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ERIM
1.0 INTRODUCTION AND SUMMARY

Under this program, four main research activities were performed: (1) processing

and distribution of SAR data collected with the airborne NAWC/ERIM P-3 Synthetic

Aperture Radar (SAR) system; (2) determination of the cross-channel coupling in the

cross-polarized data collected by the system; (3) generation of three-dimensional

Fourier transforms from spotlight SAR data collected with the system and comparison

with a linear Modulation Transfer Function (MTF) theory; and (4) generation of

simulated SAR image spectrum using a non-linear MTF theory. The first three

activities will be summarized in this report. The fourth activity is summarized in a

second report [1].

The processing and distribution of SAR imagery is discussed in Section 2 where

details on the image parameters and a summary of all the available data will be found.

In total, 273 stripmap images, 64 spotlight images and 9 corrected spectra were

generated and distributed.

The analysis of the cross-channel coupling in the system showed that the

cross-polarized data was not useable; the coupling from the like-polarized channels

swamped any actual cross-polarized return. This is discussed in Section 3.

Analysis of the spotlight data showed that a three-dimensional Fourier transform

of the spotlight imagery did indicate a dispersion relation that was consistent with deep

water wave dispersion. However it also indicated a large amount of smearing in the

spectral domain. One dominant cause of the smearing is the SAR MTF, and it was

shown that a plot of the SAR image spectrum as a function of time during the spotlight

collection could be used to compare against models for the MTF while being invariant

to registration errors in the data; registration errors being the other major cause of

smearing in the spectral domain. Using a linear model, estimates for the three

unknown parameters (the standard deviation of radial velocities, the magnitude of the

1



ERIM
real transfer function, and the phase of the real transfer function) were generated from

the SAR data. These estimates were not very tight due to both the noise in the SAR

measurements as well as its general insensitivity to changes in the parameters, but they

were sufficient to indicate intervals for the parameters. This is discussed in Section 4.

2
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2.0 SAR IMAGE GENERATION AND DISTRIBUTION

Table 1 lists the SAR stripmap data that was generated from the NAWC/ERIM P-3

SAR system. This system is an airborne SAR, based in a P-3 aircraft. It has three

frequencies, X-band (0.032 meters), C-band (0.0565 meters) and L-band, (0.2397

meters), and collects data in HH (horizontal transmit, horizontal receive), VV (vertical

transmit, vertical receive) polarizations as well as cross-polarizations. As discussed in

Section 3, the cross-polarized channels did not have sufficient signal to noise to be

useful for the SAXON-FPN collection. For any one pass with the sensor, four channels

can be recorded simultaneously where each channel can be any one of the possible

wavelength/polarization combinations. The SAR imaging geometry parameters used

for each image as well as the wavelength and polarization are recorded in Table 1.

The sensor normally collects data spaced at 1.2 meters in the slant range plane and

0.09 meters in the azimuth direction. The azimuth data is downsampled by a factor of

6 on the sensor to generate 0.54 meters samples. When the data is processed into an

image, in order to generate imagery that covers more area, the data for the sensor is

downsampled an additional three times, resulting in samples that are spaced by 1.62

meters in azimuth. This data is then coherently processed to generate a complex-valued

SAR image. The image data is formed by taking the intensity of the complex-valued

samples and averaging four intensity samples in range and three intensity samples in

azimuth together to form one output sample. The output SAR imagery thus has a

spacing of 4.8 meters in range and 4.86 meters in azimuth and is approximately 12

looks. The imagery was also mapped into the ground plane, and both slant plane and

ground plane images are available for the data in Table 1.

Spotlight images were also processed for two passes; Nov. 6 pass 14 and Nov. 6

pass 28. Thirty-two images were generated for each pass spaced approximately every

two degrees in squint angle. Each image was processed with an integration time of 1.5

3
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TABLE 1.

PROCESSED SAR STRIPMAP IMAGERY

DATE PASS AIRCRAFT AIRCRAFT AIRCRAFT WAVELENGTH/
TRACK (0T) ALTITUDE SPEED MKTS) POLARIZATION

______~~(Fl) _ __ _ _

Not 6 2 330 5516 250.5 XVV,CVV,LVV,LHH

Nov 6 4 150 5516 243.0 XVV,CVV,LVV,LHH

Nov 6 5 240 5516 239.3 XVV,CVV,LVV,LHH

Nov 6 9 195 5573 246.6 XVVCVV,LVV,LHH

Nov 6 10 285 5547 234.8 XVV,CVV,LVV,LHH

Nov 6 11 105 10269 244.0 XVV,CVV,LVV,LHH

Nov 6 12 240 10261 259.0 XVV,CVV,LVV,LHH

Nov 6 15 195 10277 265.8 XVV,CVV,LVV,LHH

Nov 6 16 330 10277 227.5 XVV,CVV,LVV,LHH

Nov 6 19 150 10292 241.1 XVV,CVV,LVV,LiH

Nov 6 21 285 20310 260.2 CVV,CHH,LVV,LHH

Nov 6 24 330 20341 245.8 CVV,CHHLW,LWHH

Nov 6 25 150 20341 248.8 CVV,CHH,LVV,LHH

Nov 6 26 015 20341 251.7 CVV,CHH,LVV,LHH

Nov 6 29 240 20357 259.6 CVV,CHH,LVV,LHH

Nov 8 2 330 5122 257.0 XVV,CVV,LVV,L.HH

Nov 8 4-7 150 5153 244.0 XVV,CVV,LVV,LHH

Nov 8 8-9 015 5161 252.0 XVV,CVV,LVV,LHH

Nov 8 10 240 5169 245.2 XVV,CVV,LVV,LHH

Nov 8 11 060 5201 240.0 XVV,CVV,LVV,LHH

Nov 8 12 285 5193 247.2 XVV,CVV,LW,LHH

Nov 8 15 330 10426 247.2 XVV,CVV,LVV,LHH

Nov 8 16 150 10434 240.0 XVV,CVV,LW,L.HH

Nov 8 17 015 10450 244.1 XVV,CVV,LVV,LHH

Nov 8 18 240 10434 243.1 XVV,CVV,LVV,IHH

Nov 8 19 060 10450 245.9 XVV,CVV,LVV,LHH

Nov 8 20 285 10418 233.9 XVV,CVV,LVV,LI-H

Nov 8 23 015 20530 251.9 CVV,CHH,LVV,LHH

Nov 8 24 240 20506 244.3 CVV,CHH,LVV,LHH

4



TABLE I.
PROCESSED SAR STRIPMAP IMAGERY (CONTINUED)

