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Abstract

:

Biases of initial direction estimation and focusing frequency selection affect the final focusing effect and may even cause algorithm failure in determining the focusing matrix in the coherent signal–subspace method. An optimized sonar broadband focused beamforming algorithm is proposed to address these defects. Initially, the robust Capon beamforming algorithm was used to correct the focusing matrix, and the broadband signals were then focused on the optimal focusing frequency by the corrected focusing matrix such that the wideband beamforming was transformed into a narrowband problem. Finally, the focused narrowband signals were beamformed by the second-order cone programming algorithm. Computer simulation results and water pool experiments verified that the proposed algorithm provides a good performance.
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1. Introduction


Beamforming can obtain array directivity in a predetermined direction, and it can improve the signal-to-noise ratio of the received signal. Space interference is suppressed through spatial filtering. Beamforming can realize target bearing estimation for multiobject resolution. It has a significant role in the estimation of the target location, distance, and depth. It can also offer information for target recognition [1]. The narrowband signal contains minimal information about the targets, such that the broadband signal is chosen for parameter estimation, target detection, and feature extraction. Broadband signal beamforming processing has two methods: The incoherent signal–subspace method (ISM) and the coherent signal–subspace method (CSM). Compared with that of the ISM method, the focusing operation of the CSM algorithm can fully integrate the broadband information and make the covariance matrix of the focused signal keep full rank, thereby effectively solving the problem of broadband beamforming. The CSM algorithm has small computational complexity and high estimation precision; it can effectively overcome the problems in signal offset, extension, detection, and resolution threshold, and it can solve the multipath problem [2,3,4]. In the CSM algorithm, the broadband signal is first divided into several narrowband signals in different frequencies, and all the narrowband signals are then mapped to the same reference frequency by the focusing matrix, where the narrowband beamforming algorithm can be used to achieve broadband focused beamforming [5,6]. The structure of the focusing matrix is the core of the CSM algorithm, and the structure method of the focusing matrix plays a decisive role in the estimation of the performance of the CSM algorithm. The final focus effect in the estimation of the focusing matrix is determined by two factors: Initial direction estimation and focusing frequency choice. The deviation of these two factors would significantly decrease the final focusing effects, and it can even disable the algorithm. To solve this problem, the robust Capon beamforming (RCB) algorithm is used to correct the focusing matrix; it improves the focusing effect by considering the deviation of initial direction estimation [7,8,9]. The second-order cone programming (SOCP) method to compensate for the error of the focusing matrix was used in Reference [10]. However, neither of these methods considered the influence of the focusing frequency. In this paper, we propose an optimized sonar broadband focused beamforming algorithm. We used the RCB algorithm to correct the focusing matrix, and the focusing frequency problem was considered. The broadband signals were focused on the optimal focusing frequency by the corrected focusing matrix such that the wideband beamforming was transformed into a narrowband problem. Finally, the focused narrowband signals were beamformed by the second-order cone programming algorithm. The proposed method is derived in the next section. Section 3 reports simulation studies and performance analysis. Water pool experiments are reported in Section 4.




2. Broadband Focused Beamforming Algorithm


Let the incident signal be s(t) and the received broadband signal of the M array for:


xm(t)=s(t−τm)+nm(t),m==1,⋯,M,



(1)




where nm(t) is the additive noise of the mth array element, the output of each sensor is divided into Kth non-overlapping blocks, and each block contains l sampling points. The FFT transform of L points is applied to each data block, the data in frequency domain is acquired from l frequency sub-bands, and each frequency sub-band contains a K data snapshot. The lth frequency sub-band data in the frequency domain represented in matrix form are:


Xk(fl)=Al(φ,θ)s(fl)+nk(fl),k=1,⋯,K;l=1,⋯,L,



(2)




where Al(φ,θ) is the steering vector of the lth frequency sub-band signal corresponding to the direction of (φ,θ), φ is the pitching angle, and θ is the azimuth angle.



The focusing matrix should ensure the following equation is satisfied during focus transformation [10]:


T(fj)A(fj,θ)=A(f0,θ),j=1,2,⋯,J,



(3)




where fj is any narrowband frequency within the scope of broadband, f0 is the focusing frequency, A(fj,θ) is the steering vector of the jth frequency sub-band signal, and T(fj) is the focusing matrix.



