1330

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 46, NO. 4, OCTOBER 2021

Spatial Coherence of Speckle for Repeat-Pass
Synthetic Aperture Sonar Micronavigation

Stig Asle Vaksvik Synnes
and Torstein Olsmo Sabg

Abstract—Accurate positioning of autonomous underwater ve-
hicles is a major challenge. The long-term drift is problematic if
global position updates are not available, and for applications such
as repeat-pass interferometry and coherent change detection, mil-
limeter accuracy is needed. Repeat-pass synthetic aperture sonar
(SAS) micronavigation is one potential technique for countering
both challenges. While single-pass SAS micronavigation enabled
successful coherent processing within one track, the potential is
that repeat-pass SAS micronavigation can support coherent pro-
cessing between passes. Both techniques are based on recognizing
the speckle pattern in the seafloor return, but repeat-pass SAS
micronavigation has additional challenges with the larger tem-
poral and spatial separations between the observations. In this
study, we investigate the spatial correlation of speckle as observed
from SAS systems. We divide the different contributions to spatial
decorrelation into three groups: 1) speckle decorrelation; 2) foot-
print mismatch; and 3) stretching. We examine each contribution
separately and develop simplified formulas for their decorrelation
baselines. When correlating synthetic aperture images, decorrela-
tion from stretching dominates. When correlating single-element
data recorded at low grazing angles common to SAS, speckle
decorrelation dominates. We validate our findings on experimental
data, and by combining elements into larger effective elements,
we demonstrate increasing the across-track baseline for repeat-
pass SAS micronavigation updates from less than 1 to 10 m.

Index Terms—Interferometry, navigation, spatial coherence,
synthetic aperture sonar (SAS).

I. INTRODUCTION

UTONOMOUS underwater vehicles (AUVs) with syn-
thetic aperture sonar (SAS) are used for a wide range
of applications, including search and survey [1], marine geol-
ogy [2], habitat monitoring [3], environmental monitoring [4],
naval mine countermeasures [5], change detection [6], [7], and
underwater archeology [8], and there is a huge potential of
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using SAS for bathymetric mapping [9], [10]. Many of these
applications pose challenging demands for the AUV navigation,
both regarding short-time position accuracy and long-term drift.
A range of techniques are available both for absolute and relative
position updates [11]. Absolute position updates can be obtained
from global navigation satellite systems, either by relaying po-
sition updates from a surface vessel or through surfacing. How-
ever, operating a surface vessel can be costly, and surfacing the
underwater vehicle is not practical for operations at large depth
or in highly trafficked areas. The use of terrain navigation with
premade maps is a well-demonstrated alternative for acquiring
absolute or relative navigation updates in the underwater do-
main [12], [13]. While this technique exploits terrain variations,
its companion technique of feature-based navigation can operate
on smaller features or objects. Correlation of images can also be
used for navigation, supporting distributed features or feature-
points in intensity images [14], [15], or even direct correlation
of image snippets using either intensity data or complex data [7],
[16]. Furthermore, successful SAS image formation is usually
only obtained after incorporating micronavigation updates from
the SAS sensor into the vehicle navigation [17]. Initial studies
have demonstrated that SAS micronavigation measurements can
be used to obtain navigation updates also between passes under
controlled experimental setups [18]—[20].

A. Repeat-Pass SAS Micronavigation

Acoustic measurements on the seafloor typically return a
speckle intensity pattern, originating from the superimposed
backscattering of randomly distributed scatterers within each
resolution cell [21, Ch. 4.3]. If the relative distance to the
individual scatterers changes, the speckle pattern also changes.
SAS micronavigation is based on recognizing the speckle pattern
between time series of acoustic backscatter. Using a SAS system
with a multielement receiver array, element data of partially
overlapping array positions from consecutive pings are crosscor-
related in a search for the element pair and relative time delay
with the highest degree of coherence, and the corresponding
arguments give the along-track displacement and slant-range
displacements [17], [22], [23].

Successful correlation of sensor data between passes is lim-
ited by temporal decorrelation, the relative orientation of the
tracks, and the spatial separation between tracks [24]. Tem-
poral decorrelation periods for the seafloor vary from days
to perhaps a month in coastal shallow water at 100 kHz, but
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will be significantly shorter at higher frequencies, in rough
weather, with strong currents, or with high animal activity at the
seafloor [6], [25], [26]. Decorrelation from relative orientation
between tracks was derived in [24] and measured in [20]. Its
impact can be minimized by minimizing the relative orientation
of the tracks, and potentially also through beamsteering. The
decorrelation with across-track separation has been visited only
in preliminary studies, demonstrating valid repeat-pass micron-
avigation measurements for across-track separations of up to
0.7m [18], [19]. A potential applicability to significantly longer
separations has been indicated [18]. With a larger tolerance to
across-track separation, navigation updates can also be acquired
after a larger drift from the original position. Thus, the tolerance
to across-track separation constitutes a key parameter for the
feasibility of repeat-pass SAS micronavigation updates [16].

In this article, we perform an in-depth study of the limitations
to spatial separation for successful repeat-pass SAS micronav-
igation. Initially, we review the current status on estimation of
the spatial coherence.

B. Spatial Coherence

The similarity of the speckle pattern between two record-
ings of acoustic backscatter can be expressed by the degree
of coherence. The correlation function—or the spatial variance
of the coherence—for an aperture is predicted from the van
Cittert—Zernike theorem. This theorem has been successfully
applied to optics and radio astronomy, and also to pulsed echo
ultrasound [27, Ch. 10.4.2.a], [28, Ch. 15], [29].

The decorrelation with along-track baseline is used for motion
estimation in correlation sonar, including SAS micronavigation.
Accurate knowledge of its functional form is crucial for acquir-
ing navigation estimates of high accuracy and low bias [17],
[22], [23], [30, Ch. 5], [31].

The decorrelation with range baseline is fundamental for the
applicability of SAS data from repeated passes. However, we
have been unable to locate any prior study on the range baseline.
We, therefore, evaluate the van Cittert—Zernike theorem for this
dimension, and also derive simplified expressions on the feasible
baselines for both along-track and range correlation.

The decorrelation with a change of grazing angle between
observations has been studied for the application of repeat-pass
SAR interferometry. Using an approach in line with the van
Cittert—Zernike theorem, the decorrelation was first derived for
an idealized geometry and shortly thereafter for more realistic
scattering surfaces and interferometer geometries [24], [32],
[33]. This decorrelation was later related to the ground wave
number mismatch originating from a relative stretch between
the observations [34], [35].

We find it useful to group the different contributions to
decorrelation into the three groups of 1) footprint mismatch, ad-
dressing decorrelation from different illumination of the scene;
2) speckle decorrelation, addressing decorrelation caused by
different coherent contributions from scatterers within each
range sample; and 3) stretching, addressing decorrelation from
different coherent contribution between range samples. We rec-
ognize that decorrelation by footprint mismatch can be reduced
by beamsteering and beamforming, and decorrelation from
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stretching can be reduced by destretching the time series. In
contrast, speckle decorrelation is fundamental and cannot be
avoided.

C. Claim

We investigate the spatial coherence of speckle for repeat-pass
SAS micronavigation. In particular, the following statements
hold.

1) We derive simple formulas for the baseline decorrelation

for each of the contributions to spatial decorrelation.