DATE PASS AIRCRAFT AIRCRAFT AIRCRAFT WAVELENGTH/
TRACK (0T) ALTITUDE SPEED (KTS) POLARIZATION

Nov 8 25 105 2053() 251.2 CVV,CHH,LVV,LHH

Nov 8 26 240 20506 241.9 CVV,CHH,LVV,LHH

Nov 8 27 330 20530 239.4 CVV,CHH,LVV,LHH

Nov 8 28 150 20514 240.0 CVV,CHH,LVV,LHH

Nov 8 31 074 20467 264.5 CVV,CHH,LW,LHH

Nov 8 32 180 20436 265.2 CVV,CHH,LVV,LHH

Nov 14 2 360 7917 269.0 XVV,CVV,LVV,LHH

Nov 15 1 360 8484 277.0 XVV,CVV,LVV,LHH

Nov 15 9 015 5201 278.5 XVV,XHH,CVV,CHH

Nov 15 14 240 5216 275.2 XVV,XHH,CVV,CHH

Nov 15 15 060 5201 296.5 XVV,XHH,CVV,CHH

Nov 19 2 135 4980 252.0 XVV,CVV,LVV,LHH

Nov 19 4 315 5060 252.0 XVV,CVV,LVV,LHH

Nov 19 7 045 4906 256.0 XVV,CW,LVV,LHH

Nov 19 9 225 5000 245.5 XVV,CVV,LVV,LHH

Nov 19 13 135 18950 255.0 CVV,CHH,LW,LHH

Nov 19 14 315 19450 244.6 CVV,CHH,LVVLHH

Nov 19 16 045 19010 252.0 CVV,CHH,LW,LHH

Nov 19 17 225 19130 248.6 CVV,CHH,LVV,LHH

Nov 19 21 000 4460 256.0 XVV,CVV,LVV,LHH

Nov 20 2 360 4870 260.0 LVV,LHH

Nov 26 2 360 11802 251.5 LVV,LHH

Nov 26 3 240 19340 242.5 CVV,CHH,LVV,LHH

Nov 26 6 015 19380 252.0 CVV,CHH,LVV,LHH

Nov 26 8 330 19349 255.9 CVV,CHH,LVV,LHH

Nov 26 10 150 19349 244.0 CVV,CHH,LVV,LHH

Nov 26 11 285 19400 251.0 CW,CHH,LW,LHH

Nov 26 13 150 10481 255.0 XVV,CVV,LVV,LHH

Nov 26 14 330 10560 248.6 XVV,CVV,LVV,LHH
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TABLE 1.
PROCESSED SAR STRIPMAP IMAGERY (CONCLUDED)

DATE PASS AICRAFT AIRCRAFT AIRCRAFT WAVELENGTHI
TRACK (°T) ALTITUDE SPEED (KTS) POLARIZATION

Nov 27 2 360 4870 253.9 XVV,XHH,CVV,LHH

Nov 27 6 345 4980 249.9 XVV,XHIH,CVV,LHH

Nov 27 9 255 4870 270.3 XVV,XHH,CVV,L H

Nov 27 22 345 19743 252.7 XVV,XHR,CVV,LHEH

Nov 27 26 255 19759 249.7 XVV,XHH,CVV,LFH

Nov 27 28 300 9852 251.4 XVV,XHH,CVV,LHH

Nov 27 30 345 9978 257.2 XVV,XHH,CVV,LBH
- _ _ _

S.. . . I i i • I II I6



seconds. For spotlight data no downsampling is done by either the sensor or the

processor so the complex-valued image samples are spaced by 1.2 meters in the range

direction and 0.09 meters in the azimuth direction. Two intensity values in range and

27 intensity values in azimuth are then averaged together to generate images with 2.4

meter samples in range and 2.43 meter samples in azimuth.

A series of stripmap images processed at different integration times was also

generated from two passes; Nov. 6 pass 25 and Nov. 26 pass 3. Only the L-band VV

data was used and the integration times were set at 0.012, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,

0.7, 0.8, 0.9 and 1.0 seconds; the lowest value being the smallest possible integration

time since it is the time it took the sensor to fly one azimuth sample.

Finally, spectra were generated from a small subset of the stripmap and spotlight

data that were corrected for the sensor Impulse Point Response (IPR) weighting; Nov.

15 pass 14 and Nov. 6 passes 2, 19 and 25. The correction procedure used can be

found in [2]. If we let i represent the complex-valued SAR image and FTr represent

the Fourier transform of what is within the brackets, then the correction procedure is

S= I FT[i12112

IFT'1[IFT[i] 12]12(1

where S is the estimated spectrum. The numerator in Eq. (1) is the normal image

spectrum. The denominator in Eq. (1) represents an estimate of the SAR IPR

weighting which is then removed from the image spectrum by division.

7
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3.0 ESTIMATION OF THE CROSS-CHANNEL COUPLING

One of the intended uses for the P-3 SAR data was to compare with

cross-polarization data collected in situ. Before this comparison could be done, we

analyzed the cross-polarization data collected by the P-3 SAR to determine whether it

contained useful data. The cross-polarized data was collected with X-band and C-band,

for which the signal to noise ratio over the ocean is lower, and thus had the potential

to be corrupted by leakage from the like-polarized channels.

We assumed that

dwfpjrw+p2 r•,+ rV (2)

where dvH is the complex-valued data recorded by the sensor in the VII channel, rw

is the complex-valued W response from the target, rHH is the complex-valued HH

response, and rvH is the cross-polarized response. The constants P, and p2 represent the

cross-channel couplings; i.e. the amount of leakage from the like-polarized return into

the cross-polarized channel. To estimate these couplings we assulme that E[rvrXvv] =

E[rv~r'm] = 0 where E[] represents the expected value (over a large number of image

samples) of what is within the brackets. This assumes that the like and cross-channels

are uncorrelated. Using Eq. (2) we have that

E [d41 j=p1E [Vrlr]+p2 E [Ir,,H12]

All of the E[ ] quantities in Eq. (3) can be measured. Using these quantifies as

coefficients, the linear equations in Eq. (3) can then be solved for Pi and p2. In general

we would expect these couplings to be a function of incidence angle, and thus Eq. (3)

needs to be solved for each incidence angle. A similar set of equations can be

generated for the HV channel.

8
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Figure 1 shows the clutter to noise ratio for the VV and VII channels for X-band

data collected at the lowest altitude (5000 feet) and the highest wind speed, and thus

with the best chance of having useful cross-polarized data. Note that the

cross-polarized channel is approximately 15 dB down from the like-polarized channel

indicating that the coupling between the channels must be less than 15 dB if the

cross-polarized data is to be useful. Figure 2 shows the same curves for the HH and

HV changes; note the expected decrease in clutter to noise ratio between VV and HH,

although the cross-polarized return is only 5 dB down from the like-polarized return for

this case. The cross-channel correlation (i.e. the left hand side of Eq. (3)) is shown in

Figure 3 for the VII channel and in Figure 4 for the HV channel. Using these with the

data in Figures 1 and 2 generates the estimates of p, and p2 shown in Figure 5 for the

HV channel and in Figure 6 for the VII channel. At the location of the peak in clutter

to noise for Figures 1 and 2 (approximately 60 degrees incidence angle), the HV

coupling with the VV channel is approximately -20 dB and with the HH channel is

approximately -10 dB; borderline values for useful data. The VII coupling is similar;

1-18 dB for the V channel and -10 dB for the H channel.

