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Abstract - A brief discusson of some open problems of the
conventional single-baseline along-track interferometric (ATI)
tedhnique for ocean sensing is given. A survey of previous
research on advanced multibaseline ATI concepts is presented,
stressing how multibaseline acquisition coupled with proper
processng has great potential for improving the performance of
ATI. Extended operation in critical conditions, reliable velocity
extraction, enhanced imaging resolution and sensitivity can be
obtained. In particular, a robust multibasdline velocity
estimation technique is presented. It exploits the multibaseline
Doppler resolution capability to produce etimates of ocean
surface velocity that are robust to possble bimodal spedra of
spedkle, arising when both advancing and receding Bragg waves
contribute to radar scattering. Bias and inflated variance for
unexpeded dual Bragg components in conventional ATI are
analyzed. Three methods are proposed to process multibaseline
data for robust estimation, based on Fourier transform, on
adaptive Capon’s filtering, or on super-resolution MUSIC
spedral estimation. Performance is analyzed in detail by both
simulation and the statistical Cramér-Rao bounding technique.
Results show that this multibaseline technique may be dfedive
to produce acaurate estimates in absence of detailed local wind
information. A vision of integration with other advanced ATI
tedhniquesisfinally hinted.

|. INTRODUCTION

Alongtradk SAR interferometry (ATI-SAR) is a
promising technique for ocean remote sensing introduced by
Goldstein and Zebker in 1987 when the @ncept was
proposed and proved exploiting the NASA-JPL AIRSAR
L-band platform [Gol87]. The original ATI technique uses a
two-antenna SAR system, where the dongtradk baseline
between the two elements of the interferometer produces a
short time lag T between the two complex SAR images
formed by the returns receved at ead antenna. Estimation of
the phase diff erence between the two images all ows the mean
short-term Dopger shift of the scatering from the ocean
surfaceto be measured on a pixel by pixel basis [Tho93.
After compensating for the velocity of the radar-wavelength
resonant Bragg waves, that are responsible of the scattering
itself, the net radia surface velocity results, which is
composed of trandational motions and long (resolved) wave
orbital motions [Tho93. In principle such a system can aso
measure the scaterer ensemble herence time, which
depends, e.g., on spedle decorrelation due to modulation by
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medium (non-resolved) waves. Therefore, ATl systems have
the potential to measure ocean surface arrents, wind waves,
internal waves, tidal water flows, sea wave-height spedra,
and ather surfacedynamicd fedures, at large scde and with
high spatial resolution (see eg. [Gol87], [Tho93, [She93],
[Car94)).

This interferometric SAR tedhnique for oceaiic
applicaions is relatively new and has not a full visibility in
the oceanographic community, yet. To contribute to its
spreading, a speda sesgon on interferometric goplicaions
over the ocean has been organized in the 2001 IEEE
International Geoscience axd Remote Sensing Symposium. It
is currently reagnized that ATI is cgpable of producing
much richer information than clasdcd intensity SAR
imaging. The former technique is evolving rapidly, but it is
not yet in a mature (fully operational) status. Some open
problems dill li mit its potential performance Also, some
posdble novel functionaliti es may be amnceved that have not
been investigated yet. Interestingly, the basic technique of
ATI recently began evolving in the diredion of multi baseline
ATI, where more than two phase centers displaced along-the-
tradk are employed [Orw92], [Car94], [Fri98], [Lom9§],
[Bar0Q]. A K two-way phase ceater uniform array with
overall baseline B is employed, which aaquires K complex

SAR images at K-1 time-lags {I7 /(K -1)}\5;*, being 1 the
overall timelag.

Fig. 1. Dual basdine ATI-SAR.

Fig. 1 shows the spacetime location of the phase centers for
K=3. From the three synthetic gpertures, three SAR images
of the same aea ca be obtained in identicd geometry and
with time lags 7/2 and 1 . The aray of K two-way phase
centers can be obtained by using K antennas with a doubled
overall baseline, with one transmit/recéve aitennas and the
other antennas qualified only on reception. As an aternative,
for K=3 one can resort to transmitter ping-ponging between



just two antennas, effedively synthetizing three different
equispacal two-way phase centers (seethe AIRSAR system
case [Car94]). Potentials of the multibaseline technique ae
discussed here.

