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Abstract: Amethod to generate several phase centres on a single parabolic reflector antenna fed by a digital beamforming
array is presented. Among other applications, along-track SAR interferometry at higher frequencies, as for example, in the
Ka-band, is considered. Flexibility in size, position and amount of phase centres is similar as for a setup using a direct
radiating array.

1 Introduction

Reflector antennas together with digital feeds for SAR applications
have been studied intensively since several years [1]. This paper
discusses the implementation of a multiple-phase-centre SAR
system using a single reflector antenna in combination with a
digital array of feed elements. Promising applications of this novel
technique are along-track interferometry (ATI) and ground moving
target indication (GMTI), although the same technique may find
use for other purposes such as high-resolution wide-swath SAR
imaging. ATI and GMTI are well-established techniques for
satellite-based SAR systems, with applications in the field of road
surveillance, land and maritime traffic monitoring or the
measurement of ocean currents.

The formation of several phase centres on a reflector antenna by a
controlled illumination of parts of the reflector has already been
described in the open literature [2, 3]. Two ways of realisation have
been proposed in [2], the feed pointing method, which aims at
directing a single feed horn placed in the focal point of a reflector
away from the centre of the reflector. The second method is based on
the utilisation of a single multimode feed horn. The feed pointing
method shows obvious shortcomings in realisation, as for example a
mechanical rotation of feeds would be required as mentioned in [2].
In contrast, the described multimode feed horn antenna is operated
with two waveguide modes (TE11 and TE21) in order to generate two
independent phase centres. The simultaneous use of several
multimode feeds besides each other is not considered and would also
cause problems regarding placement, since the associated far-field
beams would point in different directions, as the feeds cannot all be
placed in the focal point. The number of phase centres is described by
the number of waveguide modes and is limited to two in the
mentioned publications [2, 3]. Moreover, the size of the aperture
illumination area corresponding to each phase centre is determined by
the size of the feed horn and is not changed. To overcome these
limitations, we suggest using a digital feed array that enables a highly
flexible generation of multiple phase centres on the aperture area of
the reflector.

To further illustrate the need for the flexible generation of multiple
phase centres, a typical setup used for ATI with a direct radiating
array (DRA) as shown schematically in Fig. 1a is considered.

The displaced phase centre antenna (DPCA) [4] condition for
efficient clutter suppression is met if the pulse repetition frequency
(PRF) is chosen such that the multiple displaced phase centres
sample with subsequent pulses are at the same spatial positions. If
planar direct radiating antennas are replaced by several
reflector-based antennas, as in Fig. 1b, a lot of the flexibility is
lost, as it will be explained in the following Section 2. This

limitation can, however, be overcome by using a single reflector in
combination with a digital feed array as described in detail in
Section 3. In Section 4, simulations of the new reflector antenna
technique are shown. Section 5 shows a system example, discusses
possible applications of the presented method and explains the
required steps regarding calibration before concluding the paper in
Section 6 with final remarks.

2 Reflector antennas in ATI SAR applications

The considered reflector antennas have a parabolic curvature and in
general an array of feed elements that is centred around the focal
point of the reflector. The parabolic reflector could also be replaced
by a reflectarray. The Rx signals of each feed are digitised and
available for further processing. In the case of only one active feed
element, the field strength (and surface currents) at the edge of the
reflector is typically 8–10 dB lower than in the centre [5]. Compared
with the sinc-like pattern of a rectangular antenna aperture with a
uniform current distribution, the far-field beam pattern will be wider
and can be expected to have lower sidelobes.

For the SAR system, the consequence of a wider beam is a larger
Doppler bandwidth, and one option to avoid azimuth ambiguities
would be to sample with a higher PRF compared with the case of
a DRA. Placing several small reflectors with individual feed
elements one beside the other as described before and shown on
the right-hand side of Fig. 1 could theoretically fulfil the DPCA
condition for a given PRF but will result in a SAR system with a
very poor azimuth ambiguity level and will not allow a similar
operation as in the case of a DRA with rectangular apertures. In
addition, reducing the beamwidth by combining adjacent antenna
elements is also not possible, because of the tapered surface
currents that will generate a beam shape with additional amplitude
modulations in the sidelobe region.

Overall, the direct implementation of an along-track SAR instrument
by placing small reflectors in along-track direction besides each other
will result in poor azimuth ambiguity suppression and is limited in
terms of flexibility. The generation of several phase centres on a
single reflector is an option to overcome this limitation.

