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Abstract. To address the impact of reflection boundaries and port and starboard ambiguity on passive sonar
positioning, a method of vector hydrophone hybrid source positioning under different reflection boundaries is
proposed. When the reflection boundary is close to or located within the near-field Fresnel zone, the reflected
waves will increase and decrease because of the superposition of the line-of-sight waves, thus affecting the
positioning results. The composite vector hydrophone consists of three-dimensional orthogonal vector channels
and scalar channels. By fully utilizing the vector information in the MUSIC algorithm array flow pattern, the
ambiguity problem of the azimuth angles on both sides under far-field and near-field reflection boundary
conditions can be solved. By establishing different reflection models, the array manifold matrix of the three-
dimensional directional angle and distance of the sound source under dual reflection is derived to illustrate the
influence of reflection boundaries on position estimation. Comparing the simulation results with Cramer Rao
bound (CRB) and maximum likelihood estimation algorithms, it is proven that the proposed method is correct
and efficient. Finally, the effectiveness of the method is verified through lake experiments. This study has
important guiding significance for the practical promotion of underwater acoustic engineering.

Keywords: Azimuth ambiguity / vector MEMS hydrophone / reflecting boundary / far and near field sources /

MUSIC algorithm / signal array manifold

1 Introduction

With the development of ocean acoustics, research on the
ocean is increasingly deepening. The ocean acoustic field
contains scalar and vector information, and vector hydro-
phones can synchronously detect scalar pressure and vector
data of u ocean sound fields [1,2], which is superior to scalar
hydrophones [3], and has highly sensitivity and broadband
low-frequency detection performance. Cilia vector MEMS
hydrophone, which utilizes piezoresistance and biomimetic
principles [4-6] has been used for low-frequency underwa-
ter acoustic detection and localization research. In fact,
there are always sound boundaries in the process of sound
propagation, including underwater boundaries such as the
sea surface, seabed, hull, and any obstacles in the water
[7,8]. The influence of near-field or far-field reflection
boundaries on positioning cannot be ignored. Therefore,
high-precision positioning in complex environments has
become one of the current research hotspots.

* Corresponding author: shangzhenzhen@tyu.edu.cn

The research on direction angle of arrival estimation
(DOA) is relatively mature when the hydrophone is located
in far-field source and not close to any boundary. Nehorai
and Hawkes studied far-field array manifolds with
reflective boundaries and derived CRBs for azimuth and
elevation angle [9]. Keshavarz studied the spatial matched
filtering pattern of hydrophones located nearby the
reflection boundaries [10]. Ahmadi studied the minimum
variance estimation method in direction finding near/not
near reflection boundaries [11]. Wu et al. derived the near-
field array manifold relationship and derived the CRB for
angle and range [12-14]. The traditional MUSIC algorithm
[15] and beamforming algorithm [16] are used to achieve
far-field target orientation. In the near-field Fresnel zone,
distance parameters cannot be ignored, and the 2D-MUSIC
technology [17] can realize the estimation of angle and
range. In more complex far and near field source scenarios,
some hybrid sources methods draw on the design of
subarrays, which also leads to more complex computation-
al complexity [18,19]. Recently, Shang et al. proposed two
hybrid field source MUSIC search algorithms based on
vector hydrophone arrays, which can achieve parameter
separation of hybrid field sources with less computation
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Fig. 1. Biomimetic microstructure of vector hydrophone

and lower computational complexity [20]. However, all
these algorithms are applicable when the sound source and
hydrophone are not close to any boundary, and there is
little research on the sound source or hydrophone being
close to the reflection boundary [21-23].

In this article, we designed a fuzzy free positioning
algorithm for MEMS vector hydrophones based on near and
far field reflection boundaries. Firstly, different reflection
models were established, and the array manifold matrix of
angle and range parameters under double reflection was
derived to illustrate the influence of reflection boundaries on
azimuth estimation. Then, the orthogonal information of
interference noise and signal in the MUSIC algorithm was
utilized to solve the problem with reflection boundaries. The
simulation and field experiment results show that the
algorithm is feasible in the presence of far-field and near-field
reflection boundaries. The simulation and experimental
results demonstrate that the method is feasible in the
presence of reflection boundaries.

