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Abstract

Instrument calibration has ever been essential to synthetic aperture radar. This paper reviews the calibration function-
ality of current state-of-the-art spaceborne SAR and then proceeds to suggest calibration strategies for future SAR
systems. These systems will incorporate multi-channel digital beamforming capabilities which offer new opportunities
but also challenges for digital calibration. At the same time, the increased complexity of instrument calibration can not
be extrapolated to future systems. This requires a reconsideration of the calibration strategy for spaceborne SAR. The
paper is seen as a step in this direction.

1 Spaceborne SAR Calibration

Current SAR systems have reached a high maturity in
exploiting calibration [1]. Instrument deviation from the
ideal operation, long and short time drifts, mismatch and
coupling between the RF paths are measured. In addition,
external effects such as atmospheric and ionospheric dis-
turbances are characterized. The purpose of calibration
is to minimize the impact of the known errors. This is
achieved byi) tuning the instrument in real-time to com-
pensate the errors;ii) subsequently modifying the instru-
ment settings to remove errors based on the analysis of
the calibration data on ground; andiii) mitigating the ef-
fect of known errors (without removing the error source)
by considering it within the SAR data processing.

1.1 Internal Instrument Calibration

Dedicated calibration pulses are injected into the signal
paths using elaborate cal-networks [2]. To guarantee the
required accuracies in the order of fractions of a dB, the
cal-networks are characterized on ground to minimize the
measurement uncertainty. Various calibration loops are
implemented to measure the transmit and receive paths as
well as the central electronics. This enables constructing
a replica, i.e. a reference signal, affected by the charac-
teristics of the SAR signal path.
A typical Transmit/Receive Module (TRM) architecture
is shown inFigure 1 where the numbers are associated
to the different functionality of the respective hardware
blocks. In order to characterize the Rx path of1©, a
known reference signal is injected into the receive path
using cal-network3© and coupler 2©. The Tx path of
1© is measured by using the same coupler to extract a

small fraction of the signal which is routed to the receiver
through the cal-network3©. The cal-network itself needs
to be accurately characterized on ground, so that its dis-
tortion is known. Neither the polarization switch nor an-
tenna itself 4© are part of the calibration loop. Their error
contribution is thus not measured! Finally, the cal-signals

of all the TRMs are combined in5©. It is thus only the
sum of cal-signals which is available, this is equivalent
to a boreside beam and does not represent the actual in-
strument state [3]. Due to the large number of TRMs it
is not possible to measure a single TRM by switching off
all modules except the one being characterized. Instead
elaborate pseudo noise sequences are used [4].
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Figure 1: An example Tx/Rx-Module (TRM) architec-
ture including the blocks for calibration.

1.2 Internal T/R-Module Correction

Nearly all current SAR systems offer multiple operation
modes, which are realized by steering and shaping the
transmit and receive beams. For this, several hundred
TRMs are used to set the phase and amplitude for the
elements of the antenna. The instrument and antenna pat-
tern stability is achieved by engineering self calibrating
procedures internal to the TRMs, i.e. within block1© of
Figure 1. This is achieved by multidimensional correc-
tion tables (temperature vs. power vs. polarization vs.
Rx/Tx) obtained through lengthy on-ground characteriza-
tion measurements. These tables are stored in the mem-
ory of each TRM and typically applied in an autonomous
manner. At the same time, the TRMs are also part of the
calibration loops (cf. previous section).
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1.3 External Calibration

External calibration is carried out with the SAR system
operating in space and complements the internal calibra-
tion. Both active (transponders and receivers) and passive
(corner reflectors) cal-targets are positioned within the
swath, measured during dedicated campaigns, and within
the operational phase. This enables the verification of the
antenna patterns shape, power levels, and instrument sta-
bility, which leads to the radiometric calibration. The Tx
patterns are obtained through direct measurement, while
the Rx pattern parameters are estimated from the SAR
image. Further, the high reflectivity of the cal-targets en-
ables an accurate system impulse response measurement.
The response of the calibration targets must be stronger
than the surrounding clutter; as such the measured power
levels might not be representative of typical SAR scenes.
To measure the small deviations associated to the high
SAR accuracy, targets of even higher accuracy need to
be fabricated, which leads to calibration targets which in-
clude internal calibration networks.

