
7th-order M-sequence, the kind of M-sequences is 18, 
and the combination of M-sequences is 153 patterns. 
In each M-sequence, the kind of initial values is 127. 
Therefore, there are 2467737 patterns of truncation 
noise and truncated interference noise. 2D histogram 
of MPs and STDs in NA and NB are shown in Fig. 4. 
In addition, maximum-minimum values of MPs and 
STDs are indicated in Table 1. In the proposed 
method, degradation of the SNR can be reduced by 
the selection of the initial value in each M-sequence or 
the combination of M-sequences. In case the pattern, 
whose MP in NA+NB is minimum and STD in NA+NB 
is small as possible, is defined as optimal, M- 

sequences and their cross-correlation functions are 
shown in Fig. 5. 

 
5. Conclusions 

In M-sequence pulse compression, a method for 
extension of the measurable depth by alternate 
transmission of different codes is proposed. In the 
proposed method, The SNR of the correlation peaks is 
degraded by truncation noise and truncated 
interference noise. However, degradation of the SNR 
can be reduced by the selection of the initial value in 
each M-sequence or the combination of M-sequences. 
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Fig. 3  Truncation noise and truncated interference 
noise in cross-correlation functions of 4th-order 
M-sequence. 
 

 
Fig. 4  2D histogram of MPs and STDs in NA and NB 
in the case of 7th-order M-sequence. 
 
Table 1  Maximum-minimum values of MPs and STDs 
in NA and NB in the case of 7th-order M-sequence. 

 MP min-max STD min-max 
NA 0.150 - 0.480 0.0608 - 0.0948 
NB 0.150 - 0.480 0.0608 - 0.0948 

NA+NB 0.315 - 0.898 0.128 - 0.190 
 

 
 
Fig. 5  Optimal M-sequence codes and cross- 
correlation functions in the case of 7th-order 
M-sequence. 
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1. Introduction 

Our study group is studying the acoustic 
simulation with background flow using the 
constrained interpolation profile(CIP) method, as 
one of the techniques for predicting the acoustic 
enviroment around the aircraft and the others. 

At present, as a numerical analysis method 
with background flow, the linearized euler equation 
(LEE) method incorporating background flow effect 
in the basic equation of the finite-difference time-
domain(FDTD) methid is introduced[1-3]. However, 
in the LEE method, the faster background flow speed 
is, the more numerical dispersion occurs, and 
therefore numerical accuracy decreases as 
background flow speed increases in some case[4]. 

The CIP method explicitly computes physical 
quantities with spatial differential values such as 
sound pressure. Therefore, it yields a low-dispersive 
scheme for the simulation of sound field propagation 
with background flow.[3]. 

In this study, we examine the analysis method 
using the type-C CIP method and the type-M CIP 
method in the three-dimensional acoustic field with 
background flow. In addition, we compared these 
method with other methods.  
2. Numerical Analysis Using CIP Method 

Linearized governing equations of sound field 
are given in Eq. (1). 
 
 
In these equations, ρ  denotes the density of the 
medium, 𝐾𝐾  is the bulk modulus, 𝑝𝑝  is the sound 
pressure, and 𝑣𝑣𝑣 = (vx, vy, vz) is the particle velocity.     

Here, assuming the analysis of sound field 
propagation of the x-direction, we can obtain the 
following equations from Eq. (1). 

 
 
In these equations, Z indicates the characteristic 
impedance (i.e.𝑍𝑍 𝑍 √𝐾𝐾𝐾𝐾) and c represents the sound 
velocity in the medium (i.e.𝑐𝑐 𝑍 √𝐾𝐾𝐾𝐾𝐾).  

Then, by addition and subtraction of Eq. (2), 
the advection equations are given as 
 
 

  

In the CIP method, the spatial differentiation is 
incorporated into the calculation by partially 
differentiating Eq. (3) with 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧. 

When we partially differentiate Eq. (3) 
with 𝑥𝑥 ,  𝑦𝑦 , 𝑥𝑥𝑦𝑦 , 𝑧𝑧 , 𝑧𝑧𝑥𝑥 , 𝑦𝑦𝑧𝑧  and 𝑥𝑥𝑦𝑦𝑧𝑧 , 
characteristics of Fx±=p±Zvx, Gx±=∂xp±Z∂xvx, 
Hx±=∂yp±Z∂yvx, Ix±=∂xyp±Z∂xyvx, Jx±=∂zp±Z∂zvx, 
Kx±=∂zzxp±Z∂ zxvx, Lx±=∂ yzp±Z∂ yzvx, and Lx±
=∂xyzp±Z∂xyzvx are obtained in the x direction. 

Based on these procedure, the type-C CIP 
method calculates by using cubic Hermite 
interpolation. In the type-M CIP method, Hx± 
and Jx ±  are calculated using linear interpolation. 
And characteristics of Ix±, Kx±, Lx± and Mx± are 
not used for the type-M method. 
3.  The CIP method with background flow 

Considering background flow on the acoustic 
field, it is possible to calculate by incorporating 
background flow speed 𝑼𝑼 𝑍 𝑼𝑼𝑼𝑥𝑥, 𝑼𝑼𝑦𝑦, 𝑼𝑼𝑧𝑧, ) into the 
sound velocity 𝑐𝑐  used for the interpolation 
calculation of the characteristics.  

