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SPECTRAL PEAK NOISE REDUCTION BASED ON FREQUENCY-MODULATED CARRIER WAVE WITH TEMPORAL ADAPTATION FOR PARAMETRIC ARRAY LOUDSPEAKER

A parametric array loudspeaker (PAL) can realize a sharper directivity by utilizing an ultrasonic wave. Conventionally, the PAL has a problem that ultrasonic transducers cause fatigue failure when the PAL intensely emits an amplitude-modulated (AM) wave for a long time. As a result, spectral peak noises are generated from the PAL in the case that fatigue failure has occurred in ultrasonic transducers. To solve this problem, we have proposed a spectral peak noise reduction using a frequency-modulated carrier wave in which the frequency of the AM carrier wave changes with time. However, the performance is degraded over time in the previously proposed method because it has only an initial adaptation even though suitable parameters change with time. In addition, the sound pressure of the demodulated sound decreases as the resonance frequency of the PAL changes. In this paper, we therefore propose the spectral peak noise reduction based on the frequency-modulated carrier wave with temporal adaptation for the PAL. Besides, the carrier frequency follows the resonance frequency of the PAL, so that the sound pressure of the demodulated sound can be improved. Finally, we confirmed the effectiveness of the proposed method through experimental experiments.

INTRODUCTION

Conventionally, we use electrodynamic loudspeakers to emit audible sounds such as music and voice. An electrodynamic loudspeaker can spread the audible sound to a wide area because it has wider directivity. However, the audible sound emitted by the electrodynamic loudspeaker is regarded as a noise for people who do not need the sound [START_REF] Westervelt | Parametric acoustic array[END_REF]. Recently, parametric array loudspeaker (PAL) [START_REF] Aoki | Parametric loudspeaker-characteristics of acoustic field and suitable modulation of carrier ultrasound[END_REF][START_REF] Shi | Development of parametric loudspeaker[END_REF] has attracted attention as a solution to this problem. The PAL can realize sharper directivity by using an ultrasonic wave and transmit the audible sound to a particular area. The PAL emits amplitude modulated (AM) wave at high sound pressure which is designed by modulating an ultrasonic wave (carrier wave) with the audible sound [START_REF] Olszewski | 3g-3 optimum array configuration for parametric ultrasound loudspeakers using standard emitters[END_REF]. The intensely emitted AM wave is demodulated into the audi-ble sound due to the nonlinear interactions in the air [START_REF] Yoneyama | The audio spotlight: An application of nonlinear interaction of sound waves to a new type of loudspeaker design[END_REF]. In the conventional modulation method [START_REF] Roder | Amplitude, phase, and frequency modulation[END_REF], the frequency of the carrier wave is set to the resonance frequency of the ultrasonic transducer in order to intensely emit the AM wave. However, ultrasonic transducers cause fatigue failure [START_REF] Smith | Foundations of materials science and engineering[END_REF] due to the deterioration of transducers over time. This deterioration is caused by emitting AM wave intensely for a long time. As a result, spectral peak noises are generated from a crashed PAL, which consists of ultrasonic transducers in which fatigue failure has occurred.

To solve this problem, we have focused on the fact that the sound pressure of spectral peak noise is non-stationary when the carrier frequency is not constant. We have proposed a spectral peak noise suppression method using a frequency-modulated carrier wave [START_REF] Mori | Evaluation of thermal runaway control based on frequency modulated carrier wave in parametric array loudspeaker[END_REF]. The frequencymodulated carrier wave has been designed in such a way that the frequency of the carrier wave changes with time. However, this method has a problem that the noise suppression performance deteriorates over time because the modulation parameters are optimized in advance when generating the frequency-modulated carrier wave. At the same time, the resonance frequency of the PAL may change. When the resonance frequency of the PAL and the carrier frequency of the AM wave do not match, the sound pressure of the carrier wave in the emitted AM wave becomes low, and the sound pressure of the demodulated sound decreases.

