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Abstract: To improve the ability of detecting underwater tar-
gets under strong wideband interference environment, an effi-
cient method of line spectrum extraction is proposed, which fully
utilizes the feature of the target spectrum that the high intense
and stable line spectrum is superimposed on the wide continu-
ous spectrum. This method modifies the traditional beam form-
ing algorithm by calculating and fusing the beam forming results
at multi-frequency band and multi-azimuth interval, showing an
excellent way to extract the line spectrum when the interference
and the target are not in the same azimuth interval simulta-
neously. Statistical efficiency of the estimated azimuth variance
and corresponding power of the line spectrum band depends on
the line spectra ratio (LSR) of the line spectrum. The change
laws of the output signal to noise ratio (SNR) with the LSR, the
input SNR, the integration time and the filtering bandwidth of dif-
ferent algorithms bring the selection principle of the critical LSR.
As the basis, the detection gain of wideband energy integration
and the narrowband line spectrum algorithm are theoretically
analyzed. The simulation detection gain demonstrates a good
match with the theoretical model. The application conditions of
all methods are verified by the receiver operating characteristic
(ROC) curve and experimental data from Qiandao Lake. In fact,
combining the two methods for target detection reduces the
missed detection rate. The proposed post-processing method in
2-dimension with the Kalman filter in the time dimension and the
background equalization algorithm in the azimuth dimension
makes use of the strong correlation between adjacent frames,
could further remove background fluctuation and improve the
display effect.
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1. Introduction

Digital multi-beam passive sonar detects remote under-
water targets by receiving and processing the noise radi-
ated from the targets. The high frequency band of the ra-
diated noise of the targets is considerably suppressed and
attenuated during the signal transmission [1—3]. The low
frequency band is suppressed for vibration reduction tech-
nology. Thus the signal-to-noise ratio (SNR) of the contin-
uous spectrum received by the passive sonar is very low.
Previous research [4—7] pointed out that the current vibra-
tion reduction technology cannot suppress the resonance
sound radiation induced by the relative motion between
the fluid and the targets. And the inertia and working con-
ditions of the targets are relatively stable, resulting in that
a series of featured line spectra below 1 kHz superim-
poses on a continuous spectrum and the line spectra ratio
(LSR) of the featured line spectrum is usually 10-25 dB
higher than the continuous spectrum.

Traditionally, the passive sonar adopts a robust low-
frequency wideband energy integration algorithm and a
bearing and time record (BTR) image in the beam do-
main to detect remote underwater targets [8—10].
However, the anti-jamming performance is poor. Scho-
lars proposed many methods to increase the detection
performance of remote underwater targets, which can be
sorted into two categories.

(1) Interference suppression methods

Liang et al. suppressed interference using null techno-
logy based on spatial filtering [11]. The interference was
reconstructed using an inverse beam forming [12,13].
However, the distortion of the array elements often makes
the reconstructed interference inaccurate and the interfer-
ence suppression ability get worse. The weak targets are
sometimes submerged by side lobes [14,15]. Yang pro-
posed a low side lobe robust time-domain wideband ad-
aptive beam forming algorithm which can achieve low
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side lobe level performance [16]. However, interference
suppression performance is low with coherent wideband
interference [16—18]. Maragatham et al. proposed a histo-
gram background equalization method to suppress inter-
ference and noise [19]. Bao et al. removed the noise inter-
ference of the patches using median filtering and
threshold analysis [20]. However, these methods bring in
snowflake outliers and result in a failure to detect the re-
mote underwater targets.

(i1) Line spectrum detection methods

Li derived that the gain of the narrowband detection
was better than the wideband detection method [21].
However, the conclusion is not extended to the multi ar-
ray and the beam domain. Line spectrum detection me-
thods based on narrow band detection can make full use
of the high intensity and stability of the featured line
spectrum and achieve high detection gain. However, the
beam output of the line spectrum needs to be extracted.
Fast Fourier transforms (FFT) and the adaptive line en-
hancement (ALE) algorithm cannot detect the position of
the line spectrum accurately in low signal-to-noise ratio
[22—24]. An azimuth stability fusion algorithm was pro-
posed according to the stable azimuth statistics [25—28].
Chen et al. used the frequency statistics to extract the line
spectrum beam output [29]. These methods do not utilize
intensity stability, and the azimuth or frequency variance
statistics cannot be used in the presence of wideband in-
terference with comparable coherent frequencies.

In order to improve the ability of detecting remote un-
derwater targets under strong wideband coherent interfer-
ence based on narrowband detection, a line spectrum ex-
traction method of multi-azimuth interval and multi-fre-
quency is proposed. The critical LSR is derived by ex-
tending the detection gain theory to multi array and beam
domain. The improvement of the detection performance
by adjusting the LSR above the continuous spectrum is
analyzed in the receiver operating characteristic (ROC)
charts. The 2-dimensional post processing method with
the Kalman filter in the time dimension and the back-
ground equalization algorithm in the azimuth dimension
spatial domain is designed to solve the problem of snow-
flake outliers. The proposed method can make full use of
the correlation between the target’s information in the
multi-frame BTR to distinguish the target from the back-
ground noise.