2 The far/near reflect boundary model
2.1 The principle of azimuth estimation

The composite MEMS cilia hydrophone consists of a cilia
biomimetic structure and piezoelectric ceramics. It can
simultaneously measure X, Y, and Z three-dimensional vector
information as well as sound pressure information, and cilia
mimic the sound sensing mechanism of lateral organs in fish
[24-26]. The three-dimensional microstructure and biomimetic
principle of the vector hydrophone are shown in Figure 1a. The
combination site of the cilia vector sensor is Figure 1b.

The signal reception model of MEMS vector hydro-
phone can be expressed as the following equation.

P(t) =p(t) +ny

vz () = v(t)cosasin + nyy

vy (t) = v(t)sinasin + ny, (1)
v,(t) = v(t)cosp + ny. ’
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and acoustic propagation model of reflection boundary.

where P(t), v;(t) (i=x, y, z) represent the pressure signal
and speed in 3D direction of MEMS vector hydrophone,
respectively. And n,, n,;(i= vz, vy, vz) represent the zero-
mean uncorrelated Gaussian noise of four channels. The
FEula equation reflects the physical relationship between
sound pressure and vibration velocity.

2.2 Far/Near field source with reflecting boundary

In the three-dimensional Cartesian coordinate system, the
spatial relationships between the sound source, vector
hydrophone, and planar reflection boundary are shown in
Figure 1lc, and the hydrophone located at the coordinate
origin. Without loss of generality, assuming that the
reflection boundary is an infinitely large plane located at
z=— h, where h is the vertical range of sensor and plane
reflection boundary. Among them, 0 <« <27 represents
the azimuth angle, and the pitching angle (0 < 8 <) is the
angle between target and z-direction.

Assuming that the source is isotropic point radiation
source, the ideal radiation sound pressure signal is

Pm(T, t) _ éei[w*t—km*r]. (2)

Among them, k;, is wavenumber vector, k=w/c= |k;,| =
|k|. According to ray acoustics theory, an image source is
generated by the acoustic source passing through the reflection
plane. And the signals received by the vector hydrophone
include direct wave P, (r, t) and reflected wave P, (r, ) =
A/re* 1"k pe| When the sound wave is incident on the
reflection boundary, the reflected wave will be incident on the
hydrophone receiving end through the reflection angle. The
complex coefficient 7 (7, w) represents the amplitude and phase
variation of the reflected sound wave. It is related to the
medium properties of sound propagation, acoustic signal
frequency and reflection interface, as well as reflection angle.

Poy(r,t) = Pin(r,t) + Ppe(r, 1)

= éei[w*t—km*r] 4 T(T w)éei[w*t*krs*m]
T ’ re .

3)
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The physical propagation mechanism requires that the
sound particles on both sides of the sound edge interface
have the same velocity, that is, the propagation speed of
the incident wave at the boundary is the same as that of the
reflected wave. If hydrophone is in the far field of acoustic
source, it can be approximated as a far-field plane wave.
The acoustic impedance is Z= pc. When the hydrophone is
in the near field of acoustic source, the distance cannot be
ignored, and the received signal is a spherical wave.
Acoustic impedance is a complex number Z = pc lfz’l;r In
this article, we assume that the incident sound wave is
sinusoidal, and the vibration velocity can be expressed as

1 1 dP
VP

v iwp iwp dr (4)

According to equation (4), the vibration velocity signal
in the X direction can be expressed as the derivative of
sound pressure. Among them, the signals of mutually
orthogonal Y and Z paths can be represented by a similar
derivative process

See equation (5 below).

According to the relationship between scalar and vector
sound fields, it can be inferred from formula (4) and (5) that
the four channel signals of a vector hydrophone can be
represented in the form of 4 x 1 vectors. Formula a («, B, 7)
is also known as array flow pattern.

P A it A it ap((0l7%r))
Vg o e _ e A\, O, T
vy  —ikpc x ala Br) —ikpc % ay(a, B;r)
,UZ az(aaﬂv r)

(6)

2.3 Different reflecting boundary

In general, 7 (1, ) € [— 1, 1]. And the following ideal cases
can greatly simplify the situation.

