

[0119] Upon convergence, when changes to  decrease below a small fraction of the radar wavelength, coarse
lever arm corrections are updated to take into account the interferometric refinement as follows: 

[0120] Following the update, a final iteration of reference target analysis, using the updated element lever arms, is
carried out to ensure a consistent basis for estimating calibration constants as described in the next section.

§ 6 Calibration Constants

[0121] Once the antenna array is considered well calibrated, it is possible to estimate calibration constants, at the
level of the individual antenna array element, to ensure that the SAR imagery obtained after image formation can be
directly related to physical parameters of the imaged scene. The corrections concern the one-way delay, gain and phase
shift affecting signals upon propagation through a given antenna element, and are, for the most part, already estimated
as by-products of optimisations in the preceding sections. To eliminate possible bias arising from the interplay of calibration
corrections and the sequence in which they are estimated, the final set of calibration constants is re-derived as follows:

• The element gain ΔRCSe is obtained by iteratively minimising eq. (49), keeping element mount angles ΔAe fixed
at their previously determined values.

• The element delay Δτe is obtained by iteratively minimising eq. (55), keeping element lever arm corrections ΔLe
and the tropospheric propagation correction Δc fixed at their previously determined values, and applying eq. (62).

[0122] The phase calibration constants Δφpq,uv do not need to be re-estimated, as they are the product of the last
calibration correction. These constants are, however, not specific to individual antenna elements but to a particular data
channel combination, such that a post-processing step is required to derive per-element corrections. This step solves
a system of equations of the form 

where Δφe denotes the desired phase correction for antenna element e and the unknown integer variables npq,uv have
had to be introduced to account for the fact that the measured phase offsets Δφpq,uv are wrapped within the range - π
to π. The presence of integer valued unknowns makes this problem very difficult to solve in general. Instead, the proposed
approach is comparatively simple but imposes constraints on the combination of data channels available for calibration.
This approach can be summarised as follows:

1. Initialise any one of the calibration constants Δφe to an arbitrary value
2. Identify an interferometric channel combination pq,uv in which three of the four antenna elements involved have
already been associated with phase calibration constants.
3. Solve the following equation for the remaining unknown phase calibration constant by straight-forward re-arrange-
ment: 
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4. Continue at step 2 until all antenna elements have been associated with phase calibration constants.

[0123] The constraint on the data channels made available for calibration is that the condition in step 2 must be fulfilled
in each iteration. Having initialised a single Δφe in step 1, it implies that the calibration data set includes channels
corresponding to antenna element combinations ee and eq for the derivation of Δφq via Δφee,eq. After two elements are
associated with phase calibration constants, there is an increasing amount of freedom in the channel combinations
sufficient for calibration.
[0124] It should be noted that the arbitrary initialisation does not have any impact on the sensor calibration in the sense
that the choice of initial value has no impact on any conceivable interferometric measurement the sensor can carry out.
[0125] The process outlined for element-wise phase correction derives each calibration constant from a single inter-
ferometric measurement Δφpq,uv, such that many of the possible interferometric channel combinations are never, in fact,
used. This is sub-optimal in terms of measurement noise affecting the estimates Δφpq,uv. The phase calibration is therefore
refined in a second processing step that begins with determining the wrapping numbers on the basis of the initial values
of Δφe: 

 where i i denotes rounding of the enclosed quantity to the nearest integer. Once the wrapping numbers are known, the
over-determined system of equations represented by eq. (73) is easy to solve using standard least-squares techniques
to obtain refined element-wise phase calibration constants based on the full set of possible interferometric channel
combinations.

