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Abstract: ESA’s Envisat mission carried a RA-2 radar altimeter since its launch in 2002 to sense sea
state and especially measure sea surface height (SSH). The onboard processing combined multiple
echoes incoherently to reduce Speckle noise and benefit from data compression. In fact, according to
past literature the amplitudes were generally expected independent. Nevertheless, samples of complex
data time series of individual echoes (IE) were down-linked and archived since 2004 for research
studies. In this note we demonstrate that there is sufficient inter-pulse coherence for Doppler
processing and we suggest that the archived data can be re-processed into improved SSH. This is of
particular interest in challenging domains (e.g., coastal zone) where coherent processing can mitigate
errors from ocean surface backscatter inhomogeneity and nearby land backscatter. A new method

called zero-Doppler to process IEs is thus proposed and discussed.
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1. INTRODUCTION

The Envisat mission officially ended on 8 April 2012 after almost ten years of successful operation
which was twice the planned lifetime. Its legacy is an archive of data from several sensors, one of
which is a nadir-pointing radar altimeter (RA-2). The basic concept of the radar altimeter is to transmit
a sequence of short pulses of microwave radiation towards the target surface. When operating over the
ocean, each single pulse interacts with the rough sea surface and part of the incident radiation reflects
back to the radar altimeter. The round trip time to the reflecting surface yields the precise satellite to
sea surface distance (known as range). The adopted processing is to range-gate the reflected power by
the receiver on board the satellite, that is, to filter the signal into range bins. The series of range-gated
amplitudes is usually known as “waveform” in the satellite altimetry community. The time taken to
make the round trip between the satellite and the sea surface is deduced from the waveform. Over an
ocean surface, the waveform has a characteristic shape that can be described analytically with the
Brown model (Brown 1977). The Brown waveform applies to the open-ocean, while there is no
comparable model for coastal and inland waters yet. In fact, two problems emerge in coastal waters that
are not analytically tractable: inhomogeneous water surface backscatter and land interference. These
are well identified and described in Vignudelli et al. (2011) which also reviews the historical

development of research in coastal altimetry.

The instantaneous random distribution of the ocean wave facets makes individual real waveforms
contain Speckle noise. The noisiness of each individual waveform can be reduced by averaging
successive waveforms. Generally, a number of waveforms is added incoherently on board the satellite
to give a mean waveform that is then transmitted to the ground, where the subsequent processing steps
are performed. A procedure called “retracking” estimates the epoch at mid-height (converted to a range

by combination with the computed tracker range), the backscatter (converted to wind speed at sea
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surface) and the leading edge slope (converted to wave height). Other parameters can be also estimated,
including the trailing edge slope (linked to any mispointing of the radar antenna). The retracking
procedure is done by fitting the theoretical Brown model to the averaged waveform. The final range
measurement is then corrected for atmospheric refraction of the signal propagation in the troposphere
and ionosphere as well as the biases generated during the interaction between the electromagnetic
radiation and the sea surface. The final product is the sea surface height (SSH) referenced to a
geocentric frame. Major details about the satellite altimetry system and the extraction of geophysical

parameters from the radar returns can be found in Fu and Cazenave (2001).

The Envisat RA-2 records the backscattered echoes in 128 range-gated bins per pulse. The range
gates straddle the expected sea surface range. The early gates (typically 1-45) allow for thermal noise
estimation, since the pulse had not yet come back from the water surface. Reflections from interfering
scatterers such as ship decks, ocean platforms, and land may also appear in such early gates. The
onboard tracker keeps the reflected signal inside the time window of the recorded waveform, trying to
tie the leading edge of the echo coming from the air-water interface to a specific location in the time
domain, that in the case of Envisat RA-2 corresponds to the bin 46.5 (nominal tracking point). Thus,
the leading edge of the typical Brown-like echo rises around bin 46, up to a maximum value, followed
by a gradually sloping trailing edge. The radar pulse repetition frequency (PRF) of 1795.332 Hz
(generally approximated with 1800 Hz) was specifically chosen to satisfy the Walsh criteria (Walsh
1982), in order to get independent samples. This PRF ensures that a maximum number of independent
pulses are available for noise averaging prior to the Brown waveform fitting procedure. Since the
pulses are presumed to be independent, the waveforms (formed by 128 range bins) are summed
incoherently. Typically 100 raw waveforms are summed, producing averaged waveforms at 18 Hz,
which result in measurements at 369 m intervals along the satellite's nadir ground path. In addition,

open-ocean applications make frequent use of 1 Hz data, that are obtained by averaging blocks of
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twenty 18 Hz data produced by the retracking procedure previously mentioned (Gémez-Enri et al.
2009). Such 1 Hz intervals correspond to a distance of about 7 Km between successive along track

measurements.