Aeiwt a|: r +T(T7w)

The perfect reflection boundary: in this case, the
incident wave enters an ideal rigid boundary that neither
absorbs nor transmits any energy. At this point, 7 (r,
w)=1.

The pressure release soft boundary: in this case,
acoustic impedance of the input boundary is almost zero.
The wave incident from the sea surface into the air can be
approximated as a pressure release boundary problem. At
this point, 7 (r, w) = —1.

Away from the boundary (no boundary): 7 (r, @) =0.
The sensor is located near the source, not close to any
boundary. At this point, the receiving end is less affected by
reflected waves and only considers direct waves.

Assuming the following two points hold true through-
out the entire text:

— Acoustic source signal is a narrowband stationary signal
that is statistically independent;

— Noise is white Gaussian noise that is statistically
independent of the source signal.

3 Vector manifold matrix under reflection
boundaries

The MUSIC algorithm is a spectrum peak search method
based on feature subspace [18]. Since the vector hydro-
phone contains three vector channels and a scalar signal, a
single vector hydrophone can obtain four feature sub-
spaces. By utilizing the feature subspaces of the signal and
noise, target orientation estimation can be achieved.
The output signal of the vector sensor is

X(t) = ay(et, B,r)s(t) + n(t) (7)
where direction vector a, (e, 8, 7) = a (e, B, ) @ u (o, B, 1),
n (t) is the Gaussian noise. N is the number of elements in
the array. Assuming N=1 here. The phase difference
between three-dimensional vector signals is 0, assuming
pc=1. For the convenience of calculation and theoretical
analysis, the acoustic impedance parameters are normal-
ized, and the corresponding values can be replaced with

e—ik*r e—ik*re
re ]

( 1 dp) 1 aPuu(’l‘,t)
Vy = _— - 7

iwp or wp 0z Ir(2..9=r000.00)

" —

e—z’k*\/(:B—xl)2+(y—y1)2+(z—z1)2

0 +7(r,w)

A et \/(y - yl)2 + (z— acl)2 +(z— zl)2

—ikpc or

r(,4,2)=r0(0,0,0)

e—ik*\/(x—a:1)2+(y—y1)2+(z+zl+2h,)2

\/(y— y1)? + (z — 21)° + (2 + 21 + 2h)

—ikpc ox (5)
r . . 1 ) 07 . . 1
At ikx e T g gl 4 e o ik % e T w2l 4+ 75;’ w) o * ek re g pe 4+ T x g7 HHTE 4 =
_ r T re
 —ikpc 72 + re2
[ ik + L ik 4 !
Aewt | W T . W 1 07T (r,w -
— _ikpc 7,2 ’I‘* e—zk*r %zl + r€2’f’€ " e—l,k*re T % zl +ﬁ* (al. ) |r(z,y’z):r0(0’0.0> % e—?,k*?"(i
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specific parameter information during actual calculation.