2 Multi-Channel SAR Calibration

Most SAR systems currently in orbit are based on TRM
technologies. It is not forseen that this will change in the
near future1. However, there is a trend towards digital
multi-channel systems, as can be seen for some existing
sensors. For example TERRASAR-X offers two chan-
nel capabilities as a by-product of the redundancy con-
cept; RADARSAT-2 has along-track capabilities through
two channels; and ALOS-2 improves the azimuth reso-
lution by utilizing two channels. This step towards multi-
channel SAR marks a paradigm change for the next two
decades! Still, the calibration strategies foreseen for fu-
ture multi-channel SAR are not being adapted to the par-
ticularities of the new systems.
However, current instrument calibration designs do not
consider advances in other related calibration areas. One
of these fields is polarimetric calibration which was
boosted 20 years ago as documented by a series of excel-
lent publications [5]. Today polarimetric calibration is,to
a large extent, based on comparing processed SAR data
to both known point target responses and model statis-
tics of natural distributed targets. The fact that statisti-
cal quantities of the sensor’s data may be used for cali-
bration is mostly ignored in the conception of instrument
calibration strategies. Realizing that polarimetric SAR is
indeed a two-channel SAR motivates applying the con-
cepts and ideas of polarimetric error correction to future
multi-channel SAR. Similar argumentation applies to in-
terferometry, which is sensitive to smallest phase errors.
TANDEM-X for example, requires a phase knowledge
accuracy of less than1◦ [6]. To some extent this can be
achieved by co-registration techniques [7] which can cor-
rect even the oscillator phase noise. This can be under-
stood as an external calibration technique which does not
utilize dedicated cal-targets or cal-signals.

2.1 Multi-Azimuth Receive System

A simplified but typical receive architecture of Multiple
Azimuth Channels (MACs) is shown inFigure 2. De-
pending on the realization, two or more azimuth sub-
arrays are amplified and combined before being digi-
tized. In this case, the amplifiers are required to be highly
(phase) stable for proper summation. Here, injecting a
cal-tone to measure the error is useless, since it can not
reconstruct the signals before combination. The only po-
tential advantage of a cal-tone is to know the error and for
constructing the replica.
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Figure 2: Schematic architecture of Multi-Azimuth
Channels (MACs) receive chain.

When utilizing MACs the data stream of each azimuth
channel will be stored in on-board memory (usually af-
ter some data compression) and later down-linked to
the ground for processing. Extracting the redundancies
which occur in the case of oversampling is too computa-
tionally extensive to be carried out on-board.
Various methods exist for on-ground processing. Since
the signals of the individual channels are ambiguous,
some kind of Doppler spectrum reconstruction is nec-
essary [8]. This can be understood as null steering (in
Doppler frequency domain) which is highly sensitive to
the relative phases between the channels. Thus, here the
challenge is inter-channel calibration (or channel balanc-
ing) and an accurate knowledge of the complex sub-array
radiating patterns, which need to be considered in the re-
construction. Multiple publications are available on az-
imuth channel error corrections [9, 10, 11]. Since this is
carried out on-ground, it can use computational intensive
algorithms to determine data statistics as well as iterative
error correction algorithms.

2.1.1 Multi-Elevation Receive System

The situation is rather different for the case of multiple
digital channels in elevation (cf.Figure 3). The DBF
technique used here is known as SCORE and consists of
a time varying weighted digital combination of signals in
elevation for redundancy (and data) reduction [12]. This
technique is vulnerable to phase errors of the individ-
ual channels. To understand this, consider a phase er-
ror resulting in a constant beam pointing error. Clearly

1An exception may be Ka-band and higher frequency SAR systems, where TRM technology is disadvantageous in terms of power generation.



the beam would not “see” the ground echo resulting in
a noise-only received signal. A high accuracy require-
ment also applies to the time varying weights, but here
the complex multiplication is carried out in the digital do-
main, by which the errors can be made sufficiently small
through proper design. Some SAR operation modes re-
quire nulling techniques in elevation, but this is not the
most common case.
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Figure 3: Schematic architecture of as used for SCan-
On-REceive (SCORE) operation.