Envisat is one of the missionswas—ene—of-thetlast-of-a-series—ofradar—altimeters thate uses this

incoherent power summing method. As first suggested by Raney (1998) radar altimeters can operate in

a mode which allows for coherent processing. This mode, known as Delay-Doppler or SAR altimeter

mode transmits the pulses at a higher PRF ensuring pulse-to-pulse correlation, thus allowing for

coherent processing as in SAR image processing, -use-a-mode-similar-to-synthetic-apertureradar{SAR)
to-use-the-backsecatterenergy-—more—efficienthy—with a significant increase of SSH accuracy. Delay-

Doppler (or SAR) processing also reduces the effective radar footprint along-track, which is useful near

coastlines for the aforementioned reasons. Raney's delay-Doppler technique is the basis of the newest
radar altimeter systems: CryoSat-2 (launched on 2010), Sentinel-3 (scheduled to be launched on 2014),
Jason-CS (planned for 20187) and SWOT (planned for 2019). A common characteristics of these
missions is a much higher PRF of their radar altimeters compared to Envisat, to assure sufficient pulse-
to-pulse coherence for delay-Doppler processing. As an example, the CryoSat-2 radar altimeter PRF is

17800, which is nine times higher than Envisat RA-2.

Although the Envisat radar altimeter was designed for incoherent processing, provisions were made
for down-linking individual echoes (IE) in bursts of a maximum of 2000 complex echo samples (1.114
second) every 3 minutes (Roca 2005). This recording mode was intended to investigate alternatives to
the standard on-board burst summing. Starting from the individual echoes allows other types of
processing methods and analyses for open-ocean, coastal, and inland waters. One application of IE data
for open-ocean was first suggested by Clifford and Barrick (1978). They derived a theoretical

relationship between the ocean significant wave height and a radar altimeter's phase fluctuation
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spectrum. A radar altimeter, even with uncorrelated pulses, can thus be used for mapping ocean wave
heights and Envisat IE data is ideal for testing this use (Gommenginger et al. 2006). In yet another
application Berry et al. (2007) suggested that the IE can resolve specular returns from inland water and
make possible water level measurements with high spatial resolution, with few or no pulses averaged.

However, no prior publications made explicit use of inter-pulse coherency.

In this note we demonstrate that in the Envisat IEs there is pulse-to-pulse coherence for Doppler
processing. A new way of processing this data is proposed. This is of particular interest in challenging
domains (e.g., coastal zone) where coherent processing can mitigate errors from ocean surface
backscatter inhomogeneity and nearby land backscatter. It promises that the archived data can be re-

processed into improved geophysical parameters from the radar returns.

2. DATA AND METHODS

Envisat IE data packets have been continuously archived since 2004 and are freely available from
the European Space Agency in Level 1B products (Berry et al. 2007). A large collection of IE data
packets has been cataloged and stored on disk. The orbit is sun-synchronous with a 35-day repeat cycle,
thus a given location is revisited every 35 days. The repeatability of the IEs recording every 3 minutes
and the orbital stability of the satellite make the burst location in the IE data set quite repeatable on a

geographical basis, allowing to create time series of IE-derived geophysical measurements.

One L1B file is a collection of all IE bursts recorded in one satellite orbit (or pass) of cycle 63. One

IE record consists of a 2D array of complex (1,Q) values, notated as z, , where n=1,...,1984 is the

n,m?

index of consecutive pulses along the satellite track and m=1,...,128 is the index of concentric range
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annuli. A further explanation of the concept of range annuli can be found in Fu and Cazenave (2001),
where Figure 12 illustrates the sequence of range cells illumination patterns having annular shape.
Therefore, a sum of powers Pm over 100 consecutive pulses, which is similar to the incoherently
integrated data (such as those transmitted by the satellite at18 Hz) can be expressed as follows

B =2 7,7, (1)

neN

where N is a range or subset of 100 consecutive time indices.

