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Abstract

Internal waves, which can wreak havoc on underwater activities, are difficult to detect be-
cause their signatures on the sea surface are easily obscured by wind waves. In this work,
a cross-track interferometric synthetic aperture radar (XTI-SAR) imaging technique based
on multiple satellite-pairs is proposed to detect the surface signatures of internal wave, with
higher height accuracy and finer horizontal resolution that can be achieved by using conven-
tional satellite pair. By superposing the XTI-SAR images acquired from multiple satellite
pairs, random features of wind waves are filtered out to reveal the surface signatures of
internal wave, without compromising the horizontal resolution. Three internal-wave events
are simulated to demonstrate the efficacy of the proposed approach, with height accuracy of
centimeters and spatial resolution of 14 m, under wind speed of U;y < 6 m/s.

Keywords: cross-track interferometric synthetic aperture radar (XTI-SAR), internal

wave, surface signature, multiple satellite pairs.
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Chapter 1

Introduction

A strong internal wave may endanger underwater activities and offshore rigs [1]. The water
molecules dragged by an internal wave may plunge 240 m within 15 minutes [2], exerting a
tremendous dragging force on submarines [3]. For example, the wreck site of an Indonesian
Navy submarine was attributed to an internal wave with amplitude of about 40 m [4]. Early
detection of an approaching internal wave is crucial to evade possible disasters.

A typical internal wave travels along the pycnocline, which is a layer of sea water featuring
drastic density variation [1]. Various differential equations have been derived to model the
propagation of internal wave under certain conditions of stratified water layers, including
Kortweg-de Vries (KdV) equation [5], Gardner’s equation [6], Benjamin-Ono equation [7],
and so on. For example, the KAV equation implies a solitary waveform of squared hyperbolic
secant function if the pycnocline thickness is infinitesimal [5].

An internal wave induces changes of sea-water properties, including temperature, salinity
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and density [2]. It also induces ocean current, arousing discernible surface signature [8] and
surface solitary wave (SSW) [9], of which the amplitude and wavelength can be exploited to
estimate the amplitude of the underlying internal wave [10]. Typical surface solitary waves
have magnitude up to several decimeters [11], and wavelength of several hundred meters to
several kilometers. Detecting such surface solitary waves requires images that can tell apart
vertical difference in centimeters and horizontal resolution finer than tens of meters.

Internal wave can be detected with in-situ approaches or remote sensing techniques. In-
situ approaches directly capture changes of physical properties induced by an internal wave
[2]. However, such changes can only be detected at the deploying spots of the instruments,
and the spatial scale of an internal wave cannot be acquired.

Remote sensing techniques have been used to detect sea-surface signatures of an internal
wave, which may extend several kilometers along the crest [12]. For example, airborne
infrared camera can capture change of sea-surface temperature, up to 0.5°, above an internal
wave path, but its underlying mechanism remains on debate [13]. The change of sea surface
profile above an internal wave can be captured by the naked eye [14] or using optical sensors
[4], which are impeded by thick cloud or lack of daylight. The sea-surface height can also
be acquired by using conventional altimeter that emits nadir pulses. However, its horizontal

resolution of km is not sufficient for detecting internal wave [15].
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Synthetic aperture radar (SAR) can be used to detect internal waves by monitoring
the variation of sea-surface roughness, without being constrained by clouds or daylight [8].
Information of an internal wave, including location, amplitude, traveling speed and water
layers, can be extracted from the SAR images of the overlying sea surface [16]. For example,
the traveling speed of an internal wave can be estimated by tracking the same signatures
between two images taken apart by minutes to hours [17]. However, the internal-wave
induced signatures on the sea surface is severely masked by wind waves at wind speed over
5 m/s [16]. In addition, an internal wave moves in parallel with the SAR platform cannot
be manifested in the acquired SAR image.

By combining SAR imaging techniques to conventional altimetry, the along-track resolu-
tion of retrieved surface height information can be improved from km to hundreds of meters.
In [11], dual-band SAR altimetry was carried out with Sentinel-3A to map the mean slope in
an ocean area, which was combined with sea-level anomaly (SLA) to detect possible internal
waves. A tandem configuration of Sentinel-6 for SAR imaging and Jason-3 for altimetry
improved the horizontal resolution to hundreds of meters [18].

Interferometric SAR (InSAR) techniques [19] have been widely used to acquire digital
elevation models (DEMs) [20], sea surface height (SSH) [21], glacial topography [22], glacier

velocity [23], ocean current [24], and so on.
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In [8], an along-track interferometry (ATI) imaging experiment was conducted with
TerraSAR-X to detect internal waves by measuring the Doppler velocity from the sea surface.
The traveling speed of an internal wave is related to its induced sea-surface current [8], of
which the speed and intensity can be estimated from the phase difference between the ATI
radars [19].

Cross-track interferometric SAR (XTI-SAR) was used to build digital elevation model
(DEM) [25]. The intrinsic range resolution of its constituent SAR imaging technique is better
at incident angle near 30°, while typical InSAR altimetry adopts near-nadir incident angle
[15]. In [26], an XTI-SAR at Ku-band with long baseline of about 1000 m was proposed to
achieve the elevation accuracy of 1 cm and the horizontal resolution of 1 km.

Inherited from SAR altimetry, InSAR altimetry adopting near-nadir incidence could
measure the elevation more accurately over a wide swath [15]. Examples of InSAR altimetry
systems include Ku-band interferometric imaging radar altimeter (InTRA) on the Tiangong-2
space laboratory [27], Ka-band radar interferometer (KaRIn) on Surface Water and Ocean
Topography (SWOT) [28] and Guanlan mission [21]. In [27], a Ku-band InIRA with short
baseline (2.3 m) and small looking angle (< 10°) was carried out in the Tiangong-2 space
laboratory to detect internal wave-induced sea-level anomaly, achieving elevation resolution

of 20 cm and horizontal resolution of 40 m. In [28], a near-nadir Ka-band radar interferometer
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mounted on the SWOT satellite was used to map the ocean topography, leading to height
accuracy of 10 cm and horizontal resolution of 50 m, or height accuracy of 1-2 ¢cm and
horizontal resolution of 1 km. In [29], a space-borne interferometric altimeter of a Guanlan
mission was envisioned to achieve sea-surface height accuracy of centimeter and horizontal
resolution of 0.5 km.

The working principles of InNSAR altimetry and XTI-SAR are the same, with their major
difference in the choice of look angle. They are both constrained by the trade-off between
horizontal resolution and vertical accuracy, determined by the choice of look angle and mean
filter width. As far as look angle is concerned, the vertical accuracy is better at near-
nadir incidence, while the horizontal resolution is better at oblique incidence. The mean
filter is widely applied in XTI-SAR imaging and InSAR altimetry to reduce random phase
noise, thereby improving the vertical accuracy. By increasing the mean filter width, vertical
accuracy is improved but horizontal resolution is compromised.

In this work, oblique incidence is adopted in XTI-SAR imaging to achieve fair horizontal
resolution, while the elevation accuracy of internal-wave signatures is enhanced by collecting
data from multiple satellite pairs to reduce noise before applying the phase unwrapping
process. The caveat is the cost of deploying multiple satellite pairs, which is expected to

significantly drop by leasing mega-constellation systems. Another noise reduction alternative
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is using nonlocal filter, which invokes high computational complexity and requires parameter
tuning via machine-learning techniques [30],[31].

Multiple data sources have been exploited to retrieve internal wave information. In
[32], internal wave was detected from satellite-borne SAR images, autonomous aerial vehicle
(AAV) photographs, video recordings, and a variety of in-situ data. In [18], observation
data from conventional altimeter were fused with SAR altimetry to enhance the elevation
accuracy.

In [33], multiple Global Navigation Satellite System (GNSS) satellites were picked to form
a multi-static repeat-pass InSAR system for acquiring 3D surface deformation. In [34], a
bistatic differential InNSAR (DInSAR) system, based on the GNSS satellite constellation, was
proposed to concurrently acquire multiple images at different angles. In [35], squinted multi-
satellite single-pass InSAR imaging was proposed by exploiting a pair of bistatic XTI-SAR
satellites and a monostatic satellite to improve elevation accuracy.

