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Fully Focused SAR Altimetry:
Theory and Applications

Alejandro Egido, Member, IEEE, and Walter H. F. Smith

Abstraci—In this paper, we introduce the concept, develop the
theory, and demonstrate the advantages of fully focused coherent
processing of pulse echoes from a nadir-looking pulse-limited
radar altimeter. This process, similar to synthetic aperture radar
(SAR) imaging systems, reduces the along-track resolution down
to the theoretical limit equal to half the antenna length. We call
this the fully focused SAR (FF-SAR) altimetry processing. The
technique is directly applicable to SAR altimetry missions such
as CryoSat-2, Sentinel-3, or Sentinel-6/Jason-CS. The footprint
of an FF-SAR altimeter measurement is a narrow strip on the
surface, which is pulse limited across track and SAR focused
along track. Despite the asymmetry of the altimeter footprint, the
fully focused technique may be useful for applications in which
one needs to separate specific targets within highly heterogeneous
scenes, such as in the case of sea ice lead defection, hydrology,
and coastal altimetry applications. In addition, over rough homo-
geneous surfaces, such as the ocean or ice sheets, the improved
multilooking capability of FF-SAR leads to a significant increase
in the effective number of looks with respect to the delay/Doppler
processing, resulting in better geophysical parameter estimation.
The proposed processing technique was verified by processing full
bit rate CryoSat-2 SAR mode data over the Svalbard transponder.
Hydrology, sea ice, and open ocean applications are also demon-
strated in this paper, showing the improvement of this technique
with respect to conventional and delay/Doppler altimetry.

processing of the 64 echoes within each burst (aperture duration
of about 3.5 ms), which allows narrowing the footprint in
the direction along the track to about 300 m. The other main
advantage is related to the improvement in the effective number
of looks (ENL) due to the increase in the available number of
independent samples to be multilooked [2], [3]. This has led to
a significant improvement in geophysical parameter estimation
for both the cryosphere [4] and the open ocean [5], [6].

In this paper, we introduce the notion, develop the theory,
and demonstrate the advantages of fully focused coherent
processing of pulse echoes from a nadir-looking radar altimeter.
By accounting for the phase evolution of the scatterers in
the scene, it is possible to focus along the track and perform
an interburst coherent integration potentially during the entire
illumination time of a scatterer on the surface [7]. We call this
fully focused SAR (FF-SAR) altimetry. For the development of
the technique, we have used the CryoSat-2 SAR mode full bit
rate (FBR) data. However, this method is applicable to similar
data from Sentinel-3 or Sentinel-6/Jason-CS, as it requires no
hardware modifications as long as the radar altimeter preserves
the coherency of the transmitted pulses during the target illumi-
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The Delay/Doppler Radar Altimeter

R. Keith Raney, Fellow, IEEE

Abstract—The key innovation in the delay/Doppler radar al
timeter is delay compensation, analogous to range curvature cor-
rection in a burst-mode synthetic aperture radar (SAR). Follow-
ing delay compensation, height estimates are sorted by Doppler
frequency, and integrated in parallel. More equivalent looks are
accumulated than in a conventional altimeter. The relatively
small along-track footprint size is a constant of the system,
typically on the order of 250 m for a Ku-band altimeter. The
flat-surface response is an impulse rather than the more familiar
step function produced by conventional satellite radar altimeters.
The radar equation for the delay/Doppler radar altimeter has
an h~%/2(c7)*/? dependence on height h and compressed pulse
length 7, which is more efficient than the corresponding h *cr
factor for a pulse-limited altimeter. The radiometric response
obtained by the new approach would be 10 dB stronger than
that of the TOPEX/Poseidon altimeter, for example, if the same
hardware were used in the delay/Doppler altimeter mode. This
new technique leads to a smaller instrument that requires less
povwer, yet performs better than a conventional radar altimeter.
The concept represents a new generation of altimeter for earth
observation, with particular suitability for coastal ocean regions
and polar ice sheets as well as open oceans.

Index Terms—Doppler beam sharpening, radar al
thetic aperture radar.
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L INTRODUCTION

HE PRINCIPAL objective of a satellite radar altimeter
is to measure the height of reflecting facets scanned by

passage of the instrument overhead. Geophysical elevation
is derived from the record of radar height measurements,
corrected with respect to precise orbit knowledge and path
delays. Height precision is set by the radar pulse length and
by the amount of averaging available for each estimate. Height

Pulse-limited operation necessarily implies that conven-
tional altimeters are relatively wasteful of radiated power. For
example, the footprint diameter of GEOSAT over a quasifiat
surface is less than 1/10 of the antenna pattern within the
half-power width. Hence, most of the radiated power falls
outside of the pulse-limited area and cannot be used for
height estimation. Other disadvantages of conventional radar
altimeters include footprint dilation over rougher terrain, and
the tendency of the footprint location to hop from one elevated
region to another rather than to trace out the elevation profile
without negative influence from the topography. Footprint
dilation leads to less than optimal estimation of surface height
and roughness

Doppler beam-sharpened (DBS) altimeters have been pro-
posed as a means of reducing the along-track footprint size of a
radar altimeter. The performance of DBS altimeters has proven
to be very disappointing. The main reason is that relatively
few “looks” are available, virtually eliminating most of the
incoherent averaging that is essential to precision altimetric
‘measurements. The Johns Hopkins University Applied Physics
Laboratory (JHU/APL) delay/Doppler approach is fundamen-
tally different; there is far more averaging in the delay/Doppler
approach than is possible from a DBS altimeter.

The principal objectives of the delay/Doppler altimeter [12],
[13] are to operate more efficiently and more effectively
first objective is met by compensating for systematic range
delay errors; thus, the entire (beam-limited) along:-track signal
history contributes to height measurement rather than only
the much smaller pulse-limited area. Stated another way, the

delay/Doppler altimeter uses much more of the instrument’s
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