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Dual-Beam Interferometry for Ocean Surface Current
Vector Mapping
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Abstract—The recent use of along-track interferometry (ATI) 2
in synthetic aperture radar (SAR) has shown promise for synoptic
measurement of ocean surface currents. ATI-SARs have been used
to estimate wave fields, currents, and current features. This paper
describes and analyzes a dual-beam along-track interferometer to
provide spatially resolved vector surface velocity estimates with a
single pass of an aircraft. The design employs a pair of interferom-
eter beams, one squinted forward and one squinted aft. Each inter-
ferometric phase is sensitive to the component of surface Doppler
velocity in the direction of the beam. Therefore, a proper combi-
nation of these measurements provides a vector surface velocity
estimate in one pass of the aircraft. We find that precise measure-
ments dictate widely spaced beams and that the spatial resolution
for the squinted SAR is essentially identical to the sidelooking case.
Practical instrument design issues are discussed, and an airborne
system currently in development is described. Through computer
simulation, we observe the azimuthal displacement of interfero-
metric phases by moving surfaces identical to those of conventional
SAR and find that such displacement can bias the estimated sur-
face velocity.

Aft Beam

Forward Beam

Index Terms—Along-track, interferometry, ocean surface cur-
rents.

Fig. 1. Dual-beam interferometer system geometry.
over the limited area where SAR images overlap, making long
distance strip mapping impractical.

HE USE of along-track interferometric SAR (ATI-SAR) In this paper, we discuss a technique for estimating surface

has shown promise for synoptic measurement of ocearrent vectors using a modest extension to the ATI-SAR, orig-
surface currents. Goldsted al.[1] reported early comparisonsinally suggested by Rodriguez [6], which we term a dual-beam
of ATI-SAR and surface drifters. Since then, interferometrimterferometer (DBI). The basic concept of the DBI is shown
SARs have also been used to estimate wave fields [2] and curri@rttig. 1, in which a coherent airborne radar employs an along-
features [3], [4]. Recent comparisons between ATI-SAR anthck pair of dual-beam antennas, each antenna producing a for-
shore-based HF radar current mapping systems have shownwerd and an aft beam. By virtue of the forward motion of the
sonable agreement when appropriate corrections are applied §fjcraft, echoes from the forward beams are shifted up in fre-
To date, however, interferometric measurements of surface cgiency, while echoes from the aft beams are shifted down in
rents have employed sidelooking SARs that implement a singlequency. Spatially co-registered echoes from the beams of the
beam. As such, only one radial component of Doppler surfagft antenna are displaced in time from those of the fore an-
velocity is obtained in any one pass of the aircraft. Two passésnna by the time required to traverse the antenna baseline dis-
ideally orthogonal, are required to obtain a vector measuremeahice 2. Radar echoes from the two forward beams and from
during which time the current field is assumed to be constattie two aft beams are each cross-correlated to yield a pair of
Though usually valid for large-scale current features, this asterferograms. The phase of each interferogram provides one
sumption does require that the passes be made as close togditieiof-sight component to the Doppler surface velocity. Vector
as possible. Furthermore, vector estimates can only be madé@mates are then obtained by appropriate combination of the

separate interferograms.
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Fig. 2. Predicted coherence time versus wind speed at six different frequencies for a spatial resolution of 30 m.

results of a DBI system. Intrinsic measurement limitations f&k. Ocean Surface Coherence Properties

large range and/or current velocities are observed, as well as the
way to mitigate them. Critical to the design of an interferometer is the choice of the

baseline. A value too small leads to observations very closely
spaced in time, making Doppler estimates sensitive to noise.
II. ALONG-TRACK INTERFEROMETRY A value too large leads to decorrelation of the backscatter be-

] _ )  tween observations, yielding no information on velocity. The
The basic concept of along-track interferometry is to considghoice of interferometric baseline hinges on sufficient correla-
two phase coherent radars deployed along the side of an airciglfy petween the two successive looks at the surface. For this,
When the radar echoes produced by the fore and aft antenRgs needs an estimate of the coherence tigef scattering
Vi(t) andVa(t + 1), are spatially co-registered, the aft imageom the ocean surface. This is known to be a function of both
lags the fore image by the time required for the aft antennaii@yminated surface area and of the “lifetimes” of the Bragg-res-
advance to the (prior) location of the fore antenna: 2B/v,,  onant scattering facets. Plaettal. [7] have shown that lifetime
where B is the baseline distance between the antennas, afifbcts are important only for small illuminated areas. For larger
Up is_ the aircraft’s ho_rizontal velocity. Thus, the two antennag,minated areas¥several m), the root mean square (RMS) ve-
provide two observations of treamesurface from theamelo-  |oity spread within the illuminated area dictates the Doppler
cation at slightlydifferenttimes. Any change in phase observegsndwidth and hence the coherence time. The RMS velocity
between these looks is due to the mean Doppler velocity of thgread is essentially the range of observed orbital velocities of
surface scatterens,, which is obtained from the cross correlatpe larger-scale gravity waves whose RMS value is a function
tion of sea-state. Values of order 0.50sm* (Plant’s observation) to
) . 2 ms! are typical.
vy = % arg(Vs (27‘2 (t+7)) Q) Given a surface displacement spectriijiK ), the coherence
time can be estimated from the radial component of the RMS
where ) is the electromagnetic wavelength. Surface current @sbital velocity (see, e.g., [8])
then inferred from this velocity measurement. The unambiguous
range of values for the phase is®, ], which yields an unam-

biguous Doppler velocity interval of{A/4r, A/47]. In prac- =2 1

tice, one of the antennas is often transmit-receive, while the i 2ko,’

other is receive-only. This halves the effective baseline between o0

the antennas, as the radar comprised of both the fore and aft an- oy = /1 |g]*% 5,(K) dK,
Lmin

tennas has a phase center located midway between the physical
antennas. |g]> = cos® 6 4 sin? fsin? ¢ 2



