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1 INTRODUCTION

SeaSAR is a SAR simulation program written in C++ & CUDA for fast computation on a graphics
processing unit (GPU). A scene comprising terrain, objects, vehicles, sea surface, etc. is represented
by triangulated surfaces, in which the triangles are small enough to capture the physical details that are
important to the particular SAR wavelength. The received scattered signal (i.e., the phase history data)
is computed by summing over the contributions from every illuminated triangle via physical optics.
Because physical optics requires sub-wavelength sampling, X-band radar simulations for appreciable
scenes are very computationally intensive, requiring many millions of triangles, depending on scene
size and content. SeaSAR features several advanced algorithm and software techniques to quickly
and efficiently calculate physical optics scattering on a GPU, such as a bounding volume hierarchy
commonly found in computer graphics rendering software. This work focuses on the intersection of
physics, signal processing, and GPU programming to allow for efficient high-fidelity SAR simulation
over a full scene.

A detailed review of the ship wake SAR simulation literature was recently provided by Rizaev et al.”,
and so only a brief summary is provided here. In general, SAR simulations use the Two-Scale Model
(TSM), in which the scattering is divided into two regimes: “the quasi-specular scattering mechanism
caused by large-scale gravity waves and the Bragg scattering mechanism caused by small-scale
capillary ripples,” as described by Linghu et al.?. This has also be referred to as a “semi-deterministic”
scheme3. The sea surface is modeled coarsely, and each surface facet is assigned a scattering
strength based on its orientation and the high-frequency portion of the gravity wave spectrum.

Many prior works produce a SAR image directly from the scene by computing a normalized radar cross
section (NRCS) for each sea surface facet. Portions of the image are then displaced in the along-track
direction according to their radial velocity relative to the sensor to mimic effect that occurs during SAR
image formation. This correction is called a “velocity bunching model’#%8. However, this bypasses
the actual signal processing chain and misses the opportunity to model these effects. Alternatively,
some authors have developed so-called “SAR raw signal simulators (or generators)” that compute
the complex-value time samples for each received pulse’-8910.11.1213,1415 ' This form of data is often
called the SAR phase history data'®. Similarly, SeaSAR computes the complex-valued time samples
comprising the received signal for every SAR pulse. In this case, along-track displacement due to
motion is an emergent effect due to directly computing the time of arrival as the scene evolves over
time.

The SAR simulation literature remains an active topic of research 17:3.18,19,20,21,22,23,4,24,25

2 PHYSICAL OPTICS FOR ELECTROMAGNETIC SCATTERING

SeaSAR uses physical optics?® (PO), also called the Kirchhoff approximation?”28, in which the sur-
face current at any point is assumed to be equal to the surface current that would be present on a
hypothetical infinite tangent plan. Physical optics requires integrating the scattered electromagnetic
field over the entire surface with sub-wavelength sampling, except those regions that are shadowed.
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The requirement to sample the sea surface with sub-wavelength spacing is extremely burdensome,
though that burden is largely alleviated by fast parallel computations with a graphics processing unit
(GPU).

Physical optics can be extended to capture multiple scattering, though SeaSAR currently does not
include this. Multiple scattering is especially important for capturing dihedrals, which can alter polar-
ization, and trihedrals. The program XPATCH uses the shooting-and-bouncing-rays (SBR) technique
as well as the physical theory of diffraction to capture multiple scattering?%3°. Weinmann extends this
to include the propagation of diffracted rays3'. In general, the multiple scattering problem with physi-
cal optics is reminiscent of the global illumination problem in computer graphics 3233 that is solved via
the rendering equation*. This suggests the application of modern computer graphics techniques to
electromagnetic scattering, which was considered by Willis et al.3%.

Another challenge is properly modeling complex textures beyond that of a polished perfectly electric
conducting surface. This is captured in XPATCH via material reflection coefficients°.

Lastly, regardless of the fidelity of the scattering model, the fidelity of the full simulation can be no better
than the representation of the scene, which can often be the limiting factor. Maritime scenes, though,
typically comprise only the sea surface, ships, and ship wakes, which is more manageable. SeaSAR
includes wind-driven waves 36:37:38.39.4041.42 " Kavlin wakes*3441922 and turbulent wakes*%19.

2.1 Scattering Equations
This description of the physical optics scattering equations follows that of Pathak and Burkholder26:46.47

The sensor is located at p and the differential scattering element dA of surface S is at g with normal
vector n, and with p and g measured relative to a common origin O, as depicted in Figure 1.