2. Line spectrum extraction method of multi-
azimuth interval and multi-frequency
beam output statistics

Considering the simplified model of the target radiation,
the signal s(7) is in the form of the line spectrum of a high
LSR superimposed on a wideband continuous spectrum
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in (1).
s;(t) = Acos(2m fit + )
s(t) = si(1) + 5.(1) M
x,(t) = s(t +7,(0)) + noise,(?)
where f; is the featured line frequency, ¢ is the initial
phase. A= 10% / VB, which is relevant to the LSR and

bandwidth of the band pass filter B. s.(f) is the wideband
continuous spectrum. s;(f) is the line spectrum. Accord-
ing to parallel wave approximation for far field targets,
the signal received by each element of a linear array is
x,(H)(n € [1,N]). N is the number of array elements. 7,(6)
is the time delay corresponding to azimuth 6 of the nth
element. noise,(#) is the environmental white noise re-
ceived by the nth element at the same time.

For signal x,(r) received in each element, beam form-
ing in the frequency domain is performed. First, the wide-
band frequency is divided into M, noted as f;(j € [1, M]).
L is the number of preset beam azimuth, noted as
0;(i € [1,1]). FFT analysis and phase compensation get
the beam output matrix Q of each sub band in (2). The
ith column and jth row P(f;,6;) is the beam domain out-
put of the subband f; and the preset azimuth 6,. For each
row of matrix @, the azimuth corresponding to the maxi-
mum value P(f;,6;) is the azimuth estimation of that sub-
band denoted by &( f(j € [1,M]). For subbands of noise,
azimuth estimation 6( f;) is random whereas the azimuth
estimation A(f)) is stable for target line spectrum subband.

P(f6) P8 -+ P(f0i)  P(AL6)
P(hn0) P -+ P(fnbin)  P(ff)
0= S :
P10 P10 -+ P(fucss ) P(fucr, )
P Punb) o+ P(funfo)  P(fin6)
@)

The above procedures are repeated for K times to ana-
lyze the azimuth estimation statistics of each subband.
Thus for each subband, there will be K estimations 6;( )
(je[l,M],ke€[1,K]). Calculate the azimuth estimation
variance of each band o(f;)(j€[1,M]). The ou(f)) of
the line spectrum is small and o,(f;) of the noise sub-
band j#! is large. The traditional wideband energy in-
tegration method directly sums all P.(f;,6;) in matrix
0;(ke[1,K]) to get the beam output of the preset azi-
muth:

Pow 4 (6;) =

M K
DIPFOF . el . ()
j=1 k=1
The assumed line spectrum subband detection method
sums line Pi(f;,6;) in matrix Q(k€[1,K]) to get the
beam output of the preset azimuth:
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K
Pow,(6) =1 > Pe(fi0)F, i€ 111, 4)
k=1

The line spectrum detection results Pow;(6,)(j # [,
i € [1,1]) of other subbands just replace / in (4) with j. So
far, signals in the time domain have been transformed in-
to the spatial domain. The output beam value correspond-
ing to target azimuth estimation takes the shape of a
bright path as time goes on in the bearing and time re-
cord image.

The above two methods based on beam forming en-
hances the SNR, but cannot extract Pow,;(#) from
Pow;(6)(j € [1,M]) by searching the maximum of the
beam output of all frequency bands when wideband inter-
ference arises, and the beam output corresponding to the
interference azimuth may be larger than the maximum of
Pow,(0). The omnidirectional statistics of the azimuth
variance corresponding to the beam output maximum
could not be appropriate. To make full use of the azi-
muth variance statistical information, the K beam output
results of multi-bands are used in different azimuth inter-
vals to meet the low SNR condition and are less affected
by coherent-interference.

The specific steps as shown in Fig. 1 are as follows.

Array received signal >

4(
v
| Band pass filter |

v

| Beam output of each sub-frequency |

Detect the maximum value of sub-frequency and
sub-azimuth interval

Store the maximum value and the corresponding
azimuth of the maximum value

Larget than the preset number K?

| Preset azimuth interval he[l, H] |

v

Azimuth fitting of each sub-frequency, calculate the variance
o4 (f) and corresponding accumulated power Pow,/ b je[l, H]

Find the frequency bands satisfying y
times the maximum power

v

From the frequency results, output the accumulated
power of the smallest azimuth variance

Fig. 1 Flow chart of line spectrum extraction method of multi-azi-
muth interval and multi-frequency beam output statistics

Step 1 Divide the columns of matrix Q into H inter-
vals. For row j, interval A, j € [1,M],h € [1,H], the preset
azimuth corresponding to the beam maximum value is re-
garded as the target azimuth estimation of the current azi-
muth interval. These procedures are repeated for K times
continuously. The azimuth estimation 9;3,( f;) and the
maximum value P} {f;,0:(f)}(k € [1,K]) of H intervals
are recorded respectively.

