
 

Effect of the fluctuant acoustic channel on the gain of a linear array in the ocean waveguide 

Lei Xie(谢磊), Chao Sun(孙超), Guang-Yu Jiang(蒋光禹), Xiong-Hou Liu(刘雄厚), De-Zhi Kong(孔德智) 

Citation:Chin. Phys. B . 2018, 27(11): 114301. doi: 10.1088/1674-1056/27/11/114301 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Radiation from finite cylindrical shell with irregular-shaped acoustic enclosure 

De-Sen Yang(杨德森), Rui Zhang(张睿), Sheng-Guo Shi(时胜国) 

Chin. Phys. B . 2018, 27(10): 104301. doi: 10.1088/1674-1056/27/10/104301 

Simultaneous detection of the acoustic-field aberration and Doppler shift in forward acoustic 

scattering 

Chuan-Lin He(何传林), Kun-De Yang(杨坤德), Yuan-Liang Ma(马远良), Bo Lei(雷波) 

Chin. Phys. B . 2017, 26(1): 014301. doi: 10.1088/1674-1056/26/1/014301 

Array gain for a conformal acoustic vector sensor array: An experimental study 

Yong Wang(汪勇), Yi-Xin Yang(杨益新), Zheng-Yao He(何正耀), Bo Lei(雷波), Chao Sun(孙超), Yuan-Liang Ma(马远良) 

Chin. Phys. B . 2016, 25(12): 124318. doi: 10.1088/1674-1056/25/12/124318 

Underwater asymmetric acoustic transmission structure using the medium with gradient change 

of impedance 

Bo Hu(胡博), Jie Shi(时洁), Sheng-Guo Shi(时胜国), Yu Sun(孙玉), Zhong-Rui Zhu(朱中锐) 

Chin. Phys. B . 2016, 25(2): 024305. doi: 10.1088/1674-1056/25/2/024305 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/abstract/abstract72981.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72821.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69291.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69291.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68948.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66445.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66445.shtml


Chin. Phys. B Vol. 27, No. 11 (2018) 114301

SPECIAL TOPIC — 80th Anniversary of Northwestern Polytechnical University (NPU)

Effect of the fluctuant acoustic channel on the gain of
a linear array in the ocean waveguide∗

Lei Xie(谢磊)1,2, Chao Sun(孙超)1,2,†, Guang-Yu Jiang(蒋光禹)1,2,
Xiong-Hou Liu(刘雄厚)1,2, and De-Zhi Kong(孔德智)1,2

1Key Laboratory of Ocean Acoustics and Sensing ( Ministry of Industry and Information Technology),
Northwestern Polytechnical University, Xi’an 710072, China,

2School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China

(Received 5 July 2018; revised manuscript received 31 August 2018; published online 8 October 2018)

The inhomogenous ocean waveguide, which leads the amplitude and phase of the signal arriving at a hydrophone
array to fluctuate, is one of the causes that make the array gain deviate from its ideal value. The relationship between the
array gain and the fluctuant acoustic channel is studied theoretically. The analytical expression of the array gain is derived
via an acoustic channel transfer function on the assumption that the ambient noise field is isotropic. The expression is
expanded via the Euler formula to give an insight into the effect of the fluctuant acoustic channel on the array gain. The
result demonstrates that the amplitude fluctuation of the acoustic channel transfer functions has a slight effect on the array
gain; however, the uniformity of the phase difference between the weighting coefficient and the channel transfer function
on all the hydrophones in the array is a major factor that leads the array gain to further deviate from its ideal value. The
numerical verification is conducted in the downslope waveguide, in which the gain of a horizontal uniform linear array
(HLA) with a wide-aperture operating in the continental slope area is considered. Numerical result is consistent with the
theoretical analysis.
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1. Introduction
Array gain is defined as the improvement in the signal-

to-noise ratio (SNR) obtained at the array output over that at
a single hydrophone.[1,2] It is one of the most important mea-
sures of the sonar system performance which is affected by
the ocean waveguide. The array gain reaches its ideal value
10lgM (M is the number of the hydrophones in the array)
when the signals arrive as plane waves and the noises are uni-
form and uncorrelated between the receivers. However, the
sound waves propagating in the ocean are bound to be af-
fected by acoustic channels. And subject to the topography
and acoustic properties of sea-floor, as well as eddies, tides, in-
ternal wave, and surface gravity waves, the ocean waveguides
are always randomly inhomogeneous, which leads the acous-
tic channels to suffer from spatiotemporal variation. Besides,
in the continental slope area,[3] the ocean bottom is range-
dependent, which will result in the more complex acoustic
channels as manifested by inhomogenous amplitude and cor-
rugated wavefront. A distorted wavefront or the multipath ef-
fect leads the amplitude and phase of the received signals (not
the plane waves) to fluctuate. Consequently, the array gain will
deviate from its ideal value[4] especially for a wide-aperture
uniform linear array, which ultimately fails to achieve the de-
sign performance of a sonar system in the practical applica-