Therefore, in this paper, the modulation parameter used to generate the frequency-modulated carrier wave is updated at regular intervals. This parameter is updating according to the frequency characteristics of the PAL. By doing so, we aim to suppress spectral peak noise due to fatigue failure while maintaining the sound pressure of the demodulated sound. Specifically, the frequencymodulated wave is generated using various modulation parameters. The frequency-modulated wave of each modulation parameter is radiated from the PAL and the emitted sound is recorded. A performance map is created based on the sound pressure of the spectral peak noise included in the recorded sound. The modulation parameters for noise suppression are selected from the generated performance 10.48465/fa.2020.0296 map. A parameter-adjusted sound source generated using the selected modulation parameter is radiated from the PAL at regular intervals. The modulation parameters are updated following the time-variant frequency characteristic of the PAL. This makes it possible to suppress spectral peak noise over time without deteriorating the performance over time. In addition, it is possible to maintain the sound pressure of the demodulated sound by matching the resonance frequency of the parametric speaker with the carrier frequency at the same time as updating the modulation parameter.

PARAMETRIC ARRAY LOUDSPEAKER

Principle of Parametric Array Loudspeaker

The PAL can realize sharper directivity by utilizing the ultrasonic wave. The ultrasonic wave is a high frequency sound wave above the human audible frequency [START_REF] Fahy | Foundations of engineering acoustics[END_REF]. In general, the ultrasonic wave has higher straightness than the audible sound. The PAL emits the AM wave which is designed by modulating the amplitude of the ultrasonic wave (carrier wave) with the audible sound. The audible sound demodulates from the intense AM wave emitted from the PAL by non-linear interaction in the process of propagation in the air. Figure 1 shows the flow of the generation of the AM wave and the demodulation of the audible sound. In Fig. 1, t represents the time index. The carrier wave c(t) and the audible sound s(t) are indicated as follows:

c(t) = A C cos(2πf C t), (1) 
s(t) = A S cos(2πf S t), ( 2 
)
where A C and A S are the maximum amplitudes of the carrier wave and the audible sound, respectively, and f C and f S are the frequencies of the carrier wave and audible sound, respectively. From Eqns. (1) and (2), the AM wave v AM (t) is indicated as follows:

v AM (t) = {1 + m AM • s(t)}c(t), (3) 
m AM = A S A C , 0 < m AM ≤ 1, (4) 
where m AM (0 < m AM ≤ 1) is the amplitude modulation factor. Eqn. (3) can be transformed as follows by trigonometric functions.

v AM (t) = {1 + m AM • s(t)}c(t) = A C cos(2πf C t) + m AM 2 A 2 S cos{2π(f C + f S )t} + m AM 2 A 2 S cos{2π(f C -f S )t}. ( 5 
)
From Eqn. [START_REF] Yoneyama | The audio spotlight: An application of nonlinear interaction of sound waves to a new type of loudspeaker design[END_REF], it can be confirmed that the AM wave consists of the carrier wave (frequency: f C ), the higher sideband wave (frequency: f C + f S ) and the lower sideband (frequency: f C -f S ) [START_REF] Shi | Development of parametric loudspeaker[END_REF]. The audible sound demodulates as the difference tone between the carrier wave and sideband waves. The PAL has a sharp directivity because this modulation phenomenon occurs only in the emission range of the PAL.

Problem of Parametric Array Loudspeaker

The ultrasonic transducer of the PAL has a resonance frequency with a steep peak in the frequency domain. As mentioned in the previous section, the PAL emits AM wave at high sound pressure. In the conventional modulation method, the frequency of the carrier wave is set at the resonance frequency of the ultrasonic transducer to intensely emit the AM wave. However, it tends to cause fatigue fracture of ultrasonic transducers because the high load is applied to the ultrasonic transducer for an extended period of time. Along with this, the spectral peak noise occurs in the audible band. Figure 2 shows spectrograms of the observed carrier wave of 40 kHz from a normal PAL and a crashed PAL. In Fig. 2, a horizontal axis shows time, a vertical axis shows the frequency, and a color bar represents the power. The color bar indicates that the sound pressure is higher as approaching yellow and lower as approaching black. From Fig. 2(b), we can confirm that several spectral peak noises appeared around 4 ∼ 20 kHz compared with Fig. 2(a). As indicated by the following equation, spectral peak noises tend to appear around some specified frequencies dependent on the carrier frequency.

f N ℓ = 1 ℓ f C , ℓ ≥ 2 ∧ ℓ ∈ Z, ( 6 
)
where Z is a set of whole integral numbers. In addition, the resonance frequency of the ultrasonic transducer changes significantly due to the aging of the ultrasonic transducer. Therefore, the resonance frequency of the PAL changes. As a result, the sound pressure of the demodulated sound is reduced because the carrier frequency of the AM wave doesn't match the resonance frequency of the PAL. In the proposed method, we aim to keep the sound pressure of the demodulated sound and suppresse the sound pressure of the spectral peak noise generated from the PAL with time.