3 Formation of phase centres on a reflector
antenna using a digital feed array

A digital feed array can be used when multiple phase centres should
be positioned on a single reflector antenna. In this context, the phase
centre of an antenna is roughly defined as the virtual point, from
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which the radiated fields can be imagined to emerge as spherical
waves with ideal spherical wave fronts or equiphase surfaces [5].
This direct way of determining the phase centre is also applied in
[2, 3] to determine phase centres for the case of a reflector antenna
in combination with a multimode feed horn. A more specific
definition depends on the antenna type and exists analytically only
for very limited set of antennas. To the authors’ knowledge, there
exists no analytical solution for the calculation of the azimuthal
position of the phase centre of a parabolic reflector when only
parts of it are illuminated. Around each phase centre, a certain area
of the reflector will reflect the incident electromagnetic field from
the feed array to form the far-field pattern of the reflector antenna.
This area of the reflector will be called aperture in the following,
according to the direct relation of its physical dimension to the
effective area or aperture for antenna types such as dish antennas [5].

In addition to the initially mentioned positioning capability, the
amount of phase centres can be controlled and increased to
considerably more than two depending on the amount of feed
elements in the array. The size of the apertures corresponding to
each phase centre can be adjusted as well. The probably most
essential feature in terms of a later application is that the suggested
concept can be implemented on any system that employs a large
reflector antenna and a digital feed array for high-resolution
wide-swath SAR imaging. Currently considered systems for future
missions do therefore not need any hardware adaption in order to
use the new multiple phase centre generation technique for
interferometry as described in the following. This makes the
described approach very appealing for current system studies. An
existing airborne system that already shows all the required
properties is the Ka-band SweepSAR system [6].

In the following, it is considered that the feed array is extended
along the azimuth direction with several elements. The activation
of a single feed element generates a narrow beam in a certain
direction, as illustrated in Fig. 2a. Each feed will therefore acquire
a different parts of the Doppler band.

Assuming that all feeds of the reflector are activated
simultaneously, a narrow primary beam will be generated. This is
illustrated in Fig. 2b by the dashed lines originating from the feed
array and pointing towards the reflector. By calibrating the
transmit and receive modules, the fields of the different feeds are
in phase and constructively generate the incident field on the
reflector surface. The larger azimuthal extension of the feed array
compared with a single feed element will have the consequence
that only a part of the reflector is getting illuminated. On the
reflector, surface currents are generated with an intensity
proportional to the incident field generated by the feeds. This can
be described mathematically by the relation between the surface
current density J and the incident magnetic field
H(J = 2 · n×H). Fourier transform pairs provide the relation
between the surface currents and the far-field pattern. Note that
far-field beams with an aperture in the centre of the reflector or fed
by feeds close to the focal point will have a more ideal shape than

beams originating from feeds further away from the focal point or
with apertures on the sides of the reflector. In the considered
applications, the focal distance F has to be large enough to avoid a
strong beam degeneration in the considered angular intervals for
the far field because of the effects of the reflector curvature and
non-ideal focusing for feeds displaced from the focal point.
According to basic Fourier correspondences, the smaller occupied
area of surface currents on the reflector will lead to a wider beam.

For the case of ATI, mainly the azimuthal position of a phase
centre is of interest. As an approach to approximate the azimuthal
position of the phase centre xpc, it is suggested here to determine
the weighted centre of the surface currents J along azimuth on the
reflector. However, a precise knowledge might have to be obtained
by other means, for example, by measuring the phase of the
far-field pattern, and optimising the flatness in the main lobe
region and will be addressed briefly in Section 5.2.

By shifting the centre of the surface currents on the reflector, the
phase centre can be shifted. Shifting of the surface currents is done
by activating several feed elements to generate a narrow beam, that
does not cover the complete reflector, and by additionally applying a
phase term j(n) that changes linearly with the position of the feed
elements according to

f(n) = 2p

l
· Dxfeed · sin (u) · n, n = 0, . . . , N − 1 (1)

with Δxfeed being the spacing between the elements, θ the steering
angle of the primary beam that generates the surface currents and
n the index of the specific feed element. This concept, which is
commonly applied to phased arrays, can be utilised in both the
transmit and receive cases. The number of independent phase
centres, that can be generated simultaneously to receive signals, is
equal to the number of feed elements. The described concept is
illustrated in Fig. 2c. Each far-field beam will be generated by
surface currents that occupy only a narrow part on the reflector.
The resulting beams will be wider than the beam of a single
element. All beams will look in the same direction, but their phase
centres are at different positions. With these properties, the beams