The paper briefly overviews ome of the problems of
conventional ATI, and stress the possbhility of getting
enhanced performance by resorting to advanced
multibaseline cncepts. A short colledion of pertinent
references, which is very representative but by no means
exhaustive, is commented. Also, it is down how
multi baseline ATI acuisition may be exploited not only for
improving the operation of some of the existing ATI
functionalities, but also to develop new possble useful
functionalities. In particular, the robust multi baseline mncept
proposed in [LomO1] for operation in absence of detailed
locd wind information is developed and analyzed in detail .
Finaly, additional visions are hinted. In the aithors
intention, this may contribute to stimulate the growing
reseach interest in multibaseline ATI systems, models, and
processng techniques, whose gred potential in the diredion
of an acairate, flexibile and rich along-trad interferometric
sensing hes gill to be fully exploited.

I1. OPEN PROBLEMS

The aurrent problems of ATI that are briefly commented

in this paper are the following:
1) Datanoise.
2) Datainversion, and ancill ary data.
3) Datablurring.

The problem of data noise 1) concerns acarracy of the
radar parameter estimates (Dopder shift, coherence time),
Dopper ambiguity, and system flexibility to varying
operating conditions gich as sene signa to noise ratio and
ocear coherence time. Deding with the problem of data
noise means to enhance the existing ATI functionaliti es (i.e.
retrieval  of Doppder and coherence time maps).
Multi baseline ATI isaway to cure the problem of data hoise,
exploiting baseline diversity and proper signal processng for
data fusion. This is discussd in Sed. Ill. However, it is
worth noting that the very potential of multibaseline ATI is
to furnish additional functionaliti es for ATI sensing, that can
be related to the solution of the other two problems of the
conventional technique, as will be discussed in Sed. 1V and
V.

One is the problem of data inversion and ancill ary data
2). This basic problem of conventional ATl regards the
extradion of maps of physicd parameters, such as ocean
current velocities, from the maps of estimated radar
parameters. In fad, there ae onditions in which the
interpretation of the radar parameters is ambiguous, e.g.
when bath advancing and receding Bragg waves are present
in the resolution cdl in close to crosswvind condition. Usually
this ambiguity is controll ed resorting to in-situ ancill ary data,
such as locd surface wind speed and dredion. This can

prevent ATI to be aflexible and fully autonomous remote
sensing technique.

Another problem is that of data blurring 3). The dynamic
of the ocean surfaceduring the gerture synthesis produces
well-known problems of defocusing and passhble non-linea
blurringin SAR images, and hencein ATl mapsaswell. ATI
Doppder and coherence time maps are generally distorted,
and maps obtained by post-processng of the radar parameter
maps, such as a waveheight spedra, can be distorted as
well.

There ae indicdions in recent literature that most of
problems in 1), 2) and 3) may be mitigated or solved by
means of advanced multibaseline ATI techniques. These
posdble solutions are referenced and commented in the
following. Large spacewill be dlowed in particular for new
results obtained by the aithors in the framework of problem
2), datainversion for surfacevelocity.

I11. REDUCTION OF DATA NOISE

An existing functiondity of ATI is estimation of the
ocean coherence time, which gives important information of
roughress and turbulence phenomena [Car94]. As an
example, surface wind speed and dredion, and bre&ing
waves affed the ocean coherence time. Although singe-
baseline interferometry is in principle enough for estimating
ocean coherence time from interferometric coherence,
acarracy cannot be good when coherence time is low or if
ancill ary data on coherence loss from thermal noise, which
has to be compensated for, are not gathered [Car94]. Also,
estimation of ocear coherence time from the onelag
correlation  coefficient is based on an asumed
autocorrelation model of badkscater, which may change
acording to the presence of a singe or both the Bragg
components, espedally at L- and C-band. A single-baseline
estimate may not distinguish between a single low-correlated
component and two highly-correlated components whose
superpasition produces the same low single-lag coherence

The other existing functionality of ATI is estimation of
surface velocity. However, even when the necessry
compensation for the velocity of the radar-wavelength
resonant Bragg waves is perfed, estimation acaracy may
not be satisfadory in criticd conditions. These ae low
coherence time, e.g. from rough seg or low signal-to-noise
ratio from smocth surfaces [Car94]. The baseline length of
conventional ATI, governing the time lag between the two
SAR images, is usualy chosen as a trade-off between
interferometric phase sensitivity and spedle decorrelation,
to minimise the variance of the Dopper estimate [Car94].
Performance in terms of Dopger unambiguous range is also
taken into acount. Although a single fixed baseline can
reassonably trade-off among all these goals, it cannot stay
optimal for highly varying ocean coherencetime.



A. Multibaseline Estimation d Coherence Time

The ocean coherencetime ca be estimated more reliably
if multiple dong-tradk baselines are avail able, which allows
to produce samples of the badkscater autocorrelation
function with multiple time lags. This makes its parameters
identifiable unambiguously and with low statisticd errors.

