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Abstract：In a flank array on an unmanned underwater vehicle(UUV)，self-generated noise which has

broadband and colored spectrum property in frequency and spatial domain is the main factor affecting

the performance ofweak signal detection．so the technique of adaptive noise cancellation(ANC)as well

as physical denoising and active noise cancellation arc often used in practice．Because ANC is based on

correlations．improvements in performance come from better correlation between reference signals and

primary signals．Taking full advantage of the characteristics of flank arrays and the characteristics of

information obtained from hydrophones．a new method for reference signal acquisition for adaptive noise

cancellation is proposed．in which the multi．channel reference signals aye obtained by accurate delaying

for a given direction of arrival(DOA)and differencing between adjacent outputs of array elements．The

validity of the proposed method was verified through system modeling simulations and lake experiments

which showed good performance with 1itne additional computational burden．
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1 Introduction

The target acoustic signal received by unmanned

underwater vehicle(UUVl flank array is inevitably

polluted by the marine environmental noise and

self-generated noise．Since the amplitude distribution of

marine environmental noise is Gaussian at general

depth，and the selfgenerated noise is broadband，

time．variant，non—stationary and colored noise field

which has a certain space direction【lJ．the capabilities of

the weak target signal detection are affected extremely．

Especially,with the development of modem noise

control technology,stealth technology and the

emergence of new dynamic technique，the

self-generated noise has tumed into major noise source

in received signals and the main factor in capability of

weak signal detection．In practice system，adaptive

noise cancellation(ANC)technology is usually used

besides many methods such as physical noise reduction

and active noise reduction methods．To acquire better

results in noise cancellation，the choice of reference

signals and the fun use of their information

(multi—channel system)are essential．The direct output

of additional noise sensor(accelerometer)near the
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source is generally considered as better method【“．but

there are a lot of noise sources(mainly including

mechanical noise，propulsion system noise and

hydrodynamic noise，etc．)．Furthermore，the output

reflects only the vibration strength in UUV flank

system．In fact，the part of self-generated noise in the

signal received from the hydrophone is a complex

result，which is decided by transmission property of

different noise sources and the system structures．For

the results of adaptive noise cancellation are determined

by the correlation between primary and reference

signals．the cancellation would be limited if the direct

output of accelerometer is used as a reference signal．

Taking into account the fact that the output of

hydrophone is the best indicator of self-generated

noise，furthermore，the spatial difference exists

between far field target and self-generated noise，

according to the noise cancellation theory【j．)J．the

more the reference sources，the better the canceling

results can be gained．In this paper,a new method of

multi—channel reference signals obtained in ANC is

presented，which uses the delaying and differencing of

adjacent channel signals．The results of simulation and

lake experiment show that the effect of self-generated

noise cancellation is increased remarkably comparing

with conventional methods．
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2 System modeling and theory analysis

2．1 System modeling

The outputs of UUV flank array hydrophone include

three kinds of signals，i．e．self-generated noise，marine

environmental noise and far field target signal．A

system model can be built，as an example where three

independent self-generated noise sources(certainly it

also expands to more sources)and M hydrophones are

assumed．Let，z，be the jth noise source，T／be the fth

hydrophone，moi be the marine environment noise

from the ith hydrophone，sl(n)be the far field target

signal received by the ith hydrophone．Denote the unit

impulse response of the jth noise source to the ith

hydrophone transmission system by毋<”)，卢[1，2，

3，⋯，M．So the received signal of乃can be expressed

aS
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咒‘≥’、2 t‘：：’_g，，(刀)。碍(即)+gzr(力)幸，z2(刀)+ (1)
93f(，2)牛，23(”)+mof，
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where“．”denotes linear convolution．Fig．1 gives

structure of the system model，which represents the

realization of only one hydrophone noise cancellation

system，where noise source is a wide stationary

process，correlation among different noise sources and

that between signal and noise do not exist．and all

noise transmission paths are equivalent to linear

time—invariant systems．From the Fig．1-it can be

easily found out that the reference signals are obtained

through time delay(based on the DOA of target)and
difference between adjacent hydrophone outputs．By