Step 2 Calculate the azimuth estimation variances of
each azimuth interval oj(f;)(h €[1,H]) for the jth sub-
band j € [1, M]. Accumulate the beam output P(f;,8(f;))
according to (5) as the power of the % interval and j sub-
band.

Pow, =1 " PAf,. B F)F )
k=1

Step 3 Extract the beam output of a certain subband
based on the recorded azimuth variance and power in-
formation of all bands and intervals. The power of the
chosen subband ¢ is greater than y times the maximum of
all subbands Pow(}/ but the estimated azimuth variance is
the minimum, as shown in (6). y represents empirical
parameters. This step aims to determine which subband
beam will ultimately be output. For azimuth interval 4,
the unknown line spectrum band will be chosen when
strong wideband interference is not in the azimuth inter-
val where the target is located. The K fusion result of line
spectrum band Pow,,,,,=(f) can be output as one frame.

&= mjinO'g(fj)

s.t. Pow), >ymj;ax(Pow’}j), je[l,M]

K
Powp () =1 > Pi(fe, ) h e [LHL i€ [11] - (6)

k=1

For a certain frame but different azimuth intervals, dif-
ferent sub-band beam output may be chosen. For a differ-
ent frame but the target azimuth interval, the chosen sub-
band when the LSR satisfies certain requirement can be
always the target line spectrum subband.

3. Wide band energy integration and as-
sumed known line spectrum detection gain
analysis

All targets in sonar vision can be fully detected by appro-
priately choosing the multi-band beam outputs in Section 2.
Instead of accumulating the reciprocals of each subband’s
azimuth variance at the bearing of the maximum beam in
the azimuth stability fusion algorithm mentioned in the
introduction, the multi-azimuth interval and multi-fre-
quency beam output statistics fusion algorithm extracts
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the beam output of the target line spectrum frequency,
thus the detection gain is equal to assumed known line
spectrum detection under a high LSR. The question is
how much the LSR of that line spectrum is higher than
the continuous spectrum can bring in the same detection
performance whether using wide band energy integration
or the assumed known line spectrum method, in other
words, how much is the critical LSR. The performance of
wideband energy integration and the assumed known line
spectrum detection in multi array and beam domain are
analyzed below.

3.1 Detection performance of wide band energy
integration

As we mentioned previously, the target radiated noise is
in the form of line spectrum of high spectra level super-
imposed on wideband continuous spectrum. The detec-
tion gain of the wideband energy integration method can
be obtained according to the definition of output SNR for
wide band systems in (7) from [21].

(S5, = BD-ED -
o0(2)

where Z in is the test statistic we construct to represent
wide band energy integration. E|(Z) is the mean value of
system output when the input are s(¢) and noise(r), and
Ey(Z) and 0y(Z) are the mean value and standard devia-
tion of system output when the input is just noise(t). The
physical meaning is the SNR by calculating output direct
current (DC) jump to output fluctuation. If the bandwidth
of the band pass filter is B, the total number of independ-
ent samples during time 7 is M’ = 2BT. When the preset
beam azimuth is aligned with the target azimuth, the sig-
nal power p,(n’) of N array elements in (9) is aligned in
phase after phase compensation but uncorrelated noise
p.(n) in (9) is still out of phase. The output signal power
and noise power after beam forming are N’0? and No?,
where o2 and o2 are signal power and noise power of
each element sensor.

Z= %;pz(n'), nell,M] (8)

The mean value of multi array beam output when the
signal exists is obtained by (10). The mean value and
variance of multi array beam output when the input is just
noise(#) are obtained by (11) and (12).

pn') = py(n')+ p,(n) ©
E[Zl,.,]1=N’c>+No (10)
E[Z|, ] = No? (11)
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2
O'2[Z|p”] = WNza'i (12)

Thus, the obtained output SNR for wideband energy
integration is (13). The system gain represented by logari-
thm is 51g(BT)+ 101g N.

ElZl ) 2BIZL) N0 proy. T 3
olZl,,] 2 o,

o

3.2 Detection performance of the assumed known
line spectrum

By aligning the center frequency of the narrowband filter
with the featured line spectrum frequency and filtering
most of the noise by passing only the signal component,
the output SNR can be increased.

The principle is a matched filter. The impulse re-
sponse of the filter is h(f) = pi(—t). The test statistic is
calculated by (14) after beam forming. p,(f) and p, () are
in (9).

Z(t) = p, (=) *p(t) = L Py =p,(0)+ p,(D]dr  (14)

The filtered signal power of the matched filter is in
(15), where P,(f) here is the spectral density of the line
2

n

spectrum. is the bilateral spectral density of noise.

B
Wi =1 pi@p,@drE =] IP(OPATF (15)
T -B
The output noise power is obtained by (16). The trans-
fer function H(f) = P,"(f).
No? (B 5
= | IPoras (16)

The output SNR is as in (17) where fB |P,(f)PAf is the
signal power.