Using the values in Figures 5 and 6, we can correct the cross-polarized data by

subtracting out the coupling from the like-polarized channels. When we performed this

for the data being analyzed, the resulting cross-polarized channels were only noise; i.e.

no useful data was left. This indicated that the cross-polarized data was being

dominated by the leakage from the like channels and not from actual cross-polarized

returns from the ocean surface. Since this was the lowest altitude data, and the highest

wind speed, it was the most favorable. We therefore concluded that the cross-polarized

data from the experiment was not useful.

9
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4.0 SPOTLIGHT DATA ANALYSIS

The major analysis task for this program was to utilize the spotlight data collected

during the experiment to generate three-dimensional Fourier transforms. Unlike a

stripmap mode, in a spotlight mode the SAR sensor keeps the antenna focused at one

location on the ground during the entire collection. This generates a series of SAR

images taken at the same location on the ocean but at different times; i.e. time series

data. Stacking the images in time generates a range, azimuth, time description of the

ocean surface, and a three-dimensional Fourier transform of this cube of data then

generates a lk, Icy, w description of the imagery. What was of interest to this task was

to determine how the resulting 0(l,,,w) data differed from the known dispersion

relation and whether these differences could be accounted for by existing theories. One

major problem that was known a priori was that registration errors in the spotlight

images caused by drifting of the sensor would cause a smearing in the (k0,ky,w) domain

that would be almost impossible to remove. However, as will be discussed below, it

is possible to make a measurement from the spotlight data that is insensitive to

registration errors, but still sensitive to changes in the SAR MTF during the collection.

These latter effects should also be a major cause of smearing in the (k1,ky,w) domain

and can, using the measurement mentioned above, be estimated from the spotlight data.

It is important to understand how the spotlight data is generated in order to

understand how it is affected by the MTF function; this is discussed in Section 4.1.

Estimation of (kI,ky,w) data from the SAR imagery is discussed in Section 4.2, where

examples of three-dimensional Fourier domain spectra are shown for two spotlight

passes. Section 4.3 discusses the possible smearing effects in the (k1,k,,w) domain and

particularly how the MTF effects can be isolated from the registration errors. Section

4.3 also discusses how a linear model for the MTF can be fit to the spotlight data to

estimate the parameters of the MTF model. Finally, Section 4.4 compares the MTF

16
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parameters estimated from the SAR spotlight data to the in situ measurements of the

same parameters.

4.1 PROCESSING SPOTLIGHT SAR DATA

Spotlight SAR data needs to be processed differently from stripmap data due to the

different manner in which it is collected. For spotlight data, every scatterer within the

scene is illuminated constantly throughout the collection, whereas with stripmap data

a scatterer is only illuminated when the SAR antenna beam passes over it. This implies

that for spotlight data the response received by the SAR from each scatterer is slightly

different, whereas for stripmap data the response is the same for any scatterer that is

at the same broadside range to the sensor. Thus spotlight data must be processed with

a filter that incorporates all of the different responses for each scatterer within the

scene.

Figure 7 illustrates how we processed the spotlight data for this analysis. The box

in the top of Figure 7 represents the scene being imaged and the first strip represents

the phase history data collected by the SAR. This figure assumes that the data has been

range compressed and thus consists of a collection of azimuth responses for the

scatterers in the scene. Figure 7 assumes that three scatterers are in the scene, and the

lines in the phase history represent the azimuth responses from each scatterer. Note

that each azimuth response is shifted in the phase history due to the different azimuth

location of the scatterer.

Only a piece of the phase history is processed for spotlight data; whichever piece

corresponds to the time required for that image. This is illustrated in Figure 7 by the

shaded region within the phase history data. Note that within the region, the azimuth

response from each scatterer in the scene is different even though the scatterers are at

the same broadside range. However, although they are different responses, each

response is actually a shifted piece of a single response. They can therefore be Figure

17
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processed with a single filter, if that filter is large enough to contain the pieces of the

response from each scatterer. This is illustrated in the bottom strip of Figure 7 which

represents the azimuth filter. It is indicated as twice as wide as the time interval to

process in the phase history data and contains only one response; however the middle

portion of that response corresponds to the middle scatterer response in the shaded

region of the phase history data, the left portion corresponds to the left scatterer, and

the right portion corresponds to the right scatterer. Thus correlating the phase history

data with the indicated azimuth filter will process all of the point targets simultaneously.

This processing algorithm has one irmiportant result for the analysis discussed below;

for each spotlight image, the direction usually considered to be the azimuth direction

is at a different angle. One way to define the azimuth direction is the direction along

which a scatterer will be shifted if it has a radial velocity with respect to the sensor.

This shift is always along the azimuth response of the scatterer. For the time interval

illustrated in Figure 7, this response is rotated by some angle, so that the scatterer

would not shift horizontally (i.e. in the flight direction of the sensor) but rather would

shift along the indicated azimuth response at its specific angle. As the time interval

to process moves closer to the middle of the scene, this azimuth direction rotates back

to a horizontal position, and then rotates in the other direction as the time interval

moves to the right of the middle.

The actual angle of the azimuth direction can be calculated as follows. The azimuth

response follows a curve determined by the range between the sensor and the scatterer.

If we let R(x) be the range when the scatterer is at azimuth location x we have that

R (x) =VRg(X-Xo)2

where R. is the broadside range to the scatterer and x. is the azimuth location of the

scatterer. Taking the first derivative of Eq. (4) with respect to x gives the slope of the

response, the inverse tangent of which is the required azimuth rotation. Specifically
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O=tan- 1  l=tan-1 [sin[q]] (5)

where 0 is the azimuth rotation angle and 4 is defined as the squint angle; i.e. the angle

that the sensor is from broadside. Note that Eq. (5) depends on both the range and

azimuth location of the scatterer and thus is different for each scatterer. However the

image scene for the P-3 spotlight mode is relatively small (1 km by 1 km) and thus the

change in 0 for scatterers within this scene is small and can be considered constant.

We can define the range direction for any image as pointing at the SAR, and in the

slant plane this will be the squint angle defined above. Note that although Eq. (5) is

approximately equal to the squint angle for small squint angles, for larger squints it can

differ by a few degrees. Thus for the spotlight data the azimuth and range directions,

as defined above, are not necessarily orthogonal. The difference is slight however, and

we will ignore it in what follows.

Therefore, if we generate a series of SAR spotlight images using the algorithm

described in Figure 7 above and register them so that the horizontal direction is along

the sensor flight path, each image will have its azimuth and range axes rotated by

approximately the average squint angle of the data used to generate that image. This

will be most important in the MTF analysis discussed in Section 4.3.