In [Orw92] this principle is experimented by resorting to
autoregressve (AR) spedral estimation [Sto97). Another
method is proposed and experimented in [Car94], where two
coherence etimates for the K=3 (dual baseline) AIRSAR
system are fused together. In these papers, neither
asumptions on the presence of one or two Bragg
components, nor derivation detail s are given. To fully exploit
the time lag diversity, in [BesO0] a maximum likelihood
(ML) ocea coherencetime estimator has been propaosed for
a generic multi baseli ne system. The derivation is caried out
for the singe Bragg component assumption. ML estimation
guarantees asymptoticd (large number of looks N) statistica
efficiency [Kay93], so that the proposed method can be
considered the optimal procesor. Simulated estimation
acaragy is enhanced compared to single baseline
interferometry, espedally for low coherence time cnditions
[Bes0Q].

B. Multibaseline Estimation o Dopger Shft

In [Lom98] it is <own that proper fusion of
multibaseline data can produce benefits for aongtradk
interferometry in terms of both increased Dopper estimation
acarragy, system flexibility to varying ocean coherencetime,
and passhbly increased unambiguous Dopper range (see éso
[Car94)).

Again, a ML multibaseline Dopger estimator has been
developed under the single Bragg component assumption,
that optimally acounts for the presence of the multiplicative
complex spedkle noise dfed corrupting the useful signal
[Lom9g], [Bes00]. Simulated estimation acasracy reveds
that interesting cpins in terms of minimum operating
coherence time and signal-to-noise ratio can be adieved. It
is worth recdling that the complexity and possble wst of
multi baseline ATI systems can be relatively high, in terms of
hardware, data storage, room for antennas (or number of
platforms and weight for possble spacdéorne formation-
based implementations). Therefore, it is very important to
extrad information (Doppder shift and coherence time) with
the highest posdble quality, fully exploiting the
multi baseline data content. This may make sophisticated ML
processng, which is a parametric (model-based) spedral
estimator, more desirable than simple subopimal
interferogram  fusion  methods, or  Fourier-based
multibaseline procesors. A comparison of various
multibaseline methods, carried out in the parallel area of
crosstrad interferometry, can be found in [Lom01b.

IV. ROBUST DATA INVERSION

For a reliable inversion of current velocities from
Dopder maps, acarrate ancill ary data of locd surfacewind
speal and dredion are necessry to evaluate a reference
spedrum of spedkle, determined by short (Bragg) wind
waves [Tho93. Currents are then estimated from the
advedion of the estimated Dopper centroid compared to that
of the reference spedrum [RomO(Q]. The reference spedrum
can be bimoda when both advancing and receding Bragg
waves are present in the resolution cdl, for a geometry close
to crosswind. Conventional ATI, that only measures the
Dopger centroid, can produce highly biased estimates of
surface arrents, if the wind dredion and speel is not &
priori known and acarate @mpensation for the phase
velocities of the two Bragg wave amponents is not passble
[Tho93, [Mol9g], [Rom0Q]. In fad, an unexpeded power
split ratio between the two possble Bragg components
results in an umodeled shift of the Dopger centroid. This
inversion problem is particularly important for close to cross
wind geometry, low wind spead, and low radar carier
frequency (e.g. L- or C-band). As an aternative to resorting
to auxiliary measurements or sensors, or in-situ ancill ary
data, the radar wavelenght and incidence axge may be
optimized to minimize senstivity to the non-unimodal
spedrum scenario [RomO0(Q].

It isworth noting that the dual Bragg component situation
can affed also the variance of estimated surface velocity,
which is generaly inflated compared to the dasdcd single
Bragg component condition [Lom01]. In fad, it is expeded
that estimated Dopper shift by conventional ATI is erratic
between the two Dopper pe&ks. This can be regarded as
anomalous phase noise from low overal oceax coherence
time, and can affed both measuring of currents and the
retrieval of sea wave-height spedra, whose noise floor is
raised.

In this paper the posshility is carefully investigated of
exploiting multibaseline aquisition to produce estimates of
ocean surfacevelocity that are intrinsicdly robust to pessble
bimodal spedrum situations, as hinted in [Tho93. To this
purpose, a oncept has been proposed in [LomO1], which
relies on the alvanced multibaseline functionality of
resolution in the Dopper shift domain, coming from the
richer time sampling of badkscater than conventional ATI
[Fri9g], [Bar0Q], [BesO(Q]. The robust estimation concept is
further developed here. This may congtitute a step towards
the development of the new possble functionality of
autonomous operation of ATI.