2) We show that speckle decorrelation with range baseline
constitutes the most prominent source of decorrelation for
single elements at small grazing angles.

3) We show that when combining elements into practical
synthetic aperture lengths, decorrelation from wave num-
ber stretching constitutes the most prominent source of
decorrelation if the stretching is left uncompensated.

4) We show how decorrelation from wave number stretching
dominates over wave number mismatch, for the case of
uncompensated stretching when using the same frequency
band for both observations.

5) We estimate a coherence floor, or lower limit on the ex-
pectation value, for estimating coherence values through
crosscorrelation.

6) We demonstrate good agreement of spatial decorrelation
estimates from the theoretical predictions, our simplified
formulas, and the experimental results.

7) We demonstrate an increase of the across-track baseline of
successful repeat-pass SAS micronavigation updates from
the less than 1 m reported in [18] and [19] to more than
10 m.

D. Outline

In Section II, we introduce the system geometry of interfer-
ometric SAS and the estimation of spatial coherence, including
our derivation of the coherence floor. We evaluate the theoretical
limit on the spatial coherence from the van Cittert—Zernike the-
orem, and derive simplified formulas for the maximum feasible
along-track and range baselines limited by speckle decorrelation
in Section III. In Section IV, we evaluate the decorrelation by
footprint mismatch, and in Section V, we evaluate the decorre-
lation from a change of grazing angle, expressed as a relative
stretching of the ground wave number spectrum. We estimate
both the decorrelation without destretching, and we quantify the
remaining effect of wave number mismatch after a presumed
ideal destretching. In Section VI, we assemble our predictions
in a table of simplified formulas for decorrelation baselines of
coherence 0.5 for each of the investigated sources of decorre-
lation. We validate our findings on SAS measurements from an
operational AUV in Section VII. In Section VIII, we examine
both our theoretical predictions and our measurement results.
Finally, we summarize our main findings in Section IX.

II. SPATIAL COHERENCE ESTIMATION

In this section, we present the geometry of interferometric
SAS system and micronavigation measurements, before we
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Fig. 1.  Observation geometry of an interferometric SAS system, together with
the acoustic footprint on the seafloor and relevant coordinate systems.

give a brief introduction to the estimation of spatial coher-
ence through cross correlation of time series. We contribute
by evaluating the effective coherence floor (or bias) on the
expectation value of the maximum degree of coherence from
a cross correlation.

A. System Geometry

SAS processing is based on combining data from multiple
pings to synthesize long apertures, allowing for generation of
high-resolution images also at long range. SAS systems also
employ multielement receiver arrays, allowing them to transit
further between pings, thereby increasing the area coverage
rate [36].

Fig. 1 shows the measurement geometry of an interferometric
SAS system on an AUV with one transmitter and two vertically
displaced receiver arrays. Using an interferometric SAS addi-
tionally allows for estimating the seafloor bathymetry [37]. We
have indicated the relevant local earth-fixed coordinate system
[x, vy, z] that represents the along-track and across-track posi-
tions, and the altitude. The SAS system insonifies the seafloor
within the sonar beamwidth, and we illustrate two range-patches
through their seafloor footprint. The sonar data are recorded as a
function of time and thereby, correspond to the slant-range rep-
resentation. The footprint of a patch on the seafloor constitutes
the ground range representation.

B. Phase Center Approximation

The use of multielement receiver arrays and a moving AUV
platform leads to a bistatic recording geometry, with the trans-
mitter in one focal point, and each receiver in the other. This
geometry can be simplified by representing each pair by an
effective monostatic element at the phase center between the
transmitter and each receiver. This approximation is valid for
ranges r > D? /4, where D is the distance between the trans-
mitter and receiver positions and A is the wavelength at the center
frequency [17]. Throughout this article, we adopt the phase cen-
ter approximation (PCA), and obtain an array of PCA-elements
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Fig. 2. Overlapping phase centers between consecutive pings p and p + 1

from pass 1, and between ping p from pass 1 and ping ¢ from pass 2. For the
latter case, we indicate only two out of many overlapping phase centers.

with half the effective element spacing of the physical receiver
element spacing.

C. SAS Micronavigation

The SAS system transmits an acoustic signal into the water.
The signal is scattered back by the seafloor and is observed
by the receiver array. The receiver elements make spatially
independent observations of the scattered field. Element data
from different pings, recorded at roughly the same position,
can be correlated to provide navigation updates. Overlapping
phase centers will have the highest coherence, and give the
along track displacement, while the relative change in round
trip time gives the slant-range displacement [17], [22], [23].
The accuracy of the estimates follows from the degree of coher-
ence and the system parameters [17]. Revisiting a phase center
position between consecutive pings in a pass can be achieved
by operating with overlapping phase centers in the technique of
micronavigation [17], and between passes by rerunning a pass at
a small crossing angle [18]. The resulting element combinations
are illustrated in Fig. 2.

D. Signal Model

Assume a scene containing a random distribution of scatterers
that are small compared to a resolution cell. This results in a
speckle scene, and the pixel values possesses a circularly sym-
metric complex Gaussian distribution [21, Ch. 4.3]. We assume
that the noise is additive and white and, thus, also possesses a
circularly symmetric complex Gaussian distribution.

We model the data a;(t), recorded as a function of ping
propagation time ¢ from two repeated passes i € {1,2} over
a scene, as the combination of one common signal component
g(t), with amplitude s, and a random noise realization h;(t),
with amplitude n

aq (t)

a2(t7 TO) =

= sg(t) + nhy(t)
sg(t — 10) + nha(t) 1)

where 7 is an unknown relative delay of signal 2.

E. Degree of Coherence

We choose to express the similarity between the two signals
a1 and ay through their degree of coherence vy, representing their
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linear dependence versus time delay 7 between the signals
. ai(t)as(t — 1
A(r) = ( 1(2) ( 2)>|1/2.

[{lax (t)[?) (a2 (1) )]

Here, indicates an estimate, * represents the complex conjugate,
and ( ) is an ensemble over time. By insertion of (1) into (2) and
accounting for the delay by setting 7 = 7y, it follows that if the
noise components are independent both of each other and of the
signal, the population coherence directly relates to the signal
energy s2 and the noise energy n? [24]

2

S2

524+ n2’
For finite-time series, the assumptions of independence between
the time series do not hold, and the coherence estimator of (2)
will have a bias toward higher values. This bias is most prominent
for lower coherence values and few independent samples, as
derived from the probability density function p(%|y, M) of
the coherence estimate 7, which is available as a function of
population coherence  and a number of independent samples
M in [38].

7= 3)

F. Cross Correlation

An unknown time delay between two complex time series
can be estimated by cross correlation, evaluating the degree of
coherence from (2) for a range of candidate delays, and choosing
the delay corresponding to the maximum degree of coherence.
However, in the case of finite-length uncorrelated sequences, se-
lecting the maximum value over many delays causes an increase
in the maximum value. This again, causes an increased bias in
the estimated coherence. We find that in-depth knowledge of
this bias is important for choosing a good implementation of
the time-delay estimation. In the remainder of this section, we
derive this bias, and compute the resulting coherence floor.