tion.
Earlier researches on the array gain influenced by the am-

plitude and phase fluctuations of the signals were based on the
hypothesis that the fluctuations conform to a statistical regular-
ity. The expression of the array gain for a linear array can be
obtained if the phase fluctuation is consistent with the multidi-
mensional normal distribution.[5–7] Kleinberg[8] investigated
the effect of the amplitude and phase fluctuations on the ar-
ray gain when the fluctuations were normally distributed. Us-
ing signal correlations to characterize the signal amplitude and
phase fluctuations, Cox[9] and Green[10] have derived the ex-
pression of the array gain in the uncorrelated ambient noise
field when the signal correlations were presented as exponen-
tial attenuation and linear attenuation, respectively. However,
the amplitude and phase fluctuations and the signal correlation
attenuation are affected by the ocean waveguide, which cannot
always be described by the regular rules.

With the development of the underwater acoustic field
modeling, the acoustic channel can be modeled by differ-
ent acoustic field theories such as ray-based model, normal-
mode model, wavenumber integration method, and parabolic-
equation method. It provides a new approach to studying
the influence of the acoustic channel fluctuation on the ar-
ray gain. Recently, the majority of researches of the array
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gain focused on the linear array in the shallow water[11–17]

and deep ocean,[18] both of which are the range-independent
ocean waveguide, based on the normal-mode model.[19] In the
range-independent waveguide, the signal field is characterized
by a set of discrete normal modes of propagation, and the ar-
ray gain can be formulated by normal modes. But in the con-
tinental slope area,[3] the acoustic wave propagation will span
the different seas. In this case, the ocean waveguide is not
horizontally layered, but it is dependent on the range, which
leads the modes to be coupled seriously. Hence, the analytical
methods of the array gain in the range-independent waveguide
based on the normal-mode model are not applicable in the case
of the range-dependent waveguide.

In Ref. [3] , we have discussed the gain of a linear array
relating to the structure of the acoustic field from the acous-
tic field correlation and the transmission loss. In the present
paper, we will provide a new theoretical method to further an-
alyze the array gain affected by the fluctuant acoustic chan-
nel, which can be applied to the range-dependent and range-
independent waveguides. Assuming that the ambient noise is
isotropic, the expression of the array gain is derived as a func-
tion of the acoustic channel transfer functions, and then the
expression is expanded via the Euler formula to investigate
the relationship between the array gain and the acoustic chan-
nel. The rest of this paper is organized as follows. The expres-
sion of the array gain considering the acoustic channel transfer
function is derived in Section 2. Then, in Section 3, the effect
of the acoustic channel fluctuation (amplitude and phase fluc-
tuations) on the array gain is analyzed. Finally, the array gain
varying with the receiving position is numerically investigated
in the continental downslope waveguide, and the results verify
the theoretical analysis in Section 3.

2. Array gain in ocean waveguide
2.1. Definitions

The array gain of an arbitrary array of hydrophones is de-
fined as

ga =
SNRarray

SNRhyp
, (1)

where SNRarray is the SNR at the array output, and SNRhyp is
the SNR at a single hydrophone. In a practical ocean waveg-
uide, however, both the signal field and the noise field will
vary over range and depth, and the signals and noises at dif-
ferent hydrophones will have different values. For this rea-
son, we take the average of the signal-to-noise ratios at all hy-
drophones to replace the single hydrophone reference in the
definition of Eq. (1), and the array gain is redefined as

ga =
SNRarray

SNRaverage hyp
, (2)

where SNRaverage hyp is the average of the SNRs at all hy-
drophones.