FRAISER AND CAMPS: DUAL-BEAM INTERFEROMETRY 403

where the spatial resolution achievable. Spatial resolution is optimized
0 incidence angle; by setting the integration time to a small multiple of the coher-
¢ wave propagation angle relative to look direction;  ence time, such that the term in (4) involving coherence time
K,in spatial resolution; dominates the expressién.

Q ocean wave radian frequency.
Fig. 2 shows estimated coherence times versus wind speedBorSurface Current Estimation

Pierson-Moskowitz-type wave spectrum [9], [10]. For this casgyeasurement produced by the ATI-SAR is not the true surface
itis assumed that the radar beam is aligned with the waves, @grent but a measure of the surface Doppler velocity, which is

the coherence time is given approximately by a power-weighted sum of the line-of-sight velocities within a
given resolution cell of the radar. Contributors to the Doppler
a1y P velocity include the line-of-sight components of 1) the phase
T, & 3 — erf 2.7 3) L . .
U U velocities of radially travelling Bragg-resonant surface waves

that are primarily responsible for the microwave echo; 2) the

wherep is the spatial resolution, andis the wind speed. For orbital velocities of long surface waves; and 3) the surface cur-
low-to-moderate resolutions and wind speeds, ~ 3\/u. rent, which includes wind-induced and wave-induced drift com-
These values are consistent with reported coherence tinpesients.
of 3, 7, 10, 35, and 58 ms at 35, 14, 10, 2.671, and 1.579To obtain an estimate of the surface current, a proper ac-
GHz, respectively [11]. Coherence times may be expecteddounting for the effects of items 1 and 2 must be made. Ac-
increase somewhat when the radar is oriented cross-wavecasnting for Bragg-resonant phase velociy, requires knowl-
line of sight velocity variances will decrease. However, thisdge of the directional spreading of these waves on the ocean
will depend upon the particular directional spectrum. Based garface. Because the Bragg scattering mechanism “selects” only
(3), the coherence time achieves its minimum value for winddially travelling waves (both advancing and receding), the net
speeds above about 10 mis It is important to note that winds Doppler velocity observed by the radar due to the Bragg-reso-
of approximately 2—4 ms' are typically required to generatenant waves alone lies betwees,, depending upon their direc-
sufficient small scale roughness to produce a radar echo. Thiitsnal distribution. This is generally not an issue when looking
the dynamic range of coherence times predicted by this modiectly upwind or downwind, but needs to be considered when
is not particularly large. looking obliquely or crosswind. In this case both advancing and

For scattering from the ocean surface, the spatial resolutimteding Bragg-resonant waves can contribute. Thompson and
that can be achieved using synthetic aperture techniques is diensen [3] demonstrated that significant errors can occur if care
tated not by the available integration time due to the antenjganot taken. Directional spreading is typically modeled by
beamwidths but by surface motions and by the coherence time
of the surface scatterers. Typical expressions for azimuth reso-

lution have the form [12], [13] G(B) = cos®" <%w> (6)

2 2 2
Do = \/< AR ) + < AR ) + <7rTiRa,,> 4) whered,, is the wind direction relative to the radar boresight and
2vpT5 2upTs 2vp n is a spreading factor, typically 10 near the spectral peak and
2-5inthe intermediate range of the spectrum [14], [15]. Though

where the degree of angular spreading is sea state dependent, Poulter
T;  integration time; [16] foundn = 2.5 for Bragg resonant 5 cm waves, while Moller
v,  platform velocity; [17] found a narrower distributiom = 4, for Bragg resonant
7,  coherence time; 1.5 cm waves. These observations are consistent with evidence
a.  surface acceleration. that the angular spreading of short capillary waves is confined

The first term is the theoretical SAR resolution for stationaryy the influence of larger gravity waves [18]. Clearly, however,
coherent targets where the maximum available integration timether investigations are needed.

is dictated by the antenna beamwidth, the range, and the platAccounting for orbital velocity effects requires knowledge of
form velocity. The second term accounts for the finite cohethe coupling between radar echo power and Doppler. These are
ence time of the surface scatterers, while the third term repkgrown to be correlated and are described by the radar modula-
sents defocusing due to surface orbital accelerations. The ftish transfer function (MTF) [19], relating backscattered power
two terms are often combined to yield an effective integratiao wave slope (or orbital velocity). Chapman [11], and Moller

time 7, given by [17] illustrate the influence of MTF on phase difference mea-
1 1 1 surements typical of ATI-SARs.
— =t - (5) From this introductory discussion, it is evident that conver-
T2 1?2 72

sion of microwave Doppler measurements to surface currents
Thus, the effective integration time is always less than either thg, o _ .
In the absence of accelerations, is minimized whenI’; is maximized.