For the analysis we use pulse-pair processing (PPP) as described in Miller and Rochwarger (1972).

The k-lag pulse-pair product, also known as the k-lag covariance is

Sk,m = Z Zn,mZn+k,m (2)
neN
Equation (1) is the 0-lag pulse-pair product. The phase in the 1-lag product can be used to measure the

Doppler velocity (Vi) as follows

b 9.91arg‘s |
m - 1L,m 3)

with 9.91 being the Doppler Nyquist velocity (in m/s) for the Envisat satellite. The value of 9.91 m/s is
the result of multiplying the Nyquist frequency (PRF/2) by the speed of light and dividing by two times
the frequency of the Envisat radar altimeter (13.575 10° Hz). The Doppler velocity should correspond
to the satellite's orbital velocity projected on the water surface. If the Doppler spectrum has a Gaussian
shape, it has been demonstrated that Equation (3) is not only easier but also more accurate than Fourier

analysis for measuring Doppler velocity (Zrnic 1977).
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The k-lag coherence magnitude is

Vim = ‘Sk,m /‘So,m‘ 4)

14

Coherence between echoes makes possible to experiment Doppler processing instead of
conventional range altimetry processing. Raney's delayed-Doppler technique (Raney 1998; Jensen
1999) makes the most efficient use of Doppler, by combining both nadir and off-nadir backscatter. The
nadir return has a zero Doppler velocity after correction for the satellite's vertical velocity, while the
off-nadir returns are brought into focus with an appropriate ‘delay-Doppler' correction. This technique
is especially suitable for the open ocean. Here we introduce a simplified method that we call zero-
Doppler, which is equivalent to Raney’s one but using only a zero-delay. The common fundamental
requirement for the applicability of such methods is coherence. Compared to delayed-Doppler, zero-
Doppler makes a less efficient use of the data because it ignores the off-nadir backscatter. This comes
in later range gates that have non-zero Doppler. A reduced land interference is expected, especially if
the satellite track is perpendicular to the coastline. In fact, in this case, land is more likely to interfere
with higher range bins, being later illuminated by the radar wavefront with respect to the water surface
when the nadir point of the satellite is slightly off the coast. Due to the relatively low PRF used in
Envisat, the Doppler signals are aliased back on zero-Doppler velocity, however, since the proposed

technique ignores off-nadir backscatter these aliases can be easily avoided.

The zero-Doppler velocity technique starts with the same raw complex data, z . The phases of the

data are adjusted to compensate for the satellite's orbital vertical velocity (v), and acceleration (a)

. 1
, —4rif (vt, +Eatn )/c
Z = Z e (5)
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where f is the radar frequency (13.575 10° Hz), ¢ is the speed of light, and tn is the time of the n' pulse.
The time is relative to the first pulse in the time series. The ocean surface should now be centered on
the zero-Doppler velocity. A low-pass filter is then applied on z' in the time direction to filter out non
zero-Doppler velocity signals, producing filtered version z". Experimentation suggests that 8-to-1
bandwidth reduction (1800 Hz filtered down to 225 Hz) provides most of the benefits of Doppler

filtering. The waveform is then obtained with coherently summed pulses as follows

P = Z z) ©)

If there is coherence between echoes the Doppler shift should now align the phases of the complex
data so that the echoes sum constructively. If there is no coherence, or the wrong Doppler shift is

applied, the phases are random and sum destructively to zero.
3. RESULTS

Figure 1 shows a typical example of open-ocean power incoherently integrated waveform (upper
panel) and one produced by applying the zero-Doppler velocity method to the same data set (bottom
panel). The red and black lines are obtained by averaging 100 IEs (equivalent to RA-2 18 Hz data) and
1800 IEs (thus getting 1 Hz data), respectively. Observation of the two panels highlights the different
waveform responses around the common tracking point. As expected, Doppler filtering sharpens the
waveform response at the bins that correspond to the surface at nadir. The secondary peaks are aliases.
The Doppler velocity increases monotonically at ranges beyond the nadir, where the instantaneous
vertical component of the satellite velocity is the only contribution to the Doppler shift. As seen in

Equation (3), Doppler velocities greater than the 9.91 m/s Nyquist limit produce aliases. As a
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consequence, at certain ranges the aliasing folds the Doppler back on zero-Doppler velocity, so that

secondary peaks appear.