The effects of the array processing on signal and on noise
can be considered separately.[12] The improvement on the sig-
nal power obtained by using an array is defined as the array
signal gain, and improvement on the noise power as the ar-
ray noise gain, denoted as gas = Sarray/Saverage hyp and gan =

Narray/Naverage hyp, respectively, where Sarray and Saverage hyp

are the signal power at the array output and the average sig-
nal power of all hydrophones, Narray and Naverage hyp are the
noise power at the array output and the average noise power of
all hydrophones, respectively. Then the array gain in Eq. (2)
can be expressed as

ga =
SNRarray

SNRaverage hyp
=

(S/N)array

(S/N)average hyp

=
Sarray

Saverage hyp

/
Narray

Naverage hyp
=

gas

gan
. (3)

Convert Eq. (3) into decibels, then we will have

GA = 10lg
(

gas

gan

)
= 10lg(gas)−10lg(gan) . (4)

We can see that the array gain can be described as either the
ratio of array signal gain to array noise gain as expressed in
Eq. (3), or the difference between them in dB as indicated in
Eq. (4). Next, we will study the array gain in the ocean waveg-
uide by investigating the array signal gain and the array noise
gain separately.

2.2. Array signal gain and array noise gain

The propagation of sound waves in the ocean can be de-
scribed by the wave equations. For a short durative pulse, the
acoustic channel can be characterized by the impulse response
h(t) in the time domain or the transfer function H( f ) in the
frequency domain. The acoustic channel transfer functions
can be calculated by solving the wave equation through uti-
lizing different acoustic field theories[19] for range-dependent
and range-independent waveguides.

Assume that the source radiates a continuous-wave (CW)
signal with a frequency of f0. Then the receiving signal in the
frequency domain at the i-th hydrophone can be described as

Xi( f ) = S( f )Hi( f ), (5)

where S( f ) is the source signal in the frequency domain, and
Hi ( f ) is the acoustic channel transfer function between the
source and the i-th hydrophone.

According to Parseval’s theorem, the signal energy at the
i-th hydrophone is

Ei =
∫

∞

−∞

x2(t)dt =
∫

∞

−∞

|Xi( f )|2 d f

=
∫

∞

−∞

|S( f )Hi( f )|2 d f . (6)
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For a CW signal, the signal energy is concentrated on the fre-
quency f0, so

Ei ≈ |S( f0)Hi( f0)|2 , (7)

and the signal power Pi(s) at the i-th hydrophone is

Pi(s) =
|S( f0)Hi( f0)|2

Ts
, (8)

where Ts is the duration of the signal. And then the average
signal power at all hydrophones is

Saverage hyp =
1
M

M

∑
i=1

|S( f0)Hi( f0)|2

Ts

=
|S( f0)|2

MTs

M

∑
i=1
|Hi( f0)|2, (9)

and the signal power at the array output is

Sarray =

∣∣∣∣∣ M

∑
i=1

wiS( f0)Hi( f0)

Ts

∣∣∣∣∣
2

=
|S( f0)|2

Ts

∣∣∣∣∣ M

∑
i=1

wiHi( f0)

∣∣∣∣∣
2

, (10)

where wi is the weighting coefficient of the i-th hydrophone.
Therefore, the array signal gain can be expressed as

gas =
Sarray

Saverage hyp
=

|S( f0)|2

Ts

∣∣∣∣ M
∑

i=1
wiHi( f0)

∣∣∣∣2
|S( f0)|2

MTs

M
∑

i=1
|Hi( f0)|2

= M
∣∣∣∣ M

∑
i=1

wiHi( f0)

∣∣∣∣2/ M

∑
i=1
|Hi( f0)|2. (11)

From Eq. (11), it can be seen that the array signal gain is deter-
mined by the number of hydrophones in the array, the acoustic
channel transfer functions, and the weighting coefficients. For
a given array with a fixed number of hydrophones, the array
signal gain depends only on the weighting coefficients and the
channel transfer functions.

The array noise gain of the array with an equal inter-
element spacing d in an isotropic noise environment has been
derived as[3]

gan =
Narray

Naverage hyp

=
M

∑
i=1

w2
i +2

M−1

∑
i=1

M

∑
k=i+1

wiw∗k
sin[2π(k− i)d/λ ]

2π(k− i)d/λ
, (12)

where the superscript “∗” denotes the complex conjugate op-
eration. When d is a multiple of λ/2 and the weighting co-

efficients satisfy the normalization condition of
M
∑

i=1
w2

i = M,

equation (12) will be equal to a constant M, the number of hy-
drophones in the array. In this paper, we shall only focus on
this special case.