In this work, multiple XTI-SAR satellite pairs are proposed to operate in monostatic
mode at the altitudes of Starlink shells [36] to meet the stringent requirement on horizontal
resolution and vertical accuracy for internal wave detection. The target area is illuminated
by multiple satellite pairs from different directions, thereby mitigating the random phase

noise. A two-step random phase cancellation process is performed, with an interpolation
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step to align the acquired images into the same grid, followed by a pair average process. A

mean filter is applied after phase unwrapping process to further reduce phase error.

The rest of this thesis is organized as follows. The main features of internal waves are

briefly reviewed in Chapter II, the proposed XTI-SAR imaging technique is presented in

Chapter III, simulation results are discussed in Chapter IV, followed by some conclusions in

Chapter V.
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Chapter 2

Features of Internal Waves

z
x
> z2=0

!

—_—
ll Ur (2, 1) P
T z = —hy +n(z,t)
h2 «—
l Ug(x,t) p2

z = —(hl —+ hg)

Figure 2.1: Schematic of internal solitary wave moving in a two-layered ocean.

A typical ocean is stratified into three layers: a mixed layer where sea-water density is
nearly constant, a pycnocline with large density gradient, and a deep layer where sea-water
density becomes nearly constant again [37]. When the depth of pycnocline is perturbed, for
example, by change of underwater topography [38], the displacement of pycnocline depth
will propagate as an internal wave.

In practice, the pycnocline is approximated as infinitesimally thin, forming a two-layered

ocean. Fig.2.1 shows the schematic of an internal solitary wave moving in a two-layered
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ocean, where h; and hy are the thicknesses of upper and lower layers, respectively. U
and U, are ocean current velocities in the upper and lower layers, respectively, n(x,t) is
the pycnocline displacement associated with the internal solitary wave, which satisfies the
continuity equation [8], leading to

Ciw77<x7 t)

R N )

(2.1)

where c¢;, is the phase speed of the internal solitary wave.
Without loss of generality, assume the pycnocline displacement 7n(z,t) moves in z direc-
tion, satisfying the KdV equation [16]

) ) o 0
Ul ! 7

E ax + Oé??afx + % =0 (2.2)

where a = 3ciwo(h1 — ha)/(2h1hs), 6 = cCiwoh1h2/6, Ciwo = \/gAphth/[p(hl + hs)] is the
linear phase velocity of the internal wave, ¢ is the gravitational acceleration, Ap = ps — p;
is the density difference between the two layers. The average density can be approximated
as p = (p1+ p2)/2 if Ap < p1, pa.

A solution of (2.2) is given by [39]

- iwt
n(x,t) = nysech? (w ; ) (2.3)

where £ is the half-width of solitary wave [16]. The wave amplitude is

4R2R2
M= 5,57 1\
302(hy — ho)

9
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and the phase velocity is [16]

mo(h1 — ho)
iw — Ciw 1 2.5
C c 0[ + 2h1h2 ( )
Eqn.(2.3) is mapped to a two-dimensional wave as
iw i iw T iwt
R e (2.6

where ¢;, is the azimuthal direction of propagation with respect to the x axis.
The sea-surface displacement ((z,t), aroused by an internal wave displacement n(z,t),
is approximated as another solitary wave moving at the same speed with that of n(x,t) [10].

The ratio of these two displacements is given by [10], [40], [41]

Ciw(xv t) Ci2w0 —ha

= ~ ) 2.7
n(,t) Co—9h1  hi+ho (27)

if 0 = Ap/p < 1. By substituting (2.3) into (2.7), we have

—h25 2 (T — Ciwt
(2, 1) 2 (v 2.8
C (37 t) hl + hg lo5ee ( l ) ( )

which is mapped to a two-dimensional wave as

Gw(z,y,t) =~ —hyo nysech? <:c COS Py + U SN Pryy — Ciwt>

hy + hs l

2.1 Radar Cross Section

An internal wave can be detected by means of the normalized radar cross section (NRCS)

from its induced surface displacement. The Bragg scattering dominates at moderate incident

10
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angles of 20-70° [42], satisfying the condition

2k, sin 6;
2w 81 0; = Ao or ky = 0T (2.10)
n

where n is an integer, 6; is the incident angle, Ao (ko) is the incident wavelength (wavenum-
ber), and A, (k) is the sea-surface wavelength (wavenumber) of interest.
For an ocean current moving at speed U(7, ), its apparent angular frequency w(k, 7, t) is

related to its intrinsic angular frequency wy(k) and the wavenumber vector k as [43]
wik,,t) = wo(k) + k(7,1) - U(7, 1) (2.11)
where wy(k) satisfies the dispersion relation [43]

wo(k) = 1/ gk + vk3 (2.12)

k= |E|, v = Ts/p1, Ts and p; are surface tension and water mass density, respectively.

A wave-action spectral density is defined as [43]

N(E) E(k) _ pilg + k) U(k) plgll’(fi) (2.13)

wolk) wo (k) T wo(k
where E(k) (kg-m?/s?) is the energy spectral density and W (k) (m*) is wave-height spectral
density.

When a wave packet of very narrow band propagates in an ocean current which moves

at speed U(F,t), the wave action deviates from its equilibrium state Ne,(k) and satisfies an

11
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action balance equation [43], [44]

(‘9 dr o  dk 0 ) N, 7 8) = Qu(k, 7, 1) (2.14)

ot dtor " di ok
where Q,,(k,7,t) is the source function. By the definition in (2.13), (2.14) is reduced to a

balance equation of wavenumber spectrum [16]

+ [ey(k) + U(7,1)] - VU (k,7,t) = Q(k, 7,t) (2.15)

Q(k,7,t) = Sin(k) + Sue(k) + Sas(k) + Seu(k, 7, 1) (2.16)
where
Su(k) = m (;)2 W |cos(d — )| T () (2.17)

is the wind-driven source function, m = 0.04, u, is the wind friction velocity at sea-surface,
co = wo/k, ¢, is the wind direction about the z axis, and ¢ = tan'(k,/k,), with k =
ko + kyy;

Sue(k) = —mawok ™ B*(k) = —mawok*¥?(k) (2.18)
is the nonlinear wave-wave interaction source function in gravity-capillary band [16], mg =

0.13 [39], and B(k) = k¥ (k);

ol

Sas(k) = —4vk*T (k) (2.19)
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is the dissipation source function due to viscosity, v is the kinematic viscosity; and

. oU _
Seulk,7,t) = — aﬁ# (k) (2.20)

is the wave-current interaction source function, Uz is the 5 component of the ocean surface

current velocity [16], S,30Up/0x, is the excess momentum flux tensor at high frequencies.
If the wind blows steadily over the ocean surface, the wave-action spectral density N (k)

and the wave-height spectral density ¥ (k) are independent of time. Both the time derivative

and the gradient of W(k) vanish, which means the advection of short waves in short gravity,

gravity-capillary and capillary bands are neglected in equilibrium [16], namely,

oW (k)
ot

|

=0, VI

I
o

)

Then, (2.15) implies

Q=0 (2.21)

or

)2 - - - oUs _ -
m <:) i c08(6 = 6u)] W(E) — myeook W2 (F) — 4wk U(E) — Sap's LW(F) = 0 (2.22)
s0 a
which is solved to obtain the wave-height spectral density [16]
2
Uk, ) = my ko [m (“) lcos(d — )| — dvkZu — saﬁgU%gl (2.23)
Cs0 Lo
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where the third term on the right-hand side is relabeled as AW(k), which is the modulation
on the ocean surface current by an underwater internal wave. Explicitly,

a[]1 (l‘, Y, t)
or

AV (k, ) = —lmglk”‘wo’l cos(¢p — ¢iy) |cos ¢ UL(®,8,1) (2.24)

5 + sin ¢

By using (2.1) and (2.6), under the approximation of n(z,t) < hy, (2.24) is reduced to

AW (k, 6) = —m3 k= gy 5 cos(6 — 6
1

socl? [ LCos ODiw + Y SIN iy — Ciwl tonly [ £.COS Diw + Y SIN iy — Ciwl (2.25)
4 4