1 1 1 T

3.1 Far field source with reflecting boundary

Due to the infinite range of the far-field, r— cocan be

ikr . : .
u= |1, oc cosasing, sinasing, cosp substituted into formula (11). The far-field DOA can be
found through one-dimensional spectral peaks. The MEMS
~1 . . . T vector hydrophone is in the acoustic source’s far-field and
[Leosasinfsinasinfeosp], near the reflecting boundary. And when r— oo, we can
and a(a, B, r) is obtain that’® — 1,% — 0,7e — T — 2hcosp.
a. T (r, ) =0, without any reflecting boundary. The
[1 omd i received signal array manifold can be simplified to
dlad cosasinf
; , A —pc
I md .\ | cosasinp
e T <1 ~ (cosasing) ) ol B,r) = sinasinf |’ (13)
a(t, 1) = , cosp
2d(N — 1 . igi i
2n ( ) cosasing b. 7T (r,w) = 1, vector hydrophone near a rigid reflecting
. A boundary.
W 7Td2 9 ) 5
+—(N-1) (1 — (cosasinf) ) r h 7
e L A7 ikr —i2—cospf
i | P »
(8) 1+ikr
. . h
Then, the covariance matrix of the array can be further ) —i2—cosf
resolved into cosasinf|1+e A
H H H a(a,B,r) = . (14)
R =E(XX") = Us) U+ UNY UR. 9) 2l cosp
s N sinasinB| 1+e A
where, Ug, Uy, >, s and Yy are the signal and noise h
eigenvectors, and the diagonal matrices of the signal and —i2—cosf
noise eigenvalues, respectively. > ¢ is a full rank matrix. cosp|l—e A
Therefore, based on the subspace characteristics, noise L J
subspace and the signal angle vector is orthogonal, that is
c. T (r, w)=—1, vector hydrophone near a pressure
Un"a, (o, B,r) = 0. (10) release reflective soft boundary.
Based on the characteristics of the feature subspace [ ikr i h cosp ]
algorithm and feature matrix, the MUSIC spatial spectral —pc - — A
function and array manifold can be expressed as the L +akr
following equations h
) —i2—cosf
1 cosasinf|1—e A
P(a,B,r) = . 11
PO = e U b Y ata ) = , (15)
—i2—cosf
See equation (12 below). sinasinB|1—e A
s o —gre=r r 2 41 . h
whered = T =€ "7 b= ) BT Different reflec- —i2—cosf
tion boundaries correspond to different reflection array cosp({l+e A
manifolds. L ]
—ped[l + ax* T (r0,w)] |
d oT
ap(a, B, 1) cosasing [1 +axbxT(r0,w) + a; * % 7‘_7‘0]
a’ﬂ"(a’ ﬂ’ T’)
oo, B,r) = , . xd 0T (r, 12
a(a, 1) ay(o, B, 1) sinasinB|1+ a* bx T (r0,w) + 0 9T (r,w) l—ro (12)
ik oy
a:(@ 8,) axd 0T (r,w) 2% 21
cosB[1 — ax bxT(r0,w)| + T *677|r:r0_7a*b*7(7”0»w)
L i z r J




Z. Shang et al.: Int. J. Metrol. Qual. Eng. 17, 3 (2026) 5

Therefore, the array manifold is a function of elevation
and azimuth angle, and the estimation of position is
achieved through two one-dimensional searches.

3.2 Near field source with reflecting boundary

Due to the need to consider both angle and range in the
near-field position parameters, its position information can
be found through two first-order spatial spectral searches.
According to the non-singularity of the subarray, the
decomposition of the directional matrix can be achieved,
and formula (8) can be expressed as (16)

a(oz,,B, r) = C_(Ol,ﬁ)fl(%ﬂ r)

ej(fN) 5 cosasinf 0

ej(N) . cosasinf .
er2

)m ( (cosasing) )
&

(1 — (cosasinf) ) ,

% | J(-N+1)?

e )\.Ti (16)

1

From the multiplication calculation rule of Kronecker,
the equations (7) and (8) can be converted into

ar,, ) = [c(e. Hn(r, . f)) © ulr.a p) )
= [¢(a, B) @ u(r,a, B)In(r, e, B) = v(et, B)n(r,cx, B)’
[ i re—r i
—pc /\r 1+2e " A
14 i re
lD o
re—r -
— 2’L——|—1
cosasinf3 1+ A% <L> i‘
re re i——i—l
A
ala, B, 1) = 3 re — o re
o=t T )\ +1
sinasin |1 +—e A% (—) ——
re re/ 14—
i A
re—r 1+ZE re—r zE—l-l
—i 2 —i 2
cos(3 1—Le A *( )7)‘ —Q*Le A *(T) )\7*@
re re iX"'l re re iX"'l r

Regardless of the situation, 5 (e, B, ) #0 . Therefore,
DOA can be solved by the following equation.
gg(a, B) = v (a, B)UNUNTv(a, B) = 0 (18)

The satisfaction of singular conditions in matrices is a

sufficient and necessary condition for equation (18) to hold.

Only the true DOA satisfies the rank reduction condition.

Substitute DOA into the spectrum function (19) for range
search.