W, =

ElZ],,.,]1-ElZ],,] _ W, _ J‘B |P,(f)IPdf _ 2N20'§BT
a(Zl,) "W, No? ~ No?

n

2B

(17)

2

The input SNR is 1;. The gain represented by the log-
g

n

arithm is 101g(2BT) + 101gN.
3.3 Critical line spectrum LSR analysis

Assume the line spectrum is x dB higher than the continu-
ous spectrum. The critical LSR could be obtained by
making the output SNR of different methods equal. The
SNR of the wide band continuous spectrum s.(¢) and line
spectrum s,(¢) are noted as SNR and SNR [ respectively.
The expression of the line spectrum signal is s,(7) =
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Asin(2nfit +¢). The definition of the input SNR of con-

(t
tinuous spectrum s.(f) is SNR = IOIg%.
the definition of input SNR of line spectrum s,(¢) is
var(s,(t) . . L
SNR /=10lg——————. Their relationship is as
- var(noise(?))

shown in (18) where B is the system bandwidth. Func-
tion var stands for power.

var(s,(t))B
var(s (1))
According to Sub-section 3.1 and -Sub-section 3.2, the

input SNR of the wideband energy integration method is
derived from (19) by simplifying (18).

LSR = 101g =SNR [-SNR+101gB (18)

var(s (1) + 5,(1))
var(noise(?))

LSR+SNR
0

SNR
SNR_w=10lg =101g(10 10 +10 1

—lgB)

19)

The input SNR of the assumed known line spectrum

method also can be derived from (18), that is

SNR /=LSR+SNR-101IgB. Solving (20) we can get
the critical line SLR,.

LSR;+SNR

0

SNR
101g(10 10 +10" 10 ®%)4+51g(BT)+ 101gN =
SNR_[+101g(2BT)+ 101gN (20)

If the line LSR x in f; band is larger than LSR,, the
multi-azimuth interval and multi-frequency beam output
statistics fusion based on the assumed known line spec-
trum detection method is probably much better. The ap-
plication condition pends discussion later by the simula-
tion.

4. Kalman filter and background equaliza-
tion in the beam domain

Because of the non-stationary nature in time and inhomo-
geneity in space of marine background noise, the output
of each frame (transverse) of a BTR image retains the
azimuth information of the target whereas the back-
ground power is high and fluctuates. Section 2 shows that
the beam output of each azimuth interval is determined
by the azimuth statistical variance and power characteris-
tics of all subbands. Therefore, the beam output result of
adjacent frames for the same azimuth interval may not be
the result of the same subband. Even if the target or the
interference azimuth is stabilized, the beam output also
fluctuates. The correlation of beam output near the target
azimuth of adjacent frames is strong and can be pro-
cessed longitudinally by Kalman filtering while smooth-
ing the residual outliers combined with horizontal back-
ground equalization.

4.1 Transverse background equalization algorithm

The beam output of one frame after multi-azimuth inter-
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val and multi-frequency beam output statistics fusion is re-
presented as Powy,,yx(61), Powy e (62), - -+ 5 POWyane(01)-
To eliminate the edge effect, extend the one-sided W
point data from the endpoint to the other side, and the
expanded output is Powy, e (Ows1), s Powy e (62),
POWMAMF(91 )’POWMAMF(ez)" : '7POWMAMF(Gl)aPOWMAMF(OFI )s
-, Powyar(0i-w). Restate the expanded output as
Pow,anir (1), PoWy s (2), -+, Powy e (T +2W).  Select
Powyyr(i) t0 Powy,e(2W +i) (i €[1,1]) with length
2W+1 once, and arrange from small to large to get
y(1),y(2),---,y2W+1). The median is y(W+1). The
truncated average of sequence y(W+1),---,y2W +1) is
W+l

m=1

21)

The threshold y, = @y, « is used to adjust the data re-
jection threshold. Finally, revise every Pow,, (i) by
(22) to get

0, Powyr(d <o

Pow, ()= - otherwise (22)

Z(6,) = {
where Z(6;) (i € [1,I]) is the beam output after back-
ground equalization. For each frame the processing is
along the azimuth, and thus, it is termed transverse back-
ground equalization.

4.2 Longitudinal Kalman filtering in the beam
domain

Note the observed beam output of azimuth 6; in frame ¢
of BTR image after transverse background in Sub-sec-
tion 4.1 as Z,(6;) (i € [1,1]). The beam output of a given
azimuth fits the linear Kalman model in (23), where
P,(6;) is the beam output of azimuth 6; in frame ¢, and it
can be predicted from frame #—1. N(6;) is the observed
noise with variance ¢2(6;). U(9,) is the state noise with
variance 07,(6)).

Z(6) = P(6) +N(©) @3)
P(6)=P_(0)+U6)

Filter the beam output between adjacent frames longi-

tudinally for a given azimuth according to recursion for-

mula in (24) [30]. It removes the outliers left by Sub-sec-

tion 4.1 and enhances the target trajectory.