Next, substitute (2.25) into (2.23) to have the wave-height spectral density V(k, ¢). The

normalized radar cross section (NRCS) of backscattering at incident angle 6; is given by [16],

[45]

2
G8(0;) = 167k |gup (02U (K; 0) = 167k g (61) 2 kot [m (“) o8 | — k2!

Cs0

10Cive COSZ Piy p2 [(Eeos Oiw + Y SIN iy — Ciwl
— = ¥ sec
WDhlg !

iw i iw iwt
tanh (“Ow +y;m¢ ¢ )1 (2.26)

where k,, is determined by imposing (2.10), a = h,v is the transmitting polarization, and
b = h,v is the receiving polarization. The first-order scattering coefficient at hh-pol is given
by

(€, — 1) cos? 6;
p
<cos 0; + /€, — sin® 0i>

14
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and that at vv-pol is given by

(€, — 1)[e,(1 + sin? ;) — sin® 0;] cos? 0);
3
(er cosf; + \/e, — sin? 92‘)

where €, is the relative dielectric constant of sea water, given by a double Debye dielectric

Guv (01> =

model (D3M) [39]. Eqn.(2.26) indicates that o$®(#;) = 0 at ¢;, = m/2, when an internal

wave moves perpendicularly to the radar beam direction.

2.2 Wind-Wave Model

Typical two-dimensional wind-wave spectrum V(k,, k,) can be represented as an omnidirec-

tional spectrum S(k) multiplied by an angular spread function ®(k, ¢) as
1
W(k,. k) = +S(R)D(k.0) (227

where k, = kcos¢ and k, = ksin¢. In the Pierson-Moscowitz model, the omnidirectional

spectrum is given by [46]

a g\? 1
Som(k) = —= — () 2.28
mi®) = o] -5 (£) e | (2.28)
where o« = 0.0081, 8 = 0.74, Uy is the wind speed at 19.5 m above the ocean surface, which

is related to Uy as [46]

U19 ~ 1026U10 (229)

15
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The dispersion relation of w = y/gk is imposed, which holds for k£ < /g/7vs ~ 363.2 rad/
m. Eqn.(2.28) applies to fully-developed seas where steady wind blows for an infinitely long
time over an infinitely long fetch.

The angular spread function ®(k, ¢) is normalized such that

A%¢w¢m¢:1 (2.30)

A cosine-2s spreading function is given by [47]

2s
O.(k,p) = G(s) |cos <€Z§ _2%) (2.31)
with
2.5
ng(k>]
s=11.5 | ——=
l Uto
G(s) = 1 I'(s+1) (2.32)
~ 2y/n (s +0.5) '
where ¢y0 = wo(k)/k, I'(z) is the gamma function, and G(s) can be approximated as
G(s) ~ Vs
2\/m
under large s.
The sea-surface profile {(z,y,t) used in the simulation is given by
C($7y>t) = Ciw(mayat) + CulO(xayat) (233)

where Cui0(z,y,t) is the wind-wave simulated with (2.28).
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Chapter 3

Implementation of XTI SAR Imaging

Figure 3.1: Geometry of single-pass XTI-SAR imaging with main and secondary platforms.

Fig.3.1 shows the geometry of a single-pass XTI-SAR imaging, with main platform (F,,)
and secondary platform (P;) moving in parallel along track [19]. The origin is set to the
nadir point of the main platform at n = 0, The main platform has a constant altitude H and

moves in the y direction, the z direction points upwards, the squint angle is set zero without

17
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loss of generality.

The main platform and the secondary platform are separated by a baseline vector b =
b, by, b.]", the cross-track baseline is by; = \/m , and the along-track baseline is b,y = 0y,
which is set to zero without loss of generality.

The incident angle measured from the main platform is #;. The ocean surface profile is
given by z = ((x,y), with the mean sea level at z = 0, which is approximated as a connected
set of tilted facets in computing the backscattered radar signals.

The closest range from the main platform to the n,th range cell is given by ro,[n,| =
ctng]/2, with 7[n,| = 2roem/c+ (N — 1 — N, /2)AT, roem = Tom|[Ny/2 + 1] = H/ cos 8, is the
closest range between the main platform and the swath center, and the corresponding fast
time is 79 = 2roem/c

Fig.3.2 shows the flow-chart of XTI-SAR imaging algorithm for acquiring the sea surface

profile [20].
3.1 Co-registration
Denote the main image as s;[n,, n,| and the secondary image as sgs[n,,n,], with n, =

1,2,---,N,and n, = 1,2,---, N,. Conduct a coarse co-registration process on the secondary

image to have

Ss1[Nr, g] = Ss[ny + Any, ng + Ang| (3.1)
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sm[nra na] SS[TLT, na]

|

—'{ coarse co-registration ‘

Ss1 [nT7 nll]

—-‘ fine co-registration ‘

334[717-7 na]

—>‘ interferogram generation |

T[nr, na)

‘ phase extraction ‘
l ¢ms [’TLT, na]
‘ flat-Earth phase removal ‘
l (j)fr [TL7-, nu]

‘ interpolation ‘

¢fr’n [nz7 ny] l

Gpalfe: Ny l

‘ phase unwrapping ‘

¢uw [nw’ ny]

mean filter

¢av [nz’a le]
flat-Earth phase recovery
Qstot [na;a ny] |
| phase-height conversion ‘

é[nwa ny| l

| geometric correction ‘

C(:Uref: yref)

Figure 3.2: Flow-chart of XTI-SAR imaging algorithm.

where An, and An, are integers determined by maximizing a correlation function between

Smlnr, ng) and sg[n,, ng] [31].

A fine co-registration process is conducted by first oversampling the secondary image

Ss1|nr,ma] by a factor Ny in range direction [48]. Then, divide the secondary image into

Nyt X Nyt sub-images, with IV, x Ng, pixels in each sub-image.

Similarly, the main image is divided into N,; x N, sub-images. The optimal fine shifts

are estimated by maximizing the correlation function between each pair of main sub-image

and secondary sub-image. Finally, the co-registered secondary sub-images are concatenated

to form the co-registered secondary image Sg[n,, 1.
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3.2 Removal of Flat-Earth Phase

The interferogram is computed as

I[N, ng] = Sm[ne, oSt nr, na) (3.2)

and the interferometric phase is extracted as

¢ms [nr> na] = arg{[[nra na]} (33)

which is dominated by the flat-Earth phase.

> T

Figure 3.3: Geometry of calculating flat-Earth phase.

Fig.3.3 shows the geometry of calculating the flat-Earth phase. By the law of cosines,

the closest range between the secondary platform to the n,th range cell is
- 1/2
Tos[e] = | (Fom[ne])? + b? — 2brom[n,] cos (2 — Op[n,| + 91,)]

where b = |b|, 0, = cos™'(b,/b), and 0;[n,] = cos™ (H /rom[n,]) is the local incident angle.

20
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The flat-Earth phase is

Pre[nr] = — (47 /X)) (rom[nr] — ros[nr]) (3.4)

which is removed from (3.3) to have

¢fr [nr; na] = ¢ms [nm na] - ¢fe [nr] (35)

3.3 Multi-Satellite Constellation and Pair Averaging

Figure 3.4: Local coordinates referring to the nth satellite pair (P, Psy)-

Fig.3.4 shows the local coordinates (x,, y,, z) referring to the nth satellite pair. A main
satellite P,,, flies in the y, direction at a constant altitude H,, and a secondary satellite
P,, flies in parallel with P,,,, separated by a baseline vector b,, from the former. The global
coordinates (Zref, Yrer, 2) apply to all the satellite pairs, with an angle ¢, between x,, and

Zref axes. The unit vectors in these two coordinate systems are related as

Ty, = Tref COS (,bsn + Yret sin ¢sn
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~

Yn = —Tret SIN Psp + Yref COS Pon
Fig.3.5 shows a target area of size L, x L,, which is divided into a uniform grid of
spacings Ax = L,/N, and Ay = L,/N,. The horizontal position of pixel [n,,n,] in the
global coordinates is specified as 7[ng, ny| = TretTret[ Ny, Ty] + YrefYret[1a, 1y], With
Tref [Py My = N AT, Yootz 1y = 1y Ay (3.6)
where —N,/2 < n, < N,/2—1 and —N,/2 < n, < N,/2 — 1. The horizontal position of
pixel [n,,n,] in the local coordinates is specified as 7[n,, n,] = Zpxn[nr, nal + Gnyn[nr, nal,

with

(3.7)

Figure 3.5: Grid points before (o) and after (o) interpolation.