Fig. 1 Schematic setup of two arrays consisting of planar antennas and
reflector antennas

Surface currents I on the single antennas are shown above and the far-field beams below
the elements
a DPCA antenna
b Realisation with several small aligned reflectors

Fig. 2 Illustration of beams resulting from different activation of azimuth
feed elements

a Activation of single feed elements
b Simultaneous activation of all feed elements in phase
c Simultaneous activation of all feed elements with linear phase offset between elements
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originating from a digital feed array and a single reflector can be used
for ATI.

The resulting setup using a reflector antenna can be compared with
the classical ATI configuration using a DRA. The number of
independent phase centres is determined by the number of feed
elements in the reflector case and by the number of array elements
in the DRA case. The size of the apertures for each phase centre is
determined by the size of the activated part of the feed array and
consequently by the size of the reflector surface on which surface
currents are being generated. The position of the phase centres can
be set in a discrete way for the DRA in the case that specific parts
of the array are activated. In the case of a reflector antenna, the
phase centres can be shifted almost arbitrarily in position by
modifying the phase of the feed signals. A higher flexibility in
positioning the phase centres is given for the reflector-based case,
since the shifting is done by multiplying phase terms on the
signals of the feed elements and no amplitude changes are
required, that would limit the applicability in the transmit case.

4 Example of reflector-based beamforming

An example of a reflector antenna with a feed array along azimuth,
as it could also be used in a spaceborne SAR sensor, is analysed
in the following. The consideration is based on a setup in Ka-band
( f = 35.5 GHz).

An exemplary reflector antenna is modelled and simulated in the
following using GRASP [7].

A reflector with an azimuth dimension of La = 8 m and a feed array
centred around its middle is considered. The feed array consists of
five elements, each with a dimension of 0.8l, which results in an
overall azimuthal dimension of the feed array of 4l. A
three-dimensional model of the setup simulated in GRASP is shown
in Fig. 3. Parameters of feed and reflector are summarised in Table 1.

When all elements are activated, with equal phase on all feed
elements, the surface currents are generated in the centre of the
reflector. The resulting far-field pattern is centred around 0°. When
surface currents should be excited on another part of the reflector,
the signals of the different feed elements are generated on transmit
or processed on receive with a linear phase offset with respect to
each other according to (1).

Examples of surface currents that are not in the centre of the reflector
are shown in Fig. 4. In these cases, the main beam is still directed
towards 0° as shown in Fig. 5, whereas the phase centres, which
approximately correspond to the centre of the surface currents, are in
different regions of the reflector. For an SAR application this means
that the shown beams illuminate the same region on ground, but from
different phase centres as it is required for interferometric
applications. Losses in gain and different beam shapes can be
corrected during SAR processing from the known antenna pattern but
are already below 2 dB in the far-field plots in Fig. 5.

5 Applications

5.1 ATI system example

ATI and GMTI have been demonstrated with airborne systems, and
also with the dual receive antenna mode [8] of the space-borne

systems RADARSAT-2 and TerraSAR-X. In a two-channel ATI
configuration, the Doppler information is derived from the phase
of the interferogram formed by combining the pair of focused
SAR images corresponding to the two phase centres. Two-channel
ATI performs, however, poor for GMTI applications, where the
static clutter signal level may often exceed that of the moving
target. Clutter suppression can be achieved in a two-channel
system using the DPCA condition, where the difference of the two
SAR images is generated, hereby suppressing the clutter, which is
common for both. Although DPCA originally was developed for
dual-channel systems, it also can be used with more than two
channels [9]. Different requirements on swath width and occurring
velocities of the moving objects can lead to different ideal sizes of
the single antennas for each channel.

