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Abstract: Within the possibilities of non-linear acoustics, the parametric effect offers a range of 

acoustic applications that are currently being exploited in different areas. In underwater acoustics, 

environmental monitoring and security are one of the applications that can benefit from these 

technologies, allowing the transmission of information in a directivity controlled and efficient 

manner. An essential aspect for the optimal functioning of these technologies is the choice of the 

modulation that best suits the needs of communication. In the present work, different modulation 

techniques are explained, through their non-linear propagation, that allows generating the signals 

to be propagated. Among the modulations presented in this work, we have AM, CPFSK and LFM 

modulations normally used in communications. These modulations are performed with a 

modulating signal (sine and sine-sweeps type) whose non-linear demodulation determines the 

shape of the 1 and 0 bits, through the transmission of a bit string. With all this, comparisons are 

made between each technique, to obtain a more precise detection and discrimination of the bits. 

Keywords: non-linear acoustic; parametric effect; parametric array; environmental monitoring; 
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1. Introduction 

Parametric sources are of special interest since they give rise to a set of non-linear characteristics 

of the resulting acoustic field that can be used for different purposes. Respect to communication 

purposes, a high frequency modulated wave (primary beam) is used in order to obtain a non-linear 

low frequency signal (secondary beam) with similar directivity and greater efficiency. Indeed, under 

this called scattering of sound by sound, the frequency of the secondary wave is equal to the 

difference frequency of the primary emitted waves, i.e., 𝑓𝑑 = 𝑓1 − 𝑓2. 

This document presents a general approach of some modulation techniques for parametric 

transmission from the theoretical point of view and later, obtain an analysis of the experimental 

signals. With this, it starts from three modulations such as CPFSK, LFM and AM and is studied with 

the cross-correlation method to detect bits 1 and 0, when a bit string is sent to the communication 

channel. 

2. Theoretical Foundations of the Parametric Effect 

When an acoustic signal interacts in a non-linear medium, secondary frequencies are formed 

that are addition and subtraction of the original frequencies. This phenomenon was studied for the 
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first time by Westervelt [1], who explained that when a wave with a carrier frequency is modulated 

in amplitude by another low frequency, [2] the medium is responsible for demodulating the wave 

resulting in another type of frequencies not present in the emission but that bear some relation with 

the modulating frequency. This is known as a parametric effect; subsequently, it was developed and 

applied in different conditions [3,4]. 

The fundamental characteristic of this effect is the increase of directivity with a narrow angle of 

aperture being similar to that of high frequencies, since the secondary wave generated in the medium 

inherits certain properties of the primary wave as the beam of propagation; This is due to the fact that 

the emitted wave has a high carrier frequency (primary beam), absorbing quickly in the medium, 

allowing the low frequencies that form (secondary beam) to propagate over greater distances. In 

contrast to these characteristics, there is poor conversion efficiency, since only a small fraction of the 

acoustic power generated in the primary frequencies appears in the difference frequency. 

Theoretical studies for transient or broadband parametric acoustic sources based on the 

Westervelt formulations and developed by Moffett and Mello[3,5] are useful for designing primary 

transient signals that generate parametric signals with predetermined characteristics. The 

distribution of the pressure along the axis for the secondary beam generated through the parametric 

emission of the transient signals is deduced through the following equation, where the shape of the 

signal resulting from the secondary beam (𝑝𝑝𝑎𝑟𝑎𝑚) is proportional to the second derivative of the 

envelope to the square of the emitted signal [6], its amplitude being proportional to the square of the 

primary beam: 

𝑝𝑝𝑎𝑟𝑎𝑚 =  (1 + 
𝐵
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where 𝑆  is the area of the vibrating surface of the transducer, 𝐸  is the envelope of the 

modulation defined by the modulating wave, 𝑥 s the distance to the source along the acoustic axis 

and 𝑡 is the time, 𝐵/𝐴 is the non-linearity parameter of the medium, 𝜌 the density, 𝑐 the speed of 

sound and 𝛼 the absorption coefficient in the medium for the primary frequency. 

As discussed in the introduction, this work aims to study different modulation techniques in order 

to transport information about a given carrier wave, normally a sine wave. These techniques allow 

better use of the communication channel, which makes it possible to transmit more information 

simultaneously, protecting it from possible interferences using non-linear signals to be applied in 

acoustic communications. 

In this non-linear communication approach, the technique consists of causing a change in the 

modulation signal according to the change in the data transmitted (1 or 0) and this change can be 

detected through the resulting parametrical signal. In this article, we start from suitably modulated 

waves so that in the medium the encodings type CPFSK, LFM and AM are generated parametrically, 

which will be studied in the next subsections. 