The horizontal position (Zyef, Yref) is mapped to (x,,y,) as

T [n:m ny] = xref[nxa ny] COs ¢sn + yref[n:m ny] sin ¢sn

Yn [nm> ny] - _-Iref[nmv ny] sin ¢sn + yref[nmy ny] COS (bsn

22
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The phase derived from the nth satellite pair is removed off the flat-Earth phase, then
interpolated to the global coordinates via (3.7) as ¢ [n,, ny]. The final phase is estimated

by averaging the interpolated phases over N satellite pairs, namely,

N
bl ) = g {3 v 35)

n=1

3.4 Phase Unwrapping and Mean Filter

The first phase of noise mitigation is performed by pair averaging, so that (3.8) is ready for

phase unwrapping. The unwrapped phase ¢/ [n.,n,] is related to ¢pa[na, ny| as [49]

gb,un [nzv ny] - ¢pa [nasa ny] + 27‘(‘/\[77%, ny]

where A[n,,n,| is an integer. If the Nyquist criterion is met, the phase difference between

adjacent pixels is always less than 7w (rad.) [20]. A wrapping operator is defined as

w<¢>:¢_ﬂ¢”J

21

which wraps phase ¢ into the interval (—m, 7| [50].
Define an error of phase ¢pa[n, + 1, n, + 1] to its linear approximation gzgpa [ne +1,n, + 1]

as [50]

tlnqg, ny) = ‘W(Qgpa[nw +1,ny +1] = dpa[na + 1,0y + 1])’
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with smaller ¢[n,,n,| implying higher reliability. Then, define a quality function as [51]

t[ng, ny]

Qlnzmy) =1 - (3.9)

T
which falls in [0, 1], with larger value implying better quality.

A quality-guided phase unwrapping algorithm is applied along a path which is immune
to error propagation, based on the quality function defined in (3.9) [52]. The pixel with the
highest quality in the whole image is selected as the starting point and its four neighbors
are stored in an adjoin list. Next, select the pixel p with the highest quality from the adjoin

list, its unwrapped phase is computed as

¢w+277— \‘Qbr_qsw'f_ﬂ-J

21

where ¢,, is its wrapped phase and ¢, is the phase of a reference pixel which is arbitrarily
picked from an unwrapped neighboring pixel of p.

Pixel p is then removed from the adjoin list, and its neighboring pixels which have not
been unwrapped are added to the list. The procedure continues until the list is empty. The
unwrapped interferometric phase is labeled as ¢, [n,, n,].

To further reduce noises, a mean filter with size Ny, X N,q, is applied to ¢/, [n,, n,] to

obtain [20]

(Nwa*l)/z (Nwrfl)/Q '
(bav [nma ny] = arg { Z Z e]¢un[nz+m,ny+n]}

n=—(Nwa—1)/2 m=—(Nur—1)/2
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3.5 Elevation Mapping and Geometric Correction

Next, the flat-Earth phase in (3.4) is modified from [n,, n,] to [n., n,] by noting

Tom|[nz] = \/H2 + (H tan ;9 + n,Azx)?

ros[ng] = [(TOm[nz])Q + b —2brom[n.] cos (;T — Oio[n| + (91))} 2 (3.10)

where b = [b|, 8, = cos™!(b,/b), and Oi[n,] = cos L (H /Tom[ns]) is the local incident angle.

The modified flat-Earth phase is

Prelna] = —(47/X) (rom[na] — 70s[ny]) (3.11)

and is added back to the mean-filtered phase as

Prot[na; My] = Pav[nz, ] + O [na] (3.12)

Tom[nx] + 57“[71:10, ny]

Q[na, ny)

([ng,ny)

> T

Figure 3.6: Schematic of height estimation.

Fig.3.6 shows that the estimated elevation at pixel [n,,n,] is related to the range from
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the main platform as

C[na, ny] = H — rom[ns] cos Oic[ng, ny) (3.13)

where the range difference 07[n,, n,| is related to ¢iot[ns, ny] as

Amdring, n
Brot 1, 1y = ”[Ay] (3.14)

By the law of cosines that
(Tom[na] + 07[n4, 1)) = 75, [02] + b® — 2670 [n.] cos (9b + g — Oic[ng, ny]> (3.15)

we have

1 Or[ng, ny)

; (3.16)

Oic[na, ny| ~ 6, — g + cos

under the assumption that 7o, > 0r and rq,, > b. The elevation ([n,,n,] is then estimated

by substituting (3.14) into (3.16), then into (3.13).

Figure 3.7: Schematic of geometric correction.
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As three-dimensional topographic surface is mapped to two-dimensional InSAR image,
the horizontal position of a point on the surface is deviated on the image. Geometric cor-
rection is required to map the InSAR image of surface elevation, ([n,,n,}, from [n,,n,]

to correct position (z,y). Fig.3.7 shows the schematic of geometric correction. The point

Q[nr,ng) is mapped to Qo[n,, n,], which is shifted by dx[n,, n,| and satisfies P,,,Qo = P, Q,

namely,

(H tan eio + (51‘)2 + (H - C)2 = Tgm

from which dz is solved as

dx ~ ( cot B;g (3.17)

Thus, the horizontal position of the XTI-SAR surface elevation ([n,,n,| at pixel [n,,n,] is

corrected as

T = 0x[Nyp, Ng| + Trer

Y = Yref

3.6 Internal-Wave Signature Detection Constraints

In the rest of this Chapter, three constraints on applying the proposed method for detect-

ing internal-wave signature are elaborated, including blind-spot in SAR images, baseline
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decorrelation and center frequency shift, trade-off between horizontal resolution and vertical

accuracy.

3.6.1 Blind-Spot in SAR Images

4 _
400 510 400 5107
200} ! 200 | N,

é 0 0 @ 0 ] 0

= D

200! . 900 | §-1
400 ) 400 A L
—400-200 0 200 400 ~400-200 0 200 400

(a) (b)

Figure 3.8: Contribution of internal wave in (2.26), simulated with parameters of event 1 in

Table 41, (a) ¢iw - 0, (b) ¢iw - 7T/2

Fig.3.8 shows the contribution of an internal wave to the NRCS from the sea surface,
specified by the third term in (2.26). It is observed that its contribution to NRCS is not
discernible at ¢y, = m/2, which implies that an internal wave moving in parallel to the

satellite flying direction cannot be revealed from the XTI-SAR image.

3.6.2 Baseline Decorrelation and Center Frequency Shift

Fig.3.9 shows a schematic of look-angle difference Af between two satellites separated by a
baseline b, . If the baseline b, is larger than a critical baseline b, ., Af will be too large that

the images acquired from main satellite and secondary satellite become decorrelated [53],
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T

Figure 3.9: Range spectral shift due to look-angle difference, A0 ~ —b, /ro,, by < H.

sabotaging the XTI-SAR imaging method. As listed in Table 4.2, b; = 1500 m, which is
only 0.2 % that of H = 525-572 km, satisfying the approximation of b, < H.
The ground-range (z) component of Bragg-resonant wavenumber viewed from the main

satellite is [44]

4 in 6;
o (f) = 2k sin f; — I S
c
and the spectral bandwidth is

_ 47 B, sin0);
N c

Bzm

Similarly, the = component of Bragg-resonant wavenumber viewed from the secondary satel-

lite is

47 f(sin6; + A6 cos ;)

kes(f) = 2k sin(6; + Af) ~ (3.18)
c
and the spectral bandwidth is
B — 47 B, sin(6; + AD) ~B. 4 47 B, A6 cos 0; (3.19)
c c
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The main signal and the secondary signal become completely uncorrelated if the two spectra

are separated [54], namely, |k.s(fo) — kzm(fo)| = Bem, which implies

Br tan 91 bJ_ Br tan 61

Af| > 3.20
A6) = 0 Tom Jo (3.20)
A critical baseline b, . is determined from the equal sign in (3.20) as
Ao Brtan6;  0.886Arq,,
by = Som I ART i (3.21)

c ~ 2Azcosb;

where Az is the horizontal resolution in = direction. The effects of baseline decorrelation
can be mitigated by applying a range spectral filter [54] or by choosing a baseline shorter

than ch'

