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ABSTRACT: 
A vector hydrophone is composed of two or three spatially collocated but orthogonally oriented velocity hydrophones 
plus an optional collocated pressure hydrophone. A vector hydrophone may form azimuth-elevation beams that are 
invariant with respect to the sources’ frequencies, bandwidths and radial locations. This paper characterizes the 
minimum variance distortionless response (MVDR) beam patterns associated with a single underwater acoustic vector 
hydrophone located near a reflecting boundary for the far-field underwater acoustic sources. 
 
KEYWORDS: Beam Pattern, MVDR Beamformer, vector hydrophone, Near a Reflecting Boundary 
 
1.  INTRODUCTION 

A vector hydrophone consists of two or three iden-
tical, co-located, but orthogonally oriented velocity 
hydrophones plus another co-located pressure hydro-
phone. Each velocity hydrophone measures one Carte-
sian component of the three-dimensional particle velo-
city wave field. On the other hand, a pressure hydro-
phone measures the acoustical pressure as a scalar 
entity. Therefore, a single-vector hydrophone thus has a 
two-dimensional (2-D) azimuth-elevation directivity 
that is independent of signal frequency, signal band-
width, and the source’s location. 

A receiving sensor array beamformer spatially 
filters the received data to separate the desired signals 
from interferences and noise based on any difference 
between their directions of arrival. A receiving beam-
former may be further classified as data-independent or 
data-dependent [7].One data-dependent beamformer is 
the MVDR beamformer [7], which preserves the desir-
ed signal’s energy but exploits interference and noise 
information embedded in the received data to minimize 
the beamformer output’s interference plus noise varia-
nce. In so doing, it is statistically optimum in that it 
maximizes its output signal-to-interference-plus-noise 
ratio (SINR). 

The measurement models of a vector hydrophone 
located way from and near a reflecting boundary are 
developed and introduced to the signal processing rese-
arch community, respectively, by [1] and [12]. The use 

of the vector hydrophone for sensor array direction 
finding away from a reflecting boundary has been inve-
stigated in [2]-[6] and [8]-[11]. [13] Presents the spatial 
matched filter beam patterns and the minimum variance 
distortionless response (MVDR) beam patterns associa-
ted with the vector hydrophone located away from any 
reflecting boundary. Then, [14] presents the spatial 
matched filter beam patterns, when a single vector 
hydrophone located near a reflecting boundary. Up to 
now, MVDR beam patterns of the vector hydrophone 
located near a reflecting boundary has not been 
investigated in the literature. 

In this paper, the MVDR beam patterns of the 
acoustic vector hydrophone located near a reflecting 
boundary for the far-field underwater acoustic sources 
is presented. 

This paper is organized as follows: Section II intro-
duces the array manifold of the vector hydrophone 
located near a reflecting boundary. In section III, the 
MVDR beam patterns of the vector hydrophone is 
investigated. Section IV presents experimental results 
and discussion. Finally, the results are summarized and 
concluded in section V. 

 

2. THE ARRAY MANIFOLD OF AN 
ACOUSTIC VECTOR HYDROPHON LOCATED 
NEAR A REFLECTING BOUNDARY 



Majlesi Journal of Telecommunication Devices           Vol. 1, No. 1, March 2012 

17 
 

Construction #1: the array manifold of an acoustic 
vector hydrophone derived and introduced respectively 
by [12]. Four-component vector-hydrophone (consists 
of three orthogonally oriented velocity hydrophones 
aligned along the x, y and z axes, plus a pressure 
hydrophone) gives an array manifold 
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Where0 ψ π 2k≤ ≤ denotes theκ th source's 

elevation angle measured from the X-Y plan,  
0 φ 2πk≤ ≤  refers the κ th source's azimuth angle 

measured from the positive X axes, λ symbolizes the 

wavelength, and ( )4 π D
αk

λ

d e f
= ks i n ψ  . 