4.2 GENERATING THREE-DIMENSIONAL FOURIER TRANSFORMS

There are two main algorithms for generating three-dimensional spectra from

spotlight data. The first is the most conceptually straightforward -- stack the images

in time to generate a cube of digital samples and then perform a three-dimensional

Fourier transform on the cube. The second algorithm involves utilizing the ambiguity

function [3] of the range compressed phase history data. Both algorithms were

analyzed and it was determined that the spectral estimates they provided were

essentially equivalent, however the ambiguity algorithm approach suffered from more
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complicated implementational difficulties. Thus for this analysis we choose the simply,

time stacking approach. A paper describing the mathematics used to analyze the two

approaches as well as a more detailed description of the ambiguity function algorithm

was published in the IGARSS '92 proceedings and is included as the Appendix.

Figure 8 illustrates the time stacking approach that was used. Due to the way that

a SAR collects data in the spotlight mode, each SAR image is of the same location on

the ocean surface but is taken over a different time interval. If the integration time for

each image is small compared to the period of the dominant wave, we can consider

each SAR image to be a snapshot of the ocean surface at a constant time; say the

middle time of the integration period. Thus the spotlight SAR imagery represents a

cube of data as shown in the left illustration in Figure 8; each spotlight image contains

samples that vary over the along track and cross track directions but which were

collected at a constant time. If we perform a three-dimensional Fourier transform on

this data, we will get the three-dimensional spectrum in coordinates K1, along track

spatial frequency, ik, cross track spatial frequency, and w, temporal frequency. This

is illustrated in the right diagram of Figure 8. Implementationally this is done by first

performing two-dimensional Fourier transforms on each spotlight image, and then

performing one-dimensional Fourier transforms for each "column" in Figure 8. That

is, for a constant (k,,ky) location in each 2-D spectrum of the SAR imagery one

considers the complex-valued data from each spectra to represent samples of a function

in time, and a one-dimensional Fourier transform of this data then generates a plot

through w values at that (k1,k1) location. Performing such a one-dimensional Fourier

transform on every (k.,k,) sample in the image spectra generates the final 3-D

spectrum.

To make the 3-D spectral estimate more accurate there are some known SAR

imaging effects that should be removed. The most dominant is the SAR antenna pattern

weighting which introduces a modulation in both range and azimuth for each SAR

21



§=RIM

x

00 4

'oU

iz4

22)



-_ RIM

spotlight image. In addition, since each image is registered to be in along track and

cross track coordinates, the antenna pattern will be rotated at a different angle in each

image; approximately equivalent to the squint angle for that image. If not removed,

this changing modulation will introduce significant smearing in the final 3-D spectrum.

Our method of removal is to smooth each image with a large median filter so that only

the low frequency modulations in the image survive the filtering. This highly smoothed

image estimates the two-dimensional antenna pattern and the original SAR image is

divided by it. We normalize the antenna pattern estimate to have unit mean before

performing the division in order to not change the scale of the SAR imagery.

A second effect is the IPR of each SAR image. This essentially represents the

limited resolution of the imagery and manifests itself as a weighting on the

two-dimensional spectra formed from each image. Because of the rotation of range and

azimuth coordinates for each image discussed above, this IPR spectral weights also

rotates for each spectrum causing, for a given (k.,k 91) location, a modulation of the

spectra in time and thus a smearing in the w direction. It can be removed using the

algorithm described in Section 2.0 that generated the corrected spectra, however we

have found that it is a small effect for the data analyzed below and that removing it had

no affect on the results.

A third effect is the SAR MTF which relates ocean surface waveheight data to SAR

imagery spectra. In a linearized version this manifests itself as an additional weighting

on the spectra of the individual SAR images which also rotates for each image. This

is a much more significant effect than the IPR weighting and will be discussed in more

detail below.

Finally there is a major effect caused by registration errors in the SAR sensor. The

discussion so far has implicitly assumed that the SAR images are of the same location

on the ocean surface. This will not be true if the SAR sensor is wandering from its

desired track. Such wandering introduces a shift into each image relative to its
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consecutive images which manifests itself as a phase error in the SAR image spectra.

When the final one-dimensional Fourier transforms are done on the image spectra, this

phase function will cause a smearing along the w axis. This is the one dominant error

that we had no control over. We attempted to register the images using the tower

response if it was in the scene, but this proved to have too extended of a signal and thus

not be highly correlated from image to image. We wil see below that we can still

make estimates of the SAR MTF using the intensity of the two-dimensional image

Fourier transforms (which will be insensitive to registration errors since these only

effect the phase of the image Fourier transforms) but that smearing along the w axis

most probably caused by these registration errors will still be in the data.

Figure 9 is a flowchart which summaries the full algorithm we used to generate our

spectral estimates with all the possible corrections indicated (except for a correction for

registration errors). Figure 9 also shows a correction for a speckle bias in the

two-dimensional image spectra which we did not perform since it does not cause any

smearing in the final three-dimensional spectrum. As indicated in Figure 9 by the

dashed line, we usually went right from the two-dimensional image Fourier transforms

to the final one-dimensional time Fourier transform without performing the IPR (or

speckle bias) correction or the MTF correction. As mentioned above the IPR

correction was insignificant. For the MTF analysis we never corrected the whole

image spectrum but only the portion corresponding to the dominant wave spectrum; this

is discussed below in more detail.

Using the algorithm shown in Figure 9 (without the IPR and MTF corrections) we

generated three-dimensional spectra for the three spotlight data passes during Nov. 6;

passes 8, 14 and 28 which represented a low altitude (5000 feet) medium altitude

(10000 feet) and high altitude (20000 feet) case, respectively. The early analysis

concentrated on the first two passes (8 and 14) since the higher altitude pass represented

more significant MTF effects. The middle and higher altitude passes however were
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Figure 9. Flowchart Showing the Algorithm, With Corrections, for Generating

Three-Dimensional Fourier Transform Data.
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used for the MTF analysis discussed below. For each case 32 spotlight images were

generated using a 1.5 second integration time and separated by 1.5 seconds. The

dominant wave for Nov. 6 was approximately a 90 meter wave travelling in the cross

track direction. The period for such a wave is approximately 7.5 seconds and thus the

integration time is a small fraction of the dominant wave period. Figure 10 shows an

example of the spotlight imagery from pass 8. Every other image is shown, resulting

in 16 images. The horizontal direction is the cross track direction and the vertical is

the along track. The left edge of each image is the near range and the right edge is the

far range. There are approximately seven wavelengths of the dominant wave across

each image and they are propagating from the far range (right) to the near range (left).

The images increase in time from the upper left to the lower right and sequentially

along each row from left to right. Note an apparent rotation effect from the early time

images (upper left) to the later time (lower right). This is caused by the SAR IPR

weighting producing a smearing in the azimuth direction, however the azimuth direction

is rotating as a function of time as discussed above.