3.6.3 Trade-off between Horizontal Resolution and Vertical Accu-
racy

The choices of look angle and mean-filter size affect the trade-off between horizontal reso-
lution and height accuracy. The first dilemma comes from the choice of look angle. The

height error 6 is related to the phase error d¢ as [55]

AoT0om Sin 6;

o¢ = 2, Yo (3.22)

which implies that smaller look angle 8; results in lower height error, complying with that

of InSAR altimetry. On the other hand, the horizontal resolution of SAR imaging with
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bandwidth B, is given by [56]

Cc
Azr = 0.886 ———+ 2
x = 0.886 5B, sind, (3.23)

which implies that finer horizontal resolution is achieved at larger look angle, complying with
that of conventional XTI-SAR.
The random phase can be smeared out with larger mean filter, achieving better height

accuracy. However, the horizontal resolutions w, and w, are related to the mean-filter widths

N, and N, as
Wy = Nyr Az, wy = Ny Ay (3.24)

where Az and Ay are the intrinsic resolution of SAR imaging in x and y directions, respec-
tively. Choosing larger N, and N,, results in better height accuracy but worse horizontal
resolution, possibly smears out subtle internal-wave signature, as will be demonstrated in
Chapter 4.6. The proposed method of collecting data from multiple satellite pairs can be

used to preserve the height accuracy, without compromising the horizontal resolution.
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Chapter 4

Simulations and Discussion

Table 4.1 lists the parameters of two internal-wave events. The first event was recorded
with TerraSAR-X on April 22, 2010, near Dongsha Atoll in the South China Sea [8]. The
upper-layer depth h; is estimated from the Doppler velocity anomaly acquired with ATI
imaging technique. The ocean depth h is estimated from nautical charts. The normalized
density difference Ap/p is derived from the WOA18 [57]. The half-width of internal wave is
estimated as ¢ = 224 m by using (2.4).

The internal wave in the second event was captured in a SAR image with marine X-band

radar in the Mid-Atlantic Bight (MAB) [58]. Relevant parameters are derived from the in-

Table 4.1: Parameters of internal-wave event.

’ parameter \ symbol \ case 1 \ case 2 ‘
upper-layer depth hy 80 m 125 m
lower-layer depth hs 370 m 62.5 m
normalized density difference | Ap/p 2.4 x 1073 | 3.1x 1073
IW maximum amplitude Mo 80 m 16.6 m
IW propagation direction Oiw 0° 0°
wind speed Uro 4—9m/s |3 m/s
wind direction Ow 30° 30°
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Table 4.2: Parameters for reconstructing internal-wave signatures with multiple satellite
pairs.

] parameter \ symbol \ value
carrier frequency fe 13.56 GHz
bandwidth B, 101.2/103.3/105.5 MHz
wavelength Ao 0.022 m
incident angle 0; 39°/40°/41°
polarization hh
squint angle Osq 0°

platform altitude
platform velocity
range sampling freq. 1.2B,

pulse repetition freq. 3700/3800 Hz

H 525/547/559/572 km
US
FT‘
Fd
pulse width T, 1.5 ps
NT
Na
Ta

7569-7594 m/s

range samples 1024
azimuth samples 2048

aperture time 0.44-0.49 s
parallel baseline b 0m

perp. baseline by 1500 m
ground range reso. Ax 2 m
azimuth reso. Ay 2 m
oversampling ratio N 16

# sub-images Nyt X Ny 8% 8
mean filter width Nyr X Nyo | TX 7

# satellite pairs N 12

situ data of temperature moorings. The half-width of internal wave is estimated as ¢ = 31.3
m by using (2.4).

Table 4.2 lists the parameters of multiple satellite pairs. The look angle of each satellite
pair lies between 39 and 41°.

Table 4.3 lists the azimuth angles of 12 satellite pairs, looking into a target area in the
simulations. Referring to the Starlink constellation [36], four satellite altitudes of 525, 547,
559 and 572 km are chosen. The XTI-SAR imaging technique is applied at three look angles,
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Table 4.3: Azimuth angle ¢, of satellite pairs.

| H\ 6 [39° [40° [41° |
525 km 0°  [120° [240°
547 km 30° | 150° | 270°
559 km 60° | 180° | 300°
572 km 90° | 210° | 330°

and the satellite pairs at a given altitude are uniformly spaced in azimuth angle.

In this work, the received signals for SAR imaging are simulated under a stop-and-
go assumption. The satellite position and the ocean surface are approximated as frozen
during the emission of each individual pulse. The pulse repetition frequency F, is related
to the azimuth resolution Ay as Ay = v,An = vs/F, [56], where An = 1/F, is the pulse
repetition interval. As a satellite flies higher, its speed vs becomes lower [59], and its F,
should be decreased to maintain the same Ay. Thus, F, is set to 3700 Hz at orbital height
of H = 572 km, and 3800 Hz at other orbital heights of H = 525,547,559 km. The coherent
processing interval is T, = 0.44-0.49 s, pending on the orbital height of satellite pair. Hence,
the horizontal resolution of each SAR image achieved with the default parameters listed in
Table 4.2 is close to Az = Ay = 2 m.

The ocean wave driven by wind is simulated with a Pierson-Moskowitz spectrum [46].
The target area is first segmented into multiple pixels. Each pixel has size of 1 m x 1 m
and its height is the ocean-wave height at the pixel center. The amplitude and phase of

the echoed signal from each pixel are derived in terms of the NRCS and the slant range,
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respectively, from that pixel. The NRCS value attributed to each pixel is computed with eqn.
(2.26). The received signal at each slow time instant is the sum of echoed signals from all the
pixels. Under the strongest wind of Ujg = 9 m/s considered in this work, the dominant wind
wave component moves at phase speed of ¢, ~ 11.01 m/s in deep water and traverses about
6 m during a coherent processing interval of T, = 0.44-0.49 s. A range-Doppler algorithm
is applied to reconstruct a SAR image from the received signals at each satellite [56]. The
proposed XTI-SAR imaging method is then applied to the two SAR images derived from one
pair of satellites to reconstruct a sea-surface profile, which is the superposition of wind-wave
profile and internal-wave signature.

To assess the performance of reconstructing internal-wave signatures, define a root-mean-
square error (RMSE) between the true height profile ( and its reconstructed counterpart C~

as

RMSE((, ¢) = J >3 (Cmn] — ¢lmon))’ (4.1)

which is abbreviated as RMSE. If the internal-wave signature in (2.9) is used as a true profile
of (iw, the resulting RMSE(@ , Giw) is abbreviated as RMSE;, .

Fig.4.1 shows the snapshots of sea-surface profile simulated with the parameters listed in
Table 4.1, with Ujp = 4 m/s, and the XTI-SAR images reconstructed with the parameters

listed in Table 4.2. Fig.4.1(a) shows that the internal-wave signature manifests a stripe-like
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Figure 4.1: Snapshots of sea-surface profile simulated with parameters of event 1 in Table
4.1, Uy = 4 m/s, and XTI-SAR images acquired with parameters listed in Table 4.2 and one
satellite pair, (a) internal-wave signature immersed in wind wave, (b) reconstructed image of
(a), RMSE = 15.38 cm, (c) internal-wave signature, (d) reconstructed image of (¢), RMSE
= 13.33 cm, (e) flat surface, (f) reconstructed image of (e), RMSE = 13.03 cm.
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pattern. Fig.4.1(b) shows the reconstructed image, where the features of wind wave are
suppressed but the stripe-like pattern is sputtered with artificial speckles.