§ 7 Disjoint transmit/receive antenna arrays

[0126] The element-wise calibration of an antenna array as outlined in sections § 2 to § 5 has implicitly assumed that
at least one array element can both transmit and receive signals. For sensors that employ disjoint transmit and receive
antenna arrays, in which each element either transmits or receives, this is not the case and the estimation of calibration
corrections fails due to the fact that the systems of equations proposed become singular.
[0127] To extend the calibration approach to these types of SAR sensors, it is necessary to further constrain the
optimisation by performing, symbolically, the following substitutions for a single, arbitrarily chosen antenna element e: 
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[0128] The antenna element mount angles ΔAe are not affected, provided that the transmit and receive elements have
different antenna illumination diagrams.
[0129] In addition, the initialisation of the iterative algorithm for the element-wise phase calibration of the array in
section § 6 must be adjusted: instead of initialising a single phase calibration constant Δφe in step 1, it is necessary to
initialise two constants Δφu and Δφv, where u and v correspond to one transmit and one receive antenna element.
[0130] While the quality of the resulting calibration is not impaired for this type of sensor, the element-wise calibration
corrections no longer have an absolute meaning: only differences between the calibration corrections for individual array
elements can be meaningfully analysed.

§ 8 Multistatic SAR

[0131] Multistatic SAR involves the joint analysis and processing of radar data acquired by a formation of independent
SAR sensors. If each SAR sensor in the formation can both receive and transmit signals, each can be calibrated as a
monostatic system using the approaches described. Should this not be the case, however, the entire formation must be
jointly calibrated.
[0132] In doing so, the proposed approach is affected only in that each sensor provides its own navigation data N(t)
of eq. (1) and attitudes A(t) of eq. (2). The reference target analysis of section § 1 must therefore ensure that the underlying
geometric transforms in equations (3), (4) and (5) are based on the navigation data appropriate for the particular antenna
element under consideration. The remainder of the calibration approach is unaffected.

§ 9 Summary and advantages

[0133] The invention as described in the foregoing has several advantages. It provides an accurate calibration of multi-
channel SAR instruments, such as those required to support SAR polarimetry, single-pass interferometry and digital
beam-forming, on the basis of dedicated SAR acquisitions containing reference targets with known properties.
[0134] Unlike conventional approaches, the method is based on the analysis of range compressed raw data. It does
not require SAR image focussing in azimuth, which is essential in cases where azimuth focussing requires beam-forming
techniques and thus presupposes an accurate calibration of the antenna array.
[0135] The method assumes that the internal calibration sub-system of the sensor is able to effectively compensate
for transient drifts due to propagation effects within the radar instrument. The focus is, instead, on providing an accurate
and consistent characterisation of the antenna array, which is, by definition, outside the scope of internal calibration
techniques. The approach introduces an explicit model of possible calibration error sources and uses SAR measurements
to derive corresponding corrections. The error sources considered, for each antenna element in an array, are as follows:

1. Element mount angles: these describe a mispointing of the antenna element in terms of the attitude angles
pitch, yaw and roll. Accurate determination of mount angles enables accurate radiometric calibration of SAR imagery
in arbitrary imaging geometries. Non-zero mount angles occur due to alignment errors during the on-ground char-
acterisation of antenna element illumination patterns, due to angular tilts of the antenna upon deployment and/or
due to attitude offsets in the data provided by the navigation subsystem of the instrument.

2. Element baselines: The relative separation between element phase centres. Accurate knowledge of baselines
is essential for multi-channel SAR sensors, as even small baseline errors translate to phase errors that distort
interferometric and polarimetric SAR measurements as well as the effective antenna illumination pattern when beam-
forming is employed. Although the separation of phase centres can be derived from phase measurements of the
element patterns on ground, residual errors arise when such measurements are simply not available or unreliable,
or when baselines change upon deployment, e.g. due to panel tilts or the absence of gravitational distortions of the
antenna array that have impacted the on-ground characterisation.

3. Absolute array position: A reference point that, in conjunction with the element baselines, determines the
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absolute position of element phase centres in 3D space. Errors in the absolute array position translate into geo-
location errors in the focussed SAR image. This type of error may arise due to imperfections in the deployment of
the antenna array or systematic errors in the positioning information provided by the navigation sub-system of the
instrument.

4. Residual impulse response errors: These are frequency dependent, incremental corrections to the character-
isation of the radar instrument’s transfer function provided by internal calibration measurements. These corrections
account for amplitude and non-linear phase variations within the pulse bandwidth and are assumed to be stable
over time and independent of propagation direction in three dimensional space.