“‘ﬂ,x

o

Figure 1: Vector arrangement for the scattering integral.

The relative position vector is » = g — p with length R = ||r|| and direction #+ = »/R. The incident
electric field vector E' is related to the corresponding magnetic field vector as H' = # x E'/ Z,, where
Zy ~ 376.73 is the impedance of free space. The incident electric field is determined by the radar
aperture, which is currently modeled as a uniform rectangular aperture.

The scattered electric field E® at q is calculated as

Es(r):% S;(%x%xJ—s—%xM)(m(;@dA. (1)
The physical optics electric and magnetic surface currents are, respectively,

J=nxH (2)
M=Exn (3)

and, by the physical optics assumption4”4849  the total field is approximated as the sum of the incident
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and reflected fields
E~E +E" (4)
H~H +H" (5)

In the case of a perfect electric conductor, the surface electric current is
J=2nxH' (6)

while the surface magnetic current is zero26-0,

2.1.1 Fresnel Reflection Calculation

When the electric field interacts with the sea surface, a Fresnel reflection is applied. The reflected
electric and magnetic field vectors are computed via the Fresnel coefficient dyadics

E'=E" R, (7)
H -H'-R, (8)
R, =¢&jR +eeR, ()

The plane of incidence is spanned by the incident direction &’ = # and the surface normal vector 7, as
seen in Figure 2. Not shown in this diagram is & , which is normal to the plane of incidence. Note that
superscript 7 denotes the incident wave and superscript » denotes the reflected wave; the subscript
|| denotes the parallel polarization direction and subscript L denotes the perpendicular polarization

AN

direction. The unit vectors é’, e, and é, form an orthonormal basis, as do &", éﬂ, and e .

Figure 2: Vector arrangement for Fresnel reflection.

The basis vectors are formed in the following steps:

sg = sing; = ||7 x n|| (11)
cpg =C080; =—7r-n (12)
e, =7 xXn/s (13)
e =eL x# (14)
e’ =7 — 2cyn. (15)

The angle of incidence 6, is not actually calculated, since it is not necessary. Instead of doing a
vector projection (i.e. Gram-Schmidt processes) to calculate the basis vectors, the cross product for
sg avoids the cancellation error that is occasionally present, especially with single precision floating-
point computations.

Then, with the index of refraction for air n; and the index of refraction for seawater n,, the Fresnel
reflection coefficients are calculated as
T1Cop — NaCt

Rl=——"— (16)

n1n2CeCt

N1Ct — NoC,
RH:Mo (A7)

n1MoCyCt
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The sign conventions in these calculations are carefully explained by Oh and Vandervelde®'. The
index of refraction of seawater depends both on the physical properties of the water and the electro-
magnetic wave frequency 525354,

2.2 Surface Sampling

Physical optics requires solving an integral described in Equation 1 over the surfaces comprising the
scene, which in SeaSAR is represented by triangular facets, and so this equation becomes a sum
over all the triangles in the scene. Lastly, for each triangle, the surface integral is broken down into
a Riemann sum. Therefore, Equation 1 is solved as a very large sampling operation, for which it is
important to properly prescribe a sampling grid for each triangle.

The grid for sampling a triangle is constructed by establishing a circumscribed rectangle (that is, a
bounding box) and then setting a uniform Cartesian grid inside it. Lastly, only the points on the Carte-
sian grid that lie within the triangle are included, as depicted in Figure 3 by the solid blue markers. The
grid spacing is typically chosen to be \/8.

Figure 3: Example sampling grid on a triangle.

2.3 Rectangular Aperture Directivity

In SeaSAR, radar antennas are typically modeled as a uniform rectangular aperture with a spatially-
constant current distribution.

The approach to compute the incident electric field vector as explained by Nikolova is built on a set
of basis vectors b, (along width), b, (along height), and b; (out toward target), depicted in Figure 4,
and spherical coordinates from a traditional physics convention are established with inclination 6 and
azimuth ¢%°. The needed trigonometric terms are computed as

7 — by (7 - by)

P~ bl - b 1o
co =C0SO =7 - by (19)
59 = singd = || x bs| (20)
cy =COSp=p-by (21)
54 =S8iNgp=p-by (22)

Note that the angles are never actually calculated, and that the the cross product for sy is better at
avoiding cancellation error than using p - 7.
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Figure 4: Basis vectors for rectangular aperture.