The reflecting boundary, herein assumed to be a 
two-dimensional Cartesian plane of infinite size, is 
situated at Z = -D  and the vector hydrophone is 
located at the origin of the Cartesian coordinates. The 
reflection coefficient, ( )kR ψ  expresses the attenua-

tion and phase change of the reflected planewave. It is 
generally a function of both frequency and incidence 
angle. Under such condition that derived by [12], the 
rigid boundary condition occurs whenever the reflect-
ing surface reflecting boundary is not acoustically 
pliable, mathematically, the condition is expressed by 
R = 1  for all incidence angles. In contrast, the 
pressure-release boundary condition occurs whenever 
the surface or reflecting boundary is highly acoustically 
pliable, In this case R = -1  for all incidence angles. 
Finally, with substitute R = 0  in (1), the array 
manifold of an acoustic vector hydrophone located 
away from a reflecting boundary is appearing. 

Construction #2: Three-component vector-
hydrophone (consists of three orthogonally oriented 
velocity hydrophones aligned along the x, y and z axes) 
gives an array manifold 
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Construction #3: Three-component vector hydro-
phone (consists of two orthogonally oriented velocity 
hydrophones aligned along the x and y axes, plus a 
pressure hydrophone) gives an array manifold 
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Construction #4: Three-component vector hydro-
phone (consists of two orthogonally oriented velocity 
hydrophones aligned along the x and y axes) gives an 
array manifold 
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3. MVDR BEAMFORMING WITH A VECTOR 
HYDROPHONE 

The MVDR beamformer is a data-dependent 
beamformer which preserves the desired signal’s en-
ergy but exploits interference and noise information 
embedded in the received data to minimize the beam-
former output’s interference-plus-noise variance. 

In this paper, like [13] assume that exist a zero 
spatio-temporal cross correlation between the desired 
signal, interferers, and the additive noise. Furthermore, 
the additive noise is zero-mean and spatio–temporally 
uncorrelated but may have unequal variance across the 
component hydrophones. 

The MVDR beamformer output’s SINR with only a 
single interferer equals 

2H
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Where the superscript H denotes complex conjugate 
transpose, ps  denotes the desired signal’s power, p i   

refers to the interferer’s power,
def -1 2

i n i=  a P a , 
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Fig. 1. MVDR beam patterns of construction #1 for °
s

D = 0.5 , = 45λ ψ   and  γ = 1  for the equal-noise-variance 

case,  γ 3=  for the unequal-noise-variance case, I) rigid boundary and II) pressure release boundary. 
 

def -1 2
s n s=a P a , nΡ  symbolizes the additive noise’s 

spatial covariance matrix, sa  represents the desired 
signal’s steering vector, ia  refers to the interferer’s 

steering vector. And, ( )H-1 2 -1 2
n n=P P . 

The following analysis will focus on the case where 
the noise variance equals np  for all velocity 
hydrophones but npγ for the pressure hydrophone (if 
present). However, in the case where the noise variance 

np equals across all component hydrophonesγ = 1 . 
Construction #1:  

Additive noise’s spatial covariance matrix equals 
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n n

1
1

= p
1

γ

 
 
 
 
 
 

P                                       (6) 

And 

( ) ( )2 s sx +y +z + p
s

n

1 12 + + 2 R cos α + cos 2 ψγ γ
=

p
a

( ) ( )2 i ix +y +z + p
i

n

1 12 + + 2 R cos α + cos 2γ γ
=

p

ψ
a

 

( ) ( )
2Hx +y +z + p x +y +z + p

s i

2 2

2
n

=

1 1E + A + GB + F + A + HBγ γ

p

 
 
 

      
            

 a a

Where, 
 

( )s i i s s iA = c o s ψ c o s ψ c o s φ - φ , B = s i  nψ s i nψ

s sj α -j αE + jF = R e +1 R e +1   
     

s sj α -j αG + jH = R e - 1 R e - 1   
     

s s i i
4 π D 4 π Dα = s i n ψ , α = s i n ψ

λ λ
 

 
Hence, 
 

( )

( ) ( )

x + y + z + p
m a x s

s s
n

2 2
i

n

i
i i

n

p 2 1S I N R = 2 + + 2 R c o s α + c o s 2 ψ -γ γp

p 1 1E + A + G B + F + A + H Bγ γp
p 2 11 + 2 + + 2 R c o s α + c o s 2 ψγ γp

  
    

             
  
    

 (7) 

 
 
 



Majlesi Journal of Telecommunication Devices           Vol. 1, No. 1, March 2012 

19 
 

I       

II      

Fig. 2.  MVDR beam patterns of construction #2 for °
s

D = 0.5 , = 45λ ψ  andγ = 1 , I) rigid boundary and II) 

pressure release boundary

Construction #2: 
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Fig. 3.  MVDR beam patterns of construction #3 for °
s

D = 0.5 , = 45λ ψ  andγ = 1  the equal-noise-variance case,  

γ 3=  for the unequal-noise-variance case, I) rigid boundary and II) pressure release boundary 
 

I   

II   

Fig. 4.  MVDR beam patterns of construction #4 for °
s

D = 0.5 , = 45λ ψ  andγ = 1 , I ) rigid boundary and II ) 

pressure release boundary. 
 