1) Bias: We choose a cross-correlation implementation that
estimates the coherence over all candidate lags using a sliding
window inner product. Thus, we avoid any bias (or weighting)
from nonoverlapping time series for nonzero lags. Next, we
assume that the signals are critically sampled and estimate the
coherence for lags corresponding to L different sample offsets.
Thus, all except one of the lags should correspond to correlating
noise with noise. Their expected maximum value will increase
with the number of lags evaluated, and constitutes a bias on the
cross-correlation estimate. Such a bias can be expressed as

b=E{i}—= 4)

where 2 is the estimated value and z the true value. For a
distribution with nonzero probability of estimates > 0 only,
the expected value can be calculated directly from the cumulative
distribution function (cdf) P(&) [39, p. 29]

E{&} = / (1— P(#)) dé. (5)

The criterion for using (5) is met when operating on the degree
of coherence from (2). Furthermore, the cdf for the coherence
estimate as a function of true coherence v and number of
independent samples M, P(%|y, M), is available in [38]. We
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Fig.3. Effective coherence floor of the cross-correlation estimator for different

number of independent samples M and number of lags L evaluated, using a
sliding window cross-correlation.

can also express the cdf of the maximum over multiple lags,
which can be used with (4) and (5) to provide the expected bias
on the coherence of the cross-correlation estimate.

2) Coherence Floor: For the case of v =0, the true co-
herence is zero for any lag, such that the maximum over L
lags at critical sampling corresponds to the maximum over
L independent samples from P(¥|y = 0, M). The cdf for the
maximum of L independent samples Pp,.x(Z, L) taken from a
distribution with cdf P, (%) is [39, p. 92]

Puax (2, L) = Py (2)". (6)

Thus, for v = 0, we can use P (|, M) from [38] with (5) and
(6) to predict the estimated coherence from a sliding window
cross-correlation

1
Sy =0,M.L) = /O (1- PG, M"Y dy. (D)

The coherence estimate has its lowest expectation value for
v = 0, where only the bias contributes, and we denote this
minimum the coherence floor. To illustrate the impact of the
bias, we evaluate the coherence floor for different numbers of
independent samples M and lags L, and present the results in
Fig. 3. We observe that to keep the coherence floor at a minimum,
the search of the cross correlation should use long time series
and cover a minimum number of lags. The latter can be achieved
by exploiting any a priori information on the expected lags.

III. SPECKLE DECORRELATION

In this section, we evaluate the theoretical limit on the spatial
coherence from the van Cittert—Zernike theorem, and we derive
simplified formulas for the maximum feasible along-track and
range baselines.
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A. The Van Cittert—Zernike Theorem

A speckle pattern originates from the superimposed backscat-
tering of all scatterers within each resolution cell. If the relative
distance to the individual scatterers changes, the speckle pattern
also changes.

The van Cittert—Zernike theorem, developed in the field of sta-
tistical optics, relates the spatial coherence of the field measured
at two points to the spatial intensity distribution of an incoherent
source [27, Ch. 10.4.2]. The theorem cannot be applied directly
to coherent acoustic sources, though it can be applied to the
incoherent acoustic field scattered off a speckle scene, treating
this as an incoherent source [29]. The pressure field H;(p) at
seafloor position p and originating from transducer ¢ can be
estimated by integrating the contributions from all positions §
on the front surface of the transducer. With O, (5) representing
the aperture function of transducer ¢, the pressure field becomes
el

'k’!'i
as
i

r

mo = [[ o ®
transducer

where r; = |p'— 3] and k = 27/ is the acoustic wave number
at wavelength A. The scattered field follows as the product of the
pressure field and the scattering function. Assuming an unresolv-
able, randomly distributed microstructure, the autocorrelation
of the scattering function is nonzero for zero spatial lag only,
where it returns the scattering amplitude o of the medium.
Thus, the spatial covariance 1’15 between the two transducers
at their separate positions follows from the van Cittert—Zernike
theorem as

HH; .
T2 =Xo // 77;7422 eIk(r2=m) gy

€))

where we have assumed that x is representative over the scene.
The spatial coherence follows by normalization

12 = T12/v/T11T 2.

While the van Cittert—Zernike theorem propagates the spatial
correlation in 3-D, it is perhaps most known for describing a
2-D Fourier relation orthogonal to the look direction between
the spatial coherence and the spatial intensity distribution of an
incoherent source. This Fourier relation applies as long as both
the dimensions of the source and the distance between the ob-
servations are small compared to the distance to the source [27,
Ch. 10.4.2]. With pulse echo measurements, the scattered field
from a speckle scene can be treated as a distributed incoherent
source [29]. We note that there is a 2-D Fourier relation also
between the aperture function and the scattered field in the far-
field region [40, Ch. 4.3]. The spatial coherence (orthogonal to
the look direction) from the combined use of multiple apertures
is given by the product of the spatial coherence of each aperture.
From the Fourier relations, it follows that the spatial coherence
orthogonal to the look direction can be obtained directly from a
normalized convolution of the individual aperture functions.

(10)

B. Numerical Evaluation

To establish the correlation function for along-track and range
baselines between two single ping SAS measurements, we have
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performed a numerical evaluation of the van Cittert—Zernike
theorem.

The spatial covariance of (9) is separable on range and the
cross-range coordinates [29], such that for short patch lengths
[, the spatial coherence can be estimated through an evaluation
at a single range. We simplify this evaluation by adopting a flat
seafloor and by positioning the transducers in the seafloor plane.
Switching to a polar coordinate system (7, o) with transducer
1 at the origin and facing ov; = 0, the Jacobian becomes 71, and
the integral of (9) can be reduced to

/2 Hle*

—7/2 T2

ejk(’“z_“)dal.

L12(r1) = Ixo (11)

In our numerical evaluation, we computed H; over a fine
Cartesian 2-D grid, using a transmitter element of length d =
2.5, corresponding to a —3-dB beamwidth of 23°, and using
a different number, N < of combined receiver elements for re-
ception. We windowed H; around a patch range of ; = 100 m,
and convolved this range-tapered [{; with H to estimate the co-
variance from (11) as a function of along-track and across-track
baselines. We present the resulting predictions of the coherence
4 in Fig. 4, where we have normalized the baselines on the
element length d and wavelength A.

For the along-track baseline, the spatial coherence could also
have been obtained from the autocorrelation of the combined
transmitter—receiver aperture function. If either transmitter or
receiver is small, the shape should approximate a triangle, and
with transmitters and receivers of equal length, the shape should
approach a Gaussian [29], [31]. This is in line with our results
in Fig. 4 for, respectively, long and short effective receiver
elements.

For the range baseline, we have been unable to find any pub-
lished results. Our numeric evaluation shows that for baselines
larger than § 2 /A, similar to the nearfield—farfield crossover [41],
the coherence decays exponentially with the baseline. For
shorter baselines, the coherence decays more weakly with base-
line. The different decays of the two regions are consistent with
different processes dominating at either side of the nearfield—
farfield crossover. In both regions, the decorrelation is slower
for large apertures or small wavelengths.

C. Critical Baseline and Decorrelation Baseline

The critical baseline is the minimum baseline A for which two
observations decorrelate completely, and we denote this A, —g.
The expression is commonly used as a compact representation
of decorrelation from stretching, caused by a relative change
of grazing angle, which is assumed to decay linearly with the
baseline. To relate the impact of contributions to decorrelation
with nonlinear decay, including the across-track decorrelation
that only asymptotically approaches zero, we choose to consider
the baseline where the coherence between two observations is
0.5, Ay—o.5, and we define this the decorrelation baseline.