Figure 11 shows the spectra from each of the images in Figure 10. Again this is

every other image so only 16 are displayed. The spectra in Figure 11 have been highly

saturated so that the wave peaks are invisible. What can be seen are the two dominant

spectra weightings discussed above; the IPR and MTF weightings. The small cigar

shaped rotating about the middle of the spectra represents the MTF weighting. It is

dominated by the azimuth falloff term (see Section 4.3) which is rotating with the

azimuth direction. The slightly dimmer cloud around this is the IPR weighting. Note

that it also rotates with the azimuth direction in each image, but in addition it changes

shape significantly. However, as mentioned above, we found that this weighting did

not have a significant impact on the analysis and thus we ignored it.
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SAXON-FPN SPOTLIGHT DATA
NOV. 6 PASS 8

LOOK ANGLES -260 to +230
SATURATED SPECTRA

Figure 11. Example of Image Spectra From Nov. 6 Pass 8. Spectra are Highly
Saturated to Illustrate the MTF and IPR Spectral Weightings. Every
Other Spectra is Shown.
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Figures 12 and 13 illustrated what the dominant wave peaks are doing in each

spectra (as opposed to what the spectra weightings are doing as was illustrated in Figure

11) for passes 8 and 14. These are contour plots of the dominant wave peaks as a

function of time (and therefore squint angle). The squint angle for each spectra is

indicated at the top and the largest circle in each plot represents a 100 meter wave.

The contours are every 1 dB. It is interesting to note that there is not a significant

change in the location of the dominant wave peaks for either pass; although pass 14

does show a hint of a splitting in the spectrum at a squint angle of +2 degrees. To

quantify this we located the position of the peak in each spectra. These dominant

wavelengths and wave directions are plotted in Figures 14 and 15 as a function of look

angle (which is equivalent to squint angle defined above). The lower altitude pass

shows more variability than the middle altitude pass, although both show angle

variations that are less than ± 14 degrees. The dotted line on each wave angle plot is

the expected dominant wave angle if the SAR was only picking out the range

component of the wave; i.e. the dominant wave angle would be equal to the SAR look

angle. Note, however, that throughout pass 14 and in the early part (negative look

angle) of pass 8 the dominant wave number is shorter than 90 meters, sometimes as low

as 60 meters. The spectral resolution of the data was such that the dominant wave

length could range from 75 to 105 meters, but not as low as 60 meters. This was a

discrepancy we were not able to resolve.

Because it is sometimes of interest to the theories, we also plotted the average

spectral intensity and maximum spectral intensity for each pass. These are shown in

Figure 16 and 17. For pass 14 there appears to be large noise effects at the edges of

the collection and these should be ignored. For both passes the peak spectral values

appear to be around 0 degrees look angle which would represent the look direction

being into the propagation direction of the waves.
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Nov. 6 Pass 8. Every Other Spectra is Shown.
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Figure 13. Contour Plots of Dominant Wave Peaks in Spotlight Spectra From
Nov. 6 pass 14. Every Other Spectra is Shown.
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Finally, we performed the final one-dimensional Fourier transform of the spectra

to generate the (k1,k7,w) data. For a given w value we integrated the (k0,ky) plane over

angles to generate a one-dimensional plot versus wavenumber, k=ýf +kY. A cascade

plot of these curves for each w value is shown in Figure 18 for pass 8. For this pass

we were able to remove most of the registration error by using the response of the

SAXON-FPN tower in each image to shift the images relative to each other. However,

due to the extended and changing nature of the tower response, this still left some

residual errors. The bars drawn beneath each curve represents the range of

wavenumbers, k=w2 /g, that correspond to the dispersion relation for the w value.

There is a range of values due to our sample spacing along the w axis. The dominant

wave should lie on an w value of 0.83 and a wavenumber of 0.07. This is relatively

consistent with the data; the w=0.76 curve (the closest to the actual w value) shows the

dominant energy and it peaks at approximately the right location for the dispersion

relation. There is a fair amount of smearing in the data however; we are not seeing

delta-like functions following the dispersion curve but rather very elongated functions.

Figure 19 shows the full (k,ky) planes for 16 different w values; these are the lower

16 w planes where the dominant wave energy should be located based on its

propagation direction. The w values increase from the upper left to the lower right in

Figure 19. The green samples indicate the spectral energy in each plane. The red dot

in each plane represents the (k,,k 7) location for that plane that corresponds to the

dispersion relation for waves traveling in the cross track (horizontal) direction. The

dominant wave energy should be located between the seventh and eight w planes in

Figure 19 and note that these planes do contain the brightest spectral values and are

consistent with the dispersion relation (i.e. the red dot is within the spectral energy).

However it can be seen from Figure 19 that the energy in these w planes is being

smeared to the consecutive planes in the same (k,,ky,) locations making these outer
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Bars Indicate Dispersion Curve

Figure 18. Three-Dimensional Fourier Transform of Nov. 6 Pass 8 Spotlight
Data Collapsed into a Series of w vs. k Plots. Bars Indicate Ranges
of k Values for a Given w Sample.
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planes inconsistent with the dispersion relation. One can see from this expanded view

in Figure 19 that this is one of the major causes of smearing in Figure 18.

Thus for pass 8 we were able to demonstrate that a three-dimensional Fourier

transform of the spotlight data did in fact peak at locations in (kx,ky,w) that were

consistent with the dominant wavenumber and direction, and consistent with the

dispersion relation. However there was also a large amount of smearing in the

(kx,ky,w) domain resulting from the causes discussed above. Below we will discuss

how we utilized this smearing to estimate parameters for the SAR MTF.

We also attempted to do this analysis on the middle altitude data from pass 14.

However the results were inconclusive, most probably due to the fact that we could not

remove any of the registration errors for this pass since the tower was not included in

the images. Figure 20 shows a similar plot to Figure 18, but this data seems

inconsistent with the dispersion relation and no clear peak is visible. We did not form

the expanded images for this case due to these inconclusive results.

4.3 ESTIMATING MTF PARAMETERS FROM THE SPOTLIGHT DATA

In the previous section we saw that for Nov. 6 pass 8 a three-dimensional Fourier

transform of the spotlight data generated spectral values that were consistent with the

dispersion relation but that had a fair amount of smearing in the spectral domain. In

this section we will investigate this smearing in a little more detail, and show that there

exists a measurement (intensities of the SAR image Fourier transforms as a function of

time) which is dominated by one of the major causes of smearing, the SAR MTF, and

unaffected by the other, registration errors. We will attempt to use this measurement

to estimate parameter values for the MTF.

