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ARTICLE INFO ABSTRACT
Method name: The angular spectrum (AS) model is customized to calculate the spatial acoustic pressure field
Angular spectrum method generated by a piston source and transmitted through a steel plate immersed in water, for normal
beam incidence. A MATLAB program is developed for this specific problem combining use of

Keywords: . .

. Gauss quadrature and a generalized Filon method. The program calculates the pressure wave
Angular spectrum model for acoustic wave . .
propagation number spectrum generated by the piston source and transforms the wave number spectrum into
Numerical integration involving an irregular the spatial domain. Convergence analysis show that the MATLAB program is far more efficient
oscillator than the more traditional approach of using the fast Fourier transform algorithm to transform the
Open-source MATLAB program pressure wavenumber spectrum into the spatial domain. The MATLAB program is published here

and free for others to use. The methods and MATLAB algorithms are obtained by

+ Converting the original 2D AS model to a 1D model using cylindrical coordinates.

+ Combining use of Gauss quadrature and a generalized Filon method for more accurate pres-
sure calculations compared with use of the fast Fourier transform.

» Introducing adaptive numerical integration algorithms in MATLAB and error control param-
eters which are easy to use.
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Subject Area: Computer Science

More specific subject area: Mathematical numeric modeling

Method name: Angular spectrum method

Name and reference of original method: M. J. Anderson, P. R. Martin, and C. M. Fortunko, Resonant transmission of a three-dimensional acoustic sound

beam through a solid plate in air: Theory and measurement, J. Acoust. Soc. Am. 98 (5) (1995) 2628-2638,
https://doi.org/10.1121/1.413229.
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Background

The angular spectrum (AS) approach has been used for decades to simulate and study the interaction of ultrasound and a fluid-
immersed solid plate [1-8]. Anderson et al. [3] developed a model (ASM1) for beam transmission through such plates where a piston
was used as the source. ASM1 is widely used but has some challenges related to high-accuracy pressure calculations [4]. The uniform
grid used in the fast Fourier method typically used in the numerical calculations of ASM1 may give severe aliasing effects.
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In the current work it is shown how these challenges may be resolved by customizing ASM1 into another model ASM2. A MATLAB
code developed for the specific problem and free for others to use is presented here. The customized ASM2 has been used in [8] for
high accuracy calculations of the transmitted pressure through a water-immersed steel plate at very large distances from the plate
without the use of the MATLAB program presented here. As such, the current work also provides supplementary material to [8]. The
MATLAB program is easy to use, has very few parameters for the user to specify and a detailed description of the program is given here.
The program may be of use for others studying the interaction of ultrasound and solid plates. It is far more computationally efficient
than implementations of ASM1 using the 2D fast Fourier transform algorithm, meaning that a higher accuracy is achieved using
shorter computational time. The program provides accurate estimations of the pressure calculated at both long and short distances
from the source. The ASM2 method with the current MATLAB implementation is especially well suited for studying near field effects
which is proven to be present even at large distances from the source [8].

Method details

In the following, the customization of ASM1 into ASMZ2 is first described. Next, the MATLAB program for ASM2 is presented in
detail, and finally some convergence tests are given comparing the use of ASM1 and ASM2.

Customization of the angular spectrum model

Anderson et al. [3] presented an AS model (ASM1) for beam transmission through a solid plate immersed in a fluid at normal
beam incidence. The plate is assumed to be elastic, isotropic, homogeneous, and of infinite lateral extent. Using a time convention
¢/ where o = 2nf is the angular frequency and f is the frequency, the transmitted pressure, p, is given as [3]:

iot o ® prw . .
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A cartesian coordinate system is used, with the front surface of the source located in the x-y plane at z = 0. p, is the fluid density,
and d is the plate thickness. i, ,, h; ,, and h . are the x, y, and z components of the wave vector in the fluid, respectively, 1, = o/c,
is the acoustic wavenumber in the fluid, where ¢/ is the fluid sound velocity, and
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For hzf Lt h? ,> h?, hy . becomes imaginary, representing evanescent (exponentially decaying) waves in the z direction. 7 is the
plane wave transmission coefficient and H is the aperture function which for a baffled piston is given as [3]
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a is the piston radius, v, is the particle velocity of the piston, and J; is the first order Bessel function of the first kind. Note that in
[3] the factor “2” in Eq. (3) was incorrectly left out. It has been shown in e.g. [7] that this factor must be included.