D. Predicted Decorrelation Baseline at Far Range

We develop an approximate expression for the decorrelation
baseline of coherence 0.5 at far range. We simplify the task by
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Baseline decorrelation for SAS systems as predicted from the van Cittert—Zernike theorem, shown as solid lines. For simplicity, we have assumed equally

sized transmitter- and receiver-elements and an in-plane seafloor, and results for combining multiple receiver elements [V into larger effective elements are displayed
in the labeled colors. The decorrelation baseline of coherence 0.5 from our simplified formulas of (15) and (16) for effective element length of deya) = Nd is
included as crosses (x). The evaluation has been executed for a patch range of 100 m, a wavelength of A = 1.5 cm, and an element length of d = 2.5, resulting
in an element beamwidth of 23°. (a) Along-track baseline decorrelation. (b) Across-track baseline decorrelation.
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Baseline decorrelation on a speckle scene follows from the relative change of the traveled distance, Ar = |Arg — Arq |, within the sensor footprint as

a function of along-track baseline Ax and across-track baseline Ay. The beamwidth is 8 and the stars indicate the location of the scatterers with the maximum
relative change of the traveled distance for each geometry. (a) Along-track baseline decorrelation. (b) Across-track baseline decorrelation.

addressing only the two scatterers within the —3-dB beamwidth
that encounter the maximum relative phaseshift with changed
along-track and range baselines, as illustrated in Fig. 5. We
hypothesize that the baseline that changes the two-way trav-
eled distance over the —3-dB beamwidth 3 by one wavelength
corresponds to the decorrelation baseline of coherence 0.5. We
have validated our results on the along-track and across-track
baselines through a comparison with both the numerical evalu-
ations of Section III-B, and to already published experimental
results.

We let 7y denote the one-way traveled distances between
the original sensor position and either scatterer, and for shifted
sensor positions, we use the notation r; and 7}, to obtain the
relative change of the one-way traveled distance between the

two scatterers

Ar = (ry —rg) — (r} —ro) =m —1}. (12)
For the along-track offset Ax < rg in Fig. 5(a), we obtain
Ar(Az) = 2(ry — 1) ~ 2Azsin([/2). (13)

The relative change of the one-way traveled distance between
the two scatterers in Fig. 5(b) for an across-track offset Ay <
is

Ar(Ay) = r1 — 1) = Ay — Ay cos(3/2). (14)

We insert for the relative two-way distance of one wavelength,
2Ar = Ain(13) and (14), and assume a linear array of effective
length & > A, such that we can approximate sin 3/2 & A /20 and
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cos(3/2) ~ 1 — (%/8). Thereby, we predict the decorrelation
baselines

Aw_gs ~ (15)

0
4
262 2d
Ayy=o.5 ~ i ?
valid for baselines Ax < rg and Ay < rg. Here, ¢ is an effec-
tive element length with —3-dB beamwidth matching that of the
combined transmitter and receiver beampatterns. Where either
transmitter or receiver is long and the other short, the effective
array length is roughly the length of the longest, such that for
using a receiver of NV times the length of the transmitter length
d, we approach 6 = Nd for large N. Where both transmitter
and receiver are of equal length, the effective element length is
§ = /2d [42, App. Al.

We have validated the along-track decorrelation baseline
predicted from using (15) with 6 = Nd by comparing with
the experimental results for N = 16 and N = 31 from [29].
While we have moved both transmitter and receiver (to represent
correlation between SAS pings), they only moved the receiver.
Thus, their result of twice our predicted baselines is consistent
with the expectations, as they only experience half our change
of the traveled distance.

We also indicate our predicted decorrelation baselines of (15)
and (16) for effective element lengths of deyva) = Nd and 79 =
100 m, by crosses in Fig. 4. This allows for comparison with
the along-track and across-track baseline decorrelation from our
evaluation of the van Cittert—Zernike theorem in Section III-B.
We observe that for large IV, both the along-track decorrelation
baseline of (15) and the across-track decorrelation baseline of
(16) are in line with our evaluation of the van Cittert—Zernike
theorem. For smaller [V, there is an increasing discrepancy, but
we observe that for N = 1, this error matches the approximation
error of deyal = Otruc/ V2 and 63\7&1 for the along-track and
across-track decorrelation baselines, respectively. This indicates
that our expressions for these decorrelation baseline are quite
accurate.

(16)

E. Predicted Decorrelation Baseline at Near Range

We recognize that the requirements of Az < rg and Ay <
ro for the validity of (15) and (16) roughly correspond to
matching beamwidths and ranges of the two observations. This
requirement is typically met for the along-track baseline A,
as the minimum practical operation ranges for synthetic aper-
ture systems is a huge number of element lengths, and even
many physical array lengths. However, for the across-track base-
line, the requirement is challenged for long effective baselines
and/or short wavelengths. Therefore, we revisit the derivation of
speckle decorrelation with across-track baseline for this domain.
We stress that this derivation only addresses decorrelation within
the overlapping footprints while the effect of decorrelation from
the footprint mismatch with across-track baseline is treated
separately in Section I'V-B.

The relative change Ar of the one-way traveled distance
between the two scatterers in Fig. 5(b) can be expressed as a
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function of the across-track offset Ay from inserting the relation
r1 = 1o + Ay into (12) to provide

Ar =ro+ Ay —1}. (17)

The unknown 7 can be obtained by applying the law of cosines
in Fig. 5(b) to give

7‘,12 = ’I"S + Ay2 + 2TOAy COS(ﬁ/Q)- (18)

We can now obtain r’f both from (17) and (18) and solve the
equations for Ay. To estimate the decorrelation baseline of
coherence 0.5, again we insert for the relative two-way distance
of one wavelength, 2Ar = A, and assume a linear array of ef-
fective length 6 > A, such that we can approximate cos(3/2) ~
1 — (%/8), where 3 = A /4. Then, we reach an expression for
the across-track decorrelation baseline from curvature mismatch

1— 2 A 1\ !
4r
AYy=05 = 5——1 ~ (452 - ) (19)

462 T0o TO

where the approximation is valid for the general case of r¢ >
A/4. We may rewrite (19) as a scaling of the far-range decor-
relation baseline Ay,, = 462/ of coherence 0.5 from (16) to
give

Ayy—05(r0) = Ayoo (1 — Ay /7o) "

Here, 7y represents the shortest of the two ranges, such that
Ay > 0. Thus, the near range extension of (16) through (19)
and (20) is applicable for any ro > Ay.,, whereas for ranges
ro < Ay, the coherence is always above 0.5.

We recall that the speckle decorrelation of (20) is evaluated
over the overlapping footprint only. Therefore, it is always
accompanied by the decorrelation from footprint mismatch with
an along-track baseline, addressed in Section IV-B. Compar-
ing the two shows that speckle decorrelation has the shortest
decorrelation baseline of the two contributions only for ranges
ro < 2AYse.

(20)

IV. FOOTPRINT MISMATCH

In this section, we investigate decorrelation from a footprint
mismatch between observations and, specifically, its effect in
change of scene illumination after accounting for any difference
in time delay. We note that the related term of footprint shift
is typically used for the offset before delay compensation [35].
Here, we focus on the change of azimuth look direction, causing
an azimuth mismatch between the sensor footprints, and on
changes of across-track or vertical distance, causing changes
of the sector span of the footprint. We note that changes of the
footprint illumination with recording geometry can be reduced
and potentially mitigated if the beam can be steered and the
beamwidth altered to compensate for any changes induced by
the recording geometry. This can be done in postprocessing for
the case of combining multiple elements before crosscorrelating.