In elevation, the calibration procedures must run in real
time on-board the instrument. Thus conventional calibra-
tion with signal injection and summation is inherently in-
capable to correct the errors. One approach is to analyze
the calibration signal on-board to extract the phase and
amplitude offsets between the channels; then the digital
weights can be re-computed to mitigate these errors.
An alternative approach which is proposed here is data
driven, meaning that the error correction values are de-
rived from the (raw) SAR data. Various algorithms are
available in literature; for example [13] uses an approach
based on maximizing the contrast (the paper also gives a
good overview of existing cal-methods) and [14] which
uses the spatial correlation between antenna elements.
Data driven calibration is attractive, because it operates
independently of whether the components causing the er-
rors are included in the calibration path or not. In some
cases the data correction is inherent to the calibration al-
gorithm, i.e. the errors are compensated without explic-
itly being “known” to the algorithm. Further, effects such
as the power loss in case of unknown DEM and the pulse
extension loss (cf. [15]) can be corrected.

3 Data Driven Calibration Perfor-
mance Example

In this section the application of a data driven calibration
algorithm based on the correlation between antenna ele-
ments is shown. It is based on a method developed by
ATTIA & STEINBERG in [14] which basically shows that
the correlation between the signals of any two antenna
elements (spatial correlation) depends only on the sepa-
ration between the two elements. The underlying model
assumes the signals to originate from non-coherent scat-
terers, i.e. the typical raw echo signal (clutter) of a radar
imaging a distributed scene. Most data driven calibration
techniques are suitable for calibrating slowly varying er-

rors. This is because of the computational load and the
number of independent measurements needed. This is
also true for the technique described here, which is un-
derstood to compensate a slow instrument drift.
The spatial correlation function is computed based on an
implementation of [14] for a Sentinel-1A follow-on like
SAR employing a12.8m× 1.2m (length x height) an-
tenna consisting of8× 14 channels in azimuth and ele-
vation, respectively.Figure 4a shows the magnitude and
phase, respectively, of the spatial correlation in elevation
versus the distance normalized to the wavelength; the
markers indicate the position of antenna elements. No
ambiguities are considered. Typically only the signals of
adjacent elements can be utilized for calibration, because
of the rapid drop in the correlation; here however we
note the slowly dropping correlation amplitude which in-
dicates that multiple elements may be utilized for the cali-
bration as long as the correlation between the first and last
element is still high enough. The reason for this high cor-
relation between multiple elements is that the data space
of the individual elements is not filled (cf. [16]). The rea-
son for that is as follows: At any time instance the echo
signal is received from a small angular segment corre-
sponding to the transmit pulse extent on the ground (here
approximately1.1◦, see [15]), while each element sees a
much larger angular segment (nearly35

◦). The fact that
SCORE is utilized reducing the data rate without a loss
of information evidences this.
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(a) correlation of elevation elements
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Figure 4: The amplitude and phase of the normalized
spatial autocorrelation function. Note that the scale is dif-
ferent for the upper and lower figure.



The spatial correlation function for the azimuth channels
is shown inFigure 4b. Here the spatial spectrum occu-
pied by the signal is in the same order of magnitude as
that of the elevation beam, however, because the azimuth
element size is much larger (approximately28λ) the sep-
aration becomes larger and the actual correlation between
adjacent elements is decreased.
The higher the correlation the more is thea priori knowl-
edge of the phase difference between the elements. This
is also visualized inFigure 5 which represents the re-
sults of a simulation where random uniform phase errors
have been introduced to the signals received by the an-
tenna elements in addition to an additive Gaussian noise
of 10dB signal-to-noise ratio at each element. A quali-
tative assessment of the calibration accuracy is shown in
Figure 5 which represents the residual phase errors ma-
trix in a logarithmic scale after utilizing the procedure
in [14] to correct for the phase errors assuming that 500
independent measurements are available (e.g. different
range gates). The value on the abscissa represents the
distance between the antenna elements whose signals are
being correlated; The left most values (first column of the
residual phase error matrix) results from comparing pairs
of adjacent elements, next every element is correlated to
the one following its neighbor (second column of the ma-
trix) and so on. The residual error is very small when the
correlation between adjacent elements is used, however
increasing the separation reduces the correlation and by
this increases the residual error as seen when moving to
the upper right corner of the image. A quantitative anal-
ysis of the residual error shows that its value is below1

◦

for separations up to six elements!

0 5 10 15 20 25
separation in λ

0

5

10

15

20

25

a
n
te
n
n
a
 e
le
m
e
n
t

0

π

re
si
d
u
a
l 
p
h
a
se

 e
rr
o
r

Figure 5: Representation of the residual error matrix
where the color coding corresponds to a logarithmic mea-
sure of the phase error.
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