Figure 21 illustrates a method of understanding the smearing in the (k.,ky,w)

domain that will be useful to what follows. The top illustrations show the first step in

generating the three-dimensional transforms; two-dimensional Fourier transforms are
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Figure 20. Three-Dimensional Fourier Transform of Nov. 6 Pass 14 Spotlight
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k Values for a Given w Sample.
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performed on the image data stacked in time to generate spectral data F(k,ky) at

different times. For a given (k,,ky) location we could plot the spectral data as a

function of time along the line indicated in Figure 21, which would result in a function

of time as shown in the bottom left plot. A one-dimensional Fourier transform of this

function would then generate a function of w; in fact this would be a cut through the

three-dimensional spectrum, S(kx,ky,w) at the specific (kx,ky) location. Ideally this

function should be a delta function at the w value that corresponds to the dispersion

relation as indicated in Figure 21. However, in actuality it is some extended function

which represents the convolution of the delta function with a smearing function. The

delta function component of S(k,,ky,w) comes from a constant magnitude, linearly

changing phase, component in F(k,,ky,t) which represents the actual wave information

that we wish to estimate. The smearing function component of S is the Fourier

transform of any modulations of F(kx,ky,t) as a function of time beyond the wave

information described above. Such modulations represent a multiplicative factor in

F(kx,ky,t) and thus represent a smearing function in S(k,,ky,w).

As discussed in Section 4.2, this modulation function comes from two dominant

sources; error in image registration and the SAR MTF. The image registration errors

cause only phase errors in F(kx,ky,t) since they are shifts in the spatial locations of the

original imagery. The MTF modulations cause both phase and magnitude errors in

F(kx,ky,t). Thus if we plot just the magnitude of F(kx,ky,t) for a given (kx,ky) location,

the modulations will be dominated by the SAR MTF.

The cause of these SAR MTF modulations is illustrated in Figure 22. For each

SAR image, the azimuth and range axes are rotated differently due to the nature of

spotlight data collection. Thus after performing the two-dimensional Fourier transform,

although the kx,ky axes are in the same orientation, the MTF spectral coordinates (i.e.

range and azimuth wavenumber) are rotated as indicated in Figure 22. This means that

modulations in 1 F(kx,ky,t) 1 for a given (kx,l,) are equivalent to modulations along an
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angular cut through the magnitude of the SAR MTF. If we let k be the wavenumber

for the given spectral location so that k=V , then at a specific time t the

weighting applied to F(k.,ky,) from the MTF will be the MTF evaluated at the spectral

locations kx' = kcos[*I, + Ot] and ky' = ksin[', + 0t] where *I, is tan'[k/kx], the

angle of the current spectral location, and Ot is the rotation of the range and azimuth

axes at time t.

The only other dominant modulations in F(kx,ky,t) 1 are caused by SAR image

modulation errors as indicated in Figure 22. We have minimized these however by

removing the two-dimensional antenna pattern as discussed above, and additionally by

scaling each image separately so that its mean value is one.

Thus a plot of intensity values of the Fourier transform of the SAR images at a

given (kx,ky) location should have a modulation that is equivalent to the modulation

along an angular cut through the SAR MTF. The wavenumber of this angular cut is

the same as the wavenumber for the (kx,ky) location. The angle of this cut is the squint

angle for the data as discussed above.

Such a measurement is shown for the middle altitude case (pass 14) and the high

altitude case (pass 15) in Figure 23. Plots both through the dominant wave peak (solid

line), at k=0.07, and an average over 2 by 2 spectral samples around the dominant

peak location (dashed line) are shown. For pass 28 these are essentially equivalent

whereas for pass 14 they differ somewhat at the large squint angles. In the analysis

below we will not include these large squint angles, so this discrepancy will not effect

us. We will use the 2 X 2 averaged data since it as less noise than the dominant

wavelength plot.

If the modulations shown in Figure 23 are caused by the SAR MTF, we should be

able to fit the parameters of the SAR MTF to this function, and possibly be able to

estimate the ranges of those parameters that are consistent with the SAR data. We will

utilize a linear version of the MTF as developed in [4] and elsewhere;
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MTfJF(k.,,ky) =ex+[i(.f ,uvkx)2](IMI e++i .Ewk~cosO+IsinO. k (6)

where o, is the standard deviation of radial velocities, Im and j5 are the magnitude

and phase, respectively, of the real transfer function (relating wave amplitude to radar

cross section), w=Vrk and 0 is the incidence angle. This linear version is accurate if

the last term in Eq. (6) (often called the velocity bunching term) is smaller than 1. Eq.

(6) contains three parameters; ar, m I and 40 that are unknown. We will fit the

intensity of Eq. (6) to the SAR data shown in Figure 23 and find the values of the three

parameters that minimize the mean squared error between the model and the data. We

will allow the MTF to be multiplied by an arbitrary scalar and added to an arbitrary

bias term to handle an arbitrary scale factor and a noise floor in the data (although we

found that the noise floor in the spectral data was so small that the bias term could be

ignored without changing the results).

Figure 24 shows the resulting fit when all the data is used. The values of the three

parameters that give this fit are indicated, where positive values for 4) are locations on

the face of the wave pointed toward the sensor. The fit seems very good to the data,

however we do know from other measurements the range of values that these

parameters should have. The values indicated in Figure 24, especially for a, are

significantly outside of that range. One reason for this is the linear MTF model in Eq.

(6) actually does not hold for the entire range of squint angles in the data. The velocity

bunching term, which must be less than one for this model to hold, depends on K.

Because these waves are range travelling waves at a squint angle of zero k. = 0. As

the squint angle increases k,, subsequently increase. The other parameters in this term,

R, V and w, stay constant with squint angle (since wavenumber does not change with

squint angle). Thus one can calculate a range of squint angles over which the velocity

bunching term is less than some threshold and thus where the linear model in Eq. (6)

will be accurate. Using a threshold of 0.5, we calculated that for pass 14 this limits
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the applicability of Eq. (6) to the squint angle range [-20, 20] degrees and for pass 28

[-14,14] degrees. Note that outside of these ranges the SAR data in Figure 23 shows

a significant decrease. It is these downturns that the linear MTF has difficulty

modelling. To generate them it must increase the orv term so that the exponential in

front of Eq. (6) (often called the azimuth fall-off term) generates the required decrease

for large squint angles (i.e. large values of k,). We therefore limited the fitting of the

data to these ranges and re-calculated the parameters that minimized the mean squared

error. The resulting fits are shown in Figure 25. Note that we have significantly

decreased the value of a, for pass 28, but not for pass 14. For pass 14 the model is

still trying to fit to the slight downturn in the data and thus is requiring a large o,,

value, as can be seen by the slight downturn in the model results for the larger squint

angles.

Thus it appears that finding only the minimum fit is not sufficient; there may be

other fits with only slightly increase error but with more realistic MTF parameters. To

find these, we set the a, value at 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 and found the values

of I ml and Om that minimized the mean squared error, and noted those which still fit

the data in Figure 23 to within the noise demonstrated in the data. Similarly we set Ov

and 1,m' to a range of values and found the minimum fit for the other parameters.

Using this approach we determined the following ranges for the MTF parameters:

Pass 14:av [0.1, 0.3]

ImI [5, 10]

,0 [10, 55] degrees

Pass 2 8:ov [0.0, 0.3]

imi [14, 20]

, [-90, 16] degrees.