A. Azimuth Look Direction

The decorrelation with the change of azimuth look direction
A« has been investigated in [24]. The coherence was found
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to fall linearly with |[A«/| and pass the coherence of 0.5 at an
azimuth look direction of

B
2cos

|AO[|,Y:0.5 ~ (21)
where ¢ is the grazing angle on the seafloor. The result applies to
a sinc azimuth beampattern and can, thus, be adopted for linear
arrays with —3-dB beamwidth S < cos ¢.

B. Across-Track Baseline

The decorrelation from footprint mismatch with across-track
baseline can be related to the overlapping sector lengths in
Fig. 5(b). By adopting the simplified beampattern from Sec-
tion III-D with unity intensity within the —3-dB beamwidth and
zero outside, the coherence follows from the radial overlap

-1
~ (1 + Ay)
To

where we have inserted 7} from (17) and approximated 8 < 1
and Ay > Ar. We solve for Ay and obtain

1
Ay T ( — 1) .
Yrad

Therefore, the across-track decorrelation baseline of coherence
0.5 from across-track baseline footprint mismatch is Ay = rg.

T

~
~

/
b 0
/
1

Yrad = 6 (22)

(23)

C. Altitude

A sensor with —3-dB beamwidth /3 has a footprint of length
I = r3 when the sensor is located at the ground level. From the
derivation of (21), we deduce that an elevated sensor, observing
the ground with a grazing angle ¢, will have a footprint of length

rp

cos

1(B,p) = 24)
for B < cos . By adopting a simple model of the beampattern
with unity amplitude within the —3-dB width and zero outside,
we estimate that a change of grazing angle will give a decorre-
lation from the related footprint mismatch of

v ~ Z(Ba mein) _ COS Pmax
l(ﬂ7 (pmax) COS Pmin .
We evaluate the decorrelation baseline of coherence 0.5 from

(25), and find that the resulting change of grazing angle roughly
can be numerically approximated by

(25)

1
ASD’YIO.S ~ ™ — 280min)- (26)

3
V. STRETCHING

In this section, we investigate decorrelation from a change of
grazing angle, through examining the related relative stretching
of the ground range sampling. Our contribution is to relate the
stretching to decorrelation, and to develop a formula for the
decorrelation baseline. We conclude the section by examining
candidate approaches for stretch compensation, which can be
used to reduce or sometimes even mitigate decorrelation from
the change of grazing angle.
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Fig. 6. Acoustic signal of wave number k, maps the seafloor scattering at
different ground wave numbers K, at seafloor grazing angles ¢ and ¢ + A¢p.

A. Change of Grazing Angle

Observations of the seafloor with different grazing angles
measure different spectral components of the seafloor scattering.
This results in a decorrelation caused by a combination of
wave number mismatch and stretching of the data within the
overlapping wave numbers [24], [32]-[34]. The decorrelation
from stretching within the overlapping wave numbers can be
reduced or even mitigated if the stretching is accurately es-
timated and compensated for. The limitations by volume or
out-of-plane contribution has been studied in [33] and [34].
The decorrelation from wave number mismatch can be avoided
either by changing the measurement frequency, or at the cost of
reduced range-resolution by bandpass filtering the overlapping
ground wave numbers, under the assumption that there is some
overlap [34], [43].

The wave number shift for small relative bandwidth and
homogeneously sloping ground was estimated and compensated
for in [34]. This approach was extended to large relative band-
widths by including wave number stretching and destretching
in [35]. Here, we use a ground wave number interpretation to
reach their expression on stretching as a function of a change of
grazing angle.

Consider an acoustic signal interacting with the seafloor at
grazing angle ¢, which maps the seafloor scattering at ground
wave number

K () = 2kq cos ¢ 27

where the acoustic wave number is k, = 27 f /¢ = 27 /A. If the
grazing angle is increased by A, the same acoustic signal will
map a smaller ground range wave number

Ky(p + Ap) = 2kq cos(p + Ap) (28)

reflecting that the seafloor is sampled more sparsely, and is
illustrated in Fig. 6. Following the work in [35], we obtain the
scaling factor x € (0, 1] (or inverse stretching factor) from the
ratio of (28) to (27), and can derive

Ky(p +Ap) AKy(p, Ap)
,A — 9\ = 1 9vem =)
X 89) Ky(p) Ky(p)
_cos(p+Ap)
= eoslp) 1 —Aptan(p) (29)
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where the approximation is valid for a small change of grazing
angle, where cos(Ap) = 1 and sin(Ag) ~ Agp.

B. Ground Wave Number Mismatch

Vertical baseline and bottom slope can give a reduction of
ground range wave number overlap between two observations.
We quantify this decorrelation through the critical baseline.
When the change of grazing angle between two observations
results in a relative reduction of ground wave number that
matches the ratio of bandwidth B to maximum frequency fi,ax,
there is no common information between the two observations,
and we have reached the critical baseline (represented by the
change of angle Ay~—0)

AK, (¢, Aps0) _ B
Kg((ﬁ) fmax

We choose to denote 7 the bandwidth relative to the maximum
frequency. Generally, ) differs from both fractional and relative
bandwidth as defined in [44, p. 2], but we find that it provides
the most compact and easily interpretable expressions in our fol-
lowing derivations. We recognize the relative change of ground
wave number from (29), and readily obtain

n
tan(p)
valid for ¢ > n. The equations yield the same result as in [34],
but without the narrowband approximation of 7 ~ B/ f.. For

smaller baselines Ay < Ap.,—o, it follows that the coherence
is proportional to the fractional wave number overlap

n (30)

Apy—o =

€1V}

(32)

The overlapping part of the spectra can be isolated through
bandpass filtering, either using a fixed filter over a range interval
of choice [34], [35], or using range-dependent filtering [43]. This
bandpassed part of the signals will have full wave number over-
lap and, thus, no decorrelation, though at the cost of degraded
resolution.

C. Stretch Within Overlapping Wave Numbers

We now quantify the decorrelation as a function of un-
compensated stretch. Changing the grazing angle between two
observations results in decorrelation also within the overlap-
ping ground wave numbers. This decorrelation is caused by
the different sample spacing—or stretching—between different
angles of observation. Therefore, the decorrelation can be re-
duced and potentially mitigated by projecting the data onto
a common frame of reference, and will be examined in Sec-
tion V-D. In this section, we quantify the decorrelation from
stretching within the overlapping wave numbers (as if left
uncompensated).

The analytic expression for decorrelation as a function of
stretching has been derived for a Gaussian weighted spectrum
in [45]. For a SAS, a bandpass signal with flat spectrum might be
more representative, and we adopt a numerical estimate of the
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Fig. 7. Decorrelation as a function of applied stretching out from a fixed end.

The plot is normalized on the bandwidth relative to the maximum frequency 7
and the theoretical resolution (or Nyquist sample rate) d¢.

coherence expectation value as a function of the applied stretch-
ing factor 1/y. We evaluate (2) for 7 = 0 with az(t) = a1 (xt)
for signals a4 (t) of different bandwidth and center frequency.
After normalizing on both the bandwidth relative to the maxi-
mum frequency 7 and on the theoretical resolution §t, we obtain
the general result presented in Fig. 7. The normalization on 7dt
can be reduced to fi,ax, but for the applications of this study,
we find that the former can provide more insight.

