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Null-broadening, introduced in plane wave bearnforming. is extended to an occan waveguide in the
context of matched field processing. The method i~ based on the minimum variance processor with
white noise constraint and the distribution of fictitious sources using the theory of waveguide
invariants. The proposed method is demonstrated in simulation as well as with data collected during
the SWellEx-96 experiment. As another application, it 1s shown that the width of a null can be

controlled in an adaptive time reversal mirror with a source-receive array.
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I. INTRODUCTION

Controlling the shape of a spatial filter is a useful tech-
nigue m transmission and reception with an adaptive array.
The adaptive beam pattern 15 generated via adaptive weights
on the array. for cxample, to broaden the main lobe or a nuil
as well as to reduce the sidelobes of the spatial filter. Re-
cently, null-broadening in plane wave beamforming (PBF)
has been introduced by Mailloux' and Zatman? and Guerci®
derived a covariance matrix taper (CMT) function to broaden
a nuil. In the current paper, null-broadening is extended 1o a
waveguide utilizing the theory of waveguide invariants.

Null-broadening provides robust adaptive nulling in pas-
sive array signal processing when the sources ol interference
are confined to cither a specific direction {planc wave beam-
forming) or a specific cell (matched field processing). More-
over, i the transmissivn of acoustic energy, the null-
broadening technique provides robust null-steering  and
conirel of the null-width in a tenyorally fluctuating ocean
environment. Therefore, the objective of this paper is to de-
velop a method to broaden nulls in an ocean waveguide m
the context of matched field processing (MFP).

In order 10 broaden a null in a waveguide, the theory of
waveguide invariants® 7 is atilized to augment the fictitious
interferers in the vicinity of a true interferer. When the mini-
mum varlance processor with white noise constraint is ap-
plied to minimize the power coming from other than the
look-dircction, nulls are placed in the fictitious interferer lo-
cations so as to broaden the null. The method is applied here
to the ocean waveguide to demonstrate null-broadening in
simulation and with ocean data. As another application. the
method is employed to broaden the null steered by an adap-
tive tme reversal mirror.”

In Sec. II, the null-broadening method i plane wave
beamforming s reviewed and the implication of using short-
length fast Fourier transforms (FFT's) 1o find adaptive
weights Is discussed The null-broadening method in a wave-
guwide is developed and realized via simulation in See. TIL In
Sec. TV, ocean acoustic data is analyzed to show the effect of
null-broadening in matched field processing. As another ap-
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plication, null-broadening with an adaptive time reversal
mirror (ATRM) is demonstrated in Sec. V.

il. NULL-BROADENING IN PLANE WAVE
BEAMFORMING: FREE SPACE

In plane wave beamforming, a lechnique to make a null
broader by tapering the cross-spectral density matrix
{CSDM) has been developed by augmenting the CSDM with
multiple interferers in the vicmity of the true mterferer
location' and by dispersion synthesis.? These two approaches
use different formulations but are based on the same prin-
ciple of distributing the additional interferers around the true
location of the interferer.

The planc wave beamforming derivations which are
simple and instrumental in extending their approach to
matched field processimg (MFP) in an ocean waveguide are
review in Sec. 1T A. The simulation results are presented in
Sec. I B.

A. Theory

In plane wave beamforming, the beam pattern of the
Bartlett processor is a correlation between a data vector
d( &) and the scarch vector (or steering or replica vector)
d( ¢) which is expressed as

Ba(0)=d(8,) d(6), (1)

where #, is source direction and ( )' denotes the Hermitian
or conjugate transpose. For the mimmum variance distortion-
less response (MVDR) processor, the weight vector w( §) in
the direction #is

K™ 'd(#&)

dOK dio)" 2)

w(tH)=
where K is the cruss-spectral density matrix (CSDM) defined
as K=Y . d(6,)d"(0,) assuming the sources arc uncorre-
lated for the moment and ignoring any diffuse or uncorre-
fated noisc at the array. The beam pattern of the MVDR
processor while looking at ¥, is

Byvpal O =w (6)d(0). (3)
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The distortionless response in the look-direction requires that
BMVDR( 61):‘\""( Hl)d( H[): . (4)

The CSDM for plane waves coming trom u,=sin §,, where
8, is measured from the array normal, can be written as

e et 2T, K z
]‘mn - Ui (4 7 "e (:')

where g% is the source strength, v, and v, represent the

location of the mth and nth array clements, A=¢/f denotes
the wavelength, ¢ is the speed of propagation, and [ is fre-
quency.