4.4 COMPARISON TO IN-SITU MEASUREMENTS
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Appendix

ESTIMATION OF 3-D OCEAN WAVE SPECTRA FROM
SPOTLIGHT SAR DATA DURING SAXON-FPN

C.C. Wackerman and D.M.Beverstock

Environmental Resmrch Institute of Michigan
P.O. Box 134001

Ann Arbor, MI 48113-4001

1990, a spotlight capability was added at L-band where the L-band

ABSTRACT antenna, instead of being kept orthogonal to the flight path, is
rotated in order to keep a specified location on the ground at the

SAR spotlight data collected over the ocean surface has the center of the beam. The data is recorded the same as in the
potential of providing three dimensional spectral information. in stripmap mode except that the system is always operated with thethis paper we discuss two algorithms for estimating these spectra smallest possible spacing between range records (0.09 meters) in

and show their similarities. We also show three dimensional order to not alias the returns at the largest and smallest look

results from data collected during the SAXON-FPN experiment. angles. The system is capable of collecting data over look angles
from 45 to 135 degrees with a spot size across the entire collection

1.0 INTRODUCTION of slightly less than a kilometer in diameter. The illumination
pattern is not constant across this spot, but falls off 3-5 dB from

Recently the Synthetic Aperture Radar (SAR) stripmap system peak to edge. The rotation of the antenna is controlled by the

that is jointly operated by the Naval Air Warfare Center (NAWC) motion compensation system of the radar, and thus uncompensated

and the Environmental Research Institute of Michigan (ERIM) has motion can cause the antenna pattern to wander slightly along the

been upgraded to collect spotlight mode data. That is, instead of ground. These registration errors are estimated in Section 5 below

keeping the antenna aimed orthogonal to the flight path (as in for the SAXON-FPN data. Using nominal collection parameters,

stripmap mode) the antenna is constantly skewed during the this system can record about 40 seconds worth of data in one

collection to keep it focused at one location on the ground. A otlight pass.

description of the new mode is given in Section 2 below. One of
the advantages of this mode for collections ova the ocean is that it 3.0 SHORT INTEGRATION TIME ALGORrIRM THEORY

provides a series of SAR images of the sme ground location at
different times, thereby allowing thr dimee i l (range' One of the methods used for extracting three dimensional
azimuth, time) information about the ocean surface waves to be spectra from spotlight data is to stack a series of short integration

estimated, time images and form the three dimensional Fourier transform. In

For ocean surface waves, the most convenient method of this section we discuss the theory to describe this output. What

representing this data is the three dimensioral spectru. There follows is a minor modification of [2] to account for the spotlight
are two algorithms for generating spectral estimates from SAR geometry and the time series of images.

data. The first, which we will call the Short Integration ume We will denote the data recorded by the SAR, i.e. the raw

Algorithm (SiTA) generates SAP intensity images over- &bo phase history data, as s(t,t') where t Tepvesents slow or azimuth
integration times where each integration time is centered at a time and t' represents fast or range time. We have that

different time value. The resulting two dimensional (range, --
azimuth) images are then stacked in order of their cmeer times and &(C') ffztx., Y V). ,x, y). -r .h ,-IV)
a three dimensional Fourier transfom is taken. The theory that 'l-xdy ti)
describes this spectral method is discussed in Section 3. The tY o dxdy

second algorithm, which we will call the Ambiguity Algorithm
(AA), lags the raw SAR phase history data for some given range
and azimuth intervals and takes a series of two dimnsioal where r(x,y,t) is the complex reflectivity of the surface, a(x,y) is

Fourier transforms for each set of lags. This procedure is the two dimensional antenna pattern, k is the radar wavenumber,

identical to calculating the ambiguity function ofthe phas history R is the range to the surface, y is the chirp rate of the radar, c' =

data; a tool that has been used for some time by signal procesors ct(2sin() where c is the speed of light and 0 is the incidence

in analyzing data that varies both spatially and temporally. This angle, x represents azimuth location and y represents range

theory is discussed in Section 4. As will be shown in Sections 3 location. Eq. (1) assumes that the surface is fromzen during the fast

and 4 the differences between the two are tight and we will ue time, t, but can vary over slow time, L Also, Eq. (1) assumes

the S]TA in the data analysis of Section 5. that the antenna pattern, a(x,y), is not a function of slow time, and

The NAWC/ER1M spotlight system collected o wave data thus we are ignoring any rotations in the pattern durng the

during the SAXON-FPN Experiment which took place in the collection. We will assume that the statistics of the complex

North Sea off of the coast of Germany. The purpose of SAXON- reflectivity can be rpeted as [31

FPN was to understand SAR imaging of ocean surface waves (Z(x,y,0) r*(x"',Y", +'b>-6(x-xY-Y) (2)
under high wind states and a large amount ground truth air and a (x,y, 0) p (x,y, t,')
ocean data was collected on the FPN towr near where the SAR
images were taken. In Section 5 we show some spotlight data
from this collection and the resulting three dimensional spectral where the delta function indicates that the reflectivity is spatially

information. uncorrelated, o(x,y,t) is the radar cross section and p(x,y,tv) is
the normalized temporal correlation function which can be written

2.0 NAWC/ERIM SPOTLIGHT SYSTEM as

The original NAWCIERIM stripmap SAR is a three frequency ptx, y, C e .e~xi 2Vlx, y, 0 T] (3)

(X-, C-, and L-bands) system housed in a P-3A aircraft [1]. In 2-t'"
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where the first exponential is the azimuth fall-off effect, r, is the (-

correlation time of the surface and V,(x,y,t) is the radial velocity <Atr1, i,,k,) .- vilfff tx~y, )ptz,y, ,ci) (7)
of the surface. The complex SAR image, i(x,y), is formed from &2 (zx,Y).xp 1-i txk1 .yk.*rv)) vyd
s(t,t') by a two dimensional correlation where the filter function is
set to match the exponentials in Eq. (1). For the spxtlight dam we where 4 = (kVrT.2)/R + (yr,2)/2, k. - (2Vkr,)/R, k, (=y)lc"
will form images using some specified integration time, T,, and w = k, - (2V2krj)/R = k, - Vk. From Eq. (7) we can see
centered at some time T. Thus we will index each complex- that the k, axis is limited by the azimuth fall-off in p similar to the
valued image as i(xy,) to indicate what time it .SITA, but that the integration time limit is not present. Also we
We have then that can see that the w=O axis drifts along the k. axis with a slope =

-e -- V, but there is no limit to the range of w values that them was in
s.(txty ))w=f-f) e.+ C') C the SITA. Following the previous section we can use the discrete

(4) version of Eq. (8) to determine that the resulting sample spacing

exi--. (y-CitJ) 2]dtdt' in k, is (2VkAt)/R where At is the sample spacing in azimuth time
2 c 2WJ of the original phase history, the sample spacing of k, is (-yAt')/c'

where At' is the original phase history sample spacing in the range

where w(t) isequaltoIfor-T/2 st:sT2andzeroelsewhere. direction and the sample spacing in w is I/T, where T, is the total

The intensity image, e (xyl ) is simply i(xy,7< )(xy.T)d We can azimuth phase history time used to calculate the FFT in Eq. (6).
Take thensthree imagensonalFoermtlansform, of'(x,y,T). W anThus using Section 3 and 4, one can compare the SITA and

now take the three dimensional Fourier transform of I(x,y,T), AA outputs. Both techniques are identical in the range direction.
F,(k,,k~,w), by substituting Eq. (1) into Eq. (4), forming If the same piece of raw phase history data is used for each
i(x,yT)i'(x,y,T) and using the statistics of r(x,y,t) in Eq. (2) to algorithm, then both have the same w sample spacing, but the
genera SITA has an additional cut-off in w due to the integration time.

