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. INTRODUCTION

Direct measurement of ocean currents at sub-mesoscalkitiess is one of the main observational gaps left in the
guest to understand the dynamics of ocean processes anu-atceasphere interactions. Working towards closing tlaig, g
ESA has initiated a number of studies in order to develop aintisconcept, based on a dual-beam along-track Synthetic
Aperture Radar interferometer (ATl SAR) [1], [2]. One of thisible outcomes of these efforts has been the development
of the Wavemill concept [3].

The basic principle behind ATI is generating a pair of SAR g@s of a surface under nearly identical geometry and with
a short time-lag, such that the phase differences obsemmide an estimate of the first moment of the Doppler spectrum
associated to the surface motion. It is worth pointing owotvéver, that the retrieved mean Doppler frequency cannot be
directly translated into an ocean current component: ividies a Normalized Radar Cross Section (NRCS) weightecageer
of the radial velocities, where the coupling between NRC®& \axlocity modulations by the underlying wave-field resalt i
strong sea-state dependent biases. This is clearly dtestiby, for example, the strong correlation between Dopaatroid
anomalies and surface winds in ENVISAT's ASAR observatipfjsin fact, the estimated Doppler shift is commonly used
to help in the estimation of surface winds.

Assuming that these geophysical biases can be dealt withexfample by simultaneously resolving the surface wind
vector, it is intuitively clear that ATI-SAR observation§ the ocean surface can provide valuable information raggrthe
ocean surface current [5].

In a typical ATI configuration, with a common transmitter atwlo receive-phase centers separated along-track by a
physical distancé3ar, the ATI phase A¢atr) is related to the effective (NRCS weighted average) ragéidcity (v,-) by:
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where \ is the radar wavelengthy,;, the platform velocity, and where
B
TATI = S (2)
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can be identified as the temporal lag between the interfergmm@air. From (1) it is clear that larger baselines (expess
in wavelengths) lead to better sensitivities.

Generally speaking, during the time intervalr the ocean surface evolves, resulting in a loss of coherembigh
introduces phase estimation errors. This would limit thEfgyenance for very large baselines, so that it is intuitvelear
that there is an (sea state dependent) optimal baselinike lodntext of the system concept discussed in this papegvesw
the physically feasible baselines are much smaller tharofitienum.

Ignoring geophysical biases, ATl measurements are uslialliied to measuring one component (at best) of the surface
velocity vector. To overcome this limitation Frasier andn@e [2] proposed a Dual Beam Interferometer (DBI) concept,
where two interferometric pairs are formed with fore andsaftiinted beams.



Spatial Coverage Global
Temporal sampling <20d
TSCV accuracy 5cms!
OSWV accuracy 2ms~!
Minimum surface wind U1) 2ms!
Product resolution 1km to 4km
Operating frequency Ku Band

Table |. Driving mission requirements

[I. MISSION OVERVIEW
[1-A. Mission requirements

The goal of the mission concept being studied is the directsmement of the Total Surface Current Vector (TSCV) by
means of along-track interferometry, in order to observeatyic processes that do not fall under the geostrophic egim
In addition, the Ocean Surface Wind Vector (OSWV) needs taibriltaneously retrieved, as, aside of its own scientific
relevance, it is required for a successful inversion of tt8CV out of the ATl data. Table | provides a summary of the
driving mission requirements specified by ESA.

The mission requirements are challenging in terms of cae(global coverage in less than 20 days) and measurement
accuracy. In terms of product resolution, and from an imst&rot point of view, the requirements are moderate. In fact,
they are so relaxed that the need to go for a SAR system may dmigued. Higher resolution intermediate products are
nevertheless required in order to extract information alloel wavespectra (in particular long wave swell componeatsd
to allow higher resolution products in complex regions sashcoastal areas. The requirement of operating at Ku-band is
mainly driven by technological considerations (technaabmaturity), and may be reconsidered in the future.