Next, the azimuth and inclination direction unit vectors are computed as

ey = 0904)61 + C98¢62 — 5963 (23)
é¢ = —S¢i)16¢i)2, (24)

which can be derived by differentiating the spherical coordinates.

Finally, the vertically polarized electric field E" is

u = %klr890¢ (25)

v = 3klysess (26)

C = 1,0, (14 cp) Tt 20 (27)
Eg = CS¢ ! ° (28)

E¢ = CC¢ (29)

E’ = Epég + Egé,, (30)

where I, is the array dimension along b, l, is the array dimension along by, and i = /—1. To
calculate the horizontal polarization, these same equations are used again but with a swapped [, & [,,
and rotated basis vectors.

Then, as expressed at the beginning of Section 2.1, the incident electric field is the product of E¥ and
the free-space Green'’s function E* = E"exp(—ikR)/R. Finally, the received scattered electric field
is E° and so the received scattered signal is z* = E" - E?® for vertical polarization and likewise for
horizontal polarization.

3  SIGNAL PROCESSING

SeaSAR simulates every transmitted, scattered, and received pulse to produce the complex phase
history data. This raw data is then pulse compressed via matched filtering %6 and backprojected to form
an image "% (backprojection involves delaying and summing according to the round-trip travel time
to each pixel.) But, to produce the scattered response for each pulse, the waveform is not computed
directly. Rather, the impulse response is computed, instead. Because of the very large number of
physical optics computations that are required, it is important to carefully manage the computation of
the impulse response.

3.1 Impulse Response

The dependence on time was omitted in previous sections for convenience, but it is needed to express
the received signal and its dependence on the transmitted signal. To this end, the incident field is more
inclusively written as

E'(r,t) = 2%(t — 7)E"(#)exp(—ikR) /R, (31)

for the case of vertical polarization, and 7 = 2R/c is the round-trip travel time. Note that the complex
exponential is included to provide the correct phase for every scattering calculation, even though the
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transmit signal will be basebanded. This is an expression of time-domain physical optics %60,

If the transmitted signal needed to be sampled for every calculation involving the incident electric field
in the Equation 1, that would greatly compound the computational complexity of the scattering calcula-
tion, making it prohibitively expensive. However, with a sufficiently narrow band signal, the scattering
can be approximated as frequency independent, and the transmitted signal can be separated from the
scattering computation, which instead produces an impulse response =", as described by Passalac-
qua et al.’°. Then, the received signal is the convolution of the transmitted signal and the impulse
response

S th * Zir. (32)
Now that the goal is the produce an impulse response, it can be calculated by sampling the surface
as
A(t) = zpsinc(t — ), (33)
k

where 2} is the contribution of the scattered response of the kth sample on the surface S, and 7, is
the corresponding delay. In discretized form, the nth time sample is computed as

A =2"(ty) =Yz sinc(ty, — ), (34)
k

Unfortunately, this is a computational nightmare—there will be billions of physical optics samples to
compute (index k), and repeating them for every time sample (index n), for which there could be many
thousands, should be avoided. The sinc function could be truncated, but it would be far better to com-
pletely decouple the physical optics calculations from the time series altogether. This is accomplished
via binning

3.2 Binning

Given a point in a triangle, the time delay will generally not correspond to an exact time in the dis-
cretized impulse response signal, and rounding the time to the nearest sample would produce unac-
ceptable phase or timing errors during backprojection. However, if the time sampling grid is refined,
then splitting the amplitude of the sample to the two nearest times can produce a sufficient approx-
imation. This is demonstrated in Figure 5—the upper plot presents the underlying sinc that is to be
obtained for the example complex amplitude z*® arriving at a particular time. The lower plot demon-
strates that two sinc functions, if close enough together, can be summed to accurately approximate
this desired result. The purple and green sinc functions are centered on the refined grid, yet they sum
together to produce a sinc that is not.

Given a sample rate f, and time samples ¢,, with spacing 1/ f, consider a refined time sampling grid
t7 with spacing 1/(fs/16). The superscript .” here indicates “refined”. A refinement factor of sixteen is
generally sufficient. Find the nearest time samples that bracket the arrival time 7, with ¢}, < 7, <t .
Then calculate corresponding weights w, and w; as

we = (t,, — %)/ (th, —tn.) =1 — Tifg (35)
wy = (1 — tp, )/ (th, —tn.) = Tkfs — Na- (36)

The approximation is established as
sinc(t — 7) ~ wg sinc(t — t;, ) 4wy, sinc(t — ), (37)

which can then replace the use of ¢,, — 7, in Equation 34. This calculation is analogous to the force
carried at the ends of a simply supported beam from a load somewhere in the middle.