In the process to obtaining the suitable modulated signal 𝑧(𝑡) and its envelope 𝐸(𝑡), a double 

integration is carried out, which does not always make it possible to use all the modulations that are 

used in underwater acoustic communications in the linear range. The modulations CPFSK, LFM and 

AM present no problems in this development and can be used without any inconvenience. 

In what follows, the analytical expressions of the studied modulating signals will be shown to 

be obtained through the parametric effect. 

2.1. CPFSK Modulation 

This modulation uses a signal with two carrier frequencies (that represent bits 1 and 0) those 

alternation, maintaining the continuous phase, represents the corresponding bit change linked until 

reproducing the desired binary code. This modulation can be described as: 

𝑝𝐶𝑃𝐹𝑆𝐾(𝑡) = {
sin(2𝜋𝑓𝑏𝑖𝑡1𝑡 + 𝜑𝑏𝑖𝑡1) , 𝑡 = 𝑡𝑏𝑖𝑡1

sin(2𝜋𝑓𝑏𝑖𝑡0𝑡 + 𝜑𝑏𝑖𝑡0) , 𝑡 = 𝑡𝑏𝑖𝑡0
 (2) 

Applying the expression (1), this signals can be obtained parametrically using a modulated 

signal whose modulation 𝑝𝐶𝑃𝐹𝑆𝐾(𝑡) corresponds, alternatively, to two signals of frequencies 𝑓𝑚1 and 
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𝑓𝑚0, that must be half of the frequencies associated to each one of the bits that we want to receive, 

which is, properly, another parametric type signal [7]. Thus, through this non-linear technique, by 

modulating a carrier with a CPFSK, another CPFSK of twice the frequency is obtained. 

In this work we used non-linear modulations of type CPFSK with a carrier frequency 𝑓𝑝 of 200 

kHz (the same in all the studies) and two modulations linked to the half of the desired parametric 

which, for this case, is 15 kHz for bit 1 and 20 kHz for bit 0, with 1 ms duration for each bit (transfer 

rate of 1 kbit/s). The following Figure 1 presents the signals that were used to encode bit 1. These 

consist of one parametric tone expected at the frequencies of 30 kHz. 

 

(a) 

 

(b) 

Figure 1. Bit 1 example. (a) CPFSK modulation; (b) CPFSK type signals that want to obtain 

parametrically.  

2.2. LFM Modulation 

LFM modulation is a technique in which the frequency of the emitted signal varies quadratically 

with time for a given duration τ. The idea is to use this technique as a modulation of the primary 

signal using a central difference frequency equivalent to the modulating frequency, 𝑓𝑑𝑐 = 𝑓𝑚 and a 

bandwidth 𝛥𝑓. The LFM modulation is represented as: 

𝑝𝐿𝐹𝑀(𝑡) = sin(2𝜋𝑓𝑚𝑡 + 0.5𝜇𝑡2) (3) 

where 𝜇 = 2𝜋𝛥𝑓 𝜏⁄  is the frequency coefficient, the time of a bit in between −𝜏 2⁄ ≤ 𝑡 ≤  𝜏 2⁄ . 

Applying equation (1) this type of signal can be obtained parametrically by using a modulated signal 

whose modulation 𝑝𝐿𝐹𝑀(𝑡) corresponds to the spectrum of the modulator components that is twice 

that of the signal to be obtained [7] and complies with the rule that the amplitude of the frequency 

difference is proportional to the square of the carrier frequency. 

The following Figure 2 show an example of LFM modulation and the signal that we want to 

obtain parametrically. The expected modulating frequency is 𝑓𝑚 = 22 𝑘𝐻𝑧  and the frequency 

bandwidth 𝛥𝑓 = 36 𝑘𝐻𝑧.  

 

(a) 

 

(b) 

Figure 2. Bit 1 example. (a) FM modulation; (b) LFM type signals that want to obtain parametrically. 
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2.3. AM Modulation 

This modulation consists of changing the amplitude of the carrier signal as a function of the 

modulating signal (information). In this work, to improve the behavior of the previous modulations, 

two sine sweeps are used as a modulating signal, one ascending (bit 1) and other descending (bit 0). 

The expression that defines the modulating signal is expressed as: 

𝑧𝐴𝑀(𝑡) = 𝑠𝑖𝑛 [2𝜋 (
|𝑓𝑚2 − 𝑓𝑚1|

𝑇
· 𝑡 + 𝑓𝑚1) 𝑡] (4) 

where 𝑓𝑚1 and 𝑓𝑚2 are the initial and final frequency of the sweep, respectively and 𝑇 is the 

total sine sweep duration. 