Eq. (1) (ASM1) may be regarded as a 2D Fourier transform which is typically solved using the 2D fast Fourier transform (FFT2)
routine. However, due to sharp gradients in the integrand of Eq. (1), the uniform sampling grid used in the FFT2 routine may
potentially cause large aliasing effects [4]. In the following it is shown how the 2D integral in Eq. (1) can be transformed into a 1D
integral resulting in a new model (ASM2), which can be solved using an adaptive numerical integration model.

By coordinate transformation from Cartesian to cylindrical coordinates (r, ¢, z), where r = 1/x2 + )2 is the radial range and ¢ is
the polar angle (in the x-y plane), Eq. (1) may be written as
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n is the component of the acoustic wave vector in the plane of the plate (the r-direction), here referred to as the "horizontal wavenum-
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ber", and is expressed with 5% = hi L hi , By introducing the identity Jo(nr) = 21—1[ 02“ e~Mreos9 4 [8], and omitting the time depen-
dent term ¢/, Eq. (4) can be written as
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For the incident pressure on the plate, p;, in absence of the plate,
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2 is z-coordinate of the front surface of the plate. J, is the zeroth order Bessel function of the first kind. Egs. (5) and (6) represent
the customized AS model ASM2 used in [8].
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1-  clear
2-  warning('') % Clear lastwarn. A MATLAB lastwarn warning on badly scaled polynomial fitting is expected when using Filon method.
3 % The warning is OK because it triggers MATLAB to execute Gauss method instead of Filon.

4

s %% Input parameters

€ % f_vec = 400e3:10e3:500e3;

7-  f_vec = 457.6e3;

8-  z_vec = 100:

9- r_vec=0;

10 -  plate or freefield = 'plate’'; % input argument: 'plate’' , or 'freefield'

1 %% Input numerical i ion scheme

12 -  Err_tresh = le-1; % Absolute local error tolerance in the first and last Gauss adaptive method and the Filon-type adaptive method
13 -  Err_tresh peak = 1; % Absolute local error tolerance in second Gauss method around the peak. Usually set higher than Err_tresh
14 -  eta_step_init = 1; % Initial staring step size

15 -  IntegrationBoundary DeltaAbove_h_f = 200; % Set upper integravion limit. Sets eta limit above h_f.

16 - Fil ts_OscPeriodCutOff_or_EtaCutoff = 0.2; % Typical value: 0.2. Defines when Filon method kicks in.

17 % For a value set in the range <0,10>, a eta period in the integrand is defined when Filon method kicks in. For a value set
18 % outside <0,10>, Filon method kicks in at the set value (for inf, the Gauss is always used, for 0, Filon is always used)
19

20 %% Loop over field

21 -  c_wa = FunctionsParent.c_f:

22 - [Jfor ii = l:length(r_vec)

235 r = r_vec(ii);

24 - for 33 = l:length(z_vec)

25 - z = z_vec(ji):

26 - for kk = 1:length(f_vec)

27

28/ £ = £ _vec(kk);

29 - h_f = 2*pi*f/c_wa;

30 - eta_end = h_f+IntegrationBoundary Deltahbove_h_f;

31

32 - Integral_sum = 0;

33 - eta_step = eta_step_init;

34 - eta = 0;

35

36 - if sctrcmp(plate_or_freefield, 'plate’)

371 functions_r_z_f = FunctionsPlate(r,z,f);

38 - else

39 - functions_r_z_f = FunctionsFluid(r,z,f);

40 - end

a1 - gaussObj = Integral_Segment_Gauss (functions_r_z_f):