We let coherence 0.5 indicate the point of impact for decor-
relation from stretching, and from Fig. 7, we observe that
this occurs for a stretching of 1.257 independent samples out
from a fixed end. When stretching both ends as for our case
of transmit—receive, the coherence of 0.5, thus, occurs for a
one-way stretching of 0.637 samples. This gives a scaling factor
of xy=0.5 & 1 —0.631 /M, where M is the number of inde-
pendent samples. We obtain the corresponding grazing angle by
insertion into (29)

063 n 063
M tan(p) M
valid for ¢ > n/M. We observe that the baseline for coherence

0.5 from stretching is 0.63/M times the critical baseline of ground
wave number mismatch.

Apy—g5 ~ Apy—o (33)

D. Improving Coherence by Compensating for Stretch

The decorrelation from stretching can be reduced and ideally
mitigated over the region of overlapping wave numbers if the
stretch between observations is estimated and compensated for.
There are at least three candidate approaches to such a compen-
sation, which can be applied depending on which information
is available.

1) Common Terrain Model and Known Baseline: This is
typically the case for SAR, when accurate track navigation and
digital terrain models are common. This information allows
for estimating and compensating for the wave number shift or
stretching encountered for narrowband systems and wideband
systems, respectively [34], [35].

2) Individual Terrain Models and Unknown Baseline: This
is typically the case with interferometric SAS, which allows
for generation of a terrain model based on each pass [37].
For this case, the slant-range data can be mapped onto
the ground and, thereby, express the local ground wave
number [35]. To search for the horizontal baseline through
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TABLE I

PREDICTED DECORRELATION BASELINES OF COHERENCE 0.5
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Source Component Baseline Assumption
Speckle Decorrelation Along-track Ax ~ % Tmin > Az
Speckle Decorrelation Across-track AYoo & ¥ Tmin > AlYoo
Speckle Decorrelation Across-track Ay =~ Ay (1 — %) - Tmin > AYoo
Wave Number Mismatch ~ Grazing Angle Ap ~ % tal?((p) >
Wave Number Stretching  Grazing Angle Ap ~ % ta:(w 0>
Footprint Mismatch Across-track Ay X Tmin B<1
Footprint Mismatch Grazing Angle Ay = %(7‘(’ — 2Pmin) ©min < cosfl(ﬁ)
Footprint Mismatch Azimuth Angle |Aa| = % © < cos ()
Effective element length &, wavelength A, shortest range to patch ry,iy,, ratio of bandwidth to maximum frequency 7, grazing angle on the

ground ¢, number of independent samples M, and -3 dB beamwidth 3.

correlation, we suggest resampling the ground range data
onto a grid that is equispaced horizontally, and adapt-
ing the phase such that it represents a horizontal planar
propagation.

3) No Terrain Model and Unknown Baseline: This will be
the case for repeated passes of a noninterferometric SAS,
but the method might also be pursued for mitigating residual
stretch after destretching using terrain models. For this case,
a two-parameter search over baseline and stretching needs to
be performed within the framework of the work in [35]. One
candidate method for such a search in interferometry is [46].
We are also aware that decorrelation from stretching is a major
challenge in elastography, and methods successfully countering
small deformations in that field should be considered adapted to
sonar [47, Ch. 5.2], [48].

VI. SUMMARY OF PREDICTED DECORRELATION BASELINES

In this section, we summarize our derived expressions on the
decorrelation baseline of coherence 0.5 caused by speckle decor-
relation, footprint mismatch, and stretching in Sections III-V,
into Table 1. Evaluated decorrelation baselines can be used to
indicate the baseline of impact for the individual contributions.
Because their functional dependence on the baseline differs,
the relative impact of the contributions may change for other
coherence values. For sources of decorrelation with near linear
dependence to baseline, the baseline of zero coherence, often
denoted the critical baseline, is twice the decorrelation baseline
of coherence 0.5; c.f. Section III-C.

We recall that § is the effective element length as defined in
Section I1I-D, A is the wavelength, 3 is the —3-dB beamwidth, r
is the average range to the patch over two observations, with 7,
the shortest, 1) is the ratio of bandwidth to maximum frequency,
@ is the grazing angle on the ground, M is the number of
independent samples, and « is the azimuth look angle.

VII. EXPERIMENTAL RESULTS

To validate and demonstrate our findings, we present results
from a dedicated and controlled experiment in this section. In the
experiment, we collected data from two trajectories, crossing at
a small relative azimuth angle, thereby recording measurements
from a continuous span of across-track baselines, and over a
wide span of grazing angles.

A. Experiment

The experiment was conducted on June 5, 2010 using the
Royal Norwegian Navy’s HUGIN-MR AUV with its HISAS
1030 SAS [49]. The SAS system constitutes an interferometric
SAS configuration with two vertically displaced 32 element
arrays on either side. Each of the receiver elements are 0.0375 m
long, and the transmitter is 50% longer. The center frequency is a
100-kHz chirp signal with a programmed bandwidth of 30 kHz.
HUGIN navigates using a Doppler velocity log (DVL)-aided in-
ertial navigation system and has a navigation drift in the order of
0.1% of the traveled distance for straight lines, and only around
0.01% of the traveled distance when revisiting a position [11].
From the same reference, we find a heading bias for the gyro
compass of 0.04°. Because HISAS is an interferometric sensor,
it can also estimate the bathymetry. Therefore, the collected data
should be well suited to estimate and account for the angle of
incidence on the seafloor by projecting the data onto ground
range, following Section V-D2.

The experiment was planned such that it collected data from
repeated passes with crossings at an angle of 5°. Because the
system has a —3-dB beamwidth of 23°, the azimuth footprint
mismatch was still rather small during the data collection. In
Fig. 8, we show the SAS reflectivity and bathymetry over the
target scene, together with the estimated track positions. The
temporal separation between the tracks was around 10 min, the
AUV speed was 3.9 kn, its altitude 24 m, and the water depth
196 m. The main features that can be observed are the trawl
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Fig. 8. SAS intensity image of the target scene, color-coded using SAS

bathymetry. We observe trawl tracks on a rather flat and homogeneous seafloor.
The estimated navigation of the first pass and second pass, crossing at roughly
5°, is illustrated by the solid and dotted lines.

tracks, whereas the scene appears rather flat and homogeneous
otherwise.

B. Cross Correlation

We chose a patch length of 4.8 m, corresponding to around
128 independent samples with an effective signal bandwidth
of 20 kHz. The rather long patch assured a low bias floor
on the cross-correlation output. We selected patches from the
slant-range data of the first pass at distances of 50, 100, and
150 m. For the second pass, we gathered ping data not only
from the estimated closest point of approach, but also from
9.6 m of range samples and within £3 standard deviations of
the along-track navigation drift, returning data from 9 pings
of 28 nonoverlapping elements each. Then, for each element
position of the first pass, we correlated the patch data with
the candidate patch data from the second pass using a sliding
window cross-correlation. We illustrate the maximum coherence
versus along-track element offset over 5 of the pings for the
patch at 100-m range in the upper panel of Fig. 9 and the
corresponding delay estimate in the lower panel. As with SAS
micronavigation, we have estimated the slant-range baseline
from the delay corresponding to the highest coherence, and the
along-track offset from the location of the coherence peak. We
obtained multiple estimates (of coherence and delay) per ping of
the first pass, and chose to average these to reduce the variance
of the estimate. We also repeated the correlation process for
larger effective elements, obtained by combining neighboring
elements.