SPECTRAL PEAK NOISE REDUCTION BASED ON FREQUENCY-MODULATED CARRIER WAVE WITH TEMPORAL ADAPTATION FOR PARAMETRIC ARRAY LOUDSPEAKER

Overview of the Proposed Method

In this paper, we propose a method to suppress abnormal noise due to aging over time and improve the sound pressure of demodulated sound by using a time tracking type frequency-modulated carrier wave. Figure 3 shows an overview of the proposed method. In the proposed method, a sound source for parameter adjustment is emitted from the PAL and recorded for analysis. Then, the modulation parameter and the carrier frequency for generating the frequency-modulated carrier waves are updated based on the analysis result. Specifically, several sound sources of frequency-modulated carrier waves are generated using various modulation parameters in advance. Performance maps are created with the analysis of the recorded result of those sound sources. Based on the created performance maps, the modulation parameter that minimizes the sound pressure of the spectral peak noise at certain intervals is selected. By doing so, the spectral peak noise is suppressed over time. Also, the carrier frequency is updated according to the change in the resonance frequency of the PAL. Therefore, it is possible to improve the sound pressure of the demodulated sound while suppressing the spectral peak noise.

Modulation Method Using Frequency-Modulated Carrier Wave

Figure 4 shows the flow of generation of the AM wave using the frequency-modulated carrier wave and demodulation of audible sound. In the proposed method, we design the AM wave with the frequency-modulated carrier wave which has been designed in such a way that the frequency of carrier wave changes with time around the resonance frequency of the PAL. In Step 1 of Fig. 4, the frequencymodulated carrier wave whose frequency changes with time is generated. Specifically, the frequency-modulation [6] is performed using a pure tone carrier wave c(t) which is a conventional method and a pure tone m(t) of low frequency f M . The frequency-modulated carrier wave ĉ(t) and the modulation signal m(t) are indicated as follows:

ĉ(t) = A C cos{2πf C t + m FM • ∫ t 0 m(τ )dτ }, (7) m(t) = A M cos(2πf M t), ( 8 
)
m FM = 2π • ∆f A M , ( 9 
)
where A M is the maximum amplitude of modulation signal, f M is the frequency of modulation signal, ∆f is the frequency deviation, and m FM is the deviation constant. Equation ( 7) can be transformed as follows by trigonometric functions.

ĉ(t) = A C cos{2πf C t + 2π • ∆f A M • ∫ t 0 A M cos(2πf M τ )dτ } = A C cos{2πf C t + ∆f f M • sin(2πf M t)}. ( 10 
)
In Step 2, the AM wave is generated using a frequencymodulated carrier wave. The AM wave v P (t) is indicated as follows:

v P (t) = {1 + m AM • s(t)}ĉ(t). ( 11 
)
In the proposed method, we design the AM wave v P (t) with the frequency-modulated carrier wave that the frequency of the carrier wave changes with time. Therefore, the frequencies of sideband waves also change with time.

Accordingly, the difference tone between the carrier and sideband waves, namely the demodulated sound, is demodulated in the same way as in the case for the conventional modulation method. From Fig. 5, it can be confirmed that the carrier frequency changes with time around f C . Also, the ultrasonic transducer has a steep peak at the resonance frequency. Therefore, if the difference between the carrier frequency and the PAL resonance frequency increases, the sound pressure of the emitted sound decreases. In Eqn. [START_REF] Aoshima | Computer-generated pulse signal applied for sound measurement[END_REF], the sound pressure of the emitted sound changes depending on the frequency deviation ∆f and the frequency of the modulation signal f M . From the above, it is necessary to set the appropriate frequency deviation ∆f and the frequency of the modulation signal f M .

Time Tracking of Frequency-Modulated Carrier Wave Using Performance Map

In the proposed method, the spectral peak noise is suppressed over time by updating the modulation parameter for generating the frequency-modulated carrier wave with the emission time. At the same time, the carrier frequency of the frequency-modulated carrier wave is updated by following the resonance frequency that changes with the longterm use of the PAL. This makes it possible to improve the sound pressure of the demodulated sound because the carrier frequency matches the resonance frequency of the PAL. Also, the frequency-modulated carrier wave generated using various modulation parameters in advance is emitted from the PAL. The performance maps are calculated from the sound pressure of the spectral peak noise generated at that time. The modulation parameters are updated using the calculated performance maps. Specifically, the following processing is performed in the parameter control unit in Fig. 3.