Pt\t—l(gi) = Pt—llr—l(gi)

My _1(6) = M, _y-1(6) + 0'(21(01')

qt(gi) = A{tlr—l(gi)[o-z(ei) + M,|,,1(9,-2]71
Pr\t(ei) = Pl\l—l(gi) + G,(Q;)[Z,(@;) _Plll—l(ei)]
Mt|l(9i) = [I_Gt(gi)]Mth—l(gi)

(24)

where G,(6;) is the Kalman gain for azimuth 6,. 13,‘,(91) is
the beam output estimation of frame ¢, 13,,,,1(9,-) is the
beam output prediction from frame —1. M,,(6,) is the co-
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variance of estimation error. M,,_,(6;) is the covariance of
prediction error.

5. Simulation

As we all know from previous sections, the target radi-
ation is composed of a continuous spectrum and a low
frequency line spectrum. The continuous spectrum con-
forms to a P-order autoregressive (AR) model [3]. Its
shape satisfies the characteristics of (25) where f, de-
cides the bandwidth. f, decides the peak location. o2 is
related to the energy of the continuous spectrum. The
autocorrelation sequence (26) can be obtained from the
inverse Fourier transform of (25). The AR model para-
meters can be calculated by the Levisohn-Durbin recur-
sive method. Continuous spectrum sequences can be gen-
erated by white noise passing though this AR model. The
line spectrum of low frequency f; in (27) is superim-
posed on the continuous spectrum as shown in (25).

2

ppy=Te| I 25)
‘ LS+ fl (= f)
R.(1) = e cos(2n foT) (26)
Pf) =) AtS(f - ) 27)

=1

A large number of experiments show that the spectrum
intensity at only a few frequencies is higher than the con-
tinuous spectrum. These frequencies are related to the
number of propeller blades, rotational speed and speed of
the target. Based on the shaft frequency information,
three directed low frequency lines 69 Hz, 87 Hz, and
110 Hz are selected. The order in (25) is 30. Bandwidth
fw 18 120 Hz. f; is 200 Hz. The average power spectrum
of 25 times is shown in Fig. 2, which is very close to the
real radiated noise.

16
14+
12 +
10

2+
OF

Power spectrum of target radiated noise/dB

-t

0 100 200 300 400 500 600 700 800 900
Frequency/Hz

Fig.2 Power spectrum of target radiated noise from the AR model
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5.1 Theoretical detection gain simulation

To verify the detection performance of wideband energy
integration and the assumed known line spectrum detec-
tion method in Section 3, first simply suppose the target
only radiates the line spectrum. The line spectrum fre-
quency is 69 Hz. The number of array elements is 32, and
the array spacing is 8 m. Table 1 lists the system gain’s
variation with integration time 7(s), bandwidth B(Hz) and
input SNR, according to (18) and (19), SNR_w = SNR /.
The theoretical gain of wide band energy integration in
Table 1 is calculated by 51g(BT)+ 10IgN, and the theo-
retical gain of the narrow band line spectrum is calcu-
lated by 101g(2BT)+ 101gN. The simulation gain is cal-
culated according to (7).

Table 1 Detection performance of wideband energy integration
and the assumed known line spectrum

Input Gain (w) in  Gain (w) in Gain (/) in Gain (/) in
SNR/ B/Hz T/s  theory/ simulation/  theory/ simulation/
dB dB dB dB dB
-5 190 0.5 24.9 24.94 374 37.83
-5 190 1 26.4 26.44 40.4 40.8
-5 140 05 24.2 24.27 36.4 36.51
-5 140 1 25.9 25.7 39.1 39.5
=5 110 0.5 23.5 23.75 34.2 35.46
=5 110 1 254 252 382 384
-2 190 0.5 25.1 24.9 38.1 37.8
-2 190 1 24.9 27.9 43.1 43.8
-2 140 05 245 24.2 35.9 36.5
-2 140 1 27.4 27.2 42.4 425
-2 110 05 23.6 23.7 34.9 354
-2 110 1 26.6 26.7 40.9 414
1 190 0.5 24.6 24.9 38 37.8
1 190 1 26.5 26.4 41.1 40.8
1 140 0.5 244 24.2 37.1 375
1 140 1 25.7 25.7 39.9 39.5
1 110 0.5 23.9 23.7 34.9 354
1 110 1 252 252 37.9 384

Fig. 3 shows how the SNR gain of the wideband en-
ergy integration method (lower curves) and the assumed
known line spectrum detection method (upper curves)
changes with the band width when the integration time T
is set to 1 s and input SNR_w or SNR [/ is =2 dB, 1 dB,
3 dB respectively. Fig. 4 shows how the SNR gain of the
wideband energy integration method (lower curves) and
the narrow band line spectrum detection method (upper
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curves) relates to the integration time when the band
width is set to 190 Hz in three different input SNR condi-
tions. The simulation results shown in Table 1, Fig. 3 and
Fig. 4 are in good agreement with the theoretical calcula-
tions.

50

451

40}

351

SNR gain/dB

30+

25+

20 L L ) L 1 L L L
50 100 150 200 250 300 350 400 450 500
Frequency/Hz

+:SNR=-2 dB; o:SNR,=1dB; e:SNR,=3 dB.