5. Calibration constants: Constant corrections in terms of intensity, delay and phase can be derived once other
corrections have been taken into account. These constants are introduced to ensure the absolute calibration of the
SAR instrument and ensure that SAR imagery can be related to physical properties of the imaged scene in terms
of backscatter intensity, geo-location and inter-channel phase differences.

6. Residual errors: Frequency and propagation direction dependent amplitude and phase errors that remain after
all corrections have been taken into account serve to validate the error model used and point to remaining calibration
issues. The detailed characterisation of unexpected residual errors helps to identify possible causes and formulate
mitigation strategies. As an example, residual errors may include the propagation direction dependent effects intro-
duced by antenna array element coupling that could not be adequately modelled or characterised on ground.

[0136] The results of the analyses carried out for each point in the above list serve the dual purpose of validation.
They provide a granular picture of the calibration corrections required that can then be assessed with respect to prior
expectations to pinpoint issues related to the on-ground characterisation process, the internal calibration and navigation
sub-systems and the sensor deployment process. Regular calibration data takes enable detailed monitoring of the
instrument stability, especially with respect to the performance of the antenna array, and the introduction of additional
corrections when and if they become necessary.
[0137] The proposed calibration technique as described herein is fundamentally different to existing approaches in
that it is based on the analysis of the response of reference targets in range compressed raw data. Conventional external
calibration approaches, by contrast, use focussed SAR imagery, while data-driven approaches that are based on range
compressed SAR data do not take advantage of reference targets. The following description highlights specific, unique
characteristics of the proposed approach that largely stem from this fundamental difference. The names of particular
processing steps are typeset in bold and refer to the flowcharts of Fig. 2.
[0138] The pre-processing of SAR raw data includes a Response Correction that, among other things, removes
aliasing from the reference target response of each individual data channel without resorting to beam-forming techniques.
Existing calibration techniques do not apply to sub-sampled data or use beam-forming techniques that are problematic
when applied before the antenna array is fully calibrated. Pre-processing also includes a novel filtering operation for
Clutter Suppression, in which the response of the reference target is cleanly separated out by suppressing backscatter
contributions from other parts of the imaged scene.
[0139] The Residual Error Analysis, carried out on the pre-processed raw data, identifies residual deviations from
the expected reference target response in terms of range position, phase and backscatter intensity. In contrast to
conventional external calibration approaches, which analyse reference targets in focussed SAR imagery, this analysis
captures variations within the illumination time, i.e. along azimuth. In particular, the analysis yields the target radar cross
section (RCS) as measured by each received echo in the radar raw data by applying the radar equation for real aperture
radar.
[0140] The Residual Range IRF analysis uses a robust (L1-Norm minimisation) algorithm for estimating residual,
radar frequency-dependent amplitude and phase variations. This optimisation algorithm explicitly takes into account the
frequency response measured in each echo received from reference targets and has not been used in this context
before. The approach makes the estimates derived more robust with respect to outliers caused by residual clutter and
radio frequency interference.
[0141] The Element Mount Angles estimation introduces pointing corrections that minimise the observed RCS de-
viations, taking into account the sensor attitude angles and possible variations thereof during the illumination time. Other
calibration approaches do not include such mount angles at all, such that both the error model used and the estimation
algorithm can be considered novel.
[0142] The approach includes a two-step refinement of antenna element phase centre positions. The first step, Element
Lever Arms, provides coarse corrections that minimise the observed range position discrepancies and phase errors
along azimuth (I.e. during the illumination time). The underlying error model and the estimation algorithm differ from
existing approaches in that:
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- The combination of input measurements used is unique, in that conventional external calibration approaches do not
take into account azimuth-variant phase discrepancies while data-driven approaches cannot take into account range
position discrepancies.

- The error model explicitly includes tropospheric propagation effects, which are not considered by existing calibration
approaches.

- The error model explicitly takes into account the sensor attitude angles and possible variations thereof during the
illumination time. Existing calibration approaches do not take into account sensor attitudes.