According to the Brown theory, the leading slope of the waveform described analytically by the
Brown model is inversely proportional to the significant wave height (SWH). Under the hypothesis of
open-ocean conditions, the leading slope of the collected raw waveforms conforms to what is expected
from the Brown model. Therefore, the leading slope of the waveforms analyzed here is assumed as an
indicator of the sea state, which is quantified by the SWH. Coherence is expected to be highly
correlated with SWH, being least in high sea states, and higher in low sea state, thus smoother water
surfaces. The coherence magnitudes were estimated by applying Equation (4) to 1263 open-ocean
records from one month covering North and South Pacific. The results show that the coherence is
greatest at one-lag but surprisingly is often statistically significant at two-, three- and four-lags (not

shown in this paper).

Figure 2 is a plot of the coherence magnitudes computed at one-lag against the leading slope of the
collected waveforms for all the 1263 records. The coherence values are based on summing over a 1.114
second record (i.e., n=1,...,1984) that is equivalent to averaging over about 7 km along track. The slope
is normalized to an arbitrary scale in the range of 0 to 100. The plot shows the increasing coherence
with decreasing SWH (i.e. higher leading edge slope), confirming the expected dependence. Coherence

magnitudes are from 0.05 to 0.3, with 0.2 being the most typical value. The expected coherence

magnitude is 1 / \/E with a standard deviation of 1 / 2&. A coherence magnitude around 0.2 is
thus statistically very significant when N is 1984. Although it appears to contradict the Walsh theorem

and the generally held views on the statistical independence of Envisat IEs, the correlation between the
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coherence magnitude and the leading slope of the collected waveforms highlights that coherence is not

an artifact produced by the radar system nor the signal processing chain.

The inter-pulse coherence is further confirmed by verifying that the Doppler velocity should be
measuring the satellite's vertical orbit velocity. Figure 3 shows the scatterplot of Doppler velocity
estimates in the 1263 data records (using Equation 3) against the known Doppler velocity, which is
based on determination from precise orbital mechanics and available in the IE records. This is a further
proof that there is coherence between echoes. The correlation is substantially linear with a root mean
square dispersion of about 0.2 m/s around the linear relationship. About half the time the vertical
orbital velocity is outside the Doppler velocity Nyquist limits (+9.91 m/s). In those cases the measured

Doppler is aliased into the +9.91 m/s interval.

The above findings enable the application of the Doppler processing to the IE records. Coming back
to Figure 1 (lower panel), the first peak in the waveform is all that matters for the range assessment.
The secondary peaks are due to aliasing of energy that a zero-Doppler velocity filter would have
eliminated if the PRF was higher. Although Envisat RA-2 was not designed for Doppler processing,
such aliases are easy to identify because after zero-Doppler velocity they are found at zero-Doppler

shifts in higher range bins.

A preliminary check about the real capability of this processing approach to mitigate the effect of
ocean surface inhomogeneity and nearby land scatterers has also been performed. Figure 4 shows one
example to illustrate the zero-Doppler velocity technique in coastal waters. In this case-study, the
satellite track is almost perpendicular to the coastline of Make-Jima, a small island in Japan. In the
incoherent radar altimeter waveform there is evidence of land contamination with respect to the Brown

model, being characterized by a typical double-peaking feature (Figure 5, upper panel). The zero-
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Doppler velocity method produces a much improved waveform by reducing the land interference
(Figure 5, lower panel). The waveforms shown in the two panels have been obtained by averaging

N=1984 IEs in a single burst.