C. Minimizing Decorrelation

We attempted to minimize the decorrelation from footprint
mismatch and from stretching in our processing. When combin-
ing elements into larger effective elements, we steered the beam
of the repeated pass to compensate for the relative change of
azimuth look direction, as measured by the onboard navigation
system. We also explored microsteering around these measured
angles. An upper limit on the cross-track coherence is available
from the interferometric coherence between the two banks when
using all 32 receiver elements. This was constantly measured to
above 0.98 at 100-m range.
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Fig. 9. Estimated coherence (upper) and delay (lower) by correlating element
time series of ping 525 of the first pass with element time series for five
consecutive pings of the repeated pass. Elements corresponding to the different
pings of the second pass are separated by diagonal lines. The data from the first
pass correspond to around 100-m slant range, and we have applied a sliding
window cross-correlation of 4.8-m length, corresponding to 128 independent
samples. The high coherence observed around lag 40 indicates overlapping
phase centers and, thus, reflects the along-track displacement, whereas the
corresponding delay reflects the across-track displacement.

We reduced the decorrelation from stretching by the following
application of the method of Section V-D2: We chose a grid
that was equispaced horizontally, and that followed the seafloor
bathymetry z(y,). We recorded the bathymetry individually for
each pass, to provide r(y,), and estimated the ground range
projection a(y,) of each signal a(r) through

I{rs,alrs) - O(rs),r(yg)} - O*(r(yy))

where Z{x, f,y} denotes interpolation of f(z) onto y. O(r) =
exp{—i2m f.2r/c} is a mixing term, accounting for the phase
revolution at carrier f. as a function of range.

We illustrate the resulting coherence estimates versus esti-
mated across-track (or sway) baseline in Fig. 10.

a(yy) = (34)

D. Results

In Fig. 11, we present the estimated effective coherence as a
function of estimated across-track baseline for all three patches.
We present results both for correlating slant-range data, and
for correlating ground range data after destretching by use of
(34). Smoothed and extrapolated across-track estimates from
the ground range projected data at 150-m range of combining
16 receiver elements have been adopted as ground truth for
the across-track baseline. This provided an estimate of the
across-track baseline with subwavelength accuracy, also where
the estimated coherence was low, as with shorter receiver arrays
and at shorter ranges.

We have inscribed theoretical predictions of the effect of
speckle decorrelation (combined with footprint mismatch) and
the effect of wave number stretching into Fig. 11 for comparison.
These were obtained from an evaluation of the predicted decor-
relation baselines for the different sources to decorrelation with
the sensor parameters and the system geometry of the experiment
from Section VIII-A.
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Fig. 10. Coherence and estimated sway versus ping number of the first pass

for a 4.8-m patch at 150-m range with slant range to ground range conversion
using the average depth.

VIII. ANALYSIS AND DISCUSSION

We described a method for estimating the spatial coher-
ence in Section II, before we derived decorrelation baselines
of coherence 0.5 for each of the different sources of spatial
decorrelation: footprint mismatch, speckle decorrelation, and
stretching in Sections III, IV, and V, respectively. These for-
mulas were assembled in Table I. Then, we reported from a
controlled experiment in Section VII, where we had used an
operational AUV with interferometric SAS for recording acous-
tic data over a continuous interval of across-track baselines.
We estimated the spatial coherence on the data, and presented
the results in Fig. 11, both with and without compensation for
stretching.

In this section, we analyze the predicted decorrelation from
using the sensor and geometry of our experiment, identify what
we consider the most important sources to decorrelation in
our experiment, and illustrate the predicted decorrelation from
these sources in Fig. 11. Then, we analyze the experimental
results supported by these predictions, before we generalize our
findings.

A. Predictions

We have predicted decorrelation as a function of across-track
baseline for each of the potential sources of decorrelation, by
use of the formulas assembled in Table I. We have used the
parameters of the experiment from Section VII to obtain
the effective element lengths §(N = 1) ~ v/2 x 0.0375 m and
d(N =16) =~ 16 x 0.0375m for combining N neighbor el-
ements into larger effective elements. The wavelength A =
0.015 m, the effective ratio of bandwidth to maximum frequency
n =~ 0.18, the number of independent samples M ~ 128, and
the —3-dB beamwidth 3 = 23°. We ran the evaluation for three
patches at ranges of 50, 100, and 150 m, and also included an
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idealized far range patch. The evaluation was executed both for
correlation of single elements and for correlation of 16 receiver
elements added together. We present the results in Table II, and
list the evaluated patch ranges with the corresponding grazing
angles in the two first rows, using italic text.

1) Correlation of Single Element Data: From Table II, we
observe that for correlation of single elements, our prediction
of speckle decorrelation indicates an across-track decorrelation
baseline of 0.38 m for all evaluated patch ranges, thus constitut-
ing the most prominent source of decorrelation for small grazing
angles. Decorrelation from stretching is predicted to give an
increasing impact with larger grazing angles, and for grazing
angles above 25° the decorrelation from stretching dominates,
with a predicted across-track decorrelation baseline of only
0.24 m for our closest patch at 50-m range.

2) Correlation of Multiple Elements Added Together: From
Table II, we observe that when processing 16 receiver elements
added together, wave number stretching constitutes the most
prominent source of decorrelation, with an across-track decor-
relation baseline of 0.24 m at 50-m range, increasing to 7.1 m at
150-m range. If this stretching can be compensated for, the next
prominent sources of decorrelation are wave number mismatch
at 50-m range, limiting the decorrelation baseline to 18 m, and
speckle decorrelation at far range, limiting the decorrelation
baseline to 48 m.

3) Illustration of the Predictions: After making the previous
observations, we have chosen to inscribe numerical estimates
on the combined effect of speckle decorrelation and footprint
mismatch into Fig. 11. This contribution to decorrelation was
computed for the system parameters and geometry of our ex-
periment using the method described in Section III-B. Although
computed for a range of 100 m, these results should be ap-
plicable to any r > Ay. We also show the predicted effect of
decorrelation from wave number stretching from (33) along with
the results obtained without stretch compensation in Fig. 11.

B. Analysis of Experiment

We now examine the experimental results on the spatial co-
herence in Fig. 11 in light of our predictions on the decorrelation
baseline of coherence 0.5 for an across-track baseline from
Table II, and our theoretical curves inscribed into Fig. 11.

1) Azimuth Look Direction: For our experiment, the relative
heading between the tracks was around 5°. We obtained a ground
truth on this relative heading from the on-board INS-system,
with an error that is presumed to be smaller than the absolute
azimuth heading bias of 0.04° reported in Section VII-A. The
predicted decorrelation baseline of coherence 0.5 from footprint
mismatch caused by a change of azimuth look direction was
predicted to 8° for correlation of single elements, and 0.7° for
the correlation of 16 elements added together; c.f. Table II.
Therefore, it is important to apply steering to avoid decorrelation
from footprint mismatch and, in particular, for the case of adding
elements together before correlating. In Fig. 11, we observe a
measured coherence for slant-range correlation at 100-m range
of up to 0.85 for the single-element case where no steering could
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Fig. 11.