4.  NUMERICAL RESULTS AND DISCUSSION Figure 1 shows MVDR beam patterns for 

construction #1 in the presence of a rigid or a pressure-

release reflecting boundary for °
s

D = 0.5 , = 45λ ψ .  
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Fig. 5.  MVDR beam patterns of construction #1 for °

s
D = 2 , ψ = 45λ  andγ = 1 , (a) rigid boundary and (b) 

pressure release boundary

As this figure indicates,  
( )x + y + z + p

m a xn
s

p
SINRp  

have two minima at i sφ - φ = {0°, 360°} (when the 
desired source and the interference impinge from the 
same azimuth angles). In contrast, there is difference 
between the interference's elevation angle ( iψ ) and the 

desired source's elevation angle ( 45 )sψ °
= . These 

two minima appear when i

n

p
p

or INR equal to or 

greater than unity. 
The right side of Fig. 1 plots the unequal variance 

case with (γ = 3 ) for both rigid and pressure release 
boundary. An increase in γ  causes an unique minim-

um at i s
°φ - φ = 180 , although it is not a very signify-

cant event at least for the pressure release reflecting 
boundary.  As this figure shows, the change in γ  also 

affects the overall level of
( )x + y + z + p

m a xn
s

p
SINRp . 

Like Figure 1, Figure 2 shows MVDR beam 
patterns, but for construction #2. As this figure 

indicates,  
( )x + y + z

m a xn
s

p
SINRp  is minimum 

at i s
°φ - φ = 180 , and have two local minima at 

i sφ - φ = {0°, 360°}  (when the desired source and 
the interference impinge from the same azimuth 
angles). The difference between results in Fig. 1 and 
Fig. 2 is caused by pressure hydrophone (with or 
without a pressure hydrophone). Like Figures 1 and 2, 
Figure 3 and Figure 4 Similarly indicate same results 
respectively for construction #3 (with a pressure 

hydrophone and without z-axes velocity hydrophone) 
and construction #4 (without the pressure hydrophone 
and z-axes velocity hydrophone). 

Figure 5 shows that increasing D
λ  from 0.5 to 2 

causes periodic local minimums for construction #1 in 
the presence of a rigid or a pressure release reflecting 
boundary. The period of the peaks depends on the value 

of D
λ  . The more D

λ   increases, the more the period 

of the local minimums decreases. Similarly, increasing 
D

λ leads to more minimums for the other 

constructions. 
 

5. CONCLUSION 
In this paper, the MVDR beam patterns of the 

vector hydrophone located near an infinite-size 
reflecting boundary for the far-field underwater 
acoustic sources have been investigated for different 
constructions. Increasing  γ  appears local minimum 
and a slight dent in edges, also decreases the overall 
level of SINR. In constructions of a vector hydrophone 
that not consist of a pressure hydrophone, SINR has a 

minimum at 180i sϕ ϕ °− = , when the desired source 
and the interference imping from the diametrically 

opposite azimuth angels. Increasing D
λ produces mo-

re local minimums in the beam patterns. Furthermore, 
the local minimums are repeated periodically with 
respect to iψ  and the period depends on the value 

of D
λ . 

The pressure hydrophone’s presence avoids 
spurious beamforming peaks. The vertical velocity 
hydrophone’s presence aid beamforming toward 
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vertical incident angles. The omission of vertical 
velocity hydrophones can reduce vertically incident 
interference, but may introduce spurious beamforming 
peaks under some special scenarios. Thus, offers 
maximum azimuth-elevation beamforming maneuver-
ability free of spurious peaks, but at the cost of greater 
hardware complexity. However, if the desired sources’ 
incident angles area priori known to be near horizontal 
directions and the interference from near-vertical 
directions, then offers a simpler alternative with 
increased interference capability. 
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