In this paper, the focusing matrix was determined using the rotation signal subspace (RSS) method [11]. The optimal focusing matrix is determined by the following equation [10]:


{min‖A(f0,θ)−T(fj)A(fj,θ)‖F2(j=1,2,⋯,J)TH(fj)T(fj)=I,



(4)




where ‖•‖F is the Frobenius norm, and the solution of Equation (4) is:


T(fj)=V(fj)UH(fj)(j=1,2,⋯,J).











U(fj) and V(fj) are the left and the right singular vectors of the matrix A(fj,θ)AH(f0,θ), respectively. The fitting errors still exist from the formula ‖A(f0,θ)−T(fj)A(fj,θ)‖F2, and the errors are associated with the focusing frequency.



2.1. Determination of Optimal Focusing Frequency


Equation (4) shows that the error can be obtained as follows [11]:


∑jJ‖A(f0,θ)−T(fj)A(fj,θ)‖F2=∑jJ(‖A(f0,θ)‖F2+‖A(fj,θ)‖F2−2Re{tr[A(f0,θ)AH(fj,θ)TH(fj)]}).



(5)







The direction matrix A(fj,θ) of an arbitrary shape array should satisfy the following condition:


‖A(fj,θ)‖F2=∑i=1P‖a(θ)‖F2=MP



(6)




where i (i=1,2,⋯,P) is the number of signals. Take Equation (6) into Equation (5), then:


∑jJ‖A(f0,θ)−T(fj)A(fj,θ)‖F2=2JMP−∑j=1J∑i=1Pλi[A(f0,θ)AH(fj,θ)],



(7)




where λi[A(f0,θ)AH(fj,θ)] is the first P maximum singular value of the matrix A(f0,θ)AH(fj,θ). Therefore, the value of ∑j=1J∑i=1Pλi[A(f0,θ)AH(fj,θ)] must be maximized to minimize the focusing transform error.



Let:


F=maxf0[∑j=1J∑i=1Pλi[A(f0,θ)AH(fj,θ)]].



(8)







The focusing fitting error is minimized when F is maximized. For the direction matrix of any array, if the number of signals P is less than the number of array elements M, we may obtain:


∑i=1Pλi[A(f0,θ)AH(fj,θ)]≤∑i=1Pλi[A(f0,θ)]λi[AH(fj,θ)].



(9)







Let:


ui=∑j=1Jλi[A(fj,θ)].



(10)







Then:


F≤maxf0{∑i=1Pλi[A(f0,θ)]ui}.



(11)







From Equation (11), the focusing frequency f0, which is the optimal focusing frequency, is obtained. The time complexity of this algorithm is O(n3).




2.2. Principle of an Optimized Broadband Focused Beamforming Algorithm


The correlation matrix estimated from the sample values in frequency domain is:


Rl=1K∑k=1KXk(fl)XkH(fl)l=1,⋯,L,



(12)




where K is the data snapshot in each frequency sub-band and f0 is the optimal focusing frequency according to the determination method. According to the given range of frequencies and optimal focusing frequency, the beamforming algorithm based on RCB becomes:


{maxa0σ02subjecttoR0−σ02a0a0H≥0and‖a0−a¯0‖2≤ε,



(13)




where σ02 is the power of the optimal focusing frequency sub-band; R0 and a0 are the covariance matrix and the steering vector of the optimal focusing frequency sub-band, respectively; a¯0 is presumed steering vector; and ε is the custom error range of steering vector. The correction vector is the closest to the real value as follows:


a^0=(R−1κ+I)−1a¯0=a¯0−(I+κR)−1a¯0,



(14)




where κ is determined by Newton iteration method [12,13]. The correction vector a^l of the other reference frequency can be determined. fl is the other reference frequency. The correction focusing matrix can be determined by the steering vectors a^0 and a^l.




T^l(φ,θ)=V^(fl)U^H(fl)



(15)





Each of the sub-band data is focused on the optimal frequency sub-band by the focusing matrix.



The focusing data of the lth frequency sub-band are [14]:


X˜(fl)=T^l(φ,θ)X(fl)=T^l(φ,θ)Al(φ0,θ0)s(fl),+T^l(φ,θ)n(fl)



(16)




where X˜(fl) for l=1,⋯,L, and for each l, X˜(fl) is the narrowband signal [15]. The narrowband signals can be beamformed by second-order cone programming.