[1-B. Observation Concept

The proposed general instrument concept presents some @ualities but also some clear differences with respect to
the Wavemill instrument concept [3], which we think are viloeimphasizing. The measurement concept is to implement a
dual beam-interferometer, using a single side-looking S&&em. The minimum swath width required to meet the mission
objectives is roughlyi50 km, although the current goal is to provide280 km continuous swath operating in a ScanSAR
mode. With respect to the two left and right looking swathesppsed for Wavemill, the single side option allows captgri
larger ocean features, while simplifying the spacecrasigte

In our scientific understanding of mission, we consider arugate inversion of winds and total current vectors out ef th
radar data at the required resolutions one of the main cig@ke It is been shown in the literature that both the NRCS and
the observed Doppler velocities are polarization dependanthey expose the presence of different scattering mesrha.
Even in the absence of well established inversion modelsetkgloit this sensitivity, we believe that polarizatiorvelisity
will be essential to provide the required product qualitpder normal sea state conditions, the cross-polarizedsbattkering
is much smaller than the co-polarized. With this considenain mind, we propose a hybrid-polarimetry solution [6$ing
a circular polarization on transmit, in order to retrieve trertical and horizontally polarized backscattering algn

Another departure from the original Wavemill concept istth@ propose to go to larger incident angles. This has two
reasons:

i. At larger incident angles the geometrical sensitivity twibontal velocities increases, which scales down the eghpa
several systematic errors.
ii. Scatterometry based wind retrieval performs better fagdaincident angles.

Of course, the cost of using shallower incident angles igyaifitant reduction of the NRCS of the ocean surface, which
translates to more demanding sensitivity requirements.

[1-C. Observation Geometry

The basic geometry is that of a single-side looking javelintam concept with an electronically steered phased-array
antenna. The given requirements are a swath widtR06fkm and a squint angle on-ground close 4al5°, since this
would yield a constant two-dimensional (2D) measuremensisigity of the surface velocity. For the performance asro
the swath (spanned by several ScanSAR sub-swaths), one basdider the strong variation of the squint angle on-gdoun
as well as of the incident angle. This becomes clear wheniigodt an antenna pattern of appased array antennwith
a fixed steering angle in azimuth (projected on-ground). dugd-projected pattern is illustrated in Figure 1c, wheee w



can recognize that the footprint follow, as a matter of faat,iso-Doppler line. It is also clear that this result in agan
dependent ground-projected squint angle, which implies tthe ideald5° is only achieved at a single point.

The variation of the squint angle and also the incident aingleigure 1a is given for an orbit height of arouff0 km
and an antenna steering angle of aroufgl.
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Fig. 1. (a) incident angle range in line-of-sight across fall0km coverage, (b) Squint angle on-ground across full
200km coverage, (c) Phased-array antenna pattern projectedoomdcovering approximately00 km swath width;18.5°
electronically steered in azimuth; antenna sizem x 0.2 m.

Apart from the antenna and the instrument, the final perfomealepends strongly on the adopted acquisition geometry.
Therefore the possible geometry options for the optimiaprocess are determined by

a) the orbit height,

b) the incident angle range (far/near range),

¢) and the swath width and squint angle,

wherec) is basically given by the requirement 260 km swath width andt5° squint angle on-ground. Therefoag andb)
are the variables which can be modified in order to obtain ailiésa system.

I11. DERIVATION OF INSTRUMENT REQUIREMENTS

The instrument design has been split in two steps: first, we ligrived instrument requirements from the basic inter-
ferometric performance model; subsequently, we have dedignd tuned instrument architectures to meet the instrume
requirements.

I11-A. Performance Model

The standard deviation of the total surface current vefasitised as a direct indicator of the TSCV accuracy. Thisrassu
the existence of an inversion algorithm capable of sepaydtie wind-induced from the surface current components®f t
observed Doppler velocities. The surface velocity (rad&bcity projected on-ground) can be written as

A
i 1
V= A ¢ATI ) 7 (3)

TATI sin(Gi)

wheref; is the incident angle.
Now we use the Cramer-Rao bound for the phase standard ideviathich is [7]

1—12
Opar1 = 2N72 ) (4)

where~ is the coherence aniy the number of independent samples.
Therefore the performance along Line-of-Sight (LoS), the standard deviation of the surface current, can be nestlell
as
1 X [1—-92 1
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Note, that the total error or accuracy of the TSCV measurémseromposed of several biases and/or systematic errors. In
principle there are several system biases, like e.g. meselirors due to thermoelastic deformations, and geopdiyisiases,
like Doppler distortions due to different ocean surfaceiors. The interferometric error has to be considered withia
total error budget.