" """ Both algorithms have a cut-off in k, due to the azimuth fall-off
<1(k~,.k,,v,>.x�p -i�N�fffo(.y. V (5) effect, but the SITA has an additional cutoff due to the integration

pt(x,y, t,v&)a(x,y)exp I-i (xk•.+yky+ tw))dxdydt time; although this is only important for very small integration
times. Finally, the two algorithms differ in the k sample spacing,

where @ = k,2 JRJ(4k), T. = kJ(2Vk) and p = T, - kR/(2Vk). with the AA having a slight smaller spacing for nominal operating

By Eq. (5) < FAk,,kw)> is simply the three dimensional Fourier parameters of the NAWC/ERIM SAR.

transform of o(x,y,t)p(x,y,t,r,)a
2 (x,y) weighted by a sinc function There are however significant implementational differences.

in w with a phase term quadratic in 16. Note that the integration We have not discussed the range migration problem in this paper,

time of each image determines the range of w values as well as but for the AA it will limit the useful range of phase history data

the rAnge of k. values via the sinc weighting since the sinc unless the data is corrected for it; a computtionally complex

function must be set equal to 0 if p is negative. In addition, note procedure. This does not pose a problem in the SITA since it is

that the temporal correlation function, p, also imposes a limit on only the range migration within each image's integration time that

k. via the azimuth fall-off which imposes a limit on r,. is important and (1) these will be short so as not to limit the useful

Although these equations have been described continuously, range of w, and (2) most SAR image formation processors already

SAR spotlight data is always analyzed in discrete form, so all of handle range migration. In addition, Sections 3 and 4 have shown

the integrations will become summations and all of the Fourier that the three dimensional Fourier transform of

transforms will be FFT's. Using the discrete form of Eq. (5) one o(x,y,t)p(x,y,t,r,)a
1 (x,y) is generated, whereas what is really

can see that the sample spacing in w will be l /T, where T, is the wanted is the three dimensional Fourier transform of the ocean

total time covered by the individual images, the sample spacing in wave height function. Correcting SAR intensity spectra to

k, will be l/L, where L, is the total length in azimuth of the estimate wave height spectra is a long known and worked out

images, and the k, spacing will similarly be 1/1., where 1, is the procedure [7) whereas applying this correction to SAR phase

length in range. Also, from the above discussions, the SITA history data is not yet developed. Thus in the analysis of the
SAXON-FPN data described in the next section we will limitlimitsathe wdimension to iwi < I/TEand the k dimeSiont otsOettesragrtm

I k.I < (2kVT'/R due to the integration time and IkI <

(2kVr,)/R due to the azimuth fall-off. 5.0 SAXON-FPN SPOTLIGHT DATA

4.0 AMBIGUITY ALGORITHM THEORY We have concentrated on data collected on Nov. 6 where the
wind speed was approximately 9.8 m/s and thus the dominant

It is well known [2,4,5] that the Fourier transform of wave will have a neriod of approximately 8 seconds and a
conjugated lags of s(t,t') will generate intensity image spectra and wavelength of apprtiximately 100 meters. To adequately sample
thus can be utilized to estimate the three dimensional spectrum. the w axis, and thus to avoid significant effects frot the sinc
We will define the function A(,r,,k,,I•) as weighting in Eq. (5), we generated SAR intensity images that had

- - a1.54 second integration time and that w-- spaced by 1.54
A( ,,%,,kk*,) -ffs(t, 1)s't:-c, t+-c) 16) seconds. The images were flattened to retmove a(x,y) and

( )- . tremapped into the ground plane with a sample spacing of 2.16

exp [I- (c+t'kk,) I dedt'. meters in both range and azimuth. The extent of the images in
both dimensions was 553 meters. Figure 1 shows an example
image taken slightly off of broadside with a look angle of 110

This is the well known ambiguity function [6) applied to die SAR degrees and Figure 2 shows its spectrum which has been smoothed
phase history data. Substituting in Eq. (1) and using the statistics slightly to decrease the noise. The concentric circles in the
in Eq. (2) one can show that the expected value of Eq. (6) is zero spectrun represent changes in wavelength of 100 meters starting
unless k, - 7r, making the ambiguity function essentially three at SOD metr. Now the dominant wav is approximately
dimensional such that 100 meters and that the waves are dominantly range travelling.
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As mentioned above, uncompensated motion in the SAR
platform can cause the antenna pattern to wander on the ground.
More seriously however, it will also cause an error in positioning
the individual images relative to each other; i.e. it will cause a
shift in range and azimuth between the images. To estimate this
error, we also examined a spotlight pass containing the FPN tower
and noted how much the tower shifted from image to image. A
maximum error of 4 meters in range and 20 meters in azimuth
was estimated over the collection. This amount of jitter represents
only a slight smearing of the final 3-D spectrum, so we did not
compensate for it.

To generate 3-D spectra of the surface wave height, as
opposed to the SAR radar cross section modulation, we need to
remove the SAR Modulation Transfer Function (MTF) from each
image [7]. This is done by forming the complex-valued Fourier
transform of each intensity image, removing the speckle
contribution, dividing by the MTF, then inverse Fourier
transforming to generate a wave height image. Work is ongoing
to fit the MTF environmental parameters that minimize the
spectral changes between spotlight images, but for the results of
this paper the MTF effects are still present.

Figure 3 shows the results of performing a 3-D Fourier Figure 1. Example spooight image of SAXoN-FPN data taken at a look angleof 11I0 degrees.
transform on 16 consecutive spotlight images. For each resulting
value of w the k., k, data was integrated over angle to form a I-D
function of k = k,2 + k'2 . Figure 3 shows a cascade plot of
each of the I-D curves labelled as to its w value. Note that for a
wavelength of 100m (k=.06 rad/m) Figure 3 shows a peak at a
period of 8 seconds (w=.79 rad/s); consistent with the dispersion
relation. Also consistent with the dispersion relation is the width
of the peaks along the k axis as well as the shift in peaks with w.
Figure 3 also indicates some significant stationary clutter at wfi0.
Work is ongoing to use these techniques to separate moving from
non-moving clutter.
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Figure 2- Spectrum of image in Figure 1. Note that the waves have a
RFERENUCE.S dominant wavelength of 100 meters and are range travelling.
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