2.3. Formula of the array gain

Substituting Eqs. (11) and (12) into Eq. (3), we obtain
the array gain, with the effect of acoustic channel taken into
account, to be

ga =
gas

gan
=

M
∣∣∣∣ M

∑
i=1

Hi( f0)

∣∣∣∣2
M
∑

i=1
|Hi( f0)|2

×
( M

∑
i=1

w2
i +2

M−1

∑
i=1

M

∑
k=i+1

wiw∗j
sin[2π(i− k)d/λ ]

2π(i− k)d/λ

)−1

.

(13)

For the case of d = λ/2, we have

ga =

∣∣∣∣∣ M

∑
i=1

wiHi( f0)

∣∣∣∣∣
2/ M

∑
i=1
|Hi( f0)|2, (14)

which will reaches the ideal value when the amplitudes of
the channel transfer functions are uniform and wi is matched
with Hi by compensating for the phase difference for all the
hydrophones in the array. However, due to the variations in
the acoustic channels, the amplitudes and phases of the chan-
nel transfer functions are unpredictable. And the mismatches
between the weighting coefficients of a beamformer and the
channel transfer functions often happen in the ocean waveg-
uide, which in turn leads the array gain to degrade.

3. Effect of acoustic channel on array gain
To investigate the relationship between the array gain and

the fluctuant acoustic channels, we expand Eq. (14) by using
Euler formula to obtain an insight into the array gain affected
by the amplitude and phase fluctuations of the acoustic chan-
nels.

The acoustic channel transfer function and the weight-
ing coefficient corresponding to the i-th hydrophone can be
respectively expressed by complex numbers as

Hi( f0) = Ai e−jψi , wi = e jθi , (15)

where Ai and ψi are the amplitude and the phase of Hi ( f0), and
θi is the phase of the weighting coefficient. The amplitudes of
the weighting coefficients are set to be 1 throughout the paper,
i.e., a rectangle window is assumed.

Substituting Eq. (15) into Eq. (14) yields

ga =

∣∣∣∣ M
∑

i=1
wiHi( f0)

∣∣∣∣2
M
∑

i=1
|Hi( f0)|2

=

∣∣∣∣ M
∑

i=1
Ai e−jψi e jθi

∣∣∣∣2
M
∑

i=1
|Ai|2

=

∣∣∣∣∣ M

∑
i=1

Ai e j∆i

∣∣∣∣∣
2/ M

∑
i=1
|Ai|2, (16)
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where ∆i = θi−ψi is the phase difference between the chan-
nel transfer function and the weighting coefficient of the i-th
hydrophone. From Euler formula, we have

e j∆i = cos(∆i)+ j sin(∆i). (17)

Substituting Eq. (17) into Eq. (16) yields

ga =

∣∣∣∣ M
∑

i=1
[Ai cos(∆i)+ jAi sin(∆i)]

∣∣∣∣2
M
∑

i=1
|Ai|2

=

∣∣∣∣ M
∑

i=1
Ai cos(∆i)

∣∣∣∣2 + ∣∣∣∣ M
∑

i=1
Ai sin(∆i)

∣∣∣∣2
M
∑

i=1
|Ai|2

. (18)

After some manipulations, we obtain the expression of the ar-
ray gain as follows:

ga =

M
∑

i=1

M
∑

k=1
Ai cos(∆i)Ak cos(∆k)+

M
∑

i=1

M
∑

k=1
Ai sin(∆i)Ak sin(∆k)

M
∑

i=1
|Ai|2

=
M

∑
i=1

M

∑
k=1

AiAk cos(∆i−∆k)

/ M

∑
i=1
|Ai|2. (19)

Comparing with Eq. (11), it is further noted that the array gain
is determined by the amplitudes of the channel transfer func-
tions and the phase differences between the channel transfer
functions and the weighting coefficients at all hydrophones.
We now discuss the array gain given in Eq. (19) in more de-
tail.

1) When the phase differences on all the hydrophones in
the array are uniform, i.e., ∆i and ∆k satisfy the relationship
∆i−∆k = 2nπ , where n is an arbitrary integer, equation (19)
can be simplified into

ga =

∣∣∣∣∣ M

∑
i=1

Ai

∣∣∣∣∣
2/ M

∑
i=1
|Ai|2. (20)

In this case, the array gain only relates to the amplitudes of the
channel transfer functions corresponding to each hydrophone,
which means that the array gain is closely related to the fluctu-
ation in transmission loss. According to the Cauchy–Schwarz
inequality ∣∣∣∣∣ M

∑
i=1

Ai

∣∣∣∣∣
2

≤M, (21)

one observes that the array gain can reach the ideal value when
the amplitudes of all the channel transfer functions are identi-
cal, such as those of a plane wave propagating in a free space.
However, the array gain will be smaller than the ideal value for

the acoustic channels with fluctuant amplitudes which always
holds true in the ocean waveguide.