C‘?herence time Or_th(_a a_‘CtuaI_ |ntegra_t|on _t'me used. For ty_p”:l\‘ﬁJwever, the third term may become dominarifjf> 2/(k7.a..). Thus, spa-
aircraft speeds, this limit on integration time often determineal resolution is optimized whe®; is larger than but of similar order ta.
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is itself a nontrivial task with several potential sources of error  *
whose dependence upon environmental parameters is a topic «
research. Despite these sources of uncertainty, reasonable cor
parisons have been made between ATI-SAR and other tech
nigues. In their study, Grabet al. [5] employed two different R J - RA6
methods to account for these effects: one usgirgjtu measure- cos B
ments (buoys) as tie-points, the other using a scattering mode
to predict the Doppler bias in the absence of current.

In the present study, we do not attempt to incorporate these
sources of error into our analysis. Our attention is instead re- *
stricted to instrumental and platform induced errors. While we
have considered the presence of surface waves on the ocean
obtain expressions for surface coherence properties and spati =
resolution, we limit our analysis to a constant current field as Y%

a simple test case for the response of a DBI. Thus, expressions
obtained should be interpreted as a lower bound on the accurbigy3. Geometry used to compute the number of available looks.
of surface current measurements.

AB

wherer is the interferometric delay2/v,,. To estimate,., one
C. DBI Point Source Response divides the measured phase by, where7 is obtained from an

_ o independent estimate of the platform velocity, That is
Following a procedure similar that of [13], [20], [21], and

considering short integration times, the response of a squinted
ATI-SAR is derived in Appendix A, including the effects of plat-
form attitude and velocity errors. According to (45) of the Ap-
pendix, the normalized along-track response to a point source
located atk = (xo, yo, 0) is a Gaussian function given by

.
U = —L

" 2kB ®.

(10)

Thus,i,. (the estimate ofi,.) depends upon accurate knowledge
of the platform velocity. Given the estimated radial velocities
from the forward and aft beams, the along-track and cross-track

I(z, yo) = exp(—7*(x — Tmax)?/ P7) : . ! ;
components of the horizontal surface velocity are obtained using

— R-v_ Zo + R " simple geometry
Up Up
o = AR/2T,v 7
P / p () o @j’—@: o fL;','—l—va,T (11)
Yo = o 0, sinb;’ Yu = 5 Cos 0, sinb;
where
R vector from the midpoint of the along-track

where the plus and minus superscripts correspond to forward

baseline to the surface; and aft beams, respectively. The variances of these current esti-

v =vp —vo relative velocity of the surface poing, with Mates are
respect to the platform velocity,,;
U, radial velocity of the imaged source. o2 aii + 03: N O—Zj + 03: (12)
Yor  (2sinf,sinf;)2’ " (2cos 6, sin 6;)2
Thus, the center of the image is displaced from the true position
g, as expected. The phasewmit, is
and the total velocity variance is the sum of these, which can be

related to the measured phase uncertainty using (8), yielding

2kB[R-v R-B

Q(Tmax) = — - 8

) =22 S22 @ o
2 Op+ T 05—
= . 13
o (k7 sin 26, sin 6;)? (13)

from which one estimates radial velocity in the direction of the
squinted beam. In the case of a horizontal platform velocity and
a horizontal baseline, (8) reduces to the expected result

D. Signal-to-Noise Evaluation

2kB I ) For interferometry, the primary concern with SNR is its effect
Up Ur = BT Uy on phase estimates, and hence, radial velocity estimates in the

d (xmax) =
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Fig. 4. Velocity uncertainty versus interferometric time fagpr coherence times of 10, 20, and 30 ms and for SNR of 10, 20, and 30 dB.

fore and aft directions. One can express the standard deviatiote that (16) has three terms within the brackets. The first is
of the interferometric phase estimate as [22]—-[24] the variance due to decorrelation, while the second and third
represent the SNR observed in the fore and aft beams. These
values are dependent on the sea state, wind speed, and wind di-

1\’ 5 rection. This expression provides an optimistic estimate of the
1+ —= 1) —p%(1) . ' o .
SNR (14) velocity uncertainty because it ignores any spatial and temporal
P -~ X
@ /AN p(7) variability of the surface velocity due to the long surface waves

that may be resolved by the radar. That is, it assumes an essen-
tially flat sea. It does, however, set a lower bound on the preci-
wherep(r) = exp(—72/72) is the correlation coefficient be- sion of mean velocity estimates due to decorrelation and finite
tween observations separated by fagnd N is the number of SNR.
independent looks at a given resolution cell that are averaged. Fig. 4 shows the estimated velocity standard deviation as a
The number of independent looks available can be estimatedction of interferometric time lag, o () for T; = 3r,. Thatis,
from the from the illumination timé, divided by the coherent for coherent integration time larger than, but of the same order
integration timeZ;. N depends on the cross-track distagge as, surface coherence time. Here we have chosen the parameters

and also on the squint angle according to A =2n/k =6 cm (C-band)y, =50 ms, 6, = 6, = 45°,
and R = 3 km. These are consistent with operation from small
T RAS aircraft. _
N=—= (15)  The optimum value of depends on both the SNR and the co-

T ™ Too cost. : . ! : _ X
i iUp COS herence time. The figure illustrates two important points. First,

the estimate is nearly optimum for SNR of 20 dB [22]. There
where Aé is the beamwidth of the squinted antenna (Fig. 3js little reason to design for much better SNR than this. Second,
Additional looks are also available by spatial averaging withifor a given SNR and coherence time, there is an optimum choice

the image at the expense of spatial resolution. of 7 providing the best tradeoff between the competing effects
Finally, substituting (14) and (15) in (13), the variance of thef noise, which dominates for smal] and decorrelation, which
surface current magnitude is given approximately by dominates for large [25]. For SNR about 10 and, = 10-20

ms, a minimum occurs for between 5 and 10 ms.