We calculate Fx± of next time step using the 
cubic Hermite interpolation. 

 
 

 
Also, in the type-M CIP method, we calculate Hx± of 
next time step using the linear interpolation.  

 
 
In these equations,  
 
 
 

 
 

 
Calculation of other characteristics are also the 

same procedure as Eq. (4) and (5). 
On the other hand, in the usual CIP method, 

for example in calculation in the 𝑥𝑥 direction, the 
particle velocity in the perpendicular direction vy 
and vz are not included in the calculation. 
However, when considering background flow, it 
is necessary to calculate the propagation of the 
advection direction also in these particle 

𝐹𝐹𝑥𝑥±
𝑛𝑛+1𝑼𝑖𝑖) 𝑍 𝐶𝐶1±𝐹𝐹𝑥𝑥±

𝑛𝑛 𝑼𝑖𝑖 ∓ 1) + 𝐶𝐶2±𝐹𝐹𝑥𝑥±
𝑛𝑛 𝑼𝑖𝑖)

+𝐶𝐶3±𝐺𝐺𝑥𝑥±
𝑛𝑛 𝑼𝑖𝑖 ∓ 1) + 𝐶𝐶4±𝐺𝐺𝑥𝑥±

𝑛𝑛 𝑼𝑖𝑖)  

𝐻𝐻𝑥𝑥±
𝑛𝑛+1𝑼𝑖𝑖) 𝑍 𝐶𝐶1±

𝐿𝐿 𝐻𝐻𝑥𝑥±
𝑛𝑛 𝑼𝑖𝑖 ∓ 1) + 𝐶𝐶2±

𝐿𝐿 𝐻𝐻𝑥𝑥±
𝑛𝑛 𝑼𝑖𝑖) 

𝐶𝐶1± 𝑍 −2𝜒𝜒3 + 3𝜒𝜒2, 𝐶𝐶2± 𝑍 −2𝜒𝜒3 + 3𝜒𝜒2 + 1
𝐶𝐶3± 𝑍 𝜉𝜉±𝑼𝜒𝜒2 − 𝜒𝜒), 𝐶𝐶4± 𝑍 𝜉𝜉±𝑼𝜒𝜒2 − 𝜒𝜒 + 1)

, 
(6) 

𝜕𝜕
𝜕𝜕𝑡𝑡 𝑝𝑝 + 𝑐𝑐 𝜕𝜕

𝜕𝜕𝑥𝑥 𝑍𝑍𝑣𝑣𝑥𝑥 𝑍 0, 𝜕𝜕
𝜕𝜕𝑡𝑡 𝑍𝑍𝑣𝑣𝑥𝑥 + 𝑐𝑐 𝜕𝜕

𝜕𝜕𝑥𝑥 𝑝𝑝 𝑍 0. 

ρ 𝜕𝜕�⃗�𝑣𝑣
𝜕𝜕𝑡𝑡 𝑍 −∇ ∙ 𝑝𝑝，∇ ∙ 𝑣𝑣𝑣 𝑍 − 1

𝐾𝐾
𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡  . 

 

           𝐶𝐶1±
𝐿𝐿 𝑍 𝜒𝜒,     𝐶𝐶2±

𝐿𝐿 𝑍 1 − 𝜒𝜒

(1) 

(2) 

𝜕𝜕
𝜕𝜕𝑡𝑡 𝑼𝑝𝑝 ± 𝑍𝑍𝑣𝑣𝑥𝑥) ± 𝑐𝑐 𝜕𝜕

𝜕𝜕𝑥𝑥 𝑼𝑝𝑝 ± 𝑍𝑍𝑣𝑣𝑥𝑥) 𝑍 0. (3) 

(4) 

(7) 

(5) 

𝜉𝜉± 𝑍 ∓𝑼𝑐𝑐 ± 𝑼𝑼𝑥𝑥)∆𝑡𝑡,    𝜒𝜒 𝑍 𝑼𝑐𝑐 ± 𝑼𝑼𝑥𝑥)∆𝑡𝑡𝐾∆𝑥𝑥 (8) 
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velocity. 
In this calculation, it can be obtained using 

cubic Hermite interpolation and linear 
interpolation like Eq. (4) and (5). We calculate vy of 
next time step using the cubic Hermite interpolation.  

 
 
 
Additionally, in the type-M CIP method we 

calculate Hx ±  of next time step using the linear 
interpolation.  

 
 

Here, the coefficient C± and CL± is the same as Eq. 
 (6), (7) and (8). However, 𝜉𝜉 and 𝜒𝜒 are expressed 
as follows. 
 
 
The sign of 𝜉𝜉 depends on background flow direction.  