42 - filonObj = Integral_Segment_Filon(functions_r_z_f);

43

44 - eta_cutOf_Shampine = sqrt( h_f£*2 - ( 2*pi/z + sqrt(h_f£*2-[0:1:h_£].72) ).~2 ) - [0:1:h_£]; % find appearant period
45 - indx_tmp = find(imag(eta_cutOf_Shampine) == 0,1); % find when imaginary part is zero

46 - eta_cutoff = find(abs(eta_cutOf_Shampine (indx_tmp:end))<FilonMethodStarts_OscPeriodCutOff_or_EtaCutoff,l)+indx_tmp-1;
47 - if isempty(eta_cutoff)

48 - eta_cutoff = eta_end:

49 - end

S0

51— if FilonMethodStarts_OscPeriodCutOff_oxr_EtaCutoff >= 10 || Fil ts_OscPeriodCutOff_or_EtaCutoff == 0
52 - eta_cutoff = Fil ts_OscPeriodCutOff_or_EtaCutoff;

s3 - end

54 - if eta_cutoff > eta_end

55 — eta_cutoff = eta_end;

56 - end

57

58 %% Adaptive Gauss integration from eta in range (0,eta_cutoff)

59 - while eta<eta_cutoff && eta<eta_end

€ — eta

61 - if etateta_step>eta_cutoff

62 - eta_step = eta_cutoff - eta;

63 - end

6 - gaussOrderd = gaussObj.Gaussé (eta,eta_step):

65 — gaussOrderS = gaussObj.GaussS(eta,eta_step);

66 if abs(gaussOrderé - gaussOrderS) <= Err_tresh

67 - Integral_sum = Integral_sum + gaussOrderS:

68 - eta = etateta_step;

€9 — eta_step = eta_step*2;

70 - else

7 - eta_step=eta_step/2:

72l end

= end teta

Fig. 1. Shows the codelines 1-73 for the script main script (i) ASM_Adapt_FilonGauss.m which calculates the pressure from Egs. (5) and (6). Input
parameters are needed in lines 7-9 and 12-16.

MATLAB implementation of model

The integrands in Eqs. (5) and (6) go to zero for n > h; + A, ,, and the integrals can be calculated numerically. The inte-
grands have an irregular oscillator, which is a classical problem in numerical integration [9,10]. To numerically solve the integrals
in Egs. (5) and (6), two different numerical integration techniques are used: Gauss and the generalized Filon method, which are
complimentary to each other. The generalized Filon method is given for integrals on the form [10]:

o _
I= —/ fme 8 Pdn. (7
2n Jy,

Following [10], f () and g(r) are approximated by a second order polynomial, and the resulting integral is evaluated analytically.
This method is suited for highly oscillatory integrands, which is not the case for the Gauss method. Visa versa, the Gauss method is
suited for integrands without too much oscillations, which is not the case for the Filon method. The oscillation period is therefore
tracked and the program chooses which of the Filon or Gauss method is to be used. The argument in the exponential in Egs. (5) and
(6) is nonlinear, but the instant oscillation period at a certain #, can be defined by a Ay, giving a 2z increase of the argument in the
exponential, i.e.

ihy (ng+ Ang)z — ihy (ny + Ang)z =2x 8)
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74

5 %% Adaptive Filon-type integration from eta in range (eta_cutoff,lastwarn)
76 - warning('')

77 = while eta<eta_end

78 = eta

79 - if eta+eta_step>eta_end

80 — eta_step = eta_end - eta;

81 - end

82

83 - Filon_segment_course = 1/2/pi*filonObj.DoIntegrationCoarse (eta, eta_step);
84 - Filon_segment_fine = 1/2/pi*filonObj.DoIntegrationFine(eta, eta_step);
es

86 — if ~isempty(lastwarn)

87 — break

88 - end

89 - if abs(Filon_segment_course - Filon segment_fine) <= Err_tresh
90 - Integral_sum = Integral_sum + Filon_segment_fine;

o1 - eta = etateta_step;