The robust low-sidelobe narrowband beamforming ensures that the response of the beam to the direction of observation is 1, and the sidelobe level is minimized. The weighted vector of beamforming should be constrained for beamforming robustness.


minWmax|θ−θ0|≥Δ|p(θ)|,subjectto p(θ0)=1,‖W‖≤σ,



(17)




where θ0 is the observation direction, Δ is the half width of the main lobe, σ is the constraint limit of the weight vector norm, and y1 is the nonnegative real variable. Let θs be directions of the sidelobe for s=1,2,⋯,S, Equation (17), which can be written as:


miny1,Wy1,subjectto VH(θ0)W=1,   ‖VH(θs)W‖≤y1(|θs−θ0|≥Δ,s=1,2,⋯,S)‖W‖≤σ.



(18)







Given the value of Δ, the vector y can be calculated through the above formula, and the weighted vector W is obtained.



Each of the sub-band weighted vectors is satisfied:


Wl=W0



(19)







The array output beam in frequencies f0 and fl is:


p0(φ,θ)=|W0HA0(φ,θ)|,



(20)








pl(φ,θ)=|W0HT^l(φ,θ)Al(φ,θ)|.



(21)





To make p0(φ,θ) equal to pl(φ,θ)(l=1,⋯,L), then:


|W0HA0(φ,θ)|=|W0HT^l(φ,θ)Al(φ,θ)|.



(22)







Therefore, the beam width formed by each narrow band beam is constant.



The most obvious benefit of the proposed method is the use of the advantages of the RCB algorithm and the SOCP method; at the same time, the optimal focusing frequency problem is considered.





3. Simulation and Performance Analysis


It is assumed that the incident signal is a wideband signal with a frequency range of 2250 Hz–3000 Hz. The bandwidth of this broadband signal is 750 Hz. A uniform circular array is built from 24 isotropic elements, and its radius is 0.5 m.



3.1. Validity Verification of the Optimal Focusing Frequency


Five group simulation experiments were conducted to verify the effectiveness of the best focusing frequency in broadband focusing beamforming. First, the broadband signal was divided into 21 sub-band signals through filtering or DFT processing. Second, the 21 sub-band signals were focused on 2250, 2450, 2900, 3000, and the optimal focusing frequency 2760 Hz, respectively, using the RSS algorithm. Next, the conventional delay-and-sum beamforming was used to achieve the constant beam width beamforming. The beam patterns on the different focusing frequencies are shown in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. Figure 1a shows the narrowband signal beam with the frequency 2760 Hz using the conventional delay-and-sum beamforming method. Figure 1b shows the beam superposition graph of the broadband signal, whose frequency range is within 2250–3000 Hz using RSS. Figure 2, Figure 3, Figure 4 and Figure 5 show the simulation results on the focusing frequency of 2250, 2450, 2900, and 3000 Hz, respectively. Table 1 and Table 2 shows the comparison of beamforming parameters for narrowband signals and broadband signals. The comparison of beamforming parameter change between narrowband and broadband signals is shown in Table 3.



As shown in Table 1, Table 2 and Table 3, The effects of broadband beamforming at five focused frequencies were compared and analyzed from the main lobe width and the sidelobe level of the beam. The comparison results in Table 3 show that the main lobe width of the broadband focusing beam differs with its corresponding narrowband beam of 2.4°, and the sidelobe level of the broadband focusing beam differs with its corresponding narrowband beam of 0.17 dB. The simulation results with the selected focusing frequency less than 2760 Hz are shown in Figure 2 and Figure 3. The wideband and narrowband beams have poor consistency before and after focusing. The main lobe width of the wideband focusing beam can be kept consistent with each other. The main lobe width varies slightly, but the sidelobe level varies greatly, reaching 2 dB. The simulation results with the selected focusing frequency greater than 2760 Hz are shown in Figure 4 and Figure 5. The wideband beams are not consistent with the narrowband beams before and after focusing. The main lobe width of the wideband focusing beams can also be consistent, but the main lobe width varies greatly, reaching 3.1°; the sidelobe level varies greatly as well. Therefore, the broadband beam pattern focused on the optimal focusing frequency has an optimal effect.