Fig. 3 SNR gain changing with the band width under different in-
put SNRs with wideband energy integration method and assumed
known line spectrum detection method

50

SNR gain/dB
[ IN A~
W O. W
o0
@

(9%
S

25 L L L
1.0 1.5 2.0 2.5 3.0
Integration time/s

+: SNR,=-2 dB; o:SNR,=1 dB; e: SNR,=3 dB.

Fig. 4 SNR gain changing with the integration time under differ-
ent input SNR, with the wideband energy integration method and
the assumed known line spectrum detection method

Secondly, target radiation is modeled as low frequency
line spectrum superimposed on wide band continuous
spectrum which is closer to reality. The array parameters
are the same as above. The integration time 7=1 s, band-
width B=190 Hz, The SNR of wideband continuous spec-
trum SNR remains unchanged at —26 dB, and the LSR
changes from 1 dB to 20 dB. It can be seen from Fig. 5
that with the increase of LSR, SNR [ of the assumed
known line spectrum detection algorithm noted as LD in-
creases linearly from — 47 dB to —27 dB. And the SNR_w

of the wideband detection algorithm noted as WD in-
creases slowly from —25.9 dB to —24 dB, basically un-
changed. The output SNR of the assumed known line
spectrum detection algorithm increases with the increase
of LSR, and the gain is about 40 dB. The output SNR of
wideband detection is approximately 26 dB, which is
consistent with the theoretical analysis. By fitting the out-
put SNR of the assumed known line spectrum detection
and intersecting with the output SNR of the wideband de-
tection algorithm, the critical LSR, is approximately
9 dB. When LSR is lower than LSR,, the variance of the
output SNR of the line spectrum detection method is lar-
ger. While the LSR is much higher than LSR,, the vari-
ance of the output SNR of the assumed known line spec-
trum detection method is smaller.

750 1 1 1
0 5 10 15 20
LSR/dB
—ea—: Output SNR of WD; —e—: Input SNR of WD;
—e—: Output SNR of LD; —e—: Intput SNR of LD.

Fig.5 Output SNR curves changing with line LSR

5.2 Critical LSR,

In the following, the change law of output SNR with
LSR,, filter bandwidth B and integration time T are stu-
died. When the SNR of the wideband continuous spec-
trum is —30 dB, the integration time 7=1 s, and the pass
band B changes from 90 Hz to 490 Hz, It can be seen
from the solid line in Fig.6 that the output SNR of wide-
band detection increases with the increase of bandwidth,
basically unchanged when the line spectrum LSR is low,
and then increases significantly with the increase of LSR.
The output SNR of assumed known line spectrum detec-
tion, as shown by the dotted line in Fig.6, increases with
the increase of LSR, but does not change with the band-
width. The intersection in the figure indicates the critical
spectrum level of line spectrum required when the output
SNR of the two detection algorithms is equal, and the re-
quired critical spectrum level increases with the increase
of filter bandwidth.
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Fig. 6 Change of critical LSR, with filtering bandwidth

When the input SNR of the wideband continuous spec-
trum is —30 dB, the filter bandwidth is 190 Hz, and the
integration time 7 changes from 1 s to 10 s. In Fig.7, the
solid line is the output SNR of the wideband detection,
which is basically unchanged at the lower line spectrum
level, but increases with the increase of integration time.
When the LSR is higher than 20 dB, it increases signifi-
cantly with the increase of LSR. The dotted line is the
output SNR of the assumed known line spectrum detec-
tion, and the output SNR increases with the increase of
LSR. The critical spectral level decreases with the in-
crease of integration time.

40
35+t
30+
25+

Output SNR/dB

5 10 15 20 25 30 35

Crifical LSR/dB

Fig. 7 Change of critical spectral level LSR, with integration time

5.3 Receiver operating characteristic curve
simulation

The requirements of wide-band integral detection, as-
sumed known line spectrum detection and the line spec-
trum extraction method of multi-azimuth interval and
multi-frequency beam output statistics for the input SNR
can be seen from the ROC curve, which shows how much
SNR the receivers of different algorithms need, and the
LSR required by multi-azimuth interval and multi-fre-
quency beam output statistics extraction method. When
the phase compensation angle is aligned with the target
orientation, a threshold is set for the output signal. If the
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threshold is exceeded, the judgment of “target” is made.
If the threshold is too high, the detection probability and
false alarm probability will be low. If the threshold is too
low, the detection probability and false alarm probability
will be both high. For a specific output SNR, different
threshold values correspond to a pair of different detec-
tion and false alarm probabilities.

A 32-clement linear array with an array spacing of 8 m
is set up. The signal is a wideband continuous spectrum
with a bandwidth of 10—200 Hz superimposed with a line
spectrum signal of 69 Hz. The sampling frequency is
2 kHz. The ROC detection performance of the three al-
gorithms will be simulated. The integration time of wide-
band detection and assumed known line spectrum detec-
tion in 69 Hz is 10 s. The integration time of multi-azi-
muth interval and multi-frequency beam output statistics
extraction method is 1 s. For every subband, 10 s is taken
to extract certain subband according to variance statistics
of azimuth estimation and its power statistics. The filter-
ing bandwidth is divided into 190 subbands, and 0—180°
is divided into four azimuth intervals. The target is lo-
cated in the second azimuth interval.