A. Multibaseline Robust Velocity Estimation

The ideapursued in this paper is to exploit multi baseline
Dopger resolution to solve the dove mentioned inversion
problem by a two-step procedure: i) resolve the two spedral
pe&ks of the bimodal spedrum, and then ii) identify
unambiguously the spedrum advedion by current (or orbital



velocity). This is possble aming an ambient -no surface
velocity- spedrum whose pe&ks locdions correspond to the
advancing and recaling Bragg frequency. This model is
valid for low wind speed and high incidence agde,
espedaly for low carier frequency (L-, C-band) [Tho93.
The Dopper centroid measured by conventional ATl cannot
distingush between advedion of the spedrum and centroid
movement becaise of an urexpeded seand Bragg spedral
component, while proper multi baseline spedrum resolution
and identification can result in velocity estimates that are not
hampered by a varying signal power ratio between the two
Bragg components.

B. Statistical Data Model

The data model assumed in this gudy is an extension of
the statisticd multibaseline ATl data model in [Lom9§],
[BesOQ]. A dual component signal is considered modeling
the SAR-processed echo from the two Bragg components.
Each component is affeded by circular Gaussan distributed
multi plicative noise with Gausdan shaped autocorrelation
function [Lom98], [RomOQ]. The multi pli cative noise models
the partially correlated spedle aising from the modulation
by medium waves. Consider a K-phase center ATl system
with overall time lag 7. The complex amplitudes of the
pixels, corresponding to a same given patch of seg observed
in the K SAR images are aranged in the vedor
y(n) =[y,(n)---y, (M]", for n=1,2,...,N. N is the number of
independent and identicdly distributed looks [Car94]
available for the K-dimensional complex pixel vedor. Each
vedor ismodeled as

y(n) = A(w)x,(n) + A(w,)x,(n) +v(n) D

where A(w) is the steging matrix A(w)=
diag{1,e""“™ ....e”} . w are the mean Dopper shifts
of the badkscattered signal from the alvancing (i=1) and
receling (i=2) Bragg components considered separately.
They are related to spedrum advedion w, by
W =W, +wy, W, =W, ~w,, respedively, where wy isthe
charaderistic Bragg frequency. Vedor Xx;(n) represents the
corresponding complex spedkle term, with normalized
coherence time T, =7_/7. Note that here we refer to the

coherence time of ead Bragg component considered in
isolation, not to the conventional overall ocean coherence
time. v(n) is complex white Gausgan thermal noise. Asin
[Tho93, [Bes0Q], this model does not take into acmunt
azmuth blurring from velocity bunching [She93].

C. Spedral and Advedion Estimators

To estimate the Dopper spedrum, three methods are
employed in this work. The first method is @) Fourier-based,
being a multil ook extension of the periodagram referred to as

Beamforming (sinceit is usualy applied as a spatial method
for diredion of arrival estimation) [Sto97]. The sewond
method is a b) Caporis estimator, belonging to the dass of
adaptive  (data-dependent) filterbank approaches and
producing better resolution and lower sidelobes than Fourier-
based methods [Sto97]. The third method is a ¢ root-
MUSC agorithm, which is a super-resolution spedral
estimator [Sto97].

Dopper resolution better than the Fourier limit and
reduction of the asciated leskage problems [St097] are
very important charaderistics in multibaseline ATl spedral
estimation, given the limited time span T of the data and the
low number K of available time samples (phase canters).
Being the atenna spadng (time sampling) uniform, a
Toeplitz covariance matrix estimate is employed for the first
two methods. A forward-badkward covariance matrix
estimate is used for root-MUSIC [St097].

To identify the avedion w, of the estimated spedrum,

two dfferent techniques are proposed and investigated. The
first technique, that we term 1) the dud peak method (DP),
estimates the locaion of the two spedra pedks
corresponding to the two Bragg components by finding the
two highest pe&ks in the estimated spedrum. Then, the two
estimates are ordered modulo the unambiguous Dopper
range, and the alvedion w, is estimated as the difference

between the higher (anti-clockwise rightmost) estimate @,
and the known charaderistic positive Bragg frequency w,

[Tho93, [Car94]. In other words, this algorithm aims to lock
to and compensate for the alvancing Bragg component,
independently from the relative strength of the recaling
Bragg component.