3.2. Optimized Broadband Focused Beamforming Algorithm Based on RCB Algorithm


First, the RCB algorithm was used to correct the focus matrix. Second, the 21 sub-band signals were focused on the optimal focusing frequency 2760 Hz by the corrected focusing matrix T^(fj). Finally, the conventional delay-and-sum beamforming can complete the constant beam-width beamforming. The time complexity of this algorithm is O(n3).



Figure 6 shows the main lobe width of the broadband focusing beam is 21.4°, and the sidelobe level of the broadband focusing beam is 7.5 dB.



Compared to Figure 1b, a narrower main lobe is obtained, and it can keep the main lobe constant and make the sidelobe lower. Therefore, an optimized broadband focused beamforming algorithm based on the RCB algorithm is effective.




3.3. Optimized Sonar Broadband Focused Beamforming Algorithm


First, the 21 sub-band signals were focused on the optimal focusing frequency 2760 Hz by the focusing matrix corrected by the RCB algorithm. Then, the narrowband signals were beamformed by the SOCP algorithm. The time complexity of this algorithm is O(n3).



Figure 7 shows the main lobe width of the broadband focusing beam is 19.3°, and the sidelobe level of the broadband focusing beam is 41.7 dB.



Compared to the above beam pattern, the broadband focused beam pattern with an optimized algorithm performs better. Water pool experiments were carried out to further verify the validity of the algorithm.





4. Water Pool Experiments


The algorithm in this paper was verified by pool experiments in an anechoic pool. The block diagram of the water pool experiment is shown in Figure 8. The water pool was 20 m long, 8 m wide, and 7 m deep. The water depth was approximately 6.7 m. The pool was a straight-wall reinforced concrete structure, and the tapered rubber wedge was used in the silencing unit. Units were arranged on six surfaces of the pool at equal intervals to eliminate reflected sound and simulate the marine environment. For frequencies above 2 kHz, the sound absorption coefficient is more than 98%. The anechoic pool is mainly used for the research and development of sonar, underwater acoustic physical field, underwater acoustic communication, and other key models of national research and development, underwater acoustic engineering disciplines and underwater acoustic physical field, and other basic scientific research.



The center of the 24-element array was placed at a depth of 2 m. The radius of the circular array was 0.5 m. The received signal was transformed into a data file by a preamplifier, A/D transform, and data acquisition/storage system and transferred to a PC for offline processing.



The filter amplifier model was KEMO, corresponding to the website http://www.kemo.com/index.php/filters/lab-filters/cardmaster-21-255g-2. The AD acquisition equipment was BK’s 3053 LAN-XI module, which has 12 channels. This experiment used two blocks, a total of 24 channels. Specific parameters can be found on the following websites: https://www.bksv.com/zh-HK/products/data-acquisition-systems-and-hardware/LAN-XI-data-acquisition-hardware/modules/type-3053.



The transmitted signal was generated by an HP33120A function/arbitrary waveform generator, amplified by a power amplifier with a gain of 80 dB, and sent to a mosaic ring transducer as the sound source. The distance between the sound source and the receiving array center was 5 m. In each frequency, the position of the source relative to the circular array was determined first, and the circular array was rotated to 360° with a 2° interval. The acoustic was recorded at 5-s time intervals. Six sets of measurements with different array configurations were obtained.



First, the six measured groups of array manifold were corrected by the RCB algorithm. Second, the corrected focusing matrix was determined by the corrected array manifold. The optional focusing frequency determined by the above method was 2760 Hz in the frequency range of 2250–3000 Hz. Finally, the weight designed by an ideal circle array manifold with 24 arrays was the SOCP broadband focusing beamforming algorithm based on the optimal focusing frequency. Figure 9 shows the pool experiment results. Figure 10 shows the results of the comparison with the conventional broadband focusing beamforming algorithm as well as the SOCP broadband focusing beamforming algorithm, which are based on the optional focusing frequency.



The comparison results in Table 4 show that the main lobe width of the broadband focusing beam in six frequency points can remain constant. The largest width difference was less than 1.8°. In six frequency points, the highest sidelobe level was 33 dB, and the minimum sidelobe level was 35.5 dB. A comparison of the proposed method and the conventional broadband focusing beamforming algorithm in Figure 10 show that the proposed optimization algorithm under the prerequisite of constant beam in each frequency point has a lower sidelobe level, thereby proving the effectiveness of the algorithm.