- The approach provides 3D position corrections. Other calibration techniques are restricted to one or two dimensions
or do not provide an explicit estimate at all (e.g. some data-driven approaches merely carry out a phase correction
without explicitly estimating position errors).

[0143] In a subsequent refinement step, highly accurate estimates of the Element Baselines are obtained by mini-
mising interferometric phase errors. The approach differs from existing techniques by taking into account interferometric
phase variations within the illumination time and sensor attitude angles and providing 3D baseline error estimates.
[0144] Finally, the estimation of Calibration Constants is achieved by robust L1-Norm optimisation, which has not
been used in this context before. In addition, it includes an iterative algorithm for estimating element-wise phase calibration
constants from wrapped interferometric phase measurements. This novel algorithm could also be applied in the context
of conventional external calibration approaches.
[0145] In the foregoing, an embodiment of the invention has been described including calibration procedures S2 to
S4 in combination with reference target analyses TA1 to TA4. However, the invention may also be implemented by only
performing a sub-set of those calibration procedures. Furthermore, the calibration procedure according to step S1 is
optional and may be omitted in specific embodiments of the invention.
[0146] Analogously, step S5, referring to the determination of calibration constants, may be omitted in specific em-
bodiments of the invention. Moreover, steps S101 to S05 of the reference target analysis may be implemented in a
different way as long as target data for each channel and each reference target are extracted appropriately. Particularly,
the clutter suppression of step S104 may be omitted in case that the SAR raw data comprise little or no clutter.

Claims

1. A method for computer-assisted processing of SAR raw data (Dpq), comprising radar echoes from ground that are
the response to radar pulses (RP) that have been transmitted by antenna elements (101, 102, 103) of a radar sensor
(1) on at least one flying object (SA) moving in an azimuth direction (x) above ground and where the radar echoes
have been received by antenna elements (101, 102, 103) of the radar sensor (1), the SAR raw data (Dpq) including
radar echoes originating from reference targets (RT) with known radar cross sections and positions on ground and
being represented by data acquisitions for several channels (pq), each channel (pq) referring to radar pulses trans-
mitted by a specific antenna element (101, 102, 103) and radar echoes received by a specific antenna element
(101, 102, 103), where the data acquisition for a channel (pq) comprises a plurality of data samples for several
azimuth positions and several range positions, the range positions corresponding to different distances from the
radar sensor (1) to ground,
characterised in that the method comprises one or more calibration procedures (TA2, S2; TA3, S3; TA4, S4), each
calibration procedure comprising the following steps:

i) by using the known radar cross section and position on ground for each reference target (RT), extracting
target data (Fs

pq) for each reference target (RT) in each channel (pq) from the SAR raw data (Dpq) and determining
a variation of one or more measurements (δφs

pq, δRCSs
pq, δφs

pq,uv) over different radar echoes originating from
each reference target (RT) for each channel (pq) or for each combination of two channels (pq) based on the
target data (Fs

pq);
ii) determining one or more calibration factors in the form of one or more correction terms (ΔAe, ΔLe, ΔLe

inf) for
one or more sensor parameters of the radar sensor (1) based on an optimisation comprising the optimisation
goal to minimise the variation of the one or more measurements (δφs

pq, δRCSs
pq, δφs

pq,uv) for all reference
targets (RT) and for all channels (pq) or all combinations of two channels (pq).

2. The method according to claim 1, characterised in that the one or more calibration procedures (TA2, S2; TA3, S3;
TA4, S4) comprise a first calibration procedure (TA2, S2) wherein the variation of a measurement determined in
step i) refers to the variation of a radar cross section offset (δRCSs

pq) over different radar echoes originating from
each reference target (RT) in each channel (pq) and wherein correction terms (ΔAe) for sensor parameters in the
form of antenna mount angles of each antenna element (101, 102, 103) on the at least one flying object (1) are
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determined in step ii), where the radar cross section offset (δRCSs
pq) represents the difference between the known

radar cross section and the radar cross section according to the target data (Fs
pq) for the respective reference target

(RT) and the respective channel (pq) .