From (16), for a given SNR and correlation coefficient, the
optimum squint angle that minimizes the variance of the total
estimated velocity is given by the minimum of the geometric
NP 1 1 1 16 termcos 6,/ sin” 26,, which actually occurs &, = 54.7. This

P+ 5 SNRT T SNR- (16) " yields an angle between fore and aft looks of abouP1iiiu-

) Up cos b, T
O ~ > ) .2 2,2
k2RAB sin® 26, sin” §; 72p2(7)
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itively, 90° between fore and aft looks would seem to be omf the estimated phase due to SNR and decorrelation is not a
timum. This is, in fact, the angle that yields equal uncertaintiesitical issue, provided it is at least 20r so.

in cross-track and along-track velocities assuming equal SNRs

in the fore and aft directions. In any case, this dependence fon Velocity and Attitude Tolerances

squint angle is weak over a range of moderate squint anglesThe surface velocity vector is obtained by combining the in-
Therefore, the selection of the squint angle in terms of varianggferometric phases measured by the fore and aft beams, (11).
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If the integration time is of the order of the coherence time suchcies better than 0.5 mrad. The sensitivity to attitude error is a
that the acceleration error terms can be neglected, the radial @@isequence of the aft antenna not tracking directly behind the

locities in the fore and aft directions can be written fore antenna. In this case, a cross-track path length error is in-
corporated in the interferometric phase measurement.
wE =+ sin 6, sin 6, [vo, — Av, — vp(1 — cos Bcos )] To investigate the effect of small random errors in platform

velocity and attitude on surface velocity estimates, we can re-

+sin6; cos 5 (voy + vp cos fFsiny) consider (12) using (17) as the source of phase uncertainty. As-

+ cos 6;[(Avs — voz) + vpsin )] (17)  suming the average values @fand are zero, and assuming
velocity and attitude errors are independent, the first order re-

where sult is shown in (19), at the bottom of the page. Fig. 5 shows

B andy respective pitch and yaw angles of the baseline; predicted single-look velocity uncertainties given platform ve-

Avy, error in estimated platform horizontal velocity; locity and attitude uncertainties available using current low-cost

Av, vertical velocity of the platform. GPS/INS systems [26]. The solid line shows the squint angle de-
Inserting (17) in (11) yields the following forms for the estifendence at a constant incidence angle &f #hile the dotted
mated horizontal surface velocities: line shows the incidence angle dependence at a constant squint

angle of 438. The squint angle dependence shows a minimum
near 45, while the incidence angle dependence is monotoni-
cally decreasing with increasing incidence angle. At small in-
cidence angles, the uncertainty increases rapidly due largely to
vertical velocity variance. This suggests best results are obtained
using moderate squint angles and larger incidence angles.
Thus, any bias in the estimated platform velocity translates di-A separate motivation for a large internal angle between fore
rectly into the along-track component of surface velocity arahd aft beams is the possibility to exploit backscattered power
can be a significant source of error here. In the cross-track dieasurements to estimate the surface wind direction through
rection, the dominant sources of error involve attitude and platind vector scatterometry. As discussed earlier, knowledge of
form vertical velocity. In particular, vertical velocity errors domthe wind direction is helpful to account for the component of
inate for small incidence angles where tha 8, term serves to Doppler velocity due to the phase velocity of Bragg-resonant
amplify errors. At a platform velocity of 100 m$, tolerating surface waves. Additional knowledge of the wind speed permits
biases of< 5 cm ! in either velocity component implies hori-an accounting for surface wind drift, typically 3-5% of the wind
zontal velocity accuracy better than 5 thand attitude accu- speed at 10-m height. Thus, the DBI and the wind vector scat-

Bow = Vow — Avp — vp(1 — cos B cosy)

(Av, —vo.) + vpsin g
tan 8; cos 8, )

(18)

Doy = voy + vpcos Bsiny +
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TABLE | suming a vertically polarized transmitting antenna). To see this,
SIMULATION. PARAMETERS consider an antenna at heigtitalong thez-axis above the—y
plane oriented such that the main beam of the antenna lies in the

Parameter Specification y—=z plane (see Fig. 6). The orientation of the propagation vector
Frequency 53 GHz for incidence anglé is
Polarization \'AY
Bandwith 5 MHz f{ =y sind — zcosf (20)
Pulse width 10 ps
Pulse repetition frequency | 12 KHz and the orientation of the electric field is
Transmitted power 10 W
Receiver noise figure 3dB &=ycosf+ zsing. (21)
Platform height 2000 m
Platform velocity 100 m/s If the beam is subsequently squinted forward or aft, then the
Antenna Baseline (2B) | 1 m propagation vectdk is rotated about the axis of the electric field
Time lag/integration time | 10 ms € by the squint angle.. The boresight of the radar moves along
Incidence angles 35° — 75° the dotted line in Fig. 6, while the orientation @femains the
Squint angle 30° same
Boresight incidence angle | 27.5°
1st Side lobe levels 20 dB k = ksin ¢, + ¥ cosg,sinh — zcos ¢, cos 6. (22)
Azimuth Beamwidth 7°
Elevation Beamwidth 30° Depending upon the squint and incidence angles, the orientation
Wind velocities 215 m/s of & in the plane normal to the squintédlow includes a hori-
Wind direction w.r.t. v, | 0-00 zontal component. The horizontal componeng efiries as the

vertical component of the magnetic field

]tcerometer provide complementary measurements of the sea sur- ho=5. (f{ X &) = sin b, cos . (23)
ace.