5. Conclusions


In this paper, the CSM algorithm was used to solve the problem of broadband focusing beamforming. An optimized sonar broadband focused beamforming algorithm was proposed. First, the broadband signal is focused on the optimal focusing frequency by the focusing matrix which is corrected by the RCB algorithm, and the narrowband signals are then beamformed by the SOCP algorithm. The proposed method compensates for the deviation of initial direction estimation to the focusing effects when determining the focusing matrix; at the same time, the influence of the focusing frequency selection on the focusing effect is considered. Computer simulation results and pool experiments showed that the proposed optimization algorithm has a better beamforming effect and lower sidelobes at different frequency points.
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Figure 1. Experimental comparison of the optimal focusing frequency at 2760 Hz. (a) Narrowband beam pattern for the optimal focusing frequency; (b) broadband beam pattern focused on the optimal focusing frequency. 
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Figure 2. Experimental comparison of focusing frequency at 2250 Hz. (a) Narrowband beam pattern at 2250 Hz; (b) broadband beam pattern focused on the focusing frequency of 2250 Hz. 
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Figure 3. Experimental comparison of focusing frequency at 2450 Hz. (a) Narrowband beam pattern at 2450 Hz; (b) broadband beam pattern focused on the focusing frequency of 2450 Hz. 
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Figure 4. Experimental comparison of focusing frequency at 2900 Hz. (a) Narrowband beam pattern at 2900 Hz; (b) broadband beam pattern focused on the focusing frequency of 2900 Hz. 
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Figure 5. Experimental comparison of focusing frequency at 3000 Hz. (a) Narrowband beam pattern at 3000 Hz; (b) broadband beam pattern focused on the focusing frequency of 3000 Hz. 
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Figure 6. Broadband beam pattern focused on a frequency of 2760 Hz after robust Capon beamforming (RCB) correction. 






Figure 6. Broadband beam pattern focused on a frequency of 2760 Hz after robust Capon beamforming (RCB) correction.



[image: Algorithms 12 00033 g006]







[image: Algorithms 12 00033 g007 550]





Figure 7. Broadband focused beam pattern with an optimized algorithm. 
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Figure 8. Block diagram of the water pool experiment. 
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Figure 9. Superposition of measured array manifold at six frequency points. 
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Figure 10. Beam pattern of measured array manifold at six frequency points. (a) Comparison of beam pattern at 2250 Hz; (b) comparison of beam pattern at 2400 Hz; (c) comparison of beam pattern at 2550 Hz; (d) comparison of beam pattern at 2700 Hz; (e) comparison of beam pattern at 2850 Hz; (f) comparison of beam pattern at 3000 Hz. 
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Table 1. Comparison of beamforming parameters for narrowband signals.
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	Frequency of Narrowband Signals

(Hz)
	Main Lobe Width

(°)
	Sidelobe Level

(dB)





	2250
	27.4
	−7.9



	2450
	25.1
	−7.9



	2760
	22.2
	−7.92



	2900
	21.1
	−7.93



	3000
	20.5
	−7.91
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Table 2. Comparison of beamforming parameters for broadband signals.
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	Frequency of Broadband Signals

(Hz)
	Main Lobe Width

(°)
	Sidelobe Level

(dB)





	2250
	27.2
	−7.2



	2450
	25.8
	−5.9



	2760
	24.6
	−7.35



	2900
	24.2
	−7.21



	3000
	23.6
	−6.15
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Table 3. Comparison of beamforming parameter change between narrowband and broadband signals.
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	Focusing Frequency of Broadband.