Calculation of differential values of the 
particle velocity in the perpendicular direction are 
also the same procedure as Eq. (9) and (10). 
4. Computational results 

For the parameters in this analysis, the grid 
size is ∆𝑥𝑥 𝑥 ∆𝑥𝑥 𝑥 ∆𝑥𝑥 𝑥 𝑥𝑥𝑥𝑥m, time step is ∆𝑡𝑡 𝑥
𝑥𝑥μs, the number of grid is 𝑁𝑁𝑁𝑁 𝑥 𝑁𝑁𝑁𝑁 𝑥 𝑁𝑁𝑁𝑁 𝑥 2𝑥1, 
the number of time step is 𝑁𝑁𝑁𝑁 𝑥 200 and sound 
speed is 𝑐𝑐 𝑥 343m/s. 

 Figures 1 and 2 shows three-dimensional 
acoustic propagation simulation with background 
flow speed (Ux, Uy, Uz,) = (−𝑥𝑥3𝑐𝑐, 𝑥𝑥1𝑐𝑐, 𝑥𝑥3𝑐𝑐) using 
the type-C CIP method (Fig.1) and the type-M CIP 
method (Fig.2) by sound pressure distribution. From 
Figs. 1 and 2, we ascertain the sound wave 
propagates considering the background flow. 

Figure 3 shows time-pressure waveform at the 
sound receiving point (7.38m, 7.38m, 7.38m) using 
the type-C CIP method, the type-M CIP method, the 
LEE method and exact solution[5] with background 
flow speed Ux = Uy = Uz = 𝑥𝑥3𝑐𝑐. Here, finer grids 
(0.02m and 0.03m) are also used in calculation by the 
LEE method. From Fig. 3, the LEE method shows a 
large error from exact solution. However, the type-C 
CIP method and type-M CIP method is almost 
consistent with the exact solution. 

Finally, Figure 4 shows the comparison of 
calculation time by each method. The calculation 
environment uses OpenMP, and the number of threads 
is set to 8. From Fig.4, the type-M CIP method had the 
calculation time of about 0.62 times than that of the 
type-C method. 
5. Conclusion 
      We examined the three-dimensional acoustic 
simulation with background flow using the CIP 
method. These results suggest that CIP analysis 
provides higher accuracy for calculating the 
propagation effect with background flow than that 

obtained using the conventional scheme. 
References 
1. T. Tsuchiya, K. Okubo, and N. Takeuchi: J. Acoust. 
Soc. Jpn 64 (2008) 443. 
2. T. Sakuma, S. Sakamoto and T. Otsuru: 
‘Computational Simulation in Architectural and 
Environmental Acoustics’. Springer, 2014.  
3. T. Oshima, M. Imano, Y. Hiraguri and Y. 
Kamoshida: Applied Acoustic74 (2013). 1354-1366.  
4. Fukuda, et. al, USE 2016 3P2-6. 
5. C. Bogey and C. Bailly: Acta Acustica united 
with Acustica(2002), 463-471. 
 

𝑣𝑣𝑦𝑦
𝑛𝑛+1(𝑖𝑖) 𝑥

𝐶𝐶1±𝑣𝑣𝑦𝑦
𝑛𝑛(𝑖𝑖 ∓ 1) + 𝐶𝐶2±𝑣𝑣𝑦𝑦

𝑛𝑛(𝑖𝑖)
+𝐶𝐶3±𝜕𝜕𝑥𝑥𝑣𝑣𝑦𝑦

𝑛𝑛(𝑖𝑖 ∓ 1) + 𝐶𝐶4±𝜕𝜕𝑥𝑥𝑣𝑣𝑦𝑦
𝑛𝑛(𝑖𝑖)𝑥  (9) 

(10) 𝜕𝜕𝑦𝑦𝑣𝑣𝑦𝑦
𝑛𝑛+1(𝑖𝑖) 𝑥 𝐶𝐶1±

𝐿𝐿 𝜕𝜕𝑦𝑦𝑣𝑣𝑦𝑦
𝑛𝑛(𝑖𝑖 ∓ 1) + 𝐶𝐶2±

𝐿𝐿 𝜕𝜕𝑦𝑦𝑣𝑣𝑦𝑦
𝑛𝑛(𝑖𝑖) 

𝜉𝜉± 𝑥 ∓𝑈𝑈𝑥𝑥∆𝑡𝑡,     𝜒𝜒 𝑥 𝑈𝑈𝑥𝑥∆𝑡𝑡/∆𝑥𝑥 (11) 

(a) t 𝑥 5𝑥∆t [s] 
  

(b) t 𝑥 15𝑥∆t [s] 
  Fig. 1 Spatial distribution of sound pressure used in 

the type-C CIP method.  

(a) t 𝑥 5𝑥∆t [s] 
  

(b) t 𝑥 15𝑥∆t [s] 
  Fig. 2 Spatial distribution of sound pressure used in 

the type-M CIP method.  

Fig. 3 Sound pressure waveform by the type-C CIP 
method, the type-M CIP method, the LEE method 
and exact solution.  

Fig. 4 Comparison of calculation time. 
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