However, sometimes two pe&ks cannot be found in
Capon’'s gedrum when the recaling component is too dm
or too strong, because of the le&kage (masking) effed. The
same problem may arise for Beanforming with K=3, when
the two components are too close and of similar power. In
such case, the DP technique returns a ‘non-operative’ flag.
The second technique ams to cure this problem, and we term
it 2) the virtual peak method (VP). When a second spedral
pe&k cannot be resolved, the VP technique dtempts to
reconstruct it by exploiting the apriori information on the
Bragg frequency. The Bragg frequency w, is added to and

subtraded from the estimated peek locaion, and the
estimated spedrum is evaluated at these two candidates
frequencies. The location of the second pe&, which is
masked in the estimated spedrum, isthe candidate frequency
with the highest estimated spedrum value. Advedion is then
estimated as in the DP method. When the root-MUSIC
spedral estimator is adopted, which is not based on spedral
pe&k-picking and can aways produce two frequency
estimates, advedion is estimated analogously to DP.
However, this method is always operative, as VP is.



It is worth noting that ML estimation theory could be
applied to model (1) to get an estimator of w, which is

optimal, at least asymptoticdly. This has not been carried out
yet, since the derivation and pradicd implementation of the
ML advedion estimator for two Bragg components present is
even more involved than the cmplex derivation of the
algorithm in [BesO0] commented in Sed. Il B.

D. Analytical and Smulated Results

Two case studies have been analyzed using representative
parameters for the AIRSAR along-tradk system operating at
L-band. In this platform, K=3 equispacel phase ceiters are
avail able through transmitter ping-ponging between the two
antennas, with time lags of about 50 and 100ms [Car94]. For
conventional interferometry with K=2 phase ceters, the
7 =50 ms time lag is usually employed, since it provides
performance trade-off for varying coherence, and large
unambiguos Doppler range. The first case study asaumes a
multibaseline system operating with an overal time lag
7=50 ms, and an intermediate lag of 25 ms. This case
might be redized by halving the aurrent physicd baseline of
AIRSAR, and is termed the short overall baseline cae. The
time lag of the mnventional interferometer used for
performance ©mparison is 7 =50 ms, the same & the
overall time lag. Asauming an off-nadir angle of about 60° ,
the Bragg frequency is such that w,r =3m/8 rad. The

seoond case study represents the aurrent configuration of
AIRSAR, asuming for the multi baseline system an overall
time lag T =100 ms, and an intermediate lag of 50 ms. This
case is termed the long baseline cae. The nventional
interferometer used for performance omparison has dill
T =50 ms, which is now half of the multibaseline overall
time lag. In both the cae studies, two conditions are
asumed for the correlation time of a Bragg component
considered in isolation. A favourable mndition for L-band is
represented by 7 =200 ms[Tho93, [Car94], [Rom0OQ] and

istermed high coherencetime cae. A lessfavourable caeis
consdered with 7 =100 ms [Car94], [RomOQ] and is

termed low coherencetime case.

The orresponding bias and variance of the estimated
advedion have been evaluated by Monte Carlo simulation
(10,000 trids) for the Beanforming-DP, Capon-DP,
Beanforming-VP, Capon-VP, and MUSIC techniques, using
data model (1). Where not otherwise stated, we a&samed a
total signal-to-noise ratio SNR , =24 dB and N=32 looks,

which are dso representative parameters for the AIRSAR
system [Car94].

The bound on utimate adievable performance for the
estimation problem at hand has also been evaluated. It is
given by the Cramér-Rao lower bound (CRLB) from
information theory. It states the minimum achievable
variance for any unbiased estimator of a parameter of a

statistical data model, depending on the Fisher information
content intrinsic in the data [Kay93]. The CRLB on the
estimated advedion @, has been evaluated for data model

(1), asuuming the other (nuisance) signal parameters are
unkrmown but for w,. This bound is the etension of the

clasgcd interferometric CRLB in [Rod9] to the cae of
multi baseline data and dual Bragg condition. It is used in the
sequel to judge the statisticd efficiency of the proposed
estimators, and can also be eploited for analyticd
performance prediction and system optimization.

Multi baseline spedral estimates

An example of the true signal power spedra density
(PSD), given by the Fourier Transform of the autocorrelation
sequence of the signal in (1), is reported in Fig.2 for the short
baseline, high coherencetime cae. It has been computed for
no advedion and hence w, = -w, = w, , where w,T =311/8

rad. The normalized coherence time is fc :TC/T =4. For

the first curve the power ratio between the receling and
advancing Bragg component is ASNR=-60 dB, so PSD
centroid “c1” coincides with the compensation reference w,

used by conventional ATl when only the alvancing
component ¢, is taken into acount (upwind assumption).