[11-B. Methodology

Evaluation of the interferometric performanc&he interferometric performance is basically the evatratdf (5) for
each LoS (forward and backward looking beam) and the cortibmaf the results in order to obtain a 2D error vector.
All necessary input variables and evaluation steps areritbescin the following paragraphs. Basic inputs, which aot n
discussed in detail here, are the geometry including thiemwarangles, the antenna pattern (cf. section II-C) and thiseN
Equivalent-Sigma Zero (NESZ) of the instrument.

Another important input is the NRCS of the surface in orderccaétculate the Sigma-to-Noise-Ratio (SNR) coherence
~vsnr- These values are calculated using the NSCAT-3 GMF (gedgddysodel function) of the KNMI (Royal Netherlands
Meteorological Institute). NRCS values depending on amménd speed, wind direction and incident angle are avadlabl
The NRCS ranges from-12dB to —4 dB for a very low wind speed o2 ms™!, but is larger for higher wind speeds (up
to 3dB @ 10ms~!). Note that finally we end up with 2 x 2 NRCS vectors, two for foeward and backward looking
beams for both horizontal (H) and vertical (V) polarizagon

Polarization reconstruction from compact-pol data and ME®aling: Each of the two look directions of the instrument
needs an antenna configuration with two channels for tratresmdi receive (the detailed instrument and antenna configara
is described later in section V). Nominally these two chelarcorrespond to horizontal and vertical polarizationwieeer,
because of the considered phased-array antenna approdichmwelectrically squinted geometry, the two channels do no
correspond to H or V polarizations at the surface, havingneefiv as the polarization with the electrical field transeers
to the incident plane and H as the polarization parallel ®ititident plane. This necessitates a reconstruction ofrtiee
polarizations on-ground, which is possible under the agsiom that the cross-polarization is zero. The relation ledrmel
and target polarization is depicted in Figure 2 in terms afing factors depending on the incident angle. These factan be
considered by scaling the noise or the NESZ, respectivédig. rfEsulting NESZ corresponds finally to the polarizatiothat
targets and can be used for the evaluation of the SN Qtz, respectively. The use of circular polarized hybrid-piziation
ensures that the surface is illuminated with the similar @odensity levels at H and V polarizations.

polarization Ch1 - H polarization Ch2 - H polarization Ch1 -V polarization Ch2 - V

scaling factor

Fig. 2. Noise scaling factors (range position dependend) dueumtay geometry using a phased-array antenna: Describing
the relation between instrument channel and target aresipation.

SNR and Coherencerhe SNR has to be derived in order to estimate the coheresesedioe to noise. After retrieving
the four ocean NRCS vectors for the forward and backwardit@gpkeams in horizonal and vertical polarization from the
NSCAT-3 model and reconstructing the NESZ for both targeanmations, four SNR contributions can be calculated by

SNR]OOkDiLPOI = UloookDir,pol - NESZp01 (6)

wheres? represents the NRCHokDir the forward or backward look direction apal the polarization (H or V). In total
this results in four contributions, which can be translated the coherence contribution byng = 1/(1 + SNR™1), for
each look direction or polarization, respectively.

Total coherence and ambiguitie§inally the total coherence, necessary in (5), can be clediwith the partial coherence
multiplication rule. Additionally to the SNR coherenegnr the following contributions are considered: The temporal
decorrelationy;emp = exp (—73/72), Wherer, is the coherence time [2].

A quantization decorrelationq,.nt IS considered with a 4-bit quantization to be close to one.-Bit3quantization
coherence is assumed to be too low. The fourth and last cenesictontribution is the one resulting from ambiguitigsy,,
which can be calculated from the Distributed Target Amiigiatio (DTAR) by vamp, = 1/(1 + DTAR), or vice versa.