Fig. 3 Three-dimensional model of the reflector antenna and the feed array
simulated with GRASP [7]

Table 1 Parameters of feed and reflector in the considered example

Parameter Value

reflector: width, height 8 m, 1.2 m
focal length F 8 m
single feed: width, height 0.8 l, 14 l
azimuth element spacing 0.8 l
number of feeds along azimuth 5
clearance 0 m

Fig. 4 Surface currents on the parabolic reflector for different phase shifts
applied to the feed array elements according to (1)
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The implementation of ATI with a single reflector antenna is
especially interesting at higher frequencies, for example, Ka-band,
since the required along-track baselines for applications like the
measurement of ocean currents or land traffic monitoring, are in
the order of few metres or below and could be implemented
efficiently on a single platform [10]. At Ka-band, system studies
show that losses in transmission lines and switching networks are
high. The design of an efficient system using DRAs is difficult,
when baselines of several metres should be generated. The
benefit of a reflector-based antenna setup would be that it keeps
the feed array and its radio-frequency network compact and close
to the satellite body as it would be desirable in terms of low
system losses. Planned missions using Ka-band frequencies as the
surface water and ocean topography (SWOT) mission [11] and
current studies [12] are based on structures that span physical
baselines of 10–20 m. In the case of the SWOT mission, a
reflectarray with 5 m length is used. Similar antenna dimensions
are of interest for ATI in the current context.

A possible schematic antenna setup that exploits the concept of
ATI using a single reflector antenna is shown in Fig. 6. The
schematic setup shows one large reflector that is illuminated by a
feed array placed in the focal point of the reflector. The system
can be operated in different configurations, in order to adapt
amount and size of the phase centres to different scenarios. The
setup can be changed electronically during flight depending on the
desired application.

Both size and position of the phase centres and corresponding
apertures can be modified. As an example, two modes are shown
in Fig. 6. The first mode, with smaller apertures for each phase
centre but higher number of phase centres, will result in higher
resolved images with very good clutter suppression because of the
availability of several displaced phase centres. It could therefore be
used for GMTI above land. For the measurement of ocean
currents, resolution requirements are typically lower and the SAR
system could be operated with larger apertures, less phase centres
and therefore lower PRF and larger swath as shown in Fig. 6b.

Fig. 5 Far-field plots generated from surface currents as shown in Fig. 4

Fig. 6 Schematic illustration of a setup with a single reflector antenna that can be used for ATI-SAR in different modes regarding size, position and amount of
phase centres and therefore receive channels

a Four smaller Rx phase centres (lower line) and one Tx phase centre, with wider far-field beams
b Two phase centres on receive, one on transmit (only two feeds active)
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For a simulation of the SAR performance, the example shown in
Figs. 4 and 5 is picked up, since it also consists of four phase centres.
To show that the four phase centres show similar performance among
each other in a SAR application, the azimuth ambiguity to signal ratio
(AASR) is calculated. The PRF is set to 7 kHz. The Doppler band
and the four closest ambiguity bands for a phase centre at the edge
and a phase centre in the centre of the reflector antenna are shown in
Figs. 7a and b. The AASR value for all four phase centres at a look
angle of 31° is plotted in Fig. 7c. The values are similar for all the

four phase centres, differing by only 2 dB. The four phase centres can
therefore be used with the proposed PRF in an along-track
configuration without a large difference in performance between
them. Larger differences in the performance would require higher
PRF values for a sufficient performance of only few phase centres but
with a loss in other system parameters such as swatch width. Along
range, the ambiguity suppression will mainly depend on the number
of feed elements that are available for digital beamforming
(SCan-On-REceive, SCORE) and the antenna height. The
performance along range can therefore be optimised independently
from the azimuth performance equivalent to the case of a SAR system
with a reflector antenna with only one azimuth channel and is
therefore not specifically discussed.

5.2 Calibration aspects

Owing to the small wavelength of 8.4 mm in case of a Ka-band
system, the mechanical and thermal stabilities need to be
addressed, especially when structures spanning several metres are
required. For architectures with large booms of up to 10 m as in
[12], metrological instruments placed close to the feed array are
considered to measure the effect of oscillations of the boom and
thermal distortions leading to geometrical deformation of them and
resulting in a misplacement of the reflectors that are placed on the
tip of the boom in this constellation. Especially, after manoeuvres
to change the attitude of the satellite, the movements of the
structure need to settle before new acquisitions. This needs to be
considered in the operation of the system. In a similar way as
effects of boom oscillations are measured above, the movement of
different parts of one large reflector antenna could be monitored in
the case considered here.