To trace possible cause of these speckles, a sea-surface profile containing only internal-
wave signatures is simulated as shown in Fig.4.1(c). However, Fig.4.1(d) shows that speckles
sustain in the reconstructed XTI-SAR image, implying that the wind-wave is not the main
cause of these speckles. Fig.4.1(e) shows a flat surface and Fig.4.1(f) shows its reconstructed
image with the parameters listed in Table 4.2. The enduring speckles are attributed to the
XTI-SAR imaging process.

Note that the sea-surface profile is updated about once every 0.1 s to compute the echoed
signals, from which SAR images are acquired and further processed to reconstruct the surface

height images shown in Figs.4.1(b), 4.1(d) and 4.1(f), respectively.

4.1 Velocity Bunching Effect

The sea surface movement arouses velocity bunching effect, inducing azimuthal shift to the
echoed signals [44]. Generally speaking, a rising surface patch and a falling surface patch shift
the echoed signals toward positive and negative azimuth directions, respectively, mapping
their horizontal positions to incorrect pixels in a SAR image.

In this work, the sea surface is modeled as a grid of point targets which move up and

down in z-direction as wind wave and internal-wave signature pass by. The motion of sea
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surface profile induces azimuth shift, with the true azimuth position y and reconstructed
azimuth position y' related by ' = y + ro(x)v,./vs, where ro(x) is the slant range from the
satellite to a point target located at (z,y), and v, is the radial velocity component of the
point target toward the satellite. A derivation of this relation is presented in the Appendix,
which is consistent with the discussions about velocity bunching effect on SAR images of
ocean wave [60]-[65].

To better demonstrate the velocity bunching effect, the sea-surface profile is updated
once every 32 pulse repetition intervals (about 0.007 s) to compute the echoed signals, from
which the SAR image is reconstructed. Fig.4.2(a) shows a SAR image of sea-surface profile
with internal-wave signature immersed in wind wave under U;y = 4 m/s, and Fig.4.2(c)
shows the sea-surface profile reconstructed with the XTI-SAR imaging method. The XTI-
SAR image manifests the internal-wave signature more obvious that its counterpart SAR
image. Similarly, Fig.4.2(b) shows a SAR image of sea-surface profile with internal-wave
signature on a calm sea, and Fig.4.2(d) shows the sea-surface profile reconstructed with the
XTI-SAR imaging method, in which the internal-wave signature is better discernible than
in its counterpart SAR image.

The SAR images in Figs.4.2(a) and 4.2(b) manifest highly random features, which is

confirmed by the fact that the autocorrelation function of either image concentrates around
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Figure 4.2: Simulated images with enhanced velocity bunching effect: (a) SAR image of
sea-surface profile with internal-wave signature immersed in wind wave under Ujy = 4 m/
s, (b) SAR image of sea-surface profile with internal-wave signature, (¢) XTI-SAR image of
sea-surface profile with internal-wave signature immersed in wind wave under Ujp = 4 m/s,
RMSE = 16.28 cm, (d) XTI-SAR image of sea-surface profile with internal-wave signature,
RMSE = 13.52 cm.
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the origin.

To examine the velocity bunching effect on the proposed XTI-SAR imaging method,
Fig.4.2(c) is compared with Fig.4.1(b), and Fig.4.2(d) is compared with Fig.4.1(d). Visual
inspection reveals little difference. Note that the sea-surface profile is updated about once
every 0.1 s in Fig.4.1 while once every 32 pulse repetition intervals (about 0.007 s) in Fig.4.2
to fully demonstrate the sea-surface movement. In the latter case, the RMSE values slightly
increase from 15.38 cm to 16.28 cm and from 13.33 c¢cm to 13.52 cm, respectively. The impact
of velocity bunching effect on the final XTI-SAR images is not prominent.

Fig.4.3 shows the height difference A( between reconstructed profile and original profile,
where AC[m, n] = {[m,n]—([m,n]. Fig.4.3(a) shows the height difference between Fig.4.1(b)
and Fig.4.1(a), with internal-wave signature immersed in wind wave under U;p = 4 m/s. The
ocean wave movement is updated at rate much lower than F},, hence the velocity bunching
effect is not as obvious as it should have been, and RMSE = 15.38 cm. Fig.4.3(b) shows
the height difference between Fig.4.2(c) and Fig.4.1(a), where the ocean wave movement is
updated at rate of F,/32, hence the velocity bunching effect is well manifested, and RMSE
= 16.28 cm. Fig.4.3(c) shows the height difference between Fig.4.1(f) and Fig.4.1(e), with
regard to a flat surface profile, where Fig.4.1(f) can be viewed as some kind of intrinsic

noise attributed to the radar parameters adopted to acquire an XTI-SAR image, and RMSE
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Figure 4.3: Height difference A{ between reconstructed profile and original profile, (a)
A( between Fig.4.1(b) and Fig.4.1(a), RMSE = 15.38 c¢m, (b) A( between Fig.4.2(c) and
Fig.4.1(a), RMSE = 16.28 cm, (c) A between Fig.4.1(f) and Fig.4.1(e), RMSE = 13.03 cm.

= 13.03 cm.

In short, the RMSE increases from 13.03 cm for a flat surface to 15.38 cm for sea-surface
profile under Ujgp = 4 m/s, and increases further to 16.28 cm if velocity bunching effect is
well manifested. The increment of RMSE attributed to velocity bunching effect is 0.9 cm,
much lower than the RMSE intrinsic to the XTI-SAR imaging method with given radar

parameters.
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Figure 4.4: Height difference /A{ between reconstructed profile and original profile of internal-
wave signature, (a) A¢ between Fig.4.1(d) and Fig.4.1(c), RMSE = 13.34 c¢m, (b) A{ between
Fig.4.2(d) and Fig.4.1(c), RMSE = 13.52 cm.

Fig.4.4 shows the height difference A( between reconstructed profile and original profile
of internal-wave signature. Fig.4.4(a) shows the height difference between Fig.4.1(d) and
Fig.4.1(c). The ocean wave movement is updated at rate much lower than F,, and RMSE
= 13.34 cm. Fig.4.4(b) shows the height difference between Fig.4.2(d) and Fig.4.1(c), where
the ocean wave movement is updated at rate of F,/32, hence the velocity bunching effect is
well manifested, and RMSE = 13.52 cm.

Similar to Fig.4.3, the RMSE increases from 13.03 cm for a flat surface to 13.34 cm when
an internal-wave signature appears, and further increases to 13.52 cm if velocity bunching
effect is well manifested. The increment of RMSE attributed to velocity bunching effect is
0.18 cm, much lower than the RMSE intrinsic to the XTI-SAR imaging method with given
radar parameters. Thus, the velocity bunching effect is not prominent in this work.
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4.2 Effect of Baseline
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Figure 4.5: XTI-SAR images of sea-surface profile simulated with parameters of event 1
in Table 4.1, Ujp = 4 m/s, acquired with default parameters in Table 4.2 and different
perpendicular baselines, (a) b, = 100 m, RMSE = 60.53 ¢m, RMSE;, = 60.08 cm, (b)
b, =800 m, RMSE = 19.86 cm, RMSE;,, = 18.30 c¢m, (c¢) b, = 1500 m, RMSE = 15.69 cm,
RMSE;, = 13.75 c¢m, (d) b; = 3000 m, RMSE = 18.92 cm, RMSE;,, = 16.94 cm.

As was discussed in Chapter 3.6.2, longer baseline may bring about decorrelation and
deteriorate the acquired image. Fig.4.5 shows the XTI-SAR images of the sea-surface profile
in Fig.4.1(a), reconstructed with different b, s and the default parameters in Table 4.2.

Fig.4.5(a) shows the reconstructed image with 6, = 100 m, displaying no traces of
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internal-wave signatures. Fig.4.5(b) shows that by increasing baseline to b; = 800 m, silhou-
ette of internal-wave signature emerges. Fig.4.5(c) shows that the speckles are reduced with
longer b, . Further increase of b, leads to baseline decorrelation. As shown in Fig.4.5(d), the
striped pattern of internal-wave signature disappears, with RMSE and RMSE;,, increased to

18.92 cm and 16.94 cm, respectively.