3. DISCUSSION AND CONCLUDING REMARKS

An eight year archive of Envisat IE data is available for scientific research and its exploitation until
now has been limited. Envisat was by design supposed to produce statistically independent echoes. The
provision of IE samples was to test pulse to pulse coherence in view of the next generation of
altimeters, however, the potential for Doppler processing with those IE data has not been sufficiently
appreciated. However, this note demonstrates that the typical inter-pulse coherence magnitude levels
are ~0.2, that with 1984 samples is significant for Doppler processing. A zero-Doppler velocity method
in the form of a simplified version of Raney's delay-Doppler altimeter is proposed. The results show
that the zero-Doppler velocity processing has the capability to filter out land interference. This was

anticipated from Raney's analysis but now it is confirmed with IE data produced by Envisat RA-2.

The findings demonstrated in this note open the way to new possibilities in processing and
exploiting IE datasets, stimulating the development of further research. The zero-Doppler method is
easy to implement and particularly appropriate for open-ocean applications, and also very promising
for challenging domains such as the coastal zone. The method is also relevant to inland water bodies,
which are often characterized by a limited number of pulses over water. Coherent processing enables
more efficient use of those fewer pulses. The smaller the water body the more it makes sense to do

zero-Doppler instead of delayed Doppler method because only the near nadir range gates matter.
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This study also enables a new view point about the meaning and usefulness of having a flexible time
integration. Despite the fixed time period that characterized products associated with conventional
satellite altimetry, the integration time has to be adjusted to application and location. In particular, by
using IEs produced by Envisat RA-2 a reasonable strategy can be: (1) very long coherent periods over
open-ocean up to the scale of the local SSH; (2) longer periods if the track is parallel to the coastline;
(3) shorter periods when the track is perpendicular to the coastline in order to cut the portion of the
record mostly contaminated by the land and helping with the surface wind inhomogeneity or with
resolving near shore SSH slope; (4) variable periods dictated by the width of the inland water body

(e.g. rivers) and the duration of the specular return.

Further studies, that fall outside the scope of this note, would be required in order to truly establish
the ability of the proposed method to improve coastal or inland water measurements. A further
development of this study may regard the collection of a large number of coastal and inland water
samples, in order to form adequate statistics, implying a detailed analysis in each case of land mass

entering the tracking window of the altimeter.

In addition, further research is needed to demonstrate that IE data provides the promised
improvements in water level measurements as anticipated by Jensen and Raney (1998). In fact, the
extraction of the range information can use the range bins on the leading edge and on the backside of
the first peak in a similar fashion to the proposed approach for SAR signals, thus representing an

attractive step further in the development and exploitation of this technique.

CryoSat-2 is already in operation to provide Doppler processing since 2010 at much higher PRF
than Envisat, and this represents a distinct advantage. Sentinel-3's launch in 2014 will add further

Doppler processing capability and high data rate. However, Envisat's archive, extending back to 2004,
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will continue to be of great scientific value. Envisat IEs have the unique interleaving potential of
comparing conventional and Doppler processing at same place and time. Lesson learned by this

precious dataset can provide guidance for coming missions designed with ocean in mind.
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Figure 1: Example of Envisat waveforms over open-ocean. Data taken from pass
063, cycle 63. Upper Panel: Incoherently integrated waveforms (Black=1 Hz and
Red=18 Hz). Bottom Panel: the corresponding waveforms produced by the

Doppler Processing (zero-lag).
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Figure 2: Coherence magnitudes against leading slopes for all 1263 over open-

ocean records from one month covering North and South Pacific.
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Figure 3: Doppler velocity estimated by Equation (3) against the satellite
vertical velocity determined from precise orbital mechanics and available in
the IE records. Data are from 1263 over open-ocean records from one month
covering North and South Pacific. Doppler velocities outside the Nyquist

velocities (- 9.91 to + 9.91 m/s) are aliased.
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Figure 4: Orbit segment corresponding to one IE burst collected by Envisat

near Make-Jima, a small island in Japan.
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Figure 5:

Comparison of conventional (upper panel) and zero-Doppler

(lower panel) radar altimetry waveforms for IE data just off the coast of

Make-Jima, a small island in Japan (see Figure 4). Data taken from pass 381,

cycle 63.