This factor is chosen to be set to a quite high value (e.g.)Gr@®rder to achieve a good ambiguity performance. In
principle the decorrelation due to ambiguities is an imgotfigure in the coherence trading-space. If no dedicatetbtoff
is investigated, at least one has to ensure that, > Ysnr-

Number of independent samplegShe number of independent samples or number of looks, régplgc is the trading
factor against the NESZ. This number is in turn dependenterfihal product resolutiop;,» and the 2D resolution

1 g L 1 -
co8(Osquint)  2Brgsin(f;) 2 cos(Osquint)’

where p,, is the slant rangep,, the azimuth resolution] the antenna length;, the velocity of light, B,, the pulse
bandwidth, andlquine the squint angle on-ground. Being dependent on incidentsapiht angle causes the number of
looks N; = pra/p2p to be varying across the swath. Fixing the bandwidth exeripl® 10 MHz and the antenna length

to 4 m results in the available number of looks shown in Figure 3gure 3b shows the corresponding 2D resolution. Both
figures consider a theoretical single swath case, i.e., imtrst imaging mode, and a product resolutiodddfin x 4 km.
Additionally we can note, that the 2D resolution vs. the NES#he main trade-space for designing the instrument and the
pulse bandwidth plays also a major role within the instrumeading-spaces.

P2D = Prg * Paz *
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Fig. 3. (a) Available number of looks for a product resolutiorddim x 4 km (black/solid line) and® km x 2 km (red/dashed
line), (b) Corresponding 2D resolution accordingltoMHz pulse bandwidth and 4 m antenna length (burst imaging mode
not considered).

2D vector reconstruction:Finally all variables of (5) are available and the TSCV parfance can be evaluated for
each look direction (forward and backward) and polarizatipl and V) separately. The last step is the combination or
reconstruction of the 2D velocity vector for each point glaround range, since the four contributions are still in LoS
direction, which is varying on-ground along the swath. Bakly this means a geometric transformation of all back- and
forward LoS error vectors into a common coordinate systefmchvcould be azimuth and range. Finally with these two
contributions a total error vector can be derived or a woasecerror direction can be detected. The current speedaamor
be approximated by projecting the error in the directionhaf turrent.

NESZ requirement for instrumeniffhe interferometric performance has to satisfy the scieecgirements, expressed
in terms of TSCV accuracy. In order to avoid an end-to-endukition for all instrument possibilities also considering
all trade-spaces, the science requirements can be trackdtddypical SAR performance requirements, like NESZ and
resolution.

The approach is to generate a mapping of SAR performance @/T&curacy using the model discussed, and use this
mapping to find the trade-off space that satisfies the séiegals. After optimizing and fixing the acquisition geonyet
and the along track baseline, and making some assumptionsthe effect of ambiguities and quantization levels, vaa c
map 2D resolution and NESZ to TSCV accuracy for our threshatdl for each ground-range position. Once this is done, it
is straightforward to determine, for example, the minimwquired NESZ as a function of 2D resolution and ground-range
position, providing the instrument designer with an expliade-off space.

[11-C. Derived requirements

Evaluating the geometrical options given in section |14 tavored option is a high orbit and far range, which is preext
in this section. Note that this choice is non-trivial: for &wen system, higher orbits result in a worse sensitivityglier



NESZ); at the same time, with higher orbits the range of iectdangles is reduced, which is favorable given the steep
decline of the NRCS with increasing incident angles. Thennpgirameters w.r.t. the instrument requirement derivadien
the orbit height, the azimuth squint angle, the total swaitittw(cf. Table II), the incident angle range 26° to 36.5° and

the product resolution ofkm X 4 km.

Figure 4a shows the TSCV performance in m/s depending on N&®&Felevation, i.e., the standard deviation of the
TSCV. Figure 4b is an extracted contour line of the requinetnehich gives the upper NESZ limit so that the TSCV
requirement off cm s~ ! is fulfilled. The quantization result from the stepwise ation of the input. Both figures depend on
a fixed resolution w.r.t. a pulse bandwidtto(MHz) and an antenna length n). The corresponding 2D resolution variation
is depicted in Figure 3b and is betweébm? and116 m2. The corresponding variation of incident angle and squigie
on-ground is illustrated in Figure 1b and Figure 1b.
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Fig. 4. (@) TSCV performance ims~*, (b) NESZ requirement for a TSCV error 8fems~1.