These design issues suggest reasonably large squint angles o i
in the neighborhood of 45 There are other design factors tha,g'mfe that for small incidence angles and large squints, the polar-
motivate small internal angles between fore and aft looks. FgRtioN becomes more horizontal than vertical. Fig. 6 shows the
example, smaller squint angles yield a wider cross-track Swaq%gree of polarization mixing for various squint angles in terms

reduce along-track sampling frequency requirements (smal_ﬂ;rthe percentage of total power contained in the vertical polar-

Doppler shifts), and depending upon the antenna design, redHn?éiO”- Polarization mixing is undesirable_, especially. at large
sensitivity to polarization mixing effects due to squinting. Thudfcidence angles where non-Bragg scattering sources impact the

several competing factors must be addressed in arriving af@izontally polarized Doppler spectrum. Mixing also compli-
compromise instrument design. cates interpretation of backscattered power as both polarizations

must be considered. For squint angles less than ab8uh8-
F. Polarization ever, the fraction of horizontal polarization is reasonably small.

Depending upon the choice of antenna architecture, the fo .ﬁAn alternative antenna design approach is to use physically
and aft squint of the sensor can result in different polarizati erent ante.nnas for fore and aft beams. Rotating an "’.‘”te”.”a
characteristics. One design approach is to consider a nomin ut thez-axis causes_the boresight to move along the C|rcl_e n
sidelooking antenna that radiates both fore- and aft-squinted 6 rather than the line and preserves pure V or H polariza-
beams, which may be either simultaneous or switched. Anothigs for each beam. The r(_asultlng antenna structure, however,
approach is to consider two different antennas physically oy be less conformal to aircraft surfaces.
ented along the desired squint directions. These may also be
power-combined or switched.

While the first approach is attractive, the resulting combi- Having considered a number of measurement issues, in this
nation of incidence angle and squint angle yields polarizati@ection, a candidate design for an airborne DBI system is out-
mixing such that field incident on the ocean surface will consifihed. We consider here a DBI system designed for compatibility
of a combination of vertical and horizontal polarizations (asvith small aircraft. For design purposes, we assume aircraft ve-

I1l. AIRBORNE DBI FOR COASTAL CURRENT MAPPING

2 2 2 2,2 ;2 2 2.2 2 2
b2 2(oy, sin” 0; sin” 0 + oyv, sin” 6, cos® 05 + (o5v, + o3, ) cos™ 6;) (19)
o sin? 26, sin® 6,
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Fig. 8. Simulated impulse response for & 3@uinted SAR ab,, = 50 m/s. (a) Fixed targél; = 200 ms. (b) Fixed targéf; = 10 ms. (c) Partially coherent,
moving target with phase statistics given by [11, Eq. (1)] éhd= 10 ms.

locity v, =~ 50—100 ms! and aircraft altitudéd ~ 1.5-3km (2 operational bandwidth is about 5 MHz providing a range resolu-

km, typ). For incidence angles in the rangé€ 355°, the swath tion of 30 m for current applications. The system is designed to

width is typically 6 Km. At maximum altitude, unambiguousbe capable of up to 50 MHz bandwidth{ = 3 m) for other ap-

range considerations limit the PRF to 15.6 KHz. plications. The small fractional bandwidth suggests a microstrip
The fundamental choice of operating frequency dictatgatch array antenna as a good candidate.

much of the remaining design of the interferometer. The mostTo avoid polarization mixing effects and to provide flexi-
widely published ATI-SAR measurements are those of the Jgfity in the choice of operational squint angles, this DBI system
Propulsion Laboratory’s (JPL's) DC-8—based AirSAR syste@mploys separate antennas for each beam (a total of four an-
operating primarily at L-band and also at C-band (e.g., [Iennas). These are rectangular microstrip patch array antennas
[2], [22], [5]). Lower microwave frequencies are sensitive t@nclosed in an aerodynamic radome. In principle, pairs of fore
the longer surface gravity waves, which have longer lifetimegd aft beams can be combined into a single receiver channel
and are more Closely associated with the near-surface Currw.recording_ They can then be Separated using Dopp|er pro-
Antenna sizes for these frequencies can become unwieldy ¢@ising. This scheme works provided the PRF of the radar is suf-
a small aircraft. X-band and higher microwave frequenciggient to sample both Doppler-shifted echoes simultaneously.
are attractive due the higher gain achievable with fixed sizeds also desirable that detected power levels are similar in both
antennas. However, these frequencies are sensitive to the sfitfore and aft beams. If they should differ drastically, how-
capillary waves which are themselves largely influenced kyer, sidelobes from the more energetic beam could interfere or
local winds. Given these considerations, C-band is a reasonaklgén mask the signal from the weaker beam. For this reason,
tradeoff between the desire for Sensitivity to somewhat |Ong§l’SWitched antenna is preferred. Fig. 7(a) shows the footprint
gravity-capillary waves and compactness for installation if the fore and aft antenna beams. Fig. 7(b) shows eontour
a small aircraft. Additionally, operation in this band permit|ot for a constant 5 n1st wind speed field. Note the directional
intercomparison with other remote sensors including, f@hodulations ofo° that translate into different received power
example, the ERS-2 and RADARSAT satellites. levels in the fore and aft beams [Fig. 7(c)] and hence, different
For design purposes, a coherence time between 10 ands3gR. Fig. 7(d) shows a contour plot of the received power level.
ms is assumed at C-band. To obtain meaningful interferometriCGiven the squint ang|es and the aircraft Ve|ocity, one can es-
measurements, the delay between two looks at the surface ngpfiste the mean Doppler shift of echoes from the fore and aft
to be less tham,. For nonoverlapping physical apertures, thBeams. These will determine the pulse repetition frequency re-