(Hz)
	Variation of Main Lobe Width

(°)
	Variation of Sidelobe Level

(dB)





	2250
	0.2
	0.7



	2450
	0.7
	2



	2760
	2.4
	0.17



	2900
	3.1
	0.72



	3000
	3.1
	1.76
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Table 4. Beam parameters of six frequency points for wideband signals.
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	Frequency

(Hz)
	2250
	2400
	2550
	2700
	2850
	3000



	Main Lobe Width

(°)
	19.4
	18.8
	18.5
	17.9
	17.6
	17.8



	Sidelobe Level

(dB)
	35.5
	34.6
	34.3
	34
	33
	33.2











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
100 10

50

degree)

Azimuth





media/file4.png
m CdB >

al

Beam patt

LdB )

Bearn patlem

40

1 1 1
-100 50 i 50
Azimuth angle ( degree )

(a)

(b)





media/file18.png





media/file3.jpg
R





media/file19.jpg
)

(

(©





media/file7.jpg
(@

(b)





media/file10.png
]
b
(=]

~
A

Bearmn pattern CdB )

Beam pattern (dB

1 1 1 ' ' . |
-150 -100 -50 0 5L 100 150
Azimuth angle ( degree)

50 0 &0 100 150
Azimuth angle ( degrae )

150 100

(a) (b)





media/file14.png
Beam pattern {dB2

Azimuth angle { degree}






media/file11.jpg
50

150

100

0 0
Azimuth angle ( degr

0

100






media/file6.png
Beam pattern (dB)

50 F

1
-150

1 1 1 1 1
-100 -50 ] a0 100 150
Azimuth angle ( degree )

(a)

Beam pattern (dB)

-150 =100 -50 0 50 100 150
Azimuth angle ( degres )

(b)





media/file15.jpg
data acquisition equipment _filter amplifier

signal source

Water surface

Water layer

) {

24 element &
circulararray
.






nav.xhtml


  algorithms-12-00033


  
    		
      algorithms-12-00033
    


  




  





media/file16.png
data acquisition equipment filter amplifier

signal source

Water surface

Water layer

24 element Q o

Transmitting transducer circular array % »
-





media/file2.png
{dB)

s
\

Beam pattern

1 L i L L L 1
-150 -100 50 0 50 100 150
Azimuth angle ( degree )

(a)

Beam pattarn (dB)

50

1

-150

I I 1 1 L
-100 Sl 0 50 oo 150

Azimuth angle ¢ degrea)

(b)





media/file20.png
'
+  conventional

ﬁ — == s50Cp
* optimized

Beam pattemn (dB)

A

1]
Azimuth angle ( degree )

(a)

+  comentional
——=s0cp
optimized

Beam pattern (dB2

0 50
Azimuth angle ( degree

(c)

+  conventional
——=—socp
optimized

Beamn pattern (dB2

L s " |
0 50 100 150
Azimuth angle ( degree )

(e)

Beam pattern (dB}

] T T T yig - -
#  conventional
A0} A ———socp
ﬁ optirmzed
_2{, *F 1
+ +
2 + . # b
m -30f 1
> -
c W, ! n.l *
E 401 AT ,1.| fn -
= n‘('l.lfl':” | Ir'l i'_;_
E { ! I ! f N
& a - 1
@ l ' I | o 1
\ ML |,: i || |
B0 il |rI i i lill,ll
| | il
| Il il
| Il 1
70 Al | I
: \
-B0 L | I L L i ! I
-150 100 50 0 ‘30 100 150
Azimuth angle ¢ degree )
0 . : : e ; ; ;
3 i +  comentional
b Al e
A * optimized
+ 4 * * i
f 3 S +
20} +
3 * ¥ L
5 + +#+ +
— 0 *
o 0 « + §
‘: * * 4/ \n #
g0 s () Ao T
= VA AL
5 -50
L)
m | .
£0 |
ll 1
70k i
_m 1 1 1 1 1 1 1
-150 -100 A0 1] a0 100 150
Azimuth angle ( degrea
0 - T 7y

+  comventional
- S0Cp
optimized
+

-100

-50 1] 50 100 150
Azimuth angle ( degree

(f)





media/file5.jpg
R L)





media/file1.jpg
(a)

(b)





media/file12.png
Beam pattern CdB)

L

1 1 I 1 1 1
-150 -100 &0 0 0 100 150
Azimuth angle ( degree)





media/file9.jpg





media/file0.png





media/file8.png
Beam pattern (dB)

Beam pattern (dB

L

| L y 1 - 5 1
-150 -100 A0 0 a0 100 150
Azimuth angle (degres) 60

50 0 a0 100 150
Azimuth angle { degree)

-150 -100

(a) (b)





media/file17.jpg
Beam pattern (dB)

100 150






media/file21.png