In order 1o obtain multiple nulls centered around the
direction u,, Mailloux' distributed planc waves coming from
N directions as

N—1
2

N1
2 3

u=u;+¢gd. for — SRS (6)
where §is defined as §= /(N 1) 1o obtain a trough width
of W between the outermost nulls. The summation over g can

be written as
. . 22w —x, Hu;+gd)
Kmn_z kmn'_z ae Wam ~)tur4¢
4 4

sin{NA) )
T osin(A) T )
where A=ar(x,—~x,}6/\.

Zatman~ distributed the fictitious sources In a different
way. By slightly changing the frequency and keeping the
incident direction the same, the array sees the data vector as
one coming from a different direction. Thus. the augmenta-
tion of the fictitious sources can be achieved by integrating
the CSDM over a desired frequency bandwidth

. I f=byil . Sin( 'TT[)“, Tm,,)
K= o A= T g 8)

ma mn ma
hn [obu2 wh w Ton

where 1, ={(x,~ x)u,/¢ is the time delay between ele-
ments. Note that Mailloux’s formulation directly places the
fictitious sources in angular space, while Zatman’s formula-
tion uses a frequency perturbed CSDM.

The null-broadening approach can be implemented
through the concept of a covariance matrix taper (CMT)
where the CSDM 15 modified by a Hadamard or Schur prod-
uct tapering funcuon.” This is applicable to null-broadening
in plane wave beamforming. However, in matched field pro-
cessing the tapering function is coupled with the individual
terms of the mode function so that the tapering function can-
not be separated from the CSDM. Fortunately, there exists an
invariant property associated with the waveguide that allows
us to displace nulls by slightly changing the frequency, thus
augmenting the nulls around the true location of the inter-
ferer that 1s to be nulled {the details are discussed in Sec.
I A).

B. Plane wave beamforming simulation

The elements of the ideal CSDM with uncorrelated
noise can be written” as
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FIG. 1. Beam pattern of the WNC processor for PBF (a) without null-
broadening and (b) with null-broadening. The broken line is the beam pat-
tern for a Bartlett processor.
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For simulation, one source with o =6 dB, u,=—0.2 and
two interferers with cr%=36 dB, u,=0.2 and (rj:=36 dB,
u3=0.4 arc used, where u is defined as u=sin 8. The uncor-
related noise level is 07.=0 dB. The total number of array
clements is N=64 and the elements arc separated by M4,
where X is the wavelength.

In Fig. 1(a), the beam pattern 1s shown for the exact
CSDM m Eq. (9) while looking at the target at the normal-
ized wave number 1, =sin #;=—0.2. The broken line is the
beam pattern of the Bartlett processor and the solid line is
that of the MVDR processor with white noise gain constraint
(WNC)."12 Throughout the paper, —6 dB constraint is used
for the WNC processor. The two vertical lines denote the
direction of interferers at u,=sin 0,=0.2, and at u,;=sin &,
=(0.4. It is noted that the WNC beam pattern exhibits nulls in
the direction of the interferers. The beam pattern shown in
Fig. 1(b) was obtained using the integrated CSDM defined in
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FIG. 2. Beam pa em with 256 point FFTs and 256 snapshots. The_null-
broadening is achi ved by using short-length FFTs. The broken line is the
beam pattern for a Bartlett processor.