Regarding the interferometric baseline, a characterisation of the
antenna on ground for different supplied phase terms as in (1) on
the digital feed array can provide a first calibration. The location
of the phase centres can be determined by the location of the
surface currents on the reflector in this example. However, owing
to the mentioned thermal and mechanical distortions, possible
baseline variations need to be addressed in addition during flight.
For a calibration during flight, the coregistration of the images to
the different phase centres of a fixed target above land can provide
a way to constantly calibrate the along-track baseline. Another
approach is demonstrated in Fig. 8. The phase difference of the far
fields of different phase centres is evaluated. Owing to the
different phase centre positions, a phase difference in the far-field
patterns over the look angle occurs. In the main lobe region for
small angles θaz, this phase change is almost linear and is related
to the separation B of the phase centres, analogue to the case of

Fig. 7 Azimuth performance of the four Rx channels (PRF = 7 kHz, look
angle 31°)

a Signal and ambiguity Doppler bands for Rx 1
b Signal and ambiguity Doppler bands for Rx 2
c AASR at 31° look angle

Fig. 8 Phase difference of two pairs of far-field pattern of the four generated
phase centres as in Fig. 4, smaller slope: middle two (Rx2 and Rx3 in Fig. 6a)
and larger slope: middle and outer phase centre (Rx2 and Rx4 in Fig. 6a)
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broadside arrays [5], through

B = l

2p
· DF
Duaz

(2)

where ΔΦ is the phase change along the angular interval Δθaz and l
is the wavelength.

Evaluating the linear slope in Fig. 8 results in distances between
different phase centres. Two distances can be derived, one from an
inner phase centre to the other inner phase centre (Figs. 4b and c)
as Bcentre, centre = 1.70 m and the other from an inner phase centre
to an outer one (Figs. 4b and d ) with Bcentre, side = 3.41 m. These
two relative distances correspond to positions of the phase centres
along azimuth at the positions xaz = ±0.85 m, ±2.56 m, such that
according to Fig. 6a the positions of the phase centres would be
xRx1 = −2.56m, xRx2 = −0.85m, xRx3 = 0.85m and xRx4 = 2.56m.
These positions calculated using the linear slope in Fig. 8 also
resemble the positions of the maximum surface currents in the
four plots in Fig. 4.

5.3 Other applications

Applications in other areas than ATI can also benefit from the
described technique. For the case of a changing PRF (staggered)
SAR [13], the possible performance loss from non-uniform
sampling could be avoided by shifting the phase centre on the
reflector to the required position from pulse to pulse. The position
of the virtual phase centre of a combination of Tx and Rx phase
centres can be placed on receive channel, since the virtual phase
centre lies in the middle of them. Since the receive channels are
sampled digitally, this means that the effective phase centre can be
selected independently for each transmit pulse and range after
reception of the scattered signals in a processing step before the
SAR focusing.

The reflector in this case needs to be large enough to be able to
compensate the deviation of the actual satellite position
(ṽsat ·

∑
m PRIm) with the used sequence of variable PRIs that can

lie in the interval [PRImin, PRImax] to the desired position of the
phase centres that lie at equally spaced positions ∼vsat·m·PRIavg.
For this application, the positions of the phase centres need to be
changed from pulse to pulse. The shift of the phase centre of a
measurement in order to obtain equally spaced data samples is
illustrated in Fig. 9.

6 Conclusions

A method to gain flexibility in number, position and size of phase
centres for a reflector-based SAR system has been established.
Owing to the availability of digitally sampled output for every
receiver in the case of a digital beamforming SAR system, the
adjustment of these parameters can be done during flight on a
pulse-to-pulse basis. For the implementation of along-track SAR
interferometry, it is possible to generate several phase centres on a
common reflector in along-track direction. Since requirements
change for different applications of ATI, as the monitoring of road
traffic or the measurement of ocean currents, the flexibility of this
approach allows one to easily adapt the system to different
operational modes. Applications of interferometry at higher
frequencies, for example, at Ka-band are of special interest, since
the required baselines can fit on a single reflector antenna but also
traffic monitoring at lower frequencies can be considered.
Mapping unequally spaced measurement positions to equally
spaced azimuth positions of the corresponding data samples can be
useful when the PRF should be modified as in the staggered SAR
concept.

In general, the same flexibility in size and amount of phase centres
as for a DRA setup is possible using a single reflector with a feed
array. The placement of the phase centres can be even done on
transmit and receive channels in a precise way, since the
placement depends only on the phase offset of the different feed
elements and is not limited to discrete element positions of an array.
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