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Abstract⎯To address the issue of serious decline in performance of the array signal processing caused by the
towed array shape distortion during maneuvering, this paper presents a new method of subarray beam-space
adaptive beamforming combined with an array shape estimation method based on non-acoustic sensor.
Firstly, the array shape through the approximate circular arc structure of the array segment between the adjacent sensor during maneuvering is preliminary calculated. Next, the final estimated array shape through a
smooth processing method on the entire array shape by means of a calibration method using spline interpolation technique is achieved. This method is able to estimate the array shape in real time. The array steering
vector based on the real-time estimation of the array shape is updated, using a subarray beam-space adaptive
beamforming (SBABF) to reduce the demand of the number of the snapshots. And the beam-space covariance matrix converges fast within a few snapshots. The SBABF method combined with array shape estimation (AE-SBABF) was verified by simulation data and sea trial data processing results. During maneuvering,
the AE-SBABF can not only improve the array processing gain of the target effectively, but also solve the
left/right ambiguity problem well.
Keywords: array shape estimation, non-acoustic sensor, spline interpolation technique, subarray beam-space
adaptive beamforming
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1. INTRODUCTION
Horizontal flexible towed arrays have been widely
used in sonar equipment because of their advantages,
such as low operating frequency range, large array
aperture, and long range [1]. However, in the actual
marine environment, platform maneuvers, internal
waves, surges, etc. can cause array distortion. In the
case of maneuvering, the existing array signal processing methods are often processed in a horizontal linear
array, resulting in degraded detection performance [2,
3]. Especially for high-resolution adaptive processing
algorithms, the detection performance will be seriously affected [4, 5]. Therefore, it is necessary to estimate the shape of the towed array during the maneuvering. There are two main categories of array shape
estimation methods: acoustic calculation methods
and non-acoustic aided measurement methods. The
acoustic calculation method is usually based on the
condition that the auxiliary sound source is a narrowband signal and a far-field plane wave, and the
requirement on the signal-to-noise ratio is high [6, 7].
The limitations of this kind of method make it unable
to adapt to the needs of combat mobility and real-time
1 The article is published in the original.

performance. Non-acoustic array assisted measurement methods are commonly used in two ways. The
one is to use hydrodynamic methods to estimate
through analyzing the force condition of the towing
cable microelement [8–10]. This method is computationally intensive and has an estimated decrease in
performance during maneuvering. Another method of
non-acoustic array measurement mainly relies on the
information acquired by equipment such as heading,
depth and pressure sensors installed at specific positions
of the tow array to estimate the array shape [11–14],
which can effectively avoid the limitations of acoustic
calculation methods and can be estimated in real time.
The array element space adaptive beamforming
method using the inverse of the covariance matrix
requires long snapshot data to ensure the full rank of
the covariance matrix. When the maneuvering state of
the towed array rapidly changes, the array pattern of its
relative target also changes during an adaptive processing cycle, and the target signal is decomposed into
multiple feature vectors in the array covariance matrix
of the array element, which causes the signal to be
mismatched in the following beamforming. Its energy
is decomposed into multiple eigenvalues, which
results in a decrease in processing gain [15]. However,
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the subarray beam-space adaptive beamforming
(SBABF) method first pre-forms multiple beams
through conventional beamforming. The sensitivity of
conventional beamforming to steering vector mismatch is much lower than that of adaptive beamforming, and it has certain robustness [16]. In addition, the
SBABF method achieves fast convergence of the
beam-space covariance matrix with fewer snapshot
data by reducing the dimension. It is suitable for situations where the target or local sonar platform is fast
maneuvering and other sources have short coherence
time. The SBABF method reduces adaptive algorithm’s requirement on the number of snapshots and
improves the convergence speed of covariance matrix
estimation [17, 18].
Based on the above two points, this paper proposed
a subarray beam-domain adaptive beamforming
method combined with non-acoustic sensor array
estimation (AE-SBABF). This method can update
array patterns in real time based on the array estimation results, and then perform subarray adaptive
beamforming, which can reduce the loss of signal mismatch and processing gain.
2. ARRAY SHAPE ESTIMATION METHOD
BASED ON NON-ACOUSTIC SENSOR
Considering that, it is difficult for a flexible towed
array between two adjacent sensors in an actual
marine environment to maintain a straight line, and it
is impossible to bend the higher-order curve. Therefore, this paper proposes to estimate the arrays
between each two sensor arrays and use circular arcs to
represent the arrays between two non-acoustic sensor
nodes.
The heading sensor is located at the center position
between the array elements and used for sensor spacing. Suppose that the number of elements in the towed
array is N, the number of subarrays is M and the number of elements in subarray is n. The array elements are
evenly arranged between the two sensors with the
number of n, and the array element spacing is denoted
as d. Figure 1 shows the array of arc structures between
two sensors on the towed array. The previous sensor
position is the coordinate origin and the tangential
direction is the X-axis direction. Then use the difference of the heading angle of the front and rear sensors
to unite the coordinate system. Figure 2 shows the relative positional relationship between the sensors. The
following is the theoretical derivation of the coordinate transformation.
As shown in Fig. 1, the first sensor (heading angle θ1 )
position is used as the origin of coordinates, and the
tangential direction is the X-axis direction. The second sensor heading angle is θ2 , and Δθ = θ2 − θ1. The
array between two sensors can be approximated as a
circular structure. It can be known from the geometric
relations that the angle corresponding to the arc
denotes θ = Δθ . The radius of the arc is R = nd Δθ .
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Fig. 2. The relative position of different array segments.