Eq. (8) where f=100 Hz and b,,=5 Hz. In this case, these
results were computed using a 4096-point FFT on indepen-
dently generated frequency components with frequency reso-
tution of A f= 1/(4096A¢). Since the sampling rate was 1500
samples/second, Af=0.3662 Hz. When the frequency is per-
turbed, the position of the null seen from the array is calcu-
lated from the relation

2
——= 1{=COnSt. (10)
A ‘ §/'.
’,
which lecads fo |
,_f ! sind’  sin@ m
A B U W (1)

where A’ is the wavelength of the perturbed frequency and,
u’ is the corresponding null location. It is shown in Fig. I{a)
that the null of the beam pattern is broadened through the usc
of wideband CSDM. In addition, it is noted that null-
broadening is more significant for the source at a larger angle
since the width of angular augmentation becomes larger for a
larger arrival angle, for a given frequency bandwidth.

C. Effect of using short-length FFTs

When the number of snapshots is limited due to observ-
ing a fast moving source, a short-length FFT can be used to
increase the number of snapshots involved in estimating the
CSDM. In this section, it is shown that the use of a short-
length FFT produces the same effect as using the CSDM
integrated over frequency and results in null-broadening.

Figurc 2 shows the beam pattern obtained using 256
snapshots with 256 point FFTs. The frequency resolution is
now Af=1/(256A¢)=75.869 Hz so that a single FFT bin is as
wide as the averaging bandwidth represented in F ig. 1(b). In
this case, the CSDM components for the source and two
interferers were estimated by averaging outer products of
broadband array signal vectors (snapshots). These three com-
ponents plus uncorrelated noise then were added together to
form the CSDM estimate.

ill. NULL-BROADENING IN MATCHED FIELD
PROCESSING: OCEAN WAVEGUIDE

In this section, a null-broadening algorithm in an ocecan
waveguide is described in the context of matched field pro-
cessing.

A beam pattern in plane wave beamforming (PBF) can
be viewed as a correlation between a signal vector coming
from the look-direction and a family of array steering vec-
tors. When this concept is applied to matched field process-
ing (MFP), the equivalent beam pattern is defined as a cor-
relation between a signal vector coming from the look
location and a family of array replica vectors. Thus the MFP
replica vectors are a generalized form of the stecring vectors
in PBE.

In Sec. I A, the null-broadening algorithm is described
and then simulation results arc shown in Sec. HIB.

A. Theory

Unlike null-broadening in plane wave beamforming, the
covariance matrix taper (CMT) is not explicitly available for
null-broadening of matched field processing in a waveguide.
From the perspective of mode theory, this can be attributed
to the fact that source depth and range are coupled to the
mode sum involving & wavenumber spectrum. However. the
theory of waveguide invariants® 7 can be utilized to derive
the signal vectors from adjacent ranges at the samc depth
when the signal vector at the probe source or the interferer
location is known. Thus, the distribution of the interferer
around the true interferer location can be achieved. The
adaptive minimum variancc processor with a white noise
constraint will then place nulls around the location of the
truc interferer and broaden the null.

From the theory of waveguide invariants, signal vectors
in the vicinity of the interferer and at the same depth are
simply a frequency-shifted signal vector coming from the
interferer location. Here, we briefly state the practical form
of the theory of waveguide invariants applicable to null-
broadening in a waveguide.

In a dispersive and multi-modal waveguide, the lines of
constant intensity lead to a constant slope between the cer-
tain parameters of the waveguide. The invariant, denoted as
B, characterizes the relation between the range r and angular
frequency w as

P r do

=5 (12}
The parameter 3 defined in Eq. (12} is known to be approxi-
mately invariant with respect to range and is equal to one in
a Pekeris waveguide. For a Pekeris waveguide, Eq. (12) can
be rewritten to calculate the new range ' in terms of new
frequency w':

1 (I)’ 3

ro=—p,

o (13)
Equation (13) states that the acoustic field at(r,w’) approxi-
mates the value at (r’',w). Therefore, broadband data re-
ceived at an array can be used to estimate the CSDM in the
vicinity of the source range at the same depth so as to place
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FIG. 3. Sound speed profile for simulation and SWellEx-96 experiment.

a null without measuring the Green’s function from fictitious
nuoll positions.

B. Simulation with SWellEx-96 environment

The sound profile as a function of depth for our simula-
tion is shown in Fig. 3 which is thc same environment as
SWellEx-96 experiment.’’ The trajectories ot target and in-
terferer assume the same situation as the expernment for the
purposc of comparison (see Sec. IV B). The target is at a
depth of 20 m and at a range of 5040 m, while the interferer
to be nulled is at the same depth and at a range of 3310 m.
The radiated power from the interferer is assumed to be 6 dB
higher than the radiation from the target.