(cm)

RMS

5 ; : : 5 ; : '
0 1000 2000 3000 4000 0 1000 2000 3000 4000
by (m) by (m)
(a) (b)
Figure 4.6: Effects of b, on (a) RMSE and (b) RMSE;;, of reconstructed images of Fig.4.1(a).
Fig.4.6 shows the trends of RMSE and RMSE;,,, respectively, versus b, . It is observed
that both RMSE and RMSE;,, drop rapidly with increasing b, till b, = 1500 m, then gently

rises if b, is further increased. Thus, b, = 1500 m is adopted as a default parameter in the

subsequent simulations.

4.3 Effect of Mean Filter Size

A mean filter of size N, X Ny, is commonly applied on the phase image to mitigate speck-

les in the resulting surface-height profile, at the cost of enlarging the horizontal resolution
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Figure 4.7: XTI-SAR images of a sea-surface profile acquired with default parameters in
Table 4.2 and different mean-filter sizes, (a) Ny, =7, (w,, w,) = (14,14) m, RMSE = 15.69
cm, RMSE;,, = 13.75 cm, (b) Ny, = 37, (w,, wy) = (74,74) m, RMSE = 9.79 cm, RMSE;, =
3.98 cm, (¢) Ny = 67, (wy, w,) = (134,134) m, RMSE = 9.44 cm, RMSE;,, = 3.06 c¢m, (d)
Nyr =97, (wy, wy) = (194,194) m, RMSE = 9.32 cm, RMSE;,, = 2.69 cm.
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from (Az, Ay) to (v, wy) = (NyrAz, NyoAy). Fig.4.7 shows the reconstructed images of
Fig.4.1(a), with different mean-filter sizes. It is observed that the speckles are significantly
smeared by choosing larger mean-filter size. However, the striped patterns in Figs.4.7(b)-

4.7(d) are distorted as compared with Fig.4.1(c).
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Figure 4.8: Effects of mean-filter size on (a) RMSE and (b) RMSE;, of reconstructed images
of Fig.4.1(a).

Fig.4.8 shows the effects of mean-filter size on RMSE and RMSE;, respectively, of re-
constructed images of Fig.4.1(a). Both RMSE and RMSE;, drop rapidly with filter size,

gradually converge to RMSE ~ 10 cm and RMSE;,, ~ 3.5 cm.

4.4 Selection of Baseline, Mean-Filter Size and Satel-
lite Pair Number

Fig.4.9 shows the sea-surface profiles of event 1 in Table 4.1, acquired with different numbers
of satellite pairs. As more satellite pairs are adopted, more wind-wave features are removed

and the internal-wave signatures become more discernible, as compared to Fig.4.1(c).
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Figure 4.9: XTI-SAR images acquired from sea-surface profile of event 1 in Table 4.1, with
default parameters in Table 4.2, Ujp = 4 m/s, (a) simulated profile, (b) single pair, RMSE
= 15.69 cm, RMSE;, = 13.75 cm, (c¢) 5 pairs, RMSE = 9.80 cm, RMSE;, = 6.40 cm, (d) 12
pairs, RMSE = 8.82 cm, RMSE;,, = 4.82 cm.

Fig.4.10 shows effects of b, , w,,w, and satellite pair numbers on RMSE and RMSE;y,,
respectively, of sea-surface profiles simulated with the parameters of event 1 in Table 4.1 and
Uyo = 4 m/s. The default radar parameters are listed in Table 4.2.

Irrespective of the satellite-pair number, the RMSE drops sharply with the increase of
by, then rises gradually if b, is further increased. The RMSE of image acquired with one

satellite pair decreases significantly as compared with that of averaging over 5 satellite pairs,
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Figure 4.10: Effect of parameters on RMSE and RMSE;,, of sea-surface profiles simulated
with parameters of event 1 in Table 4.1, Ujy = 4 m/s, reconstructed with radar parameters
listed in Table 4.2. Effect of (a) by on RMSE, (b) b, on RMSE,y, (¢) w,, w, on RMSE, (d)
Wy, w, on RMSE;y,. : 1 pair, : 5 pairs, 9 pairs, : 12 pairs.

and gradually converges to that of averaging over 12 satellite pairs. The variation of RMSE;,,
versus b, shown in Fig.4.10(b) follows similar trend as in Fig.4.10(a).

Fig.4.10(c) shows the effect of horizontal resolution or mean-filter size on RMSE of the
reconstructed sea-surface profiles. Under each number of satellite pairs, the RMSE drops
sharply as w, and w, are increased from small number, then converges as w, and w, are

increased to 50 m. The lowest RMSE value is achieved with w, = w, = 14 m and 12 satellite
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pairs.

4.5 Effect of Wind Speed
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Figure 4.11: XTI-SAR images acquired from sea-surface profile of event 1 in Table 4.1,
with default parameters in Table 4.2, Ujp = 5 m/s, (a) simulated profile, (b) single pair,
w, = wy, = 14 m, RMSE = 16.84 cm, RMSE;,, = 14.93 cm, (c) single pair, w, = w, = 202
m, RMSE;,, = 2.94 cm, (d) 12 pairs, w, = w, = 50 m, RMSE;;, = 3.30 cm.

Fig.4.11 shows the XTI-SAR images of the sea-surface profile of event 1 in Table 4.1,
acquired with the default parameters listed in Table 4.2 and Uyg = 5 m/s. Fig.4.11(b)
shows that with only one satellite pair and a small mean-filter, the stripe pattern is barely

discernible. Fig.4.11(c) shows that the stripe pattern becomes discernible by increasing the
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size of mean filter. Fig.4.11(d) shows that similar internal-wave signatures can be recognized
with smaller mean-filter size to preserve the horizontal resolution of w, = w, = 50 m by

using 12 pairs of satellites.
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Figure 4.12: XTI-SAR images acquired from sea-surface profile of event 1 in Table 4.1,
with default parameters in Table 4.2, Ujp = 6 m/s, (a) simulated profile, (b) single pair,
w, = wy, = 14 m, RMSE = 18.29 cm, RMSE;;, = 17.45 cm, (c) single pair, w, = w, = 202
m, RMSE;,, = 3.22 c¢m, (d) 12 pairs, w, = w, = 50 m, RMSE;,, = 4.98 cm.

It was reported in [16] that internal-wave signatures were barely discernible at Uyg > 5
m/s. Fig.4.12 shows the comparison of XTI-SAR images acquired with multiple satellite

pairs and different mean-filter sizes, under Uy = 6 m/s.
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Fig.4.12(a) shows the simulated profile of internal-wave signatures immersed in a wind
wave, under Uy = 6 m/s. Fig.4.12(b) shows the acquired XTI-SAR image with one pair of
satellites. The stripe-like pattern of internal-wave signatures is recognizable, but is severely
interfered by the rough sea surface.

Fig.4.12(c) shows that the stripe-like pattern is significantly enhanced by applying a
mean filter of window size w, = w, = 202 m, but its shape is slightly distorted. Fig.4.12(d)
shows that by applying 12 satellite pairs, the internal-wave signatures can be reconstructed
at horizontal resolution about 4 times finer than that in Fig.4.12(c).

Fig.4.13(a) shows the simulated profile of internal-wave signatures immersed in a wind
wave under Ujp = 9 m/s, making the former completely indiscernible. Fig.4.13(b) shows
that using one pair of satellites fails to manifest the internal-wave signatures. Fig.4.13(c)
shows that by applying a mean filter of large size w, = w, = 202 m, faint internal-wave
signatures are revealed. Although taking a larger filter size helps removing the wind waves,
but the horizontal resolution is deteriorated as compared with Fig.4.13(b).

However, Fig.4.13(d) shows that using 12 pairs of satellites, followed by mean filter of
size w, = w, = 50 m, fails to reveal the internal-wave signatures. Note that wind waves
under Ujp = 9 m/s, with wavelength about 70 m, cannot be effectively removed with the

mean filter [46].
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Figure 4.13: XTI-SAR images acquired from sea-surface profile of event 1 in Table 4.1,
with default parameters in Table 4.2, Ujp = 9 m/s, (a) simulated profile, (b) single pair,
w, = w, = 14 m, RMSE = 26.89 cm, RMSE;,, = 31.77 c¢m, (c) single pair, w, = w, = 202
m, RMSE;,, = 5.13 cm, (d) 12 pairs, w, = w, = 50 m, RMSE;;, = 22.37 cm.