2) When the phase differences are nonuniform, in which
case ∆i−∆k 6= 2nπ , one can obtain

ga =

M
∑

i=1

M
∑

k=1
AiAk cos(∆i−∆k)

M
∑

i=1
|Ai|2

<

∣∣∣∣∣ M

∑
i=1

Ai

∣∣∣∣∣
2/ M

∑
i=1
|Ai|2. (22)

It is noted that the non-uniformity of phase differences leads
the array gain to further deviate from the ideal value.

Generally, for an array in the ocean waveguide, the am-
plitude fluctuation of the acoustic channel transfer function is
relatively small within the scope of the whole array. There-
fore, the array gain will deviate from the ideal value slightly if
it is only affected by the amplitude fluctuation. However, the
array gain suffers more the phase fluctuation of the channel
transfer function. Especially, if the differences between two
arbitrary ∆s are in the second quadrant or the third quadrant,
i.e., 0.5π+2nπ <∆i−∆k < π+2nπ or−π+2nπ <∆i−∆k <

−0.5π + 2nπ , in the expansion of the summation formula in
the numerator of Eq. (19), there will appear a negative cross
term. And the array gain will deviate from the ideal value se-
riously because of the above-mentioned reasons. Hence, the
nonuniformity of the phase differences between the weighting
coefficients and between the channel transfer functions on all
the hydrophones of the array is a major factor that will lead
the array gain to seriously deviate from the ideal value in the
ocean waveguide. The effects of amplitude fluctuation and
phase fluctuation on the array gain will be verified in the next
section with numerical simulation.

4. Numerical simulation and verification
Assuming that the ambient noise field is isotropic, we fo-

cus on investigating the relationship between the array gain
and the acoustic channel transfer function in a continental
downslope waveguide and also on verifying the theoretical
analysis in Section 3. The acoustic channel transfer func-
tion can be obtained numerically by using RAM that is a code
based on the split-step Padé algorithm[20] for the wide-angle
parabolic equation,[20–23] which has proved to be an exact
model for the range-dependent waveguide. The array gains
of a horizontal uniform linear array (HLA) varying with the
receiving depth and the source–receiver range are discussed,
and the corresponding amplitudes and phases of the acoustic
channel transfer functions are analyzed comparatively to ver-
ify the theoretical analysis.

4.1. Downslope waveguide

Numerical simulations are conducted in a downslope
waveguide, and the results are shown in Fig. 1 and can be di-
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vided into three different regions: the shallow water, a conti-
nental slope area, and an abyssal plain. The first 20 km is for
the shallow water with a depth of 229 m. We assume that the
oblique angle of the slope is 3.5◦, the continental slope covers
a range from 20 km to 98 km with the water depth varying
from 229 m to 5000 m. A 2 km distance in the abyssal plain
is considered with a water depth of 5000 m, making the whole
distance in the three regions be 100 km in simulations. The
bottom absorption coefficient for each of all three regions is
assumed to be the same of 0.5 dB/λ . The source is at a fixed
depth of 110 m in the shallow water, radiating a CW signal
of 190 Hz. An HLA with 100 hydrophones (M = 100) is sus-
pended in the slope region with varying depth and distance
to the source. The spacing between adjacent hydrophones in
the array is 4 m, approximately equal to half the wavelength
corresponding to 190 Hz.

The sound-speed profile (SSP) of the shallow water has a
negative gradient as shown by the blue solid line in Fig. 2(a),
while the SSP of the deep ocean is the Munk profile with a
deep sound channel axial depth of 1300 m as shown by the
red dotted line in Fig. 2(a). The SSPs in the slope area are
generated by interpolating every 10 km utilizing RAM. Fig-

ure 2(b) shows the transmission losses calculated by RAM in
the downslope waveguide with the given parameters. One ob-
serves a downslope enhancement near the deep sound chan-
nel, resulting from that acoustic energy ducted in the sound
channel is not subjected to the losses associated with repeated
bottom interactions.