3. The method according to claim 1 or 2, characterised in that the one or more calibration procedures (TA2, S2; TA3,
S3; TA4, S4) comprise a second calibration procedure (TA3, S3) wherein the variation of a measurement determined
in step i) refers to the variation of a residual phase (δφs

pq) over different radar echoes originating from each reference
target (RT) in each channel (pq) and wherein correction terms (ΔLe) for sensor parameters in the form of relative
positions of the phase centres of the antenna elements (101, 102, 103) with respect to a reference position on the
at least one flying object (1) are determined in step ii), where the residual phase (δφs

pq) for a respective channel
(pq) represents the difference between the phase of a radar echo based on the positions of the transmitting and
receiving antenna element phase centres of the respective channel (pq) and based on the known position of the
respective reference target (RT) on ground on the one hand and the phase according to the target data for the
respective reference target (RT) on the other hand, where preferably the optimisation within the second calibration
procedure (TA3, S3) includes the additional optimisation goal to minimise the mean residual delay (δτs

pq) over
different radar echoes originating from each reference target (RT) in each channel (pq), where the residual delay
(δτs

pq) for a respective channel (pq) represents the difference between the propagation time from transmitting a
radar pulse until receiving its radar echo based on the positions of the transmitting and receiving antenna element
phase centres of the respective channel (pq) and based on the known position of the respective reference target
(RT) on ground on the one hand and the corresponding propagation time according to the target data for the
respective reference target (RT) on the other hand.

4. The method according to one of the preceding claims, characterised in that the one or more calibration procedures
(TA2, S2; TA3, S3; TA4, S4) comprise a third calibration procedure (TA4, S4) wherein the variation of a measurement
determined in step i) refers to the variation of the difference (δφs

pq,uv) between two residual phases for two channels
(pq) over different radar echoes originating from each reference target (RT) in each combination of two channels
(pq) and wherein correction terms (ΔLe

inf) for sensor parameters in the form of relative positions of the phase centres
of the antenna elements (101, 102, 103) with respect to a reference position on the at least one flying object (1) are
determined in step ii), where the residual phase (δφs

pq) for a respective channel (pq) represents the difference
between the phase of a radar echo based on the positions of the transmitting and receiving antenna element phase
centres of the respective channel (pq) and based on the known position of the respective reference target (RT) on
ground on the one hand and the phase according to the target data for the respective reference target (RT) on the
other hand.

5. The method according to claims 2 to 4, characterised in that the method comprises the first and the second and
the third calibration procedures (TA2, S2; TA3, S3; TA4, S4), where preferably the third calibration procedure is
performed after the second calibration procedure and the second calibration procedure is performed after the first
calibration procedure.

6. The method according to one of the preceding claims, characterised in that the method comprises several calibration
procedures (TA2, S2; TA3, S3; TA4, S4) which are performed based on an iteration, where each calibration procedure
constitutes an iteration step and where step i) of an iteration step takes into account one or more calibration factors
determined in all preceding iteration steps.

7. The method according to one of the preceding claims, characterised in that the extraction of target data (Fs
pq) for

each reference target (RT) and each channel (pq) in step i) of at least one calibration procedure comprises a range
compression and a correction based on the known radar cross section and the known position of the respective
reference target (RT) on ground.

8. The method according to one of the preceding claims, characterised in that the extraction of target data (Fs
pq) for

each reference target (RT) and each channel (pq) in step i) of at least one calibration procedure comprises a clutter
suppression for suppressing radar echoes originating from scatterers other than the respective reference target (RT).