When an urexpeded non-negligible receding Bragg
component is also present with ASNR=-6 dB, the centroid
moves to “c2”, causing a bias of 18% of the Bragg frequency
for the mnventional advedion estimate that compensates for
“cl”. A typicd redizaion of the multibaseline-estimated
PSD for ASNR=-6 dB is also reported in Fig.2, for overal
baseline equal to the single baseline of conventional ATI
(same 7 =50 ms). It is apparent how Beamforming may falil
to resolve the two components, as expeded since their
separation is w, - w, = 2w, < 2r(K —=1)/(K7) =Aw, , which
is the Fourier resolution limit. Moreover, it is worth noting
that the Beanforming spedrum with K=3 exhibits a single
sidelobe in the unambiguous Dopper range, which is an
unwsual situation in spedral estimation. Finaly, as expeded,
Capon's gedrum exhibits better resolution.

The mnsequent operating problems for the DP technique
are quantified in Fig. 3, where the probability of operation

Pop_ op IS reported, defined as the probability of finding two

pes in the etimated spedrum. The arves marked “sh.”
refer to the short baseline case. Capon-DP is often operative
for ASNR around O B (crosswind geometry), while if the
receding component istoo dm or too strong compared to the
other, two pe&s can be rarely found becaise of the leskage
effed. The behavior of Beamforming-DP is dual: it is often
non operative for ASNR around O dB, when reither the two
components can be resolved nor a sidelobe gpeas in the
estimated spedrum. Conversely, it is always operative when
the receding component is dim or strong. However, it has to
be noted that in this case one of the two peaks found isjust a



sidelobe, i.e. a fake frequency estimate. Fig.3 also reports

Pop_ op for operation with the long overall baseline (7 =100

ms, curves marked “lg.”). This produces higher resolution, at
the st of increased signal decorrelation (halved normali zed
coherence time T_=71_/T=2). Beanforming-DP is now

often operative even when the two components are of similar
power, and probability of operation for Capon-DP is
enhanced.

Performance and Cramér-Rao bounds

In the following, bias and standard deviation (std) of
conventional (K=2) and multibaseline estimators are
analyzed for varying ASNR. The normalized hias for the
conventional advedion estimate under the upwind
assumption, (o, _’7@1)/&’3 , With n the drcular expedation,

is reported in Fig.4 for short baseline axd high coherence
time. The bias limit value is twice the Bragg frequency when
the recaling component is dominating. Beanforming-DP
generaly exhibits worse bias than conventional ATI, and
littl e advantage is produced by adopting the VP version. On
the ntrary, Capon-DP exhibits negligible bias for
ASNR=-6 dB, and reduces the bias for ASNR=0 dB (wich
equals the Bragg frequency) by about 10 times. It aso
performs reasonably well when the receling component
begins to daminate. This is obtained a the st of a
performance loss compared to conventional ATI for low
ASNR. A bias arises in this region since the method needs
two significant components being present to identify the right
one for locking. Capon-VP can even perform better than
Capon-DP, further reducing both the bias for high ASNR
and the performance loss compared to conventional ATI for
reasonably low ASNR. Also, it has the important advantage
of being always operative (conversely, probability of
operation for Capon-DP is non-unitary, seeFig. 3). When the
super-resolution spedral estimator root-MUSIC is employed,
resulting bias can be worse than Capon-VP, but std is aways
better, see Fig.4 (right). For ASNR=0 dB, std o
conventional ATI is inflated by about 7 times compared to
the single Bragg component situation. This 4d is reduced by
about 2 and 5 times by Capon-VP and root-MUSIC,
respedively.

It is worth noting that in this crosswind condition the
total ocean coherence time is sgnificantly lower than the
singe-component 7 _ =200, this is why std of conventional

ATI strongly degrades. Interestingly, it results that proper
multi baseline processng can produce astd close to that of
conventional ATI operating in up- or downwind, virtually
compensating for the loss of total coherence time @ming
from the mixing of the two Bragg components. Summarizing,
both root-MUSIC and Capon-VP are better than Capon-DP
in terms of probability of operation, but MUSIC generally
outperforms Capon-DP, while Capon-VP tradeoffs bias for

variance. As expeded, getting a low std for large |ASNR|
proved to be quite difficult, becaise dl methods rely on two
significaive components being present.