size of the antenna is limited by the baseline separation. For Hi@red of the radar to avoid ambiguities. Mean Doppler shifts
case of a single transmitting antenna, the baseline distance igre given by

_ _ 2
2B = 2upT. (24) o= ;I:% sin @; sin6,. (25)

For7 = 10 ms andv, = 50 ms™%, the baseline is2 = 100 For a 30 squint, f, < £wv,/\ or approximately:-900 Hz at
cm. Allowing for some minimal separation of the apertures,d, = 50 ms 1. In addition, the finite antenna beamwidths will
horizontal aperture size of 60 cm is reasonable, which yieltapart a spreading about these mean frequencies of approxi-
an approximate half-power beamwidth of 7f6r a 3¢ squint. mately+200 Hz. To avoid aliasing and to allow for variations
The elevation beamwidth is broader to afford coverage over timeairspeed and attitude, one should oversample this consider-
incidence angles from 350 75 [Fig. 7(c)]. ably. In practice, one can sampieuchfaster than is required
Since azimuth resolution is limited by the coherence time w@fhile still satisfying unambiguous range constraints. The antic-
the scatterers on the sea surface, it is of questionable valuépted minimum along-track sampling frequency (PRF) is ap-
have a system with extremely fine range resolution. Anticipatgdoximately 2 kHz.
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Fig.9. Phaseaf(r, y) at (@)y = 1213 m, (b)y = 3838 m, and (cy = 6464 m, for the fore (1) and aft (2) beams. Curves from the bottom to the top correspond
to responses to uniform velocity fields of 10, 25, 50, 75, and 100 cm/s orienteftd@@ along-track. The normalized physical antenna pattern (truncated to the
half-power beamwidth multiplied by 100) is overlaid.

IV. COMPUTER SIMULATIONS sequence of interferometric phases obtained from a given pixel
as it passes through the fore and aft antenna beams. Constant

To improve understanding of the system and to assess meigrent fields of 0.1, 0.25, 0.50, 0.75, and 1.00 thare con-
accurately its performance, a series of computer simulatiogiglered, which are oriented 86rom along-track. That is, cur-
have been carried out. Simulations incorporate the design peénts aligned with the direction of the forward squinted beam.
rameters of the airborne instrument and include the effects|afall plots, the projected physical antenna beam (truncated to
platform attitude and velocity errors, directional variatiomdf the half-power beamwidth and multiplied by 100) is indicated.
finite surface coherence time and its effect on spatial resolutionFig. 9 shows an interesting result. Since the SAR image for
and all operations required in the processing. Simulation paragach scatterer appears displacgd, = R-v/v,, the higher the
eters are listed in Table I. scalar producR - v, the larger the shift of the phase responses

First, the impulse response of a squinted SAR to fixed afidm the center of the physical antenna beam. As shown in the
moving targets has been studied for different integration timegpendix and also in [20], the phase response to a moving target
Fig. 8(a) and (b) show the impulse response of a fixed targetdisplaced azimuthally in the same manner as is the amplitude
for 200 ms and 10 ms integration time. As expected, the azsponse. A bias appears in the averaged phase when the phase
imuthal resolution is narrower for the longer integration timgump enters into the half-power beamwidth of the physical an-
Fig. 8(c) shows the impulse response for 10 ms integration tirtena (plot c1). This effect does not occur to the same extent for
of a moving, partially coherent target with phase-difference stthe aft beam (plot c2) since the angle between the velocity field
tistics of [11]. Its width is roughly the same as in Fig. 8(b). How¢aligned with the fore beam) and the aft beamds. X he scalar
ever, even for this short integration time, decorrelation affeqtgoduct is smaller and so the displacement.
the quality of the focusing. Fig. 10 shows velocity biases and standard deviations from

Fig. 9 shows the phase 6fz, y = yo) atyo = 1213 m, 3838 simulationsincludingfinite SNR. Foreachsimulation,asequence
m, and 6464 m, computed from (45). As computed, each powttinterferometric images is produced. Within each sequence,
in these plots corresponds to the system'’s response to a pigliven surface pixel appears at a slightly different position as
located at a given azimuth distance. Since the simulated surfétceaverses the physical antenna beam. For each position, the
velocity field is constant, the plots may also be viewed as tlecidence angle and the angle relative to the along-track direction
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Fig. 10. Measurement biases and standard deviations for four surface velacite$0, 25, 50, and 75 cm/s (corresponding to windé’cf 2, 5, 10, and 15
m/s). In each plot, the abscissa is ground range, and the ordinate is the direction of the surface velocity with respect to along-track direttiagleSgifixed
at 30°.