92! = eta_step = eta_step’2;

93 - else

9 - eta_step=eta_step/2;

95 — end

96 - end %eta

97

98 %% Adaptive Gauss integration around peak in integrand, i.e, eta in range (lastwarn,h f£+0.1)
95 - while eta<h_f£+0.1

100 - eta

101 - if etateta_step>h_£40.1

102 - eta_step = h_£+0.1 - eta;

103 - end

104 - gaussOrderd = gaussObj.Gaussd (eta,eta_step);

105 - gaussOrderS = gaussObj.GaussS(eta,eta_step);

106 — if abs(gaussOrderd - gaussOrderS) <= Err_tresh_peak
107 - Integral_sum = Integral_sum + gaussOrderS;

108 - eta = eta+eta_step;

108 e€ta_step = eta_step*2;

220, = else

111 - eta_step=eta_step/2;

12 - end

13 - end % eta

114

15 %% Adaptive Gauss integration in the evanescent region i.e, eta in range (h_f+0.1,eta_end)
116 - while eta<eta_end

17 - eta

118 - if eta+eta_step>eta_end

119 - eta_step = eta_end - eta;

120 - end

e gaussOrderd = gaussObj.Gaussé (eta,eta_step):

122 - gaussOrderS = gaussObj.GaussS(eta,eta_step);

123 - if abs(gaussOrderé¢ - gaussOrderS) <= Err_tresh

124 - Integral_sum = Integral_sum + gaussOrderS;

125 - eta = etateta_step:

126 - eta_step = eta_step*2;

127 - else

128 - eta_step=eta_step/2;

129 - end

130 - end % eta

131 - Pressure freq spectrum{ii,jj, kk} = Integral_sum;

132

133 - end % £

134 - end % z

135 - end % r

13¢ %% Extract pressure magnitude and phase

37/ I_index = 1;

138 - z_index = 1;

139 - £_index = 1|

140 - P_level = 20*10gl0(abs (Pressure_freq_spectrum{r_index,z_index,f_index}))

141 -  P_phase = angle (Pressure_freq_spectrum{r_index,z_index,f_index})

Fig. 2. Shows the codelines 74-141 for the script main script (i) ASM_Adapt_FilonGauss.m which calculates the pressure from Egs. (5) and (6).

By setting for example Az, = 0.2 rad/m, #, for which the oscillation period is 0.2 rad/m is obtained, and 7, is the value for which
the Filon method is used instead of the Gauss method. The adaptive Gauss method is based on the 4% and 5% order Gauss quadrature
rules. In the adaptive Filon method, Eq. (7) is calculated using first 3 and then 5 data points, producing a rough and a finer estimate
of Eq. (7), and thus an error estimate.

In the MATLAB program, the Gauss method is used from # = 0 and up to # = #,. From 5 = 5, and up to approximately # = h, the
Filon method is used. For n > h, the argument is real giving no oscillation, and the Gauss method is used again. A practical way is
used to determine the # for which the program switch from the Filon method and back to the Gauss method again. For # close to
hy, there is a sharp gradient in the integrand, resulting in a warning from MATALB when trying to fit the polynomial in the Filon
method. This warning is used to trigger the program to switch back to the Gauss method.

The MATLAB program consists of six files in total: (i): The main script. (ii) and (iii): Class definition files where the functions
needed for the integration problems in Egs. (5) and (6) are defined separately. (iv) and (v): Class definition files where the integration
procedure using the Gauss and generalized Filon methods are defined, respectively. (vi): The parent class definition file where the
input parameters such as densities and wave velocities are defined and passed on to the class definitions (ii) and (iii).