With the first array element coordinates as the origin,
the position of the second array element is

x2 = −R1 sin(Δθ n),
y2 = −R1[1 − cos(Δθ n)].

(1)

In a similar way, we find the position of the i-th
array element:

xi = −R1 sin[(i − 1) Δθ n],
yi = −R1 + R1 cos[(i − 1) Δθ n].

(2)

Similarly, as shown in Fig. 2, each two sensors use
the corresponding sensor position as the origin of
coordinates, and the heading is in the direction of the
X-axis to establish the coordinate system.
According to the above method, the position of the
array element between each sensor in the corresponding coordinate system can be obtained separately.
After finding the position of each element between the
last sensor, let us rotate it to the coordinate system with
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respect to the origin where the previous sensor is
located. The rotation formula is as follows:

x' cos θ − sin θ x 
(3)
 y'  =  sin θ cos θ   y  ,
  
 
where (x, y ) is the positions of the n elements in the
original
coordinate
system,
(x, y ) = ( xi , yi ),
i = 1,2, ..., n . (x', y') is the positions of the n elements
under the new coordinate system after rotation, and θ
is the counterclockwise rotation direction,
(x', y') = ( xi', yi' ), i = 1,2, ..., n .
Since two arrays—the front and the rear one—
share a sensor, they need to be translated when rotated
to a new coordinate system. The translation formula is
as follows:
x'' = x' + xsensor ,
(4)

 y'' = y' + ysensor ,
where (x'', y'') is the positions of each array element in
the array segment between the current sensor relative
to the coordinate system of the previous array segment, (x'', y'') = ( xi'', yi'' ),i = 1,2, ..., n .
By analogy, the positions of all the segments relative to the coordinate system of the first segment can
be obtained, and then the calculated array shape can
be obtained, denoted as ( xm, ym ) ,m = 1,2, ..., N ,
where, N denotes the total number of array elements.
Due to the towing maneuvering of the tugboat in
the actual marine environment, the horizontal flexible
towed array is often considered smooth. After obtaining the calculated array, the polynomial fitting technique (5th order) needs to be used to smooth the entire
computing array. The spline-based calibration technique is used for constant array spacing.
That is, under the premise of horizontal equal
spacing (d) between array elements, polynomial fitting
is performed on the element position of the calculated
array to obtain the smooth array shape. Use the spline
interpolation method on the smooth array shape to
obtain the interpolation points ( x j , y j ), j = 1,2, ..., J
where J @ N . Select the interpolation point closest to
the real array element position among the spline interpolation points ( x j , y j ), that is, the closest to the array
element spacing d among the interpolation points:
( xm, ym )sp
p

= min md −


j =1

( x j − x j −1) + ( y j − y j −1) ,
2

2

(5)

where ( xm, ym )sp denotes the position of the final estimated mth array element, m = 1, ..., N − 1,
j = 1,2, ..., J − 1.
For each m, by continuously increasing the size of p,
the position of the array element is selected in the
interpolation point, so that the value of the above for-

mula is minimized. All the positions of the array elements are calculated in turn, to obtain the entire estimated array.
3. SUBARRAY BEAM-SPACE ADAPTIVE
BEAMFORMING COMBINED WITH ARRAY
SHAPE ESTIMATION (AE-SBABF)
The AE-SBABF method first updates the array
pattern for each snapshot based on the estimated array
shape. The range-focus steering vector of the mth subarray is as follows:

(6)
A m(r, t ) = 1 eiϕ1(t ) eiϕ2(t ) ... eiϕN (t )  ,
N
where N denotes the number of array elements,
ϕn(t ) = 2πf r − rn(t ) c , c denotes the speed of sound,
f denotes the frequency, rn(t ) denotes the position of
the estimated array element.
Subarray conventional beamforming is then performed to convert the array element space sampling
matrix into a beam-space sampling matrix. The mth
subarray array element space sampling matrix is

X m(t ) = [ x1(t ) x2 (t ) ... xN (t )] ,

(7)

where xi (t ) denotes the wave field data received by the
ith array element, i = 1, , N .
The converted beam space sampling matrix is

B(r, t ) M ×t = [b1(t ) b2(t ) ... bM (t )] ,

(8)

where M is the number of subarrays, and bm(t ) is the
conventional beamforming response at the mth subarray and snapshot t, “H” denotes Hermitian transpose,
as in formula (9), and m = 1,2, ..., M .
(9)
bm(t ) = A m(r, t )H ⋅ X m(t ).
Then obtain the beam-space covariance matrix:

R M ×M = B(r, t ) ⋅ B(r, t )Η ,

(10)

where, as in reference [12], only when the number of
snapshot t is not less than twice the number of subarrays, the beam-space covariance matrix is full rank.
Then singular value decomposition for beam-space
covariance matrix:

R M ×M = V H

M ×M

⋅ Λ M ×M ⋅ U M ×M .

(11)

Λ is a diagonal matrix, the diagonal elements λi are
called the singular values:

λ1
0
Λ =

0


0
λ2

0






0 
0 
.
 
λ M 

(12)

V and U denotes the left singular vector and right
singular vector respectively. The matrix R is a symACOUSTICAL PHYSICS
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the subarray adaptive beamforming and the spatial
spectrum estimation result of the subarray adaptive
beamforming are obtained:
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Fig. 3. The target situation.

metric square matrix, the left singular vector V and
the right singular vector U are the same and

V = [ V1 V2 ... VM ] .

(13)

The vector Vm is M multiplying 1-dimension,
m = 1,2, ..., M .
The inverse of the beam-space sampling matrix
after diagonal loading can be obtained as follows:
M

λ

1 V U Η,
(14)
m m
m =1 m + ε
where ε is the diagonal load of the sampling matrix.
Finally, the beam direction output is obtained by
matching with a uniform vector. The weight vector of
R −1

M ×M

=

(15)

PAE_SBABF = WbHRWb.

(16)

The beam-space covariance matrix has a lower
order rank than the array element space covariance
matrix, so this method can have more stable estimation performance in a few snapshots. Whereas the
MVDR method requires snapshot data that is more
than twice the number of array elements to make the
array element space covariance matrix of full rank. For
array compensation in the maneuver state, the dispersion
of the eigenvalues of the signal in the beam domain can
be more effectively reduced, thereby reducing the loss of
signal mismatch and processing gain.
4. SIMULATION RESULTS
Consider a 256-element towed array with 300 Hz
half-wavelength arrays, and towed array deflected
eastward in the north-east direction with a 15 degree
arc angular array. The drag speed is 5 m/s, the north
direction is the Y-axis, the first array element is the
origin, and the XOY coordinate system is constructed.
The target signal is located on the starboard side
(10000, 10000 m) point and moves in the positive west
direction at a speed of 4 m/s, radiating a 300 Hz narrowband signal with a signal-to-noise ratio of −10 dB. The
two equal power interferences are located on the starboard side (20000, 10000 m) and the port side
(−18000, −8000 m) of the array. They are respectively
8 m/s to the west and the east direction, each radiating a
300 Hz narrowband signal, and the interference and noise
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Fig. 4. Signal correlation analysis between arrays. (a) The correlation coefficient between the first array element and the related
array element changes with time, (b) signal eigenvalues expansion over time.
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Fig. 5. MVDR-DL and SBABF processing results with array shape fully known. (a) Time and bearing result of MVDR-DL,
(b) time and bearing result of SBABF, (c) comparison of processing results for a snapshot at time 1.25 min.