1. Calculate resonance frequency f R of PAL using TSP method [START_REF] Aoshima | Computer-generated pulse signal applied for sound measurement[END_REF].

2. Select the best modulation parameter Φ seli (i = 0, . . . , N -1) with high spectral peak noise suppression performance from the performance maps created in advance. N is the number of selected modulation parameters. The selected modulation parameters Φ seli is indicated as follows:

Φ seli = (f Mi , ∆f i ). ( 12 
)
The specific calculation method is described in Sec. 3.3.1.

3. Create the sound source for parameter adjustment v adj (t) using the resonance frequency of the PAL f R and the selected modulation parameters Φ seli . The sound source v adj (t) is designed by connecting frames of carrier waves. Each frame is created with each modulation parameter Φ seli .

v adj (t) = N -1 ∑ i=0 ĉΦ sel i (t -iF ), (13) 
ĉΦ sel i (n) =                A c cos{2πf R n + ∆f i f Mi • sin(2πf Mi n)}, if (n = 0, . . . , F -1), 0, otherwise, (14) 
where i is frame index, n is the time index in i frame, F is a sampling frequency. 5. Select the modulation parameter Φ opt that minimizes the sound pressure of the spectral peak noise P seli (i = 0, . . . , N -1) using the following equation.

Φ opt = Φ sel b , (16) b = arg min i P seli , ( 17 
)
P seli =10 log 10 1 F (i+1)F ∑ t=iF y 2 adj (t), ( 18 
)
where b is the parameter index.

Construction Method for Performance Map

We construct a performance map for the proposed method. We emit frequency-modulated carrier waves generated using modulation parameters Φ a (a = 0, . . . , A -1) in advance. A is the number of combinations of modulation parameters to create the performance map. The modulation parameters Φ a is indicate as follows:

Φ a = (f Ma , ∆f a ). (19) 
The performance map is generated based on the spectral peak noise suppression amount. The noise suppression amount P Φa (a = 0, . . . , A -1) is calculated as the difference of spectral peak noises when emitting the pure tone carrier wave and a frequency-modulated carrier wave designed by the modulation parameter Φ a . The pure tone carrier wave c(t) is regarded as the conventional method and a frequency-modulated carrier wave ĉ(t) is generated under the proposed method. Only spectral peak noise is recorded as audible sound when only the carrier wave is emitted. The audible sound of the emitted pure tone carrier wave y(t) and the audible sound of the emitted frequencymodulated carrier wave ŷ(t) is calculated by following equations.

y(t) = x(t) * h LPFΩ (t), (20) ŷ(t) = x(t) * h LPFΩ (t), (21) 
where x(t) and x(t) represent the recorded sounds of c(t) and ĉ(t), respectively, and LPF h LPFΩ (t) is a low-pass filter with a cutoff frequency of Ω. The amount of spectral peak noise suppression P Φa is calculated using the following equation.

P Φa = 10 log 10 T -1 ∑ t=0 y 2 (t) T -1 ∑ t=0 ŷ2 (t) . ( 22 
)
Using the generated performance map, the best parameters of N pieces with high noise suppression performance are selected as the selected modulation parameters Φ seli .

Preliminary Experimental Conditions for Performance Map

We conducted a preliminary experiment to generate the performance map for each PAL used in the proposed method. Tables 1 and2 show preliminary experimental conditions and experimental equipments. The modulation parameters Φ a used in this experiment are 20 ∼ 200 Hz (A = 100) at 20 Hz intervals. Three PALs are used in consideration of individual differences of PALs. In addition, we performed this experiment five times in consideration of reproducibility and generated the performance map for each PAL using the average value of the amount of the spectral peak noise suppression.

Preliminary Experimental Results for Performance Map

Figure 6 shows the preliminary experimental results for performance maps. The horizontal axis shows the frequency of the modulation signal f Ma , the vertical axis shows the frequency deviation ∆f a , and a color bar represents the spectral peak noise pressure of the proposed method compared to the conventional method. As a result, the best modulation parameters of N pieces with high noise suppression performance are selected as the selected modulation parameters Φ seli . Table 3 shows the selected modulation parameters.

EVALUATION EXPERIMENT

We conducted the evaluation experiment to confirm the effectiveness of the proposed method. Tables 4 and5 show experimental conditions and the experimental equipments. In Sec. 4.1, we measured the power of the spectral peak noise generated with crashed PALs. In Sec. 4.2, we measured the demodulated sound emitted with crashed PALs.