When the input SNR of the continuous spectrum is
—32 dB, to reach the output SNR represented by the dot-
ted line in Fig.8, the wideband detection algorithm with
7=10 s needs to meet the LSR of at least 23 dB. And the
assumed known line spectrum detection requires the
spectrum level of 18 dB when 7=1 s.

25
20| /
15l SNR=—30dB, 7=15 //

Output SNR/dB

Fig. 8 Determination of LSR, for line spectrum extraction method
of multi-azimuth interval and multi-frequency beam output sta-
tistics

From Fig.9, it can be concluded that detection perform-
ance of the multi-azimuth interval and multi-frequency
beam output statistics extraction method is poor because
the false alarm probability of 1 s assumed known line
spectrum detection is worse than that of wideband detec-
tion.

When the line spectrum level rises to 25 dB, the vari-
ance statistics of azimuth estimation and accumulated
power of 10 times at azimuth estimation of every sub-
band in the target azimuth interval are as shown in Fig.10
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and Fig. 11. The detection probability of the line spec-
trum when 7=1 s increases, and the false alarm proba-
bility decreases. The multi-azimuth interval and multi-
frequency beam output statistics extraction algorithm can
correctly extract 69 Hz beam output in the target azimuth
interval, and is close to the detection performance of as-
sumed known line spectrum detection in 69 Hz when
T=10 s in Fig. 12.

Detection probability

0 0.2 0.4 0.6 0.8 1.0
Virtual detection probability

—e—: Wideband energy intergation method;
—e—: Line spectrum method;
—v—: Multi-azimuth interval and multi-frequency method.

Fig. 9 ROC curves of three algorithms when LSR=18 dB
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—e—: Wideband energy intergation method;
—e—: Line spectrum method;
—w—: Multi-azimuth interval and multi-frequency method.

Fig. 12 ROC curves of three algorithms when LSR=25 dB

Therefore, when the LSR is greater than 18 dB until
the assumed known line spectrum detection of 7=1 s can
effectively extract the target line spectrum subband. Al-
though the performance of 10 s wideband energy integra-
tion detection is also improved when LSR increases, the
performance of multi-azimuth interval and multi-fre-
quency beam output statistics extraction method is near
line spectrum detection in 69 Hz of 7=10 s .

6. Experimental results

The trial data were obtained at Qiandao Lake, China in
November 2012. In the experiment, a 32-element hori-
zontal towed linear array was used to receive signals. The
distance between adjacent elements was 8 m, and the end-
fire direction of towed linear array was 0°. There are two
line spectrum targets. The first target with stable line
spectra at 69 Hz and 77 Hz of high intensity was moving
slowly from 100° to 130° relative to the long linear array.
The second line spectrum target was moving slowly at
approximately 70° with continuous spectra in the low fre-
quency band of less than 60 Hz. The line spectrum of
high intensity is added around 82 Hz. The sampling fre-
quency was 20 kHz; the integral time 7 was 1 s. The
beam domain results were output every 10 s as a frame of
the bearing and time map. For convenience, the received
data was down sampled and filtered from 40 Hz to
100 Hz. The total observation time was approximately
12 min. The abscissa of the BTR map represents the azi-
muth of the target relative to the bow, and the ordinate
represents the observation time. There were three other
strong interferences during the observation time. The first
wideband interference at approximately 20°—40° was ship
self-noise according to past experience. In addition, there
was another obvious strong wideband interference mov-
ing at around 145°.
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The third wideband interference at 95° did not in-
crease its horsepower until the sixth minute or so. Fig. 13
shows the BTR map of the conventional wideband en-
ergy integration method. The background noise is high
because of the spatial spectrum leakage. Before 300 s,
neither these two weak line targets with high intensity
line spectra can be clearly detected by the wide band en-
ergy integration method.
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Fig. 13 BTR map of wideband energy integration

By using the existing azimuth variance stability fusion
algorithm, Fig. 14 shows that the wideband interference
trajectory also can be detected after the azimuth stability
fusion algorithm. However, during 70—120 s, only the
69 Hz line target can be detected. During 120210 s, only
the 82 Hz line target can be detected. During 0—70 s and
210-270 s, both two line target lost detection for the ac-
cumulative azimuth variance in the line spectrum fre-
quency is too small compared with the accumulative azi-
muth variance of other frequency band because the wide-
band interference has a larger SNR. Thus the existence of
very strong wideband interference also causes the line
spectrum targets missing by using the existing azimuth
stability fusion algorithm.
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Fig. 14 BTR map of the azimuth stability fusion algorithm
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The display effect can further be enhanced by post-pro-
cessing methods no matter which algorithm is used.
Fig. 15 shows the smoother result of wideband energy in-
tegration after processed only by Kalman longitudinal fil-
tering. Classic horizontal background equalization re-
moves the broad beam self-ship interference and sup-
presses the background noise. Fig. 16 shows the target
trajectories are obviously enhanced. However, some
snow like outliers of the trajectory fracture problems ap-
pear. Thus simply use either Kalman longitudinal or hori-
zontal background equalization can not clearly detect the
line spectrum target. Fig. 17 shows the wideband energy
integration BTR map after post-processed in two dimen-
sions with Kalman longitudinal filtering and horizontal
background equalization. Compared with Fig. 13, the tar-
get trajectory shows much clearer and the background be-
comes cleaner, yet one of the line spectrum target of in-
terest is still missing.