Across-Track Baseline Ay [m]

Coherence between ping-pairs as a function of across-track (or sway) baseline, evaluated at slant-range distances of 50, 100, and 150 m. Left: Slant-range

data. Right: Data projected onto acommon ground plane. The colors indicate the number of receiver elements combined. While each dot represents one measurement
from a ping-pair, our theoretical predictions are represented as solid lines. The colored lines show the combined model effects of speckle decorrelation and
decorrelation from stretching. The black lines in the left panels show the effect of stretching only. The results apply to a patch length of 4.8 m and a ratio of

bandwidth to maximum frequency of 0.2.

be applied. For the same corresponding cases of steered multi-
element receiver arrays, the measured coherence increases to
0.95, which approaches the theoretical limit for combining two
independent measurements of coherence 0.98, as 0.982 ~ 0.96.

2) Coherence Floor: The experimental results on the spatial
coherence presented in Fig. 11 show a coherence floor around
0.26-0.30. We recall that we correlated 128 range samples from
the first pass with 256 range samples from 9 pings and 28
nonoverlapping element positions from the second pass, using
a sliding window cross-correlation. This results in L = (256 —
127) x 9 x (29 — N) coherence evaluations, when combining
N neighbor elements into larger effective elements. According
to Section II-F, and with N between 1 and 16, this should
correspond to between 32 508 and 15 093 coherence evaluations,
giving a coherence floor near 0.28. We find that the predicted and
the measured levels of the coherence floor are in good agreement.
Conferring Fig. 3, we note that a reduction of the patch length
from 4 to 1 m, thus reducing the number of independent samples
from 128 to 32, increases the coherence floor to around 0.53.

Assuming that a full correlation over all combinations are run,
this coherence floor would reduce the practical baseline of valid
navigation updates to roughly half that of our example.

3) Correlation of Slant-Range Data: In the left panels of
Fig. 11, we present experimental results of slant-range measure-
ments without stretch compensation. These express the com-
bined effect of speckle decorrelation, footprint mismatch, and
stretching. Here, we observe an excellent agreement between
our predictions and the measurements for all patches and all
effective receiver element sizes.

4) Correlation of Ground Range Data: The decorrelation of
the ground range projected (stretch compensated) measurements
as a function of across-track baseline is presented in the right
panels of Fig. 11. We observe that the estimated effective co-
herence follows the predictions for increasingly longer effective
elements with longer range. Only for the patch at the shortest
range, we observe an invariance on the element length. This can
be aresult of residue stretch, as this would cause a stronger decor-
relation at the short range where the relative stretch between the
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TABLE II
PREDICTED ACROSS-TRACK DECORRELATION BASELINES FOR HISAS 1030

Source Component Parameter Decorrelation baseline @ patch

Patch Range Tmin 50m  100m  150m 0
Patch Grazing Angle Pmin 29° 14° 9° 0°
Speckle Decorrelation Across-track Ay(N =1) 0.38m 0.38m  0.38m 0.38m
Speckle Decorrelation Across-track Ay(N = 16) 1200 m 92m 71m 48m
Wave Number Mismatch ~ Grazing Angle  Ay(Ay) 18m 72m  132m -
Wave Number Stretch Grazing Angle  Ay(A¢p,M =128) 024m 2.1m 7.lm -
Footprint Mismatch Across-track Ay 50m 100m  150m -
Footprint Mismatch Grazing Angle  Ay(Ay) 35m 8m  136m -
Footprint Mismatch Azimuth Angle |Aa(N =1)| 9.2° 8.3° 8.2° 8.1°
Footprint Mismatch Azimuth Angle |Aa(N = 16)] 0.8° 0.7° 0.7° 0.7°

Predicted across-track decorrelation baselines from evaluating Table I for the patch ranges and corresponding grazing angles listed in two upper rows,
an operating altitude of 24 m, and the processing parameters and HISAS 1030 system parameters summarized in Section VIII-A.

patches is the largest. Origins for residue stretch could be a
combination of local terrain variations and volume scattering,
both plausible with our measurements.

C. General Discussion

1) Effective Element Size: For small grazing angles, speckle
decorrelation with range baseline constitutes the most prominent
source of decorrelation when correlating single-element data
from repeated passes. For larger grazing angles (above 25° for
HISAS 1030), wave number stretching dominates, and must
be accounted for, before the fundamental limitation of speckle
decorrelation can be met. While processing on single-element
data provides the most accurate along-track navigation, the
speckle decorrelation with range baseline rapidly falls when
combining multiple elements into longer effective elements and
synthetic apertures, as shown in Section III. Increasing the feasi-
ble across-track baseline of repeat-pass SAS micronavigation to
above 0.5 m can be achieved, but only by increasing the effective
aperture length or by reducing the wavelength from the value
used in our experiment when using a single-element receiver.

2) Compensation for Stretching: With longer effective ele-
ments, decorrelation from relative stretching with a change of
grazing angle between observations takes over as the dominating
source of decorrelation. This contribution was investigated in
Section V and comprises both ground wave number mismatch
and stretching within overlapping wave numbers. While wave
number mismatch is prominent for repeat-pass SAR interfer-
ometry, the impact of stretching increases with the number of
independent range samples. In Section II, we saw thatlong-range
patches can be exploited for lowering the coherence floor and
detecting valid measurements of repeat-pass SAS micronav-
igation. As a result, stretching becomes the most important

source of decorrelation for repeat-pass SAS micronavigation.
This decorrelation can be reduced by stretch compensation,
which is left as the critical processing step for extending the
baseline of impact (toward that of speckle decorrelation). We
find that stretch compensation appears to be one important
area of further work for reducing decorrelation and extending
the application of repeat-pass SAS micronavigation. Indeed,
we believe that decorrelation from residue stretching remains
the primary source of decorrelation of our data, also after the
applied stretch compensation. As a consequence, we have not yet
included the stretch compensation (or wave number alignment)
with passband filtering of the overlapping wave numbers.

3) Repeat-Pass Micronavigation: In Section VII, we demon-
strated increasing the feasible across-track baseline of repeat-
pass SAS micronavigation to above 10 m, more than one order
of magnitude up from what was reported before. We evaluated
the spatial correlation of speckle, showing that with a fixed wave-
length, 10-m baseline is only possible after combining at least
eight elements from a typical SAS system while we combined 16
elements to meet this baseline. In Section I, we recognized that
such an increased tolerance to across-track separation is needed
to expand the feasibility of repeat-pass SAS micronavigation to
cover applications with larger potential drift between passes.

IX. CONCLUSION

We have investigated the spatial correlation of speckle for
repeat-pass SAS micronavigation, and showed that spatial
decorrelation can be effectively described through the three
contributions: 1) speckle decorrelation; 2) footprint mismatch;
and 3) stretching. We demonstrated that their combined effect is
in line with the spatial decorrelation observed in actual repeat-
pass SAS micronavigation measurements. We parameterized
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the baseline of impact for the contributions, and analyzed their
absolute and relative impact. We also demonstrated increasing
the across-track baseline for acquisition of repeat-pass SAS
micronavigation measurements by one order of magnitude to
10 m at the cost of reducing the along-track position accuracy.
This expands the feasibility of repeat-pass SAS micronavigation
to cover operations with larger drift between passes.
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