4.6 Detection of Subtle Internal-Wave Signatures

Finally, signatures of two subtle internal-wave events are reconstructed with the proposed
imaging technique to demonstrate its merits. Fig.4.14(a) shows the sea-surface profile sim-
ulated with the parameter of event 2 in Table 4.1, with U;y = 3 m/s. The amplitude of
internal-wave signatures is only 4 cm. Figs.4.14(b) and 4.14(c) show that the XTI-SAR

image acquired with one pair of satellites fails to manifest the internal-wave signatures, even
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Figure 4.14: XTI-SAR images acquired from sea-surface profile of event 2 in Table 4.1,
with default parameters in Table 4.2, Ujp = 3 m/s, (a) simulated profile, (b) single pair,
w, = w, = 14 m, RMSE = 13.79 cm, RMSE;;, = 12.99 cm, (c) single pair, w, = w, = 202
m, RMSE;,, = 1.87 c¢m, (d) 12 pairs, w, = w, = 50 m, RMSE;,, = 1.32 cm.

with large window size of w, = w, = 202 m. Fig.4.14(d) shows that the internal-wave signa-

tures can be extracted with 12 pairs of satellites, followed by mean filter of size w, = w, = 50

Internal-wave signatures with alternate polarity were observed on shoals of continental
shelf [38]. Since a closed-form solution of internal wave is intractable, the parameters of

event 2 in Table 4.1 are used to make an approximate solution, with one sech? function
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closely followed by another one with opposite polarity, given by

(@, 1) = % {sech2 [(w — 1.50) cos ¢uy + (y — 1.50) sin ¢y, — ciwt]

1.8¢
soc? [(x + 0.50) cos iy + (Z + 0.50) sin ¢y, — Ciwt] } (4.2)
which is substituted into (2.7) to derive the induced internal-wave signatures.
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Figure 4.15: XTI-SAR images acquired from sea-surface profile of event 2 in Table 4.1,
carrying internal-wave signatures of alternate polarity, with default parameters in Table 4.2,
Uyp = 3 m/s, (a) simulated profile, (b) single pair, w, = w, = 14 m, RMSE = 13.96 cm,
RMSE;,, = 13.18 cm, (c) single pair, w, = w, = 202 m, RMSE;;, = 1.99 c¢m, (d) 12 pairs,
w, = wy = 50 m, RMSE;, = 1.30 cm.

Fig.4.15(a) shows vague internal-wave signatures immersed in the wind wave. Fig.4.15(b)
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shows the XTI-SAR image acquired with single pair of satellites, followed by a mean filter
of size w, = w, = 14 m. No internal-wave signatures are discernible. By applying mean
filter of size w, = w, = 202 m, which worked well in previous cases, we obtain an ambiguous
image in Fig.4.15(c).

Fig.4.15(d) shows the XTI-SAR image acquired with 12 pairs of satellites, followed by
a mean filter of size w, = w, = 50 m. An alternate stripe-pattern becomes marginally dis-
cernible. This case suggests that fair horizontal resolution can help manifest subtle internal-

wave signatures, for example, narrow stripe pattern with alternate polarity.
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Figure 4.16: XTI-SAR images of sea-surface profile acquired with default parameters in
Table 4.2 and N, = 97, (w,,w,) = (194,194) m, (a) without enhancing velocity bunching
effect, RMSE = 9.32 cm, (b) with enhanced velocity bunching effect, RMSE = 9.36 cm.

Fig.4.16 shows that the RMSE value increases from 9.32 cm to 9.36 cm when the velocity
bunching effect is enhanced and a large mean filter is exerted. The increment of RMSE value

is 0.04 cm, smaller than the increment of 0.9 cm manifested in Fig.4.3 and 0.18 cm manifested
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in Fig.4.4, where one satellite pair is adopted and mean filter is not exerted.

It is also observed in Fig.4.10(c) that the RMSE is reduced from 26.3 cm to 9.32 ¢cm by
exerting large mean filter and adopting one satellite pair, is reduced to 10.2 em by adopting
multiple satellite pairs without exerting mean filter, and is further reduced to 8.82 cm by
exerting large mean filter and adopting multiple satellite pairs. These reduced RMSE values
are much larger than the increment attributed to the velocity bunching effect. Hence, the

velocity bunching effect has little impact upon the proposed XTI-SAR imaging method.
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Chapter 5

Conclusions

An XTI-SAR imaging technique based on multiple satellite pairs is proposed to detect feeble
internal-wave signatures immersed in wind-wave features. The radar echoed signals from sim-
ulated sea-surface profile are computed to test the efficacy of the proposed imaging method.
The internal-wave signatures are manifested by processing echoed signals received by multi-
ple satellite pairs, without deteriorating the horizontal resolution as in conventional methods
that invoke mean filter. The XTI-SAR technique is immune to the blind-spot issue in de-
tecting internal-wave signature with conventional SAR imaging methods. The joint effects
of satellite-pair number, baseline and mean filter width on the height accuracy are analyzed
by simulations under various wind speeds and three internal-wave events. The simulation
results verify that the proposed method is capable of detecting internal-wave signatures with
height accuracy of centimeters, at spatial resolution of 14 m, under wind speed of Uy < 6

m/s. The proposed method is capable of detecting narrow internal-wave signatures that
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cannot be identified with conventional methods invoking one pair of satellites.
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Appendix: Registration Error
Induced by Target Motion

Q(x,y,¢)

Figure I.1: Schematic of slant range between satellite P and a moving target ().

Fig.I.1 shows a schematic of slant range between satellite P and a moving target (). The

satellite P flies in y direction at speed vy, and the moving point target @ is located at (z,y, ().

The origin is set to the nadir point of the satellite when 1 = 0, the z-axis points upwards,

and the x-axis is along the ground range direction of the satellite. Pulses are emitted from

the satellite at an incident angle 6;, and the squint angle is set to zero for simplicity. The
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point target () marks the sea surface at horizontal coordinates (x,y), and moves up and

down in z direction with slow time 7. The height of () is approximated as

C(z,y,m) ~ G+ ve(n —1ne) (I.1)

where (. = ((x,y,n.), N. = y/vs is the beam-crossing time of @, and the change rate of

surface height is approximated as

ve = C(l’, Y, Ta/2) Trf(x7 Y, _Ta/2) <12>

Thus, the slant range r,(x,y,n) between P and () can be represented as

ro(w,y,m) = [PQ(n)|

= (& (= ) + (¢l yym) — HPY

{2 4 H? — 2H(,+ C + (2o — 2Ho)(n — o) + (02 + ) (n —n)*}

~ { w1+ [(y+ H”<) —msf}m (13)

S
where v, < vs and (. < H. The slant range r,(z,y,n) is the same as that between P and a

stationary target located at (x,%’,0), with

Hv ro(2)v,
<:y+o()
Vs Vs

Y =y+ (I.4)

where 7o(z) = V22 + H? and v, = v, cosb; is the component of ve in the radar pointing

direction. The expression in (I.4) is consistent with its counterparts in [60]-[65].
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In [60], the phase shift incurred by ocean wave movement was derived to reveal discrep-
ancy between apparent azimuth position and true azimuth position of a point on the surface,
and degradation in azimuth resolution was also predicted in the theoretical power density.
In [61], ensemble average of SAR image density distribution was computed to investigate the
modulation of ocean wave on SAR images. The expression of azimuth position is compatible
to that in eqn.(I.4). The result was cited in [62] to investigate the relationship between SAR
image and ocean wave spectrum in simulating NRCS of 1D ocean surface profile, and cited
in [63] to simulate SAR images of moving ocean waves. In [64], velocity bunching effect
was considered in SAR imaging of ocean wave, where a linear modulation transfer function
(MTF) could be used to map an ocean wave spectrum to its corresponding SAR image un-
der certain condition. In [65], the ocean surface motion was specified by imposing azimuthal
displacement upon a frozen image via an expression similar to eqn.(1.4), and degradation in

azimuth resolution was manifested.
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