Evaluation Experiment for Sound Pressure of Spectral Peak Noise

In this experiment, we compared the sound pressure of the spectral peak noise when using the conventional method and the proposed method.

Evaluation Experimental Conditions for Sound Pressure of Spectral Peak Noise

Table 6 shows the experimental conditions for the sound pressure of the spectral peak noise. Specifically, the carrier wave of each method was emitted for 30 minutes and we measured the time transition of the power of the spectral peak noises. At the same time, the modulation parameter in the proposed method was updated every 5 minutes. The evaluation band was set to 0 ∼ 20 kHz. In addition, a microphone was installed at 0.3 m in front of the PAL.

Experimental Results for Spectral Peak Noise Reduction

Figure 7 shows experimental results for the sound pressure of spectral peak noises. Table 7 shows the time transition of optimal modulation parameters Φ opt for each PAL. In Fig. 7, a horizontal axis shows elapsed time, a vertical axis shows the sound pressure of the spectral peak noise. From Figs. 7(a),(b) and (c), in the case of using the proposed method, it was confirmed that the spectral peak noise for each PAL was reduced by 13.5, 1.4, and 6.1 dB on average. From Fig. 7(a), it was confirmed that the sound pressure of spectral peak noise in the proposed method was reduced in the crashed PAL (A) at any elapsed time compared to the conventional method. On the other hand, from Figs. 7(b) and (c), it was confirmed that the spectral peak noise was not reduced in crashed PAL (B) and crashed PAL (C) depending on the elapsed time. This is because the selected modulation parameters were not effective. From the experimental results, we confirmed that the proposed method can reduce the spectral peak noises over time. In this evaluation experiment, we conducted the sound pressure of the demodulated sound using the conventional method and the proposed method.

Evaluation Experimental Conditions for Sound Pressure of Demodulated Sound

Table 8 shows experimental conditions for the sound pressure of the demodulated sound. Specifically, each carrier wave of the conventional method and the proposed method was emitted for 30 minutes. During this emission, the AM wave generated by each method is emitted every 5 minutes, and the sound pressure of the demodulated sound is calculated. The update of the modulation parameter in the proposed method is performed every 5 minutes. The evaluation band is 0 ∼ 8 kHz. In addition, a microphone was installed at 0.3 m in front of the PAL.

Experimental Results for Sound Pressure of Demodulated Sound

Figure 8 shows experimental results for the sound pressure of demodulated sound. Table 9 shows the time transition of the optimal modulation parameters Φ opt for each PAL. In Fig. 8, a horizontal axis shows elapsed time, a vertical axis shows the sound pressure of the demodulated sound. From Fig. 8, in the case of using the proposed method, it was confirmed that the average of the demodulated sounds increased by 1.5 and 7.0 dB for the crashed PAL (A) and the crashed PAL (C). On the other hand, the ). This can be explained by the low energy of the sideband components in the emitted sound of PAL (B). In the proposed method, the carrier frequency is updated to be the resonance of the PAL. However, as a future task, we will consider a method of determining a carrier frequency that maximizes both the carrier wave component and the sideband wave component. It is thought that it is possible to more improve the sound pressure of the demodulated sound.

CONCLUSION

The PAL has a sharper directivity and can transmit an audible sound to only a particular area by utilizing the ultrasonic wave. However, it tends to cause fatigue fracture of ultrasonic transducer because the high load is applied to the ultrasonic transducer for an extended period of time when the AM wave of conventional modulation method is emitted for the extended period time. As a result, there is a problem that the spectral peak noise is generated from the crashed PAL. We have proposed a spectral peak noise suppression method using a frequency-modulated carrier wave. However, this method has a problem that the noise suppression performance deteriorates over time because the modulation parameters are optimized in advance when generating the frequency-modulated carrier wave. In addition, the sound pressure of the demodulated sound decreases as the resonance frequency of the PAL changes. Therefore, in this paper, the modulation parameter used to generate the frequency-modulated carrier wave is updated at regular intervals. This parameter is updating according to the frequency characteristics of the PAL. By doing so, it is possible to suppress spectral peak noise due to fatigue failure while maintaining the sound pressure of the demodulated sound. From the result of the evaluation experiment, we confirm the effectiveness of the proposed method. In future work, the algorithm for selecting the modulation parameters will be improved by processing such as changing the value range of the modulation parameter. From these, we aim to furtherly improve the noise suppression performance due to the aging of PALs.
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 1 Figure 1. Flow of the generation of the AM wave and the demodulation of the audible sound.