The cae of low coherencetime is analyzed in Fig.5, till
for the short baseline configuration (7 =50 ms, 7, =100

ms, normalized coherence time 7_=2). The bias for K=2

pradicdly does not change for changing coherence time,
whil e the bias control cgpability of the multi baseli ne methods
is degraded in part. However, the general rankings among all
the methods, including conventional ATI, are unatered. The
advantage of using MUSIC instead of Capon-DP is dightly
reduced. This can be atributed to the faa that the super-
resolution MUSIC estimator is based on a line spedra data
model, so an incressing model mismatch develops for
lowering 7, (incressing bandwidth of the two spedral

components). Also, Capon-VP gets a worse trade-off
between bias and variance than for high coherence time.
Consequently, Capon-DP may be now the best choice but

for the non-unitary Pop.op -

Performance for different number of looks and tota
signal-to-noise ratio is investigated in Fig.6 and compared
with the CRLB, for ASNR=0 dB, high coherence time.
Beanforming-based methods are not reported since they do
not perform well in this condition. For varying N, bias of all
the methods is almost unaltered, while @& expeded std
deaeases with increasing number of looks. The rankings
among the methods does not change with N, but for Capon-
DP and Capon-VP tending to coincide asymptoticdly (large
N). MUSIC is the most statisticdly efficient method, being
quite dose to the CRLB. However, it seams that it does not
achieve the bound asymptoticdly (for N=256, its gd is dill
28% higher than the CRLB). This may be dtributed to the
fad that it operates under model mismatch and a singe
component is used for locking, so part of the data
information content is not exploited. For deaeasing SNR

the biases are only dlightly changing, while std of all methods
incresses. Capon-VP abruptly departs from the CRLB
aound SNR =15 dB, this threshold effed may be

attributed to the sensitivity of the virtual peek remnstruction
to high levels of thermal noise. Capon-DP has lower std than
MUSIC for low SNR,, but MUSIC is dill superior

concerning the bias.

Fig. 7 reports performance for the aurrent configuration
of AIRSAR, where the multibaseline system has an overall
time lag 7 =100 ms (long baseling). The cae mnsidered
here is high coherence time (7,=200 ms, normalized

coherence time FC:Z). The reference @nventional

interferometer is assumed to operate still with 7 =50 ms, as
usual. Performance of Beamforming- and Capon-based
methods is partly improved compared to the short baseline
case (see Fig. 4), because of the higher resolution. This



comes jointly with the enhanced Pyp.op

Conversely, the halved 7, makes MUSIC partly degrade

espedaly in terms of bias. As a result, one may now
consider Beamforming-VP and Capon-VP as the best
options. Note that despite some gains are obtained by
adopting the long baseline, the range of ASNR for which
reasonably low std is obtained is dightly shrinked compared
to the short baseline cae. Also, the CRLB for varying
ASNR, reported in the figure, shows that there is gill room
for improvement of the statisticd efficiency of the robust
multi baseli ne technique.

It is now worth noting that all the results commented so
far can be regarded under a different point of view.
Performance of the robust multibaseline techniques can be
compared with conventional ATI operating with estimates
obtained under an asaumption different from upwind (and
downwind). Fig. 8 reports the normdized hias of
conventional ATI resulting from operation urder the aoss
wind assumption (all the others parameters being as in Fig.
7). 1t simply equals the bias in Fig. 7 minus 1. The reported
performance of Capon-VP and MUSIC are exadly the same
asin Fig. 7. What isimportant is that the performancelossin
terms of bias for low ASNR is no more present. The
multi baseline methods always exhibit a performance gain
compared to conventional ATI, when the aosswvind
asumption on which it relies is violated (ASNR departing
from O dB) to alimited extent.

Finaly, Fig. 9 confirms that multi baseline operation with
the long overall baseline may not be necessrily the best
system option, as already argued from Fig. 7. For the
reported condition of low coherence time (7, =100 ms,

as e in Fig. 3.

normali zed coherencetime 7_ =1), std is lowered compared

to the @rresponding short baseline cae for the
Beanforming-based methods, but it partly increases for
those Capon-based, and MUSIC. One may now consider
Capon-DP as the best option, taking also acourt of its bias,

but not of the non-unitary Pop_DP. Again, the range of

ASNR for which reasonably low std is obtained is dightly
reduced compared to the short baseline cae. Also, in this
range std is higher than for short baseline. This may be partly

compensated by the higher Pop. P -

Results dow that none of the proposed methods is
uniformly most efficient, so a choice should be cnsidered
for an asumed typicd scenario. Alternatively, one may
develop a hybrid technique by proper adaptive seledion.
Also, the proposed approach appeas to be robust to
deviations from any wind azmuthal asumption that is
necessry for conventional ATI. However, at this dage of
development, the method may be more suitable for operation
close to crosswind than to up- or down-wind geometry.
After validation with red data, the technique may be
employed alternatively to or jointly with carier and

incidence angle optimisation [RomOQ], obtaining a better
overall system design in presence of contrasting
reguirements.