are computed. Then (10) is used to derive the radial velodifies crease in the standard deviation of about 30%, as the effective
and from them, the velocities in the along-track and cross-traitlikimination time7y is reduced.

directions are obtained using (11). Finally, from a set of 25 suchComputed standard deviations follow basically the shape ofthe
simulations, means and standard deviations are calculated. THRN® [Fig. 7(c)] withminimum SNR and maximum RMS velocity
are shown for the along-track and the cross-track directions farors at the swath edges. Note that, with the exception of small
four surface velocities 10, 25, 50, and 75 cm/s, which have beegidence angles (small ranges), the relative RMS error (RMSE)
associated withwinds of 2, 5, 10, and 15 m/s, respectively. NR@8creases with increasing wind speeds sincesthimcreases.
foreachcaseismodeledusingthe CMOD4 modelfunction.  This effect compensates the partial loss of correlation between

Abscissas in Fig. 10 indicate distance from the pixel to threeasurements at high winds. Similar results have been simulated
ground-track (asin Fig. 7), and ordinates indicate the directionfof other configurations: altitude, squint angle etc., and could be
the surface velocity with respect to along-track. With few excepxtrapolated fromthis particular DBI configuration.
tions, biases for velocities of 50 cm/s and below are distributed
about zero. As computed, standard deviations reflect the uncer-
tainty ofindividualinterferometric velocity estimates.

The bias situation is quite different far = 75 cm/s, where  This paper has described the principle of operation of an air-
the biases in both components are much larger than their doorne instrument designed to measure sea surface currents in
responding standard deviations. As commented, this effect asingle pass. It is based on the measurement of two interfero-
creases with both range and surface velocity, and the maximgrams, one using two antennas pointing forward, the other using
occurs when the surface velocity is aligned with the direction t#o pointing aft. Each provides one radial component of the sur-
the forward beam. To mitigate this problem, averaging of inteface velocity.
ferometric phases can be confined to a smaller region within theTo analyze the performance of this instrument, we have re-
physical antenna beamwidth. Simulations indicate that for thifewed the effects of SNR and finite coherence time of the sur-
configuration and wind speeds up to 20 Thsnegligible bias face backscatter. The response to the ocean surface of a squinted
occurs if averaging is confined to the 1-dB beamwidth of th&TI-SAR has been derived, including platform attitude and ve-
antenna. This condition guarantees that all the interferometidcity errors. An airborne instrument design has been summa-
phase samples in the impulse response lie in the linear regidred. Finally, system performance has been simulated, showing
Of course, this bias reduction comes at the expense of an am-inherent limitation in the number of interferometric phase

V. CONCLUSIONS
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samples that can be averaged for particular conditions. Thisin-  _ (@o+8:)ve+(yo+By)vy +(z0+B: —H)v.
trinsic limitation arises due to the shift in the position of the R?
SAR response to moving targets. To mitigate it, the number of 02 —(20+Ba)aw—(vo+By)ay — (zo+B.— H)a. ,
samples can be reduced by restricting the illumination time to + 2R2 t }
within the 1 dB beamwidth of the antenna. (32)
APPENDIX R (t)=
SQUINTED ATI-SAR RESPONSE WITHATTITUDE/VELOCITY 23+ B2 —220H  xov, + Youy + (20 — H)v,
ERRORS 2R |1+ 2R2 - R2 ¢
Referring to the geometry of Fig. 1, ideally, the platform is v? — Zoas — Yoay — (20 — H)a. ,
moving at a constant velocity along theaxis, at a height H + oR2 t } (33)

from the surface. Taking into account possible errors in the plat-
form movement, the positions of antennas 1 (fore) and 2 (aft) are
given by whereR? = z3+y3+H?, andB?, v?, anda” are all inner prod-
ucts of corresponding vector quantities. Here we have defined
the relative velocity = (v,, vy, v.) = v — Vo and accel-
erationa = (ag, ay, a.) = ap — ag. The signals collected by
Az =(—B,, —By, -B. + H) + vpt + 3a,t* (27) antennas 1 and 2 are given by

Ay =(B,, By, B.+ H) + vpt + L a,t? (26)

whereB = (B,, B,, B.) is the half-baselineB andv, can

be expressed as 5372(‘%'7 Y, t) ://511‘72(%’07 Yo, t)Gw($07 t)GU(yO)é

(Y —yo+ (x —xo)tan ) drg dyy  (34)
B = B(cos 3 cos~y, cos Bsin~y, —sin 3) (28)

vp =(vp + Avp, 0, Av) (29)  whereG,(x0, t) = exp(—2(zo — T — vet + B)2/X?) is the
squinted antenna pattern projected into the along-track direc-
where3 and y are the respective pitch and yaw angles. THiPN- The antenna pattern maximum is located:a¢ 7, and
velocity vector includes error terms in along-track velocity anidi€ Width of the antenna footprint in the along-track direction
in vertical velocity to account for possible estimation errors. B X - Gy(%0) is the antenna pattern projected in the cross-track

definition, the cross-track component of velocity is zero sincdrection, so that the composite antenna pattern is given by the
we have defined a yaw angle for the platform. productG,G,. This decomposition neglects the effect of the

The position of a moving observation point (e.g., the sea sffferential range between the leading and trailing edges of the

face) during a short integration time is approximated by constdfiPSS-track antenna pattern and so is valid for modest squints or

velocity and acceleration termg andag narrow beams only.
The signals collected by antennas 1 and 2 are then cross-cor-

1 5 related in the processor with reference signals
P = (.’L’O, Yo, ZO) + vot + 3 agt”.