Since the applicability of the null-broadening technique
is dependent on the validity of waveguide invariant theory
and the width of the null is determined from the value of 8,
the transmission loss versus frequency is plotted in Fig. 4.
This figure shows that 2 in EFq. (12) is approximately one as
in a Pekeris waveguide,

The simulation results with the ideal CSDM in Fig. 5
display the null-broadening effect at 62 Hz that is to be com-
pared later with the beam pattern from SWellEx-96 data in
Fig. 10. Figure 5(a) is for a Pekeris waveguide with the same
depth as in SWelllix-96. The broken line is the beam paitern
for the conventional matched field processor, the solid line is
the beam pattern for thc minimum variance processor with
white noise constraint {WNC), and the thick solid line is for
the same processor as the solid line with null-broadening. In
the simulation, since the same sampling parameters are used
as in the data analysis, the frequency resolfution is given as
Af=1/(Ar+4096)=0.3662 Hz. where Ar=1/1500. From
Eq. {13), the range shift in a range-independent environment
causcd by a 7-bin frequency shift is related by the following
equation

o' 27(621£0.3662X7)
Pl e e e e — 331(02= 33102 140 m.
@ TX 62
The predicted null locations corresponding 1o the augmented
interferers agree well with the null locations shown in Fig.
5(a).

Figure 5(b) shows the nulling pattern as a function of

range at a depth of 20 m for the Swelllix-96 experiment. As
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FIG 4 Waveguide invariant in SWellEx-96. () Trunsmussion loss plot (dB}
for 52 -72 Hz with a -}z interval {b) Contow plot of (a)

in Fig. 5(a), the brohen line is the beum pattern of the
Bartlett processor, the solid fine represents the beam pattern
of WNC without null-broadening. and the thick solid linc is
WNC with null-broadening. The figure shows that the
Bartlett processor is not aware of the interterer, and the null
is independent of the location of interferer. However, the
beam patiern of WNC places a null at the interferer location
r=3310m.

{V. DEMONSTRATION OF NULL-BROADENING USING
OCEAN DATA

In this section, the null-broadening technique 15 applied
to SWellEx-96 data to verify the applicability of the tech-
nique o matched fleld processing in a shallow water wave-
guide.

In order to apply the null-broadening technique devel-
oped in Sec. LI, the proper data set requires a wideband
signal radiated from a target and an interfcrer. During the
SWeliEa-96 experiment. broadband noise radiated from u
cargo ship passing by the vertical line array was observed.



Null-broadening in a waveguide

Bearp patterrlt (dB) .
g 8 =&

&

4000 4500 5000 5500 6000

%000

3500
Range (m)
(a)
0 ' A T N
A0+ vl
m
R
E-20| 1
£
o
E-30
]
1]
]
40} 1

2000 4500 5000 5500 6000
Range (m)
(b)

FIG. 5. Simulation with ideal CSDM in (a) Pekeris waveguide and (b)
SWellEx-96 environment. The beam pattern of the Bartlett processor is de-
noted by a broken line, the thin solid line is for WNC without null-
broadening, and the thick solid line is for WNC with null-broadening.
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Since this data set contains only one broadband noise source
as a target, noise from an interferer 1s simulated by using the
data observed at a different time.

In Sec. IV A, the ocean environment and a plan view of
the target and interferer are illustrated. The results of null-
broadening then are presented in Sec. 1V B.

A. Description of SWellEx-96 experiment

The detailed expermment description can be found in Ref.
13. Figure 6(a) shows a plan view of the SwellEx-96 experi-
ment with towed source ship and Fig. 6(b) shows the track of
the towed source and interferer. Since the towed source ra-
diates tonals, we are only intercsted in the broadband noisc
radiated from the cargo ship. The square marks on the com-
posite radar image shows the track of the cargo ship every §
min.