differencing，the target signal in references is

eliminated．and the disturbance on the useful signal is

avoided during the adaptive process．

Fig．1 The system model of multi-channel differencing adaptive noise cancellation

2．2 Theory analysis

Suppose the incidence direction of far field target

signal is in the normal(the other incidence directions

can be weighted by array steering vector，the results

are the same)．To simplify the analysis，the impact of

marine environmental noise is ignored．So from Eq．(1)，

the following is derived：

Yl(刀)=sl(F／)+gll(刀)宰碍(n)+92l(刀)幸，z2(刀)+

931Q)·n3@)；

Y2(n)=s2(刀)+912(刀)宰I'll(胛)+922(刀)幸，z2(刀)+

932(聆)奉伤∽)；

y^，(")=sM(n)+gl吖(")宰Hl(疗)+92肘(刀)·甩2(刀)+

93肘(聍)宰n3(刀)．

where sl(n)=s2(n)=s3(n)=，⋯，=谣以甩)=百0)，the outputs

of adjacent channel differencing are

xI(胛)=[91l(珂)一912(行)】‘，2l(行)+[92】(门)一922(甩)】+n2(n)+

[93l(肝)一932(刀)卜723(胛)；

x2(n)=[912(门)一913(行)】||，^(疗)+[922(行)一923(胛)]十n2(n)+

[932(行)一933(疗)】+伤(肝)；

glM-I(，z)一gl^，(刀)]·nl(n)+[92M—l(")一92肘(门)卜n2(n)+

[93肘一l(”)一93^f(，z)卜n3(栉)．

Let gijm。(刀)嘞0)嘞，。(刀)，砸刀)=防1(，z)，⋯,XM-I(n)]1，
Ar(刀)=[疗1(疗)，n2(n)，门3(”)】1，and the z domain transform

of g咖。(，2)，砸，z)，N(n)(for the acquired sampling

series)are gijm。0)，X(z)andⅣ(z)，then

X(z)=N1(z)GG)， (2)

glll2(z)91213(z)⋯gl村一1lM(z)1
where 6(02I 92122(Z)92223(z)⋯92M-12吖z)1．

【-93132(z)93233(z)⋯93M-13M(z)j
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Conduct multi—channel noise cancellation to yl(n)，

using X(n)as the reference signals，then the best

available approximation of the target signal of the

converged system can be found．The following is the

solution of unconstrained optimal weight vector．

4In(z)=G“(z)蛾。(z)G(z)， (3)

where吒(z)is the power spectrum matrix of the

M-1 reference signals of the adaptive filteL and

I哦。一(z)0 0

哦。(z)=l 0 吒也(z)0 I，
l 0 0 吒码(z)J

哦，。(z)is the power spectrum density matrix of the

ith noise source，i=1，2，3．Also，the cross—spectrum

vector between the reference input坂甩)and the

original input yl(n)can be derived：

吮。0)=G”(z)或。(z)G1(z)， (4)

where Gl(z)=瞻11(z)，921(Z)，931(z)]1．

Define the best transfer function

％(z)=【彬。pt(z)⋯％一l叩t(z)]7，where W／opt∞is

the z transform of彬opt(行)，W／opt：[wflopt Wi20pt⋯

W烈。pt]T，i=1，2,"-,M-1．Nis the order ofchannel filters，

so the unconstrained Wiener solution is：

。％(z)=吒一j‘磐l(z)- (5)
[GH(z)哦。(z)G(z)】。1 GH(z)嚷。(z)Gl(z)．

～

The best weighted vector demonstrates the overall

minimum MSE of the performance surface．In a

special case，if G is a square matrix，i．e．the number of

independent noise sources is the same as the number

of input channels，and the matrix is invertible，from

Eq．(5)，it can be derived that

W00t0)=G一(z)Gl(z)， (6)

j(z)=Yl(Z)一形。。(ZⅨ(z)=5(Z)． (7)

It is obvious that the noise in original input would be

cancelled completely by the adaptive filter,and signal
doesn’t become corrupted in ideal condition，thus the

output SNR is enhanced．

In practice，even the direction of target is unknown，the

method would be still applicable in the way

demonstrated as follows．Given the incidence of target

in tum with the step of half beamwidth in the whole

searching fan range，the delay of the array output would

be determined．In the case of the given direction that is
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different from the true one．the reference signals

obtained by delaying and differencing also include

target signal．As a result，self-generated noise and target

signals would be cancelled during the ANC，where the

amplitude of beam forming in given direction is very

small．On the other hand，when the true and given

incidence directions are consistent，after delaying and

differencing．only the linear combination of output of

self-generated noise from hydrophones is included in

the reference signals．Then cancellation only reacts on

self-generated noise and there is no harm to target

signal，and the direction corresponding to the maximum

output ofbeam forming is in the direction of target．

3 Performance an alysis

In the actual system，due to the similarity in the

installation position of hydrophone and that in the

independent transmission of different noise sources，as

well as the complexity of transmission and that of the

multi—source action simultaneous on the I兀Ⅳthe
constructed simulation system adopting the same

noise source uses the same type of transfer function

approximated by a higher order FIR filter．By

changing the filter parameters，the imitation of

different characteristics of transmission channel is

achieved．In the simulation，aiming at the gain of SNR，

the mono—frequency signal is used as target signal，and

LMS algorithm is adopted．The coherence function is

performed to measure the correlation between input of

reference xi and the primary yl(n)under different

circumstances，which is defined as

嚷。(z)=哦。1(z)lgⅢ川(z)12+吆也(z)192i2i+1(Z)12+

吒龟(z)193i3i+1 0)r；

幺^0)=g?。(z)glⅢ+-(Z)‰，(z)+或-0)92Ⅲ+-(z)吒也(z)+

反l(z)93Ⅲ+．(z)‰^(z)；

哆。M(z)=吼(z)+Igll(z)12‰1(z)+192】(z)12吒也(z)+

193t(z)r吒一(z)．

丫毛G)=
‰(z)|2

吐。(Z)吼乃口)’
(8)

where嚷王(z)，吒H(Z)and‰一(z)denote power

spectra of xi，yl and／'／i，respectively,and嚷M(z)
denotes cross—power spectrums 0t xi and y1．