Each physical optics sample is contributed to the nearest pairs of sub-samples on the refined grid,
and so this is a binning operation. The complex amplitudes on the refined sub-sampling grid, ¢! are

r'n
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Figure 5: Composing a sinc as the sum of two nearby sincs.

contributed to as

T

Zp, T= Wazj, (38)
Zp, T= Wp2}, (39)
for each physical optics sample, and this is demonstrated in Figure 6.

scattering
scene

)
example <%,
sample ¢

S bin counts
$
\g@o propagation
o” |speed

distance

||||\||||||||l\ll| time

main samples sub-samples

Figure 6: Example binning process.

After all of the physical optics calculations for the entire scene have been completed, the resulting
impulse response is calculated as

A= 2, sinc(t, — t,), (40)

which has many fewer computations than Equation 34.

4 RESULTS

A maritime scene was constructed with an east-west length of 720 meters and a north—-south length
of 440 m. The SAR platform is 4 km to the west, heading north, and looking back east; the altitude is
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3 km. A container ship is placed in the middle heading 30° west of north at 13.5 knots. The resulting
SAR image resolution is 0.44 m, and the remaining parameters are provided in Table 1.

First, the scene was held still for the SAR collection, and the resulting image is presented at the top
left of Figure 7. The accompanying image in the top right depicts the visual rendering of the scene for
context. The brightness of the ship in the SAR image is lower than expected, as seen in an example
SAR image in Figure 10. This is likely due to the nature of the 3-D model that was used, in which the
40 ft containers on the ship lack corrugation and other surface features. The flatness of the containers
likely acted to favor forward scattering rather than back to the sensor. A more detailed view of the 3-D
model is provided in Figure 9. Also, the shadow of the ship is deeper than expected, and this could
be due to the lack of noise—no noise was added.

Second, the scene was allowed to progress during the SAR collection, which lasted 0.71 seconds,
and the resulting simulated SAR image can be seen at the bottom of Figure 7. Motion toward or away
from the sensor causes displacement along-track, which is north—south in this image. Accordingly, the
sea surface waves are spread out. Similarly, the ship is displaced northward, which can be observed
by comparing it to the optical rendering to the right. Indeed, the image of the ship is on top of its own
shadow.

Lastly, a different ship was simulated—a liquefied natural gas (LNG) ship that contains features more
amenable to producing a brighter image. The resulting simulated SAR image is provided in Figure 8.

Table 1: Simulation Parameters

platform sea surface
altitude 3 km wind speed 5 m/s
ground range 4 km wind fetch 300 km
speed 250 m/s wind model JONSWAP
heading north num. triangles 3,960,000

looking east container ship

radar length 239 m
aperture width 0.1 m beam 33.9m
aperture height 0.1 m draft 10.9m
num. pulses 907 speed 13.5 knots
track length  176.67 m num. triangles 375,060
resolution 0.44 m LNG ship
waveform length  288.7 m
center frequency 9.6 GHz beam 48.1m
bandwidth 620 MHz draft 11.0m
pulse duration 1.0 us speed 13.5 knots
sample rate 1.2 GHz num. triangles 1,876,689

5 CONCLUSION

SeaSAR is an electromagnetic scattering simulation program based on physical optics calculations
performed on a GPU. Also included are signal processing and image processing algorithms, as well as
a sea surface and ship wake simulation. The main contribution of this work is scale. Taken together,
the software, algorithmic, and mathematical approaches combine to enable large-scale physical optics
computations. Currently, there are two key features that need to be implemented: textures and multiple
scattering.

Vol. 45. Pt.1 2023



Proceedings of the Institute of Acoustics

moving

Figure 7. Maersk container ship. (Left) simulated SAR, (right) optical rendering, (top) still scene,
(bottom) moving scene. Zoom in to see detail. Ship model attribution: https://skfb.ly/oHQMR

Figure 8: LNG ship in a moving scene. Ship model attribution: https://skfb.ly/6DnWv
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Figure 9: (Top) a Maersk container ship (model attribution: https://skfb.ly/oHQMR). (Bottom) an LNG
ship (model attribution: https://skfb.ly/6DnWv)

Figure 10: SAR image of a container ship in the Panama Canal. Image credit: Umbra Lab, Inc., 2023
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