1
a”(r) UNUNHa(r) '

When the vector hydrophone is located near the near-field
and reflection boundary, different reflection boundaries
correspond to different array manifold matrices. The array
manifold of MUSIC algorithm under different reflection
coefficients can be represented as follows:

P(r) = (19)

a. 7T (r, ) =0, without any reflecting boundary.
ikr
—pc
P ik
ala, B,r) = | cosasinf (20)
stnosinf

cosf

b. 7 (r, ) =1, sensor near a rigid reflecting boundary.

See equation (21 below).

c. T (r, w)=—1, vector hydrophone near a pressure
release reflecting soft boundary.

See equation (22 is next page).




waves P, (r,t), Py, (r,t), and the hydrophone and planar
reflection boundary models are shown in Figure 2a.
Assuming the reflection boundary is located at z = — hy,
zm=hy. T1(r, ®), To(r, ) are the complex reflection
coefficients of the water-air surface boundary and the
underwater boundary layer, respectively. So, the received
signal can be represented as

Pa,u(’f‘,t) = P, + Prel + Prez

A it —kp x| i|wt—k
_ = in 4 T , el 1[a)t rel*Tel]
€ 1(r,w) o (23)
+7T 5(r,w) i e [wtikm? *Tez] .
reg
Then, formula (12) takes derivatives for X, Y, and Z to
obtain the physical values of the three vector vibration
velocity channels, and substitutes the coordinates into the
formula. At this point, the manifold matrix of the target
can be simplified as

See equation (24) below.

[—ped[l + al * T1(r0,w) + a2 * To(r0,w)]

aa, B, 1) =

cosasinf [1 +al bl %71 (r0,w) + a2 % b2 %« To(r0,w) +
sinasinf {1 +al bl « 71 (r0,w) + a2 x b2 % T y(r0,w) +

cosB[l — al x bl x T1(r0,w) — a2 * b2 * To(r0,w
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[ i re—r i
T —1
1+~ re
A -
re
re—r :
. ro =i 7\ 2 27 +1
cosasinfB |1 ——e A% (—) A
re Tre i——i— 1
_ I A
a(a, B,7) = i re—r re ]
. —+1
. ro—i A
sinasin |1 ——e A% (—) -
re re i—+ 1
—i(re—r) 14476 —i(re—r) 14476
r —— 7\ 2 \ r 7\ 2 A D
cosB|1+—e A *(—) 7 +2x—e A *(—) = * —
re re j— + 1 re re i— + 1 r
L A |
(22)
In summary, the array manifold of near-field sourcesisa  where
function of azimuth, elevation, and distance. Based on peak 1 9_
search, it is possible to estimate the range and DOA of . 72.7’6 r ﬂre r
acoustic source. " re A re X
d= 7al= ,a2= ,
14i— rel re2
i A
3.3 Double reflecting boundary el re2
. . . N Lt a2t t1
When there is a double reflection boundary, the received bl (7) A b2= (7) A ,
signal includes a direct wave Py, (r, t) and two reflected rel iiJrl re2 i£+1

2h 2h
m=""alb1+T1(r0,0)+-—a2xb2+T5(r0,m).
T r

4 Simulation of far/near source localization
with different reflection boundaries

This section verifies the performance of the proposed
algorithm in the case of reflection boundaries through
simulation experiments. Without loss of generality, the
localization of vector hydrophones with different reflection
boundaries is considered. Assuming the signal is a single
frequency signal. In addition, symbol RMSE and SNR
represent the root mean square error and received signal-
to-noise ratio, respectively [27]. Measure the performance
of the proposed algorithm through 500 independent Monte
Carlo repeated experiments and compare it with the
corresponding CRB.

al x d . 0T 1(r,w)
ik ox
al x d . 07T 1(r,w)
ik dy
alxd 0T(r,w)
N+ k| oz

a2xd 07T5(r,w)

0t T
a2xd 0T y(r,w)

*7|7':7'0

‘r:rU

|r:7’0 + ik ay
| aZ*d*z)Tg(r,w)
r=ro ik 0z

|r:r0 -m

(24)
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Fig. 2. (a) The double reflecting boundary modal. (b) The DOA
Comparison results of DOA estimation.