B. Two broadband random radiators

In order to apply the null-broadening technique. the fol-
lowing ten frequencies with relatively good signal to noise
rauo were used: 53, 54, 56, 59, 60, 62. 66, 69, 72, and 74 Hz.
The actual target obscrved in the data moves from a range of

SWellEx-86 Event 859 Source Track
J 134 12:00 to 12:30 GMT

N
‘ N

IWNY . Sww—
117°26W 117" 24W 117°22W 117" 20W 1177 18W 117" 16W 117" 14W

mobath infervals 20 metam

(a)

SWellEx-96 FLIP Composite Radar Image
J134 12:00-12:30

v

FIG. 6. {a) Plan view of the SWellEx-96 oxperiment and {b) compovite radar
image durimg J134 [2:00 12:30

3200 m at the 14th minute to over 6000 m at the 24th
minute. Since we need a two-target situation, the interferer is
simulated by superimposing the CSDM of the target between
the [4th and [8th minutes clongated twice i time by repeat-
mg it twice and reversed in time with 6 dB higher intensity
than the target radiation.

In order to track the random radiator, the ambiguity sur-
face at 20-m depth is displayed based on the procedure de-
seribed in Fig. 7. First, the ambigity surfaces for range
versus depth are constructed for cach frequency and the sur-
faces are incoherently summed over the ten frequency com-
poncnts. Sccond, this frequency-averaged ambiguity surface
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is generated for every time step and is displayed at the se-
lected depth where the target or interferer is located.

Figure 8(a) shows the Bartlett processor ambiguity sur-
face at 20-m depth and Fig. 8(b) is the result from the WNC
processor. The interferer trajectory superimposed with a line
{running from a range of 3900 m at the 14th minute to 3200
m at the 24th minute) is clearly visible in both figures. How-
ever, the ambiguity surface from the Bartlett processor has
higher sidelobes so that the trajectory of the target (running
from a range of 3200 m at the 14th minate to 6000 m at the
24th minute) is barely visible. The better performance of the
WNC processor than the Bartlett processor is attributed to
the nulling of sources of interference as shown in Fig. 9.

The beampattern in Fig. 9(a) shows the null along the
interferer track while looking at the target. Figure 9(b) shows
the null with the null-broadening method using CSDM’s av-
craged across 15 frequency bins centered on cach of the fre-
quency components. Note that the null along the trajectory of
the interferer (running from a range of 3900 m at the 14th
minute to 3200 m at the 24th minute) is wider as a result of
the null-broadening method.

A slice of a typical nulling pattern at 62 Hz is shown in
Fig. 10, which should be compared to the simulated beam
pattern in Fig. 5 calculated at the samc frequency. The thin
line represents the nulling pattern of WNC without null-
broadening and the thick line is with null-broadening where
the CSDM has been averaged across 15 frequency bins.

The results at 62 Hz exhibit a somewhat fluctuating null-
ing pattern. Nonetheless. the frequency-averaged beam pat-
tern in Fig. 9 shows that the null-broadening technique has
been applied successfully to SWellEx-96 experimental data.

V. APPLICATION TO NULL STEERING

In this section. null-broadening in an adaptive time re-
versal mirror (ATRM) is discussed as an example of this
technique applied to active acoustics.

The time-reversal mirror (TRM) uses the recerved signal
from a probe source to refocus the signal at the probe source
location by back-propagating the time-reversed version of
the received signal. The time reversal mirror has been dem-
onstrated in ultrasonics'™'® and in underwater acoustics.’”
Recently, the adaptive time reversal mirror (ATRM) has been
applicd to steer the nulls in simulation in an ocean

(a)

18 20
Time {min}

{b}

FIG. 8. Trajectories of two broadband sources at 20 m depth. (a) Power (dB})
output of the Bartlett processor and (b) the WNC processor without null-
broadening.

waveguide.® Here, we apply the null-broadening technique to
the ATRM.

in Sec. V A, the theory of ATRM is reviewed and the
simulation is discussed in Sec. VB.

A. Theory of the adaptive time reversal mirror

The phasc-conjugate field at the field location 7 is writ-
ten as®
,NY

,,(;).__2] w*g(FIF) =W g(FFaray) (14)

where ¥, is a column vector of array element locations and
g is a column vector of Green’s functions. The signal vector
w reduces to g in a conventional time-reversal mirror.