Range
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1
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78 km 2 km 20 km 
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Munk curve

shallow water

abyssal plain
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c=1749 m/s 

α=0.5 dB/λ

Fig. 1. (color online) Environment and parameters used in the simula-
tion.
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Fig. 2. (color online) Downslope acoustic propagation, showing (a) sound speed profiles of the shallow water (blue solid line) and
abyssal plain (red dotted line), and (b) transmission losses, when the source frequency is 190 Hz and depth is 110 m.

4.2. Array gains of HLA

In the simulation, the depth of the array is changed in
a range of 10–1300 m and the array gain is calculated every
20 m; the source–receiver range is changed from 20 km to
90 km and the array gain is calculated every 200 m.

Firstly, we consider an ideal case that the weighted phases
can compensate for the phase differences for all the hy-
drophones, and investigate the effect of amplitudes fluctuation
on the array gain. Assuming that the phases of the acoustic
channel transfer functions are known, we take the conjugate
phases of the channel transfer functions as the phases of the
weighting coefficients, i.e., θi = ψi and wi = e jψi , in which
case the array gain can be expressed as Eq. (20). Then the ar-

ray gains are plotted in Fig. 3 as a function of the depth and

the source–receiver range. The brown shaded portion is the

slope-bottom.

As shown in Fig. 3, the array gains in the whole region

of interest are greater than 19 dB, which are very close to the

ideal value. It indicates that the array gain is slightly affected

by the amplitude fluctuation of the channel transfer function,

which is consistent with the theoretical analysis result in Sec-

tion 3.

Next, consider a general case. We take conventional

beamformer (CBF) for example to study the influence of the

fluctuant acoustic channel on the array gain. The weighting
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vector of CBF is

𝑤CBF = [1, e jk0 cos(φ0)d , . . . , e jk0 cos(φ0)(M−1)d ]T, (23)

where φ0 is the source bearing, and k0 is the wavenumber.
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Fig. 3. (color online) Array gains affected only by the amplitude fluctu-
ation of the channel transfer function in the downslope waveguide, with
the source frequency being 190 Hz and source depth being 110 m.

The simulation parameters are the same as the above, the
array gains of CBF are plotted in Fig. 4. It is noted that there
is a region in the slope area where the array gains seriously
deviate from the ideal value, indicated by a white rectangle in
Fig. 4. One observes that the region covers roughly the receiv-
ing depth 0–17 m and the source–receiver range 28–50 km.

Comparing Fig. 3 with Fig. 4, it is noted that the array
gains deviate from the ideal value more seriously, especially
in the white rectangle region. It indicates that the array gain
will further deviate from the ideal value, if the phases are
mismatched between the CBF weighting coefficients and the
acoustic channel transfer functions.
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Fig. 4. (color online) Array gains of CBF varying with receiving po-
sition in the downslope waveguide, with the source frequency being
190 Hz and source depth being 110 m.

For further analyses, we choose the array gains respec-
tively at the receiving-depth of 100 m (in the white rectangle)
and 300 m (out of the white rectangle) to investigate the effect
of the fluctuant acoustic channel on the array gain. We present
the array gain as a function of source–receiver range chang-
ing from 25 km to 90 km. Figure 5 shows the array gains of

CBF at two depths. It is noted that the array gains at a depth of
100 m are more fluctuant and much less than those at the depth
of 300 m. In addition, the array gains in a range of 34–50 km
seriously deviate from the ideal value at the depth of 100 m;
however, the phenomenon disappears at the depth of 300 m.
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Fig. 5. (color online) Gains of CBF varying with the source–receiver
range at depths of 100 m and 300 m, with the source frequency being
190 Hz and depth being 110 m.

4.2.1. At receiving-depth 100 m

We choose the array gains when the source–receiver
ranges are 36 km (in the white rectangle) and 54 km (out of the
white rectangle) to analyze the effects of the fluctuant acous-
tic channel on the array gain. Figure 6 shows the amplitudes
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Fig. 6. (color online) (a) Amplitude and (b) phase fluctuations of acous-
tic channels on the HLA, with the receiving depth being 10 m and
source–receiver ranges being 36 km and 54 km.
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and phases of the acoustic channel transfer functions on each
hydrophone. The amplitude of the acoustic channel transfer
function is converted into the transmission loss.[19] One ob-
serves that the amplitudes of the acoustic channels at these
two source–receiver ranges are fluctuated with the hydrophone
number seriously; the phase fluctuation of the acoustic chan-
nels is larger when the source–receiver range is 36 km than
that when the source–receiver range is 54 km.