Computation of the squinted ATI-SAR response including at- 4, (z, R, t) = exp <j 2k
titude and velocity errors generalizes the results described in R
[13], [20] for the sidelooking ideal case. The echo signals re-

ceived by the ATI-SAR are proportional to ho(z, R, t) = exp <j 2k

—(x + B)upt + U—thD (35)
P 2

) (36)

leading to a pair of complex images, »(x, y). The complex
éATI SAR image is then formed by taking the ensemble average
tWoduct

2

v
—zvpt + L 2

R 2

Sy2(P, t) = (P, t)exp (—jkRE(P, 1)) (31)

wherer(P, ¢) is the reflection coefficient of the surface at th
pointP and timet. Assuming that antenna 2 transmits, and bo
antennas receive, the two-way distance from antenna 2 to the

target @t = 2|P — A,|) and the distance from antenna 2 O (2, y) = (@5 (z, v)iz(z, y))
the target and back to antennail{ = |P — A;| +|P — A2|) ’ ’ ’
are approximately given by = /////(7’*(371, y1, t1)r(x2, Y2, ¥2) exp(JEAR))
R*(t) ~ “Galan, 1)Gy(y1)Ga (2, £2)Gy (y2)
rl14 22+ B2+2(z0Bo+yoBy+20B.— 20H—B.H) -hi(z1, Ry, t1)ho(w2, Rz, t2)

2R2 -dzy dzs dyl dyg dty dt,. (37)
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Consistent with other developments, the term within the expeand integrating oveyyy, the complex ATI-SAR image is ex-
tation is modeled assuming spatially uncorrelated backscafpeessed

and a Gaussian temporal correlation function
<T*(3717 Y1, t)r(@2, v, tg)ejkAR>
= 0’0(.1‘17 Y1, T)(S(xl — %2, Y1 _TQ/TSQ)CjkAR

(38)

— y2) exp(

wherer = ¢; — to andT = (¢; + £2)/2. With this assumption,
the differential range term in the complex exponential becomes

AR =RY(z1, y1, t1) — R (z1, u1, t2)

2
~ & (x1Bz + 1By + (-1 — H)B.)

-exp(JEAR) dr dT duxg.

G2 (y + (z — 20) tan 6,)

2
- exp <_F[2($0 —7)2 +3(2T% + 77/2)

+2B% — 4v,T(zo — T) — 2B, 7] )
2k

- exp <—j a(B —vpr) — Bup(T +7/2) + vﬁTﬂ)

R
(42)

v:)(t1 — t2)

— (w1 +y1vy + (21 — H)
— (Byvy + Byvy + Bov. )ty

It is known that the azimuth resolution is limited by an effective
integration time given by (5). Consequently, nearly optimum
spatial resolution is achieved for integration times larger than
but of similar order tor,, that is,7, < T; « X/v,. The use
of short integration times permits more independent interfero-
metric phase measurements from which radial velocity is es-
timated. We desire many independent estimates to reduce the
variance of the estimated velocity. If the integration time is of
the order of the coherence time, then the following approxima-
tion also holds:

kB -aT? < R. (43)
Using this approximation and expanding th&? term in (42),
we obtain

I(z, y)

2 13
+(U — X110y — Y1Qy — (2’1 _H)az) 2
t2

—(Bza, + Byay, + B.a.) 51:| (39)

which can be written in a more compact form as
2 T
AR~ |R-B=(R-v)r—(B-v) (T+§)
B- 2

+(? —R-ayl— Ta (T+ %) } (40)

whereR = (x0, o, 20 — H) is now the vector from the point

on the surface to the midpoint of the interferometer. Since the
coherence time is a function of the electromagnetic wavelength,
the sea state and also the spatial resolution, which in turn, de-
pends on the integration time and coherence time, it is proper to
retain it inside the integral. However, for moderate resolutions,

the coherence time’s dependence on spatial resolution is small

and can be assumed to be constant for a particular wind speed

and electromagnetic wavelength.
Inserting (35), (36), (38), and (40) into (37), renaming the
variables £1, 1) to (zo, ¥o), We obtain

//// (20, 0, T) exp(—7/72)G2 (1)

exp< XQ[ (w0 — )% +v2(217 +72/2)

+2B% — 4u,T(zo — T) — 23%T])

2
- exp <—j 2k [x(B — UpT

7 ) — Bup(T+7/2) +U§T7‘])

= /mexp <—4

B2
F) T, //ao(azo, y+ (z—zo)tanby, T)

. Gz(y + (& — zo) tan ;)

2B
X (44)

2
+ vx} Ta2 dT dxg.

Finally, the squinted ATI-SAR response is obtained by inte-
grating overT in the interval[—7; /2, T; /2] yielding

I(z, y)

~exp(jkAR)6(y — yo+(x — o) tan 0,) dr dT dxo dyo
(41)

:ﬁﬂ/Taa

°(zo0, ¥y + (z — w0) tan b, 0)
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The various exponential terms in this expression can now b
interpreted. Given the assumptions made to get to this point,
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