In the simulation，the sinusoid centering on 1 kHz，

 



J．Marine．Sci．Appl．(2008)7：190—194

which is embedded in three kinds of independent

Gaussian white noise．impinges on the uniform line

array with five omnidirectional hydrophones in the

normal incidence direction．where elements are half

wavelength apart．The adaptive filter with order N=8

and step size g=0．02 is adopted．SNR of the

input／output signal iS defined as the rate between

module of l kHz spectral line and the module sum of

the rest of spectral lines in frequency domain．The

SNR subtraction of output from input iS defined as

SNR gain．Table 1 shows the relationship between

SNR gain with the transfer performance of channels．

where the amplitude of input sinusoidal signal iS 0．1．

For the same system，table 2 shows the change of

SNR gain VS．the SNR of input signal．

Fig．2 illustrates a typical waveform in the simulation

by the proposed method，where the amplitude of input

signal is 0．1．input SNR is一62．037 6 dB；SNR gain is

15．6624dB．

∞
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(a)Power spectrum of input signal

．．【L“ ⋯一．．j▲1．．．．。一■．
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Frequency／Hz

(b)Power spectrum of output signal
Fig．2 Power spectrum of input and output signals

193

The results of simulation show that the use of

differencing signals as reference is helpful for

counteracting the noise of input signal effectively．

Table l shows that SNR gain increases(corresponding
to better canceling effect)with the mean value

enhancement of the coherence function，when taking

X1 as an example．the transfer function iS adjusted．The
increase of coherence function reflects enhancement

of correlation，SO in practice。this function can be used

as a standard when trying to choose the reference

signal(if selection iS available)．Table 2 shows the

value of the mean coherence function changes with

input SNR in the experiment conditions．In fact．the

correlation determines the ultimate degree of

canceling，the SNR gain decreases with the increase of

input SNR．which proves the fact．

Table 1 SNRgain in the condition of the coherence changed

Table 2 SNRgain in the condition of the inputSNRchanged

4 Lake experiments

In order to verify the proposed method．data from lake

experiments WaS processed．Both the self-generated

noise and target signal were broadband noise(2-l 5 kHz)

Atier shifting and differencing，1 6 channels of reference

signal were acquired，the output ofeach hydrophone was

processed by ANC．and the detection Was carried in

beam domain．In the experiment 1．the target was located

at the angle of一300．and 50 Monte Carlo experiments

witll 6 000 snapshots under the assumption that false

alarm probability iS defined觚0．05 were implemented．

1’able 3 shows the statistical characteristiCS ofthe results．
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Table 3 Statistical characteristics(experiment 11

Inpu／dtBSNR一32
—30 —28 —26 —24

0．050 0．050 0．050 0．1 25 0．900

％0．125 0．700 1．000 1．000 1．000

Notes：Pdl denotes detection probability where ANC was not

carried before broadband beam forming；Pn denotes

detection probability where ANC was carried before

broadband beam forming．

Fig．3 illustrates typical beam pattern of lake experiment

2 when different approaches were adopted．

Fig．3 Typical beam paRem

In Fig．3．JS—ANC+FBAM denotes broadband beam

forming，where ANC was implemented and the

reference signals were acquired by the output of

accelerometers near the self-generated noise source；

FBAM denotes broadband beam forming without

ANC：MD—ANC+FBAM denotes broadband beam

forming with ANC．in which the re：ference signals was

acquired by the proposed method．

From the results of experiment above，a conclusion

can be drawn that the effect of ANC can be improved

greatly by the new multi—channel reference signal and

the sidelobe of beam forming is reduced significantly．

As a result，the detection probability increased．

5 Conclusions

J．Marine．Sci．Appl．(2008)7：190·194

In order to enhance the UUV乌capability of detecting

weak signal in a complicated environment．a new

method of the multi—channel reference signals

obmined in ANC by use of delaying and differencing

iS proposed．Simulation and the lake experiment show

that the proposed method performs better in the

self-generated noise canceling． In the same

experimental conditions．10ts of experimenml results

show that the minimum detectable SNR could be

reduced about乱5 dB compared to the untreated

signal，and the SNR could be increased about 3-5 dB

in beam domain．
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