The phase differences (∆s) between the weighting coef-
ficients of CBF and the channel transfer functions are corre-
spondingly shown in Fig. 7. It is noted that the uniformity of
∆ shown in Fig. 7(a) is higher than that in Fig. 7(b), but the dif-
ference of two arbitrary ∆s is not equal to 2π . The correspond-
ing CBF gains are 14.2 dB and 17.9 dB as shown in Fig. 5. It
indicates that the array gain of CBF will deviate from the ideal
value seriously if ∆ is not uniform; and the array gain will be
higher if ∆ is more uniform.
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Fig. 7. Phase differences on hydrophones, with the receiving depth be-
ing 100 m and ranges being (a) 36 km and (b) 54 km.

4.2.2. At receiving-depth 300 m

We also analyze the fluctuant acoustic channel and array
gain when the source–receiver ranges are 36 km and 54 km
(the same as the above values). The amplitudes and phases
of the acoustic channel transfer functions on each hydrophone
are plotted in Figs. 8(a) and 8(b), respectively. It is noted that
the amplitude fluctuation of the acoustic channel at a range of
36 km is larger than at a range of 54 km. The phase fluctu-
ations of the acoustic channel at ranges of 36 km and 54 km

are similar. Then, the results in the case of ∆s varying with the
hydrophone number are plotted in Fig. 9. One observes that
the phase differences in Figs. 9(a) and 9(b) are uniform, and
the difference between two arbitrary ∆s approximates to 0 or
±2π .
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Fig. 8. (color online) (a) Amplitude and (b) phase fluctuations of acous-
tic channels on HLA, with the receiving depth being 30 m and source–
receiver ranges being 36 km and 54 km.

The corresponding array gains of CBF are 19.7 dB and
19.9 dB, which are very close to the ideal value as shown
in Fig. 5. It results from the fact that the phase differences
between the weighting coefficients of CBF and the acoustic
channel transfer functions are uniform as shown in Fig. 9. In
this case, the array gains can be expressed as Eq. (20), which
means that only the amplitude fluctuation of the channel trans-
fer function affects the array gain.

In addition, despite the amplitude fluctuation on the range
of 36 km being larger than that on the range of 54 km, the
corresponding array gain has a value almost the same as that
resulting from the case of uniform ∆s. It also verifies that the
phase fluctuation of the acoustic channel transfer function has
a main influence on the array gain.

From the analyses in this section, it concludes that the
amplitude fluctuation has a slight influence on the array gain,
but the uniformity of ∆s is a major factor that leads the array
gain to deviate from the ideal value. The uniform enhance-
ment of ∆s will increase the array gain. Furthermore, the array
gain will be close to the ideal value if the difference between
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two arbitrary ∆s approximates to 2nπ , in which case only the
amplitude fluctuation reacts on the array gain. The numerical
results verify the theoretical analyses in Section 3.
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Fig. 9. Phase differences on hydrophones, with the receiving depth be-
ing 300 m and ranges being (a) 36 km and (b) 54 km.

5. Conclusions
The array gain that deviates from the ideal value in an

ocean waveguide is investigated from the fluctuant acoustic
channel. The analytical expression of array gain considering
the acoustic channel is derived on the assumption that the am-
bient noise field is isotropic. The discussion provides an in-
sight into the physics of the problem as well as enabling quan-
titative estimates of the array performance in the ocean waveg-
uide.

The fluctuant acoustic channel can be considered by the
amplitude fluctuation and the phase fluctuation of the channel
transfer function, then we derive the expressions for the array
gain as given by Eqs. (14) and (19) which can be applied to the
range-independent and range-dependent waveguides, respec-
tively. We conclude that the amplitude fluctuation has a slight

effect on the array gain; however, the non-uniformity of ∆ can
lead the array gain to further deviate from the ideal value.

To verify the theoretical analysis, the gains at the depths
of 100 m and 300 m in the downslope waveguide are chosen
to contrastively analyze the effect of acoustic channel fluctu-
ation on the array gain. Both the theoretical and numerical
results show that the uniformity of ∆ has a main influence on
the array gain. Furthermore, the array gain will be close to
the ideal value if the difference between two arbitrary ∆s is
approximately 2nπ .
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