V. DEBLURRING

It is well known that conventional intensity SAR images
of the ocean surface ae blurred and non-linealy distorted
(velocity bunching). The processof aperture synthesis cannot
digtingush phase histories arisng from azmuth
displacements from that originating from Dopper shifts, so
the orbital velocities of long waves and Dopper spread from
finite ocean coherence time produce misplacaments of signal
contribution in the image. In particular, the dfedive image
resolution can be much worse than the nominal one [Car94].
Since blurring ads at the single-look complex SAR image
level, also interferometric products (Dopder and coherence
time maps) are blurred and dstorted.

Interestingly, the Dopger resolution capability intrinsic
in multibaseline dong-trad interferometry may be exploited
also in this diredion, producing another new functionality of
along-track interferometry, that of deblurring.

A. Multibaseline Intensity Deblurring

In [Fri98] a multibaseline technique is proposed and
simulated, which alows partially compensating for the
blurring of the intensity image. Each scatterer is misplaced
during synthetic gperture processng by an amount depending
on its velocity. Therefore, pixel by pixel estimation of
Dopder spedarum, by Fourier transforming aong the
pasition index of the multibaseline aray (i.e., the image
index), allows relocaion of the misplacel energy
contribution. A pradicd problem of this technique may be
the high number of phase ceiters necessry to get good
restoration of the image resolution (K=16 in the reported
case study).

B. Multibaseline Deblurring o ComplexData

A posshle extension of this technique has been hinted in
[BesOQ] for deblurring of every possble interferometric
product. The simple concept is relocaing ead complex SAR
image aquired by the multibaseline system, after this
operation any possble interferometric procesor, including
al those discussed in Sed. Ill and 1V, can be gplied to the
relocaed complex data set. In other words, a proper
multibaseline procesor may be @plied to deblur the
multi baseline data set, and subsequently the acerrate and/or
robust multi baseline processors may operate on it, virtualy
free from blurring problems. The suggested Dopper-driven
multibaseline deblurring of complex data involves both
Dopper analysis and inverse Fourier transformation [BesOQ].
The problem of the large K necessary to get an acaurate pixel
by pixel Dopgder analysis might be lightened by resorting to
adaptive spedral estimators such as Capon. Use of a



minimum redundant (non uriform) array might also be
considered.

C. Multibaseline Dopger Filtering

Finaly, it is worth mentioning another possble new
application of multi baseline Dopper resolution cgpability in
the mntext of enhancing image quality. In [Bar0Q],
multibaseline  Dopper filtering is proposed and
experimented to filter out the dfed of certain scatering
medhanisms, so enhancing the visibility of others. This may
be useful for cleaning what can be mnsidered clutter for a
given applicdion, increasing imaging sensitivity to the
desired physicd medhanisms. This clutter removal procedure
is smewhat related to some of the Dopper analysis concepts
in [Fri9g], but is applied to a minima multibaseline
configuration (K=3).

V1. CONCLUSIONS

A brief survey of previous reseach on multibaseline ATI
techniques has been presented. Multibaseline aquisition
coupled with proper procesing hes grea potential for
improving the performance of ATI, in terms of extended
operating envelope in criticd conditions, reliable velocity
extradion, imaging resolution and quality. A robust
multibaseline velocity estimation tedhniqgue has been
presented and analyzed in detail. Results sow that the
proposed approadh congtitutes an interesting step towards
making ATI sensing flexible and passhbly autonomous from
ancill ary information such as locd surfacewind speed and
diredion. Future work could investigate detedion of the
number of significant Bragg components to automaticdly
start the robust estimation algorithm. Moreover, other
modern spedra estimators can be gplied. Other advedion
estimators can be dso conceved, such as the mean of the
two pee&k locaion estimates, not asuming krown Bragg
frequency, which is reasonable, e.g., for high seastates. This
and ather locking methods will be presented in [Bor02].
Finally, a posshble synergy can be envisaged between robust
multi baseline velocity estimation and vedor-ATI concepts.
Vedor ATI can image the velocity vedor in place of the
single radiad component, by aauiring multiple
interferograms from different azmuthal viewing angles (see
e.g., [Ros0(Q], [Mol02]). However, the possble bias on eath
radial measure may affed the velocity vedor estimate, and
bias control methods may be of help. On the other hand, the
effediveness of robust multibaseline velocity estimation
depends on the azmuthal viewing geometry relative to wind,
so that viewing ange diversity may be beneficial. Proper
integration of the two techniques might result in very
acalrate and autonomous vedor estimates.
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PSD, arbitrary unit
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