  (a) Normal PAL (b) Crashed PAL
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 2 Figure 2. Spectrogram of the observed carrier wave.

  Figure 5 shows the spectrogram of the generated frequency-modulated carrier wave. This frequency-modulated carrier wave is generated at carrier frequency f C = 40 kHz, frequency deviation ∆f = 2 kHz, and frequency of modulation signal f M = 20 Hz. It is necessary to set f M ≤ 200 Hz because the demodulated sound of frequency-modulation is generated though it is not the target sound. By setting the frequency f M below 200 Hz, the demodulated sound by frequency-modulation is hardly demodulated due to the characteristics of PAL.
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 3 Figure 3. Overview of the proposed method.
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 4 Figure 4. Flow of the generation of the AM wave using the frequency-modulated carrier wave and demodulation of audible sound.
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 5 Figure 5. Spectrogram of the generated frequencymodulated carrier wave.
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 63 Figure 6. Preliminary experimental results for performance maps.
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 77 Figure 7. Experimental results for the sound pressure of spectral peak noises.
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 8 Figure 8. Experimental results for the sound pressure of demodulated sound.

  The signal in the audible range where the noise components exist in the recorded sound y adj (t) is calculated by the following equation.

4. Emit the sound source for parameter adjustment v adj (t) from the PAL. A low-pass filter h LPFΩ (t) with a cutoff frequency of Ω is used for the recorded sounds x adj (t) of the sound source v adj (t). y adj (t) = x adj (t) * h LPFΩ (t). (15)

Table 1 .

 1 Preliminary experimental conditions for performance map.

	Environment	Office room
		(T60=650 ms)
	Ambient noise level (A weight)	37.4 dB
	Sampling	192 kHz / 32 bits
	Number of samples	3
	Input voltage	8 V
	Evaluation frequency band	0∼20 kHz
	Frequency of modulation signal fM a	20∼200 Hz
	Frequency deviations ∆fa	(20 Hz spacing)
	Resonance frequency fR of each	36,375 Hz (PAL (A))
	parametric array loudspeaker	36,093 Hz (PAL (B))
		36,281 Hz (PAL (C))

Table 2 .

 2 Preliminary experimental equipments.

	Parametric array loudspeaker	MITSUBISHI, MSP50E
	Microphone	SONY, ECM-88B
	Microphone amplifier	THINKNET, MA-2016C
	A/D, D/A converter	RME, FIREFACE UFX
	Power amplifier	YAMAHA, XM4180

Table 4 .

 4 Experimental conditions.

	Environment	Office room
		(T60=650 ms)
	Ambient noise level	37.4 dB
	Sampling	192 kHz / 32 bits
	Number of samples	3
	Input voltage	8 V
	Frequency of modulation signal fM i	20∼200 Hz
	Frequency deviations ∆fi	(20 Hz spacing)

Table 5 .

 5 Experimental equipments.

	Parametric array loudspeaker	MITSUBISHI, MSP50E
	Microphone	SONY, ECM-88B
	Microphone amplifier	THINKNET, MA-2016C
	A/D, D/A converter	RME, FIREFACE UFX
	Power amplifier	YAMAHA, XM4180

Table 6 .

 6 Experimental conditions for sound pressure of the spectral peak noise.

	Sound source	Carrier wave
		(Conventional method),
		Frequecy modulated
		carrier wave (Proposed method)
	Evaluated frequency band	0 ∼ 20 kHz

Table 8 .

 8 Experimental conditions for the sound pressure of the demodulated sound.

	Sound source	Carrier wave
		(Conventional method),
		Frequecy modulated
		carrier wave (Proposed method)
	Evaluated frequency band	0 ∼ 8 kHz

Table 9 .

 9 Time transition of the optimal modulation parameters Φ opt .

	Elapsed time [min] PAL (A) PAL (B) PAL (C)
	0	(40,40) (80,160) (100,20)
	5	(40,40)	(80,40) (100,40)
	10	(60,40)	(80,40) (100,40)
	15	(40,40) (60,120) (100,20)
	20	(40,40)	(60,20) (80,180)
	25	(160,80) (80,160) (100,20)
	30	(180,20) (60,180) (80,80)
	demodulated sound was reduced by 1.3 dB in crashed PAL
	(B		
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