(i) ASM_Adapt FilonGauss.m
(ii) FunctionsFluid.m
(iii) FunctionsPlate.m

(iv) Integral Segment Filon.m
(v) Integral Segment_Gauss.m
(vi) FunctionsParent.m
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1 classdef FunctionsParent
2
3
4 properties (Constant)
S = c_f = 1485; % Fluid velocity
6 = rho_f = 1000: % Fluid de Y
= a = 10.55e-3; 3
8- v0=1; 3 cle velocity
9/ rho_p = 8000; %
10 - c_pl = 5780; % ve velocity plate
1 - c_ps = 3130; s ocity plate
12 = d = €.05e-3; £
13 - 20 = 270e-3; % Plate distance from piston source
A = end
15
16
17 properties (Access=public)
18 - Filon_Integrate;
19 % Hardcded Filon_Int
20 % Filon_Integrate .
21 % (A.*eta_sym.*exp( eta_sym.*1i-X.*eta_sym
22 % erfi((L.*5.0e-1i+K.*eta_sym.*1i).*1.0./sqrt(K.*-1i)).*1.0.
23
24 - end
25
26 methods
27 function obj = FunctionsParent() % contructor
28 — syms A B CKLM eta_sym
29 - integrand = (A*eta_sym"2+B*eta_sym+C) * exp(-i* (K*eta_sym"2+L*eta_sym+M));
30 - int_e n_sym = int (i eta_sym);
31 - obj.Filon Integrate = matlabFunction(int_expression_sym,'Vars',{A B C K L M eta_sym});
32 - end
33
34 end
35 end
36
Fig. 3. Shows the for the codelines for class definition file (vi) FunctionsParent.m. Input parameters are defined in lines 5-13.
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Fig. 4. Comparison of calculations of the freefield axial pressure, p(0, z, f), at z = 270 mm and f = 457.6 kHz using the traditional ASM1 model,
Eq. (1) and the analytical KF model [11]. Wavenumber grid spacings ranging from 16 to 0.5 rad/m is used for the datapoints which corresponds to

the different computational times. (a) Magnitude, (b) phase.
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Fig. 5. Comparison of calculations of the freefield axial pressure, p(0, z, f), at 2 = 270 mm and f = 457.6 kHz using the current ASM2 model,
Eq. (6) and the analytical KF model [11]. The computation time depends on the factor “Err_tresh” which is set to 100, 10, 1, 0.1, and 0.01 for the

simulations presented here. (a) Magnitude, (b) phase.

Egs. (5) and (6) are solved by executing the MATLAB main script (i). To run the program, define the nine input parameters in (i)
(lines 7-9 and 12-16 in Fig. 1) and nine input Constant properties in (vi) (lines 5-13 in Fig. 3), then run (i). MATLAB version 2021a
has been used in the current work.

The codelines of the main script is presented in Figs. 1 and 2. “f vec” (line 7) is the frequency vector. “z_vec” (line 8) and
“r_vec” (line 9) are vectors defining the z and lateral distances, respectively. “plate_or_freefield” (line 10) must be set to “plate”
if the transmitted pressure through a plate is to calculated. Other values calculates the piston pressure freefield without the plate
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Fig. 6. Comparison of calculations of the freefield axial pressure, p(0, z, f), for z in the range 270-370 mm and f = 457.6 kHz using ASM1, ASM2,
and the analytical KF model [11]. In ASM1, the wavenumber grid spacing is 0.6 rad/m. In ASM2, “Err_tresh” is set to 0.1. (a) Magnitude, (b) phase.
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Fig. 7. Comparison of calculations of the freefield pressure distribution at z = 270 mm for r in the range 0-60 mm and f = 457.6 kHz using ASM1
and ASM2. In ASM1, the wavenumber grid spacing is 0.6 rad/m. In ASM2, “Err_tresh” is set to 0.1. (a) Magnitude, (b) phase.

present. “Err_tresh” (line 12) gives the maximum allowed difference between the 4th and 5th order Gauss quadrature rules. It is
also the maximum allowed difference between the 3 and 5 point Filon methods. “Err_tresh_peak” (line 13) specifically sets the
maximum allowed difference between the 4th and 5th order Gauss quadrature rules for » close to hf. “eta_step_init” (line 14) is the
initial # step. “IntegrationBoundary_DeltaAbove_h_{” (line 15) equals to A, ,, and defines the upper boundary for the integration.
“FilonMethodStarts_OscPeriodCutOff or_EtaCutoff” (line 16) determines when he Filon method is to be used and equals Az, when
defined between 0 and 10. “FilonMethodStarts_OscPeriodCutOff_or_EtaCutoff” equals to 7, when the parameter is set to O or higher
than 10. When set to 0, the Filon method is used over the interval from 0 and close up to hy.