Then we try the line spectrum extraction method of
multi-azimuth interval and multi-frequency beam output
statistics extraction algorithm. Divide the azimuth zone
into four intervals, as shown in Fig. 18.
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Fig. 15
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BTR map of wideband energy integration after Kalman
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Fig. 16 BTR map of wideband energy integration after horizontal
background equalization
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Fig. 17 BTR map of wideband energy integration after Kalman
longitudinal filtering and horizontal background equalization
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Fig. 18 BTR map of line spectrum extraction method of multi-azi-
muth interval and multi-frequency beam output statistics

The different subband beam output results of respe-
ctive azimuth interval were obtained by the line spectrum
extraction method raised in Section 2. According to the
high output SNR and the critical LSR requirement from
Fig. 3, Fig. 4 and Fig. 8, we can see from Fig. 18 that in
the third azimuth interval the trajectory of the 69 Hz
weak line spectrum target appears, and the output back-
ground noise is also low. In the second azimuth interval
the trajectory of the 82 Hz line target is also detected. It is
necessary to mention that it is not inevitable in some cir-
cumstances the azimuth estimation variance does not
work. At some certain frames after 450 s in the third azi-
muth zone, the beam output in 69 Hz of the line spec-
trum target can not be extracted because the continuous
spectrum of the wideband interference were enhanced
very high so multiple sources appeared in the same inter-
val. This algorithm can only extract one line spectrum
beam output in an azimuth interval.

Because the 82 Hz line target has continuous spectra.
Comparing Fig. 13 with Fig. 18, in the second azimuth
interval, we can conclude the wideband energy integra-

tion method is comparable with the line spectrum detec-
tion. Because at each frame the chosen subband output
with these two methods, the background level was equi-
valent. In contrast, the 69 Hz line target located in the
third azimuth interval radiated a higher LSR and for most
of time was stable. The chosen subband output at each
frame was the line spectrum subband. The background
level is low. Therefore, the performance of line spectrum
detection is much better than the wide band energy integ-
ration in this azimuth interval.

Because the same subband was chosen at each frame,
the longitudinal fluctuation was correlative. Thus the post
processing is essential. Fig. 19 shows the smoother result
after just using the Kalman longitudinal filtering accord-
ing to the correlation of the adjacent frame. However, it
introduced blur. While if only horizontal background
equalization was applied, flaky interference was re-
moved and snow-like noise and trajectory fracture was
added, as illustrated in Fig. 20.
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Fig. 19 Kalman longitudinal filtering after line spectrum extrac-
tion method of multi-azimuth interval and multi-frequency beam
output statistics
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Fig. 20  Horizontal background equalization after line spectrum

extraction method of multi-azimuth interval and multi-frequency
beam output statistics
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Fig. 21 shows the final BTR map of multi-azimuth in-
terval and multi-frequency beam output statistics extrac-
tion result after two dimension post processing methods
with Kalman longitudinal filtering and horizontal back-
ground equalization, on which both two line spectrum tar-
gets can be detected in their respective azimuth interval.
The display effect becomes much clearer.
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Fig. 21 Kalman longitudinal filtering and horizontal background
equalization after line spectrum extraction method of multi-azi-
muth interval and multi-frequency beam output statistics

7. Conclusions

In this paper, the target radiated signal was modeled as a
high intense and stable line spectrum superimposed on
the continuous spectrum. The line spectrum extraction
method of multi-azimuth interval and multi-frequency
beam output statistics was developed by utilizing high
LSR feature.

If the input SNR of the target radiated noise is low and
the wideband detection algorithm brings high false alarm
probabilities, but it contains the line spectrum component
of a high spectral level, even if its frequency band is un-
known, the line spectrum extraction method of multi-fre-
quency band and multi-azimuth interval statistics can be
used to find the unknown frequency band, whose per-
formance is approximately near the assumed known line
spectrum detection in the azimuth interval. The proposed
line spectrum extraction method will be invalid if mul-
tiple sources with comparable beam output in line spec-
trum band appear in the azimuth interval where the weak
target is located.

The azimuth history data processed by all detection
methods on BTR maps have the problems of high back-
ground noise, serious interference and blurred display.
Beam domain horizontal background equalization and
Kalman longitudinal filtering making use of the strong
correlation between adjacent frames can remove back-
ground fluctuation and improve the display.
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