4.1 Direction estimation under far-field source with
reflecting boundary

In this section, the proposed algorithm is used to locate
far-field sources with different reflection boundaries.
Assuming the existence of a far-field source: {a=10 °,
B=20 °, z=—0.5 \}. Firstly, assuming the number of
snapshots (NS) is 1000 and SNR is 20dB. The results
indicate that the vector hydrophone achieves non fuzzy
orientation within the [0:2 * =] angle. Next, we will
mainly study and discuss several special reflection
situations.

a. When 7 (r, w) =0, the hydrophone is located in the
far-field and not close to any boundaries. At this point,
there is no reflected wave (i.e. P, (r, t)=0).

Firstly, assuming SNR is 20dB and NS is 1000. The
proposed algorithm calculates the azimuth and elevation
angles as shown in Figure 2b. Secondly, NS is 1000, and
SNR varies uniformly from —15dB to 20dB. Figure 2c
shows a negative correlation between angle error and SNR.
Thirdly, assuming SNR is 20 dB and NS increases from 100
to 2000. Figure 2d shows that DOA estimation error is also
negatively correlated with NS. Finally, through 500
repeated Monte Carlo experiments, this conclusion was
further validated by comparing it with the maximum
likelihood estimation algorithm and CRB results.
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of far field sources. (¢) Comparison results of range estimation. (d)

b. When 7 (1, w) =1, the vector hydrophone is in the
far-field, close to the rigid boundary. At this point, there is a
reflected wave (i.e.Py.(r,t) = 4 elt=kewrel)  The MUSIC
algorithm calculates the far-field azimuth and elevation
parameters as shown in Figure 3a. The corresponding
simulation results are shown in Figures 3b and 3c.

c. When 7 (r, w) = — 1, the vector hydrophone is in the
far field, close to the pressure release boundary. At this point,
there is a reflected wave (i.e.Py(r,t) = — 4 gllort=herrel),

In this reflection scenario, the simulation conditions are
the same as for parts a and b. Calculate the spatial azimuth
parameters of the distant source using the MUSIC method,
such as Figure 3d. The simulation results of DOA
parameters with changes in SNR and NS are shown in
Figures 3e and 3f javascript:;. DOA estimation error is
negatively correlated with NS and SNR. Meanwhile, the
angular resolution of DOA under pressure release boundary
is lower than that without reflection boundary and rigid
reflection boundary.

4.2 Direction estimation under near-field source with
reflecting boundary

In this section, the proposed method achieves the near
source DOA and range parameter estimation with different
reflecting boundary. Assuming thatz= — 0.51. Using the
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array manifolds of section 3.2 to calculate the DOA and
range parameters. Next, we mainly study and discuss the
localization under several special reflecting boundary cases.

a. When 7 (r, w) =0, that is, the sensor is not close to
any boundary. In such a sound field environment, there will
be no reflected waves (i.e. P, (r, t) =0). Assuming that the
near field source is:{a =50°, B=60°, r=31}.

As previously mentioned, assuming SNR is 20dB and
NS is 1000. The proposed algorithm calculates the azimuth;
elevation angles and range are shown in Figures 4a and 4b.
Secondly, NS is 1000, and SNR varies uniformly from
—15dB to 20dB. Figure 4c shows a negative correlation
between angle error and SNR. Figure 4d shows a negative
correlation between range error and SNR. Thirdly,
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assuming SNR is 20 dB and NS increases from 100 to 2000.
Figures 4e and 4f shows that DOA and range error are also
negatively correlated with NS. Finally, the conclusion was
further validated through 500 repeated Monte Carlo
experiments.

b. When 7 (r, w) =1, that is, sensor is located in the
near-field and near a rigid boundary. In such a sound field
environment, there will be one reflected wave in the
propagation model of Figure 2 (i.-
e.P(r,t) = ;ﬁeei[“’*t‘k’e*“}). Assuming that the near field
source is:{a=50°, B=60°, r=2A}.