In the script, the final calculated pressure p(r,z,f) in 131 (Fig. 2) is obtained by looping over the vectors specifying r, z, and f,
respectively. Inside the frequency loop starting at line 26 there are four while loops. In the first, the Gauss method is used (Fig. 1). In
the second, the Filon method is used (Fig. 2). In the third and fourth (Fig. 2) the Gauss method is used again. The input parameters
of the piston source, fluid and the solid plate are defined in FunctionsParent.m shown in Fig. 3 (lines 5-13).

Accuracy and computational time

In Fig. 4 the axial freefield pressure at z = 270 mm and f = 457.6 kHz is calculated using the traditional ASM1 method, Eq. (1),
with the FFT2 algorithm. The shortest computational time corresponds to a wavenumber grid spacing (dh/ ,) of 16 rad/m, while the
longest corresponds to a grid spacing 0.5 rad/m. The maximum wavenumber in the FFT2 is set to 2136 rad/m for all datapoints (in
Figs. 4, 6, and 7) which corresponds to a spatial grid spacing of 1.5 mm (i.e. 0.46 hy). The solid line is the correct value calculated
from the analytical model provided by Kinser et al. [11]. In part (a), the magnitude is shown and in part (b) the phase is shown.
Neither the phase nor the magnitude are fully converged.

In Fig. 5 the axial freefield pressure at z = 270 mm and f = 457.6 kHz is calculated using the ASM2 method, Eq. (6), with
the Gauss/Filon MATLAB program. The integration limit in Eq. (6) is set to 2136 rad/m. The computational times corresponds to
“Err_tresh” settings of 100, 10, 1, 0.1, and 0.01. For simplicity, “Err_tresh_peak” is set equal to “Err_tresh”. The solid line is the correct
value calculated from the analytical KF model [11]. In part (a), the magnitude is shown and in part (b) the phase is shown. For this
example, the accuracy is far better and the computational time is far shorter compared with using the ASM1 method shown in Fig. 4.

In Fig. 6, the axial freefield pressure for z in the range 270-370 mm and f = 457.6 kHz is calculated using ASM1, ASM2, and
the analytical KF model. In ASM1, the wavenumber grid spacing is 0.6 rad/m and the computational time is approximately 50 s.
In ASM2, “Err_tresh” is set to 0.1, and the computational time for the datapoints is approximately 1.5 s. For the magnitude in part
(a), the maximum deviation between the KF model and ASM1 is approximately 0.1 dB, and 0.000001 dB between the KF model and
ASM2. No difference is visually observed in the phase in part (b). In part (c), Ag; on the ordinate axis refers to the deviation from the
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analytical KF model. As can be observed in part (c), there is no visually observable deviation to the ASM2, and a maximum deviation
to ASM1 of approximately 0.015 rad/m.

In Fig. 7, the freefield pressure distribution at z = 270 mm for r in the range 0-60 mm and f = 457.6 kHz is calculated using
ASM1 and ASM2. In ASM1, the wavenumber grid spacing is 0.6 rad/m and the computational time is approximately 20 s. In ASM2,
“Err_tresh” is set to 0.1. As no analytical model exists for the pressure distribution for a piston generated nearfield, ASM2 is only
compared to ASM1. For ASM2 in Fig. 7, it is assumed that the error is about the same as observed in Figs. 5 and 6. In Fig. 7, the
maximum deviation between ASM1 and ASM2 is about 2 dB for the magnitude (a) and about 0.4 rad/m for the phase (b).
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