The ATRM is accomplished by imposing two conditions
on the signal vector w and intensity minimization:

minw'Kw, (15)
W
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{2}

18 20
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(b}

FIG 9. Beam pattern (dB) of (a) the WNC processor without null-
breadening and (b} the WNC processor with null-bioadening The beam
patterns from ten frequency components are averaged incoherently to pro-
duce these plots.

freq =62 Hz, min=21 frame=6

T

Range (m)

“%o00

FIG. 10. Beam pattern at 62 Hz just before the 22nd minute at 20-m water
depth. The beam pattern of the WNC processor without null-broadening 1s
denoted as a thin solid line and the thick solid line is for the WNC processor
with null-broadening.
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FIG. 11. {a) Contour of the focused field from the time 1eversal murror. Shice

of the field passing through the point B: (bj mtensity versus range and ()
intensity versus depth. The ntensity level 15 nonmalized so that the level at
the focal point 15 0 dB

and a distortionless response constraint at the focal (probe
source) location which can be expressed as

w?g(’_:pxtranay)z 1. (lf))

The solution for w is well known and referred to as the
minimum variance method in adaptive array signal
processing: '’

K- ) gk F/n‘{ rarmy)

T s , 17
" gi(r‘us{ralray)K ]g(",mirdnay) (
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FIG 12, (a) Contour of the focused ficld trom the tume reversal mirror with
a steered null at pownt B Shee of the field passing through the point B: (b}
wtensity versus range and (C) intensity versus depth. The mtensity level is
normalized so that the fevel at the focal point is 0 dB

where K is a cross spectral density matrix (CSDM).
When the CSDM is defined as®
K= g( Fp\‘ rarmy)g (i:/r\'rsrmy) *+ g( Fn!rdnay )g’ (’-:ulrarray)~
the adaptive signal vector w will place a null at », since the
intensity minimization requirement tends to cancel out con-
tributions to the power except at the probe source location. In
practice, the signal vector w is found from the minimum

variance formulation with diagonal loading [e.g.. the white
noise constraint (WNC) in order 10 make it robust]. If the

2;

) L) 8500
Range {m}
(b}
0 o e
! f
—~4f)
8
-80
w30
- 005 26 4 B0 0
Depth ()
{©)

FIG. 13, (a) Contour of the focused field from the adaptive time 1eversal
mrrror with a null broadenng in range at point B. Slice of the fiekd passing
through the point B: (b) mtensity vetsus range and (¢} intensity versus depth
The intensity level is normalized so that the level at the focal point is 0 JdB

placement of nulls is needed at more than one location, ad-
ditional outer products that correspond to the desired nuil
locations can be added to Eq. (18).

B. Simulation

In this simulation, the same Pekeris waveguide is used
as in Sec. HEB and in Ref. 8. The Pekeris waveguide is 100
m deep, and the sound speed in the water column is 1500
m/s. The bottom density and sound speed are 1.5 g/em’ and
1600 my/s, respectively. We used 300 Hz as the center fre-
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quency with a bandwidth of 1.7578 Hz yielding about 37 m
null width in range in both dirccrions.

Focusing with the time reversal mirror in a Pekeris
waveguide is shown in Fig. 11(a). The level of intensity ver-
sus range and depth through point B is shown in Figs. 11(b}
and (c}. respectively When a null is steered towards point B
with the ATRM, the intensity is as shown in Fig. 12{a) along
with horizontal and verucal slices in Figs. 12(b) and (c),
respectively. Finally, Fig. 13 illustrates null broadening in
range when the null broadening technique s applied to the
ATRM

V1. SUMMARY

In this paper we have described a method to broaden the
null of the beam pattern of an adaptive array for reception
and transmission in an ocean waveguide based on the theory
of waveguide invariants. Null-broadening is demonstrated in
matched field processing both In simulation and with data
collected during the SWellEx-96 experiment. As another ap-
plication, the null-broadening technique is demonstrated in
an active acoustics example with an adaptive time reversal
mirror.
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