The signal correlation [12] between the first array
element and the 16, 32, 64, 128, and 256 array elements calculated with 60 snapshots (0.5 seconds per
snapshot) under pure signal conditions is given as Fig. 4.
It can be seen that the signal correlation between the
array elements declines as the array bow angle
changes. The farther apart the array elements are from
each other, the worse the correlation of the array signals. This correlation loss is mainly caused by the relative motion between the target and the array. This
kind of correlation loss is also caused by the expansion
of signal eigenvalues. The specific expansion is shown
in Fig. 4b.
Figure 5 shows the power output of MVDR-DL
(Minimum Variance Distortionless Response-Diagonal Loading) diagonally loaded with 3 dB and adaptive
beamforming of the subarray beam-field in the case
where the array shape is fully known. Figures 5a, 5b
are the entire time histograms, and Fig. 5c is a slice

diagram of 60 snapshots processing results at time
points of 1.25 minutes, where the straight line represents the processing result of MVDR-DL and the
dot-dashed line represents the result of SBABF.
–90
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ratio is 10 dB, the noise is random space white noise, and
the power is 0 dB. The schematic diagram of the target situation is shown in Fig. 3.
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Fig. 6. Heading sensor data collected from a sea trial.
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5. PROCESSING RESULTS
OF THE EXPERIMENT DATA
Combining real heading sensor data, the method
for the above estimating array shape method is specifically explained. The experimental sea area is in a certain area of the South China Sea with a depth of about
100 meters and the towed ship’s speed is 3 meters per
second. The aperture of the array is 306 meters. The
processing frequency meets the half-wavelength condition. The moving speed of the target is 2 m/s with a
signal-to-noise ratio of −10 dB. The bearing angle is
from 98° to 90°. The interference is unknown far-field
interference and other non-cooperative fishing vessel
interference. The towed array is evenly distributed
with 256 array elements. The whole array is divided
into 16 subarrays, and the number of subarray elements is 16.
Figure 6 shows the heading sensor data on a towed
array collected by a sea trial test. The horizontal axis is
the sampling time, and the vertical axis is the heading
sensor data. It can be seen that the platform begins to
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maneuver around 100 s. Non-acoustic sensor data is
filtered to remove outliers.
Then we calculate the position of array elements
according to the circular arc structure. We take the
location of the array elements in the 15th and 16th
array segment as an example. Figure 7a is the position
of each element of the 16th array in the coordinate system calculated from the bow structure, and Fig. 7b is
the position of each element of the 15th array calculated in the coordinate system. According to the rotation formula, the position of each array element in the
15-block segment is calculated as shown in Fig. 8.
The array segments are rotated to the coordinate
system of the first array segment. So we obtain the initial calculation array shape, and then the entire array is
0.30
0.25
0.20
y, m

As it can be seen from the figure, in the case of fully
identified array shape, the SBABF can not only detect
the target signal, but also achieve the port/starboard
discrimination of the target, and the beam width is significantly narrower than that of the MVDR-DL. The
output SNR detected in Fig. 5c is 2 dB higher than the
diagonally loaded MVDR-DL. The port/starboard
discrimination capability is due to large target image
beam background interference, and cannot be fully
accurately resolved throughout the entire time period,
but the overall SBABF port/starboard discrimination
capability is better than that of diagonally loaded
MVDR’s port/starboard discrimination.
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Fig. 8. 16-segment rotation to 15-segment coordinate system.
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array, and the dot-dashed line denotes the estimated
array shape based on the array shape estimation
method proposed by this paper in Section 2. It can be
seen that the estimated array shape by this method is
closer to the true shape of the towed array during
maneuvering.
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Fig. 9. Array estimation results. The straight line represents
the linear array. The dot-dashed line represents the array
shape estimation method proposed in Section 2.

smoothed using the spline interpolation calibration
technique. Figure 9 shows the results of a certain batch
array shape estimation result when the tug is maneuvered. The straight line denotes the horizontal linear

Array signal processing on the sea trial data is based
on the estimated formation with CBF (Conventional
Beamforming), MVDR (Minimum Variance Distortionless Response), and AE-SBABF algorithms.
Under half-wavelength conditions, the AE-SBABF
algorithm uses 256 array elements, 64 frequency
domain snapshots, and the whole array is divided into
16 subarrays, and the number of subarray elements is
16. From the processing results in Figs. 10 and 11, it
can be concluded that the AE-SBABF algorithm has
interference suppression performance relative to conventional beamforming and has a higher output SNR
gain than MVDR, as shown in Fig. 1. The target output signal to noise ratio increased by 2.94 dB, as shown
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Fig. 10. Sea trial data processing results. (a) CBF, (b) MVDR, (c) AE-SBABF.
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widening of the target beam width and the azimuth
rate of change, which has a very good engineering
application value.
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can be visually recognized through the widening of the
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6. CONCLUSIONS
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