Finally the result of the NESZ requirement for a 2D resolutiange is presented in Figure 5. This allows the freedom
of NESZ/resolution trading (and also azimuth vs. range leggm) within the instrument design, as well as applying.e.
different resolutions for each swath when using a burst intaghode. One can clearly observe, that the requirementbeso
stronger for coarser resolutions and towards far range.
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Fig. 5. NESZ instrument requirement space (in [dB]) dependingange position and 2D resolution.

IV. INSTRUMENT CONCEPT AND PERFORMANCE

The instrument requirements are demanding, in particulartd the wide-swath requirement. To achieve the performanc
using realistic levels of average RF power, the use of Diggsam Forming (DBF) techniques, and in particular of the
SCan-On-REcieve (SCORE) techniques, are indispensablen @at two sets of receive antennas are needed to form the
along-track interferometers, and in order to minimize ézss canonical SCORE system is proposed. The narrow transmi



Orbit height 780 km ATI baseline 12m
Azimuth squint +18.5° Mechanical antenna tilt 20.1°
Transmit Antenna Receive Antenna
Length 3.6m 3.6m
Height 0.22m 0.8m
Number of rows 13 48
Directivity 43 dBi 48.6 dBi
Average transmit RF power 3kW Noise Temperature 400K
Losses 2.75dB 1dB
Polarization Circular Two orthogonal channels
Operating Mode
SAR mode ScanSAR| DBF mode SCORE
Number of bursts 3 Total swath coverage 210km
Pulse bandwidth 10 MHz, 10 MHz and 10 MHz
PRF 3.780kHz, 3.830kHz and3.880kHz
Processed Doppler bandwidth 168 Hz, 346 Hz and840 Hz

Table I1. Main instrument design and operating mode parameters

antennas (in elevation) are center mounted (see left parféfjure 6), while the wider receive antennas are mounteleat t
ends of a deployable structure that provides the requirddoAgeline.

Table Il lists the main instrument and operating parametarthe existing preliminary hardware design, losses orivec
are minimized connecting a LNA for each receive elementlevttie desired transmit power is generated using also one
medium power TWTA per row. In the baseline concept, sepalaysical antennas are used to generate each of the two fore
and aft squinted beams, and two orthogonal linear poldoizsit

PDHT (LCT)

Fig. 6. Left: Instrument concept. Right: possible satellite iempentation

The left panel in Figure 7 shows the single-look 2D resolutis a function of ground range (bottom axis) and incident
angle (top axis) achieved by the system. For the three Sdarssh-swaths, the burst length and the pulse bandwidth have
been optimized in order to meet the performance requiresnémtparticular, by improving the resolution for increagin
incident angles, the NESZ requirements are partially ézgghl

The right panels shows the achieved NESZ as a function of diséipn in the swath. For each sub-swath three relative
azimuth positions are shown, revealing the scalloping@atal to ScanSAR. The olive-green lines show the targetANES
for the resolution provided.

V. OUTLOOK

In this paper we have provided an overview of the mission irequents, design logic, and preliminary instrument design
and performance analysis for a future Ocean Surface Cgriission. The design derived is feasible, although theltiagu
spacecraft would be a relatively large Sentinel-1 classllgat We have hinted in the paper at the major challengesdcated
to the inversion of the desired surface currents from thainbtl data. There is a clear need for experimental research t
solve (if possible) the inversion puzzle.
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Fig. 7. (a) 2D single-look resolution for proposed design, (b) idkebd NESZ.

Another major issue not discussed in this paper is the danton of systematic errors to the overall error budget. For
example, in order to achieve the overall desifedn s~ TSCV accuracy, the orientation of the baseline needs to bakn
with an accuracy better thahprad. Achieving this kind of baseline knowledge will require antoination of metrology
with innovative calibration approaches.
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