In the case of rigid reflecting boundary 7 (r, o) =1,
similar to the process of module A, the corresponding
simulation results are shown in the Figures 5a and 5b.
Figures 5¢ and 5d show the comparison results of SNR and
NS on DOA and distance estimation, respectively. The
results of CRB are also shown in Figure 5.

c. When 7 (r, w) = —1, that is, the sensor is near a
pressure release soft boundary. In such a sound field
environment, there will be one reflected wave in the
propagation model of Figure 2 (ie.
P.(r,t) = —%ei[“’*t_k“*’”e]). Assuming that the near field
source is:{a =50°, B=60°, r=2A}.

The simulation conditions are the same as part a.
According to the vector MUSIC algorithm, we can obtain the
angle and range parameter values of source, as shown in
Figures 6a and 6b. Figures 6c¢—6f respectively show
the relationship between SNR, NS and DOA, rangejava-
script:;. At the same time, the angle resolution of DOA
estimation under pressure release boundary is lower than the
case without reflecting boundary and rigid reflecting
boundary.

200 400 600 800 1000 1200 1400 1600 1800 2000

200 400 600 800 1000 1200 1400 1600 1800 2000,

4.3 Double reflecting boundary case

In this section, the proposed method achieves near and far
field sources with double reflection boundaries. Assuming
that the parameter of sources are: {a=20°, B=70°,
r=1.5 A}, {a=30° a=45° r—oo}. The two reflection
boundaries are rigid reflection boundary and pressure
release boundary, namely 7, (r, w)=1, To(r, ®)=—1.
The reflective boundary is an infinitely large two-
dimensional Cartesian plane parallel to the z-axis, with
coordinates z; = — 0.5\, 2z, = 2A.

We assume the SNR is 20 dB and NS is 1000. Figures 7a
and 7b show the angle and distance results of near-field
source with double reflection boundaries. Figure 7c shows
the far field DOA results with double reflection boundaries.
The results indicate that vector sensor can fulfil non fuzzy
positioning under double reflection boundary conditions.
The specific array manifold relationship provides a
foundation for azimuth estimation experiments in real
field environments.

5 Experimental testing of reflection boundary
localization

In order to further verify vector localization in complex
environments, field experiments were conducted at Fenhe
Reservoir ii. The hydrological conditions at the experi-
mental site are wide, and the depth of over 20 meters.
The experimental water area is wide with an average
depth of about 20 meters. The fish lip transducer and
hydrophone are used for transmitting and receiving sound
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Fig. 7. Double reflecting boundary. (a) near field DOA. (b) near field range. (c) far field DOA.

signals, respectively. And the NI acquisition card collects
the sound signals. The outdoor experimental conditions are
shown in Figure 8, mainly includes water surface and
underwater reflection.

Using GPS and compass to calibrate position data, the
speedboat is placed in the water from the side of the
speedboat, with the transmitting transducer placed in the
direction of the hydrophone at approximately 33 degrees.
The transmitted signal is a 630 Hz pulse signal located
approximately 100 meters away. The received signal and
processed result are shown in Figures 9a and 9b, achieving
vector localization detection under reflection conditions.
According to the vector algorithm calculation results, the
error is within 5 degrees, indicating that the method is
feasible. In the future, more complex work verification will
be conducted, and this research has important guiding
significance.

6 Conclusion

In this paper, the fuzzy free localization method for vector
hydrophones under far and near reflection boundary
conditions is proposed. The combination of vector
information of sound field and orthogonal rank reduction
algorithm solves the problem of fuzzy positioning. Firstly,
several measurement models suitable for different sound
fields and reflection conditions were established, and the
array manifold matrix of the DOA angle and distance of the
sound source under dual reflection was derived. Then
compare the simulation results with CRB and maximum
likelihood estimation algorithms to further validate the
efficiency of the algorithm. This method not only solves the
problem of ambiguity between the left and right sides, but
also achieves high-precision angle and distance estimation
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Fig. 9. (a) Received 630 Hz pulse signal. (b) Localization results of external field reflection algorithm

in special situations. This study has promoted the
exploration of hydrophones and underwater acoustic
engineering.
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