9. The method according to one of the preceding claims, characterised in that the method comprises a separate
calibration procedure (TA1, S1) in addition to the one or more calibration procedures (TA2, S2; TA3, S3; TA4, S4),
where the separate calibration procedure (TA1, S1) comprises the following steps:

a) by using the known radar cross section and position on ground for each reference target (RT), extracting
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target data (Fs
pq) for each reference target (RT) in each channel (pq) from the SAR raw data (Dpq) and determining

the variation of a residual delay (δτs
pq) over different radar echoes originating from each reference target (RT)

in each channel (pq), where the residual delay (δτs
pq) for a respective channel (pq) represents the difference

between the propagation time from transmitting a radar pulse until receiving its radar echo based on the positions
of the transmitting and receiving antenna element phase centres of the respective channel (pq) and based on
the known position of the respective reference target (RT) on ground on the one hand and the corresponding
propagation time according to the target data for the respective reference target (RT) on the other hand;
b) estimating frequency-dependent phase and amplitude variations within the bandwidth of the radar echoes
by determining calibration factors in the form of correction terms (ΔCe) for the respective antenna elements
(101, 102, 103) based on a minimisation of error functions, where at least one error function is defined over
different radar echoes originating from each reference target (RT) in each channel (pq), the at least one error
function being defined based on a frequency response function for each radar echo originating from the respective
reference target (RT) in the respective channel (pq), where the frequency response function is derived from the
target data (Fs

pq) and the variation of the residual delay (δτs
pq) obtained in step a).

10. The method according to claim 9 in combination with claim 6, characterised in that the separate calibration pro-
cedure (TA1, S1) is part of the iteration and forms an iteration step therein, where step i) of all iteration steps after
the iteration step of the separate calibration procedure (TA1, S1) takes into account the calibration factors determined
in step b).

11. The method according to one of the preceding claims, characterized in that, after performing the one or more
calibration procedures, one or more calibration constants (ΔRCSe, Δτe, Δφe) are determined, any of which (ΔRCSe,
Δτe, Δφe) provided to be applied in a later processing of other SAR raw data as overall, constant corrections to the
entire SAR raw data sor entire images derived from the SAR raw data.

12. An apparatus for computer-assisted processing of SAR raw data (Dpq), comprising radar echoes from ground that
are the response to radar pulses (RP) that have been transmitted by antenna elements (101, 102, 103) of a radar
sensor (1) on at least one flying object (SA) moving in an azimuth direction (x) above ground and where the radar
echoes have been received by antenna elements (101, 102, 103) of the radar sensor (1), the SAR raw data (Dpq)
including radar echoes originating from reference targets (RT) with known radar cross sections and positions on
ground and being represented by data acquisitions for several channels (pq), each channel (pq) referring to radar
pulses transmitted by a specific antenna element (101, 102, 103) and radar echoes received by a specific antenna
element (101, 102, 103), where the data acquisition for a channel (pq) comprises a plurality of data samples for
several azimuth positions and several range positions, the range positions the range positions corresponding to
different distances from the radar sensor (1) to ground,,
characterised in that the apparatus is configured to perform a method comprising one or more calibration procedures
(TA2, S2; TA3, S3; TA4, S4), each calibration procedure comprising the following steps:

i) by using the known radar cross section and position on ground for each reference target (RT), extracting
target data (Fs

pq) for each reference target (RT) in each channel (pq) from the SAR raw data (Dpq) and determining
a variation of one or more measurements (δφs

pq, δRCSs
pq, δφs

pq,uv) within a set of radar echoes originating
from each reference target (RT) for each channel (pq) or for each combination of two channels (pq) based on
the target data (Fs

pq);
ii) determining one or more calibration factors in the form of one or more correction terms (ΔAe, ΔLe, ΔLe

inf) for
one or more sensor parameters of the radar sensor (1) based on an optimisation comprising the optimisation
goal to minimise the variation of the one or more measurements (δφs

pq, δRCSs
pq, δφs

pq,uv) for all reference
targets (RT) and for all channels (pq) or all combinations of two channels (pq).

13. The apparatus according to claim 12, characterised in that the apparatus is configured to perform a method
according to one of claims 2 to 11.

14. A computer program product comprising program code stored on a machine readable medium, characterised in
that the program code is configured to perform a method according to one of claims 1 to 11, when the program
code is run on a computer.

15. A computer program comprising program code, characterised in that the program code is configured to perform
a method according to one of claims 1 to 11, when the program code is run on a computer.
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