The Figure 3 shows an example of the one-bit signal, in this case bit 1. The expected parametric 

signal is presented when sending with the AM modulation. 

 

(a) 

 

(b) 

Figure 3. Bit 1 example. (a) AM modulation; (b) Parametric signals expected when sending the AM 

modulation. 

3. Experimental Set-Up 

The experimental set-up was carried out at the Centro Tecnológico Naval y del Mar in agreement 

with the Universidad Politécnica de Cartagena in Murcia, Spain in a lake of tapered shape with a 10 

m depth and a diameter of 20 m. Next figure is a picture of the experimental setup. An ITC 1032 

transducer was used as a receiver with a receiving sensitivity of −194 dB re 1 V/μPa, without much 

variation at the resonance frequency region at 33 kHz and below, and thus was quite sensitive to the 

low frequencies willing to be detected. The Airmar P19 plane transducer was chosen as acoustic 

transmitter. In this study, the carrier frequency used in all signals is 200 kHz, with a sampling frequency 

of 20 Ms/s. 

 

(a) 

 

(b) 

 

(c) 

Figure 4. Location where the experimental measurements were made. (a) lake; (b) Airmar P19 emitter; 

(c) ITC 1032 receiver. 
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4. Results 

Next, the results of the study of a 16-bit string organized as follows are presented 

[1010010110010110]. The detection and discrimination analyzes of this bit string are presented with a 

duration time for each 1 ms bit. 

4.1. CPFSK Modulation Detection 

Since the expected frequencies of each bit 1 and 0 are 40 and 30 kHz, respectively, before 

correlating, a filter is made to the received signal centered on each of these frequencies. These signals 

are correlated with each of the expected bits, obtaining the cross correlations shown in Figure 5. 

 

(a) 

 

(b) 

 

(c) 

Figure 5. Frequency and correlation analysis (a) Spectrum of the signal received and filtered at 30 and 

40 kHz; (b) Cross-correlations between the received signal filtered at 40 kHz and the expected 1 bit 

(gold), and between the received signal filtered at 30 kHz and the expected 0 bit (blue). 

It is observed that the correlation peaks are quite wide (in the order of the duration of each bit, 

approximately) because this type of modulation is, in essence, a pure tone that changes in frequency. 

This can be observed in the spectrum of the signal received in Figure 5a, where two peaks appear at 

low frequencies that correspond to each parametric tone. The correlations with narrow band signals 

are characterized by not being too efficient in their detection and temporal discrimination. However, 

the location of each bit is correctly obtained with a deviation of less than 1.5% to the expected time. 

4.2. LFM Modulation Detection 

To try to overcome these limitations of the correlation peak width that introduces some error in 

the detection of equal bits followed (CPFSK), as well as in the detection of each bit individually, some 

authors have studied the LFM [7,8]. This modulation, since it has a greater width of spectral 

components, is presented at much narrower correlation peaks, but, on the contrary, it will worsen the 

capacity of distinction between bits 1 and 0. Before correlating, a unique filter passes to the received 

signal was applied because the expected parametric frequencies of both bits oscillate between 22 and 

38 kHz. 

 

(a) 

 

(b) 

 

(c) 
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Figure 6. Frequency and correlation analysis. (a) Filter of the received signal between 22 and 38 kHz; 

(b) Cross correlation between the received signal and bit 1; (c) Cross-correlation between the received 

signal and bit 0. 

It is observed that the correlation peaks, although being much narrower than those obtained 

with the CPFSK modulations, do not allow clear discrimination between correct bits and false bits. 

4.3. AM Modulation Detection 

Detection of AM modulation in a search for new modulation techniques that allow both 

temporarily locating each of bits 1 and 0, as well as discriminating between them, AM modulation is 

applied by applying parametric sweeps. Given their robustness, these signals are being used recently 

as non-linear acoustic communication techniques [9] [10]. Therefore, these signals will be analyzed 

by applying the 16-bit string to determine if the correlation detection is still appropriate for this type 

of signals. As in the previous case, a single band pass filter is made between 4 and 40 kHz before 

correlating.  

 

(a) 

 

(b) 

 

(c) 

Figure 7. Frequency and correlation analysis. (a) Filter of the received signal between 4 and 40 kHz; 

(b) Cross correlation between the received signal and bit 1; (c) Cross correlation between the received 

signal and bit 0.  

On the one hand, it is observed that the peaks of the correlation are much narrower than in the 

case of the CPFSK modulations and, on the other hand, the correct bits with respect to the false ones 

are much clearer to discern than in the case of modulation analyzed in the previous section, the LFM. 

In fact, in this case there is a deviation of the detection instants of each bit with respect to the expected 

instants of 1%. 

5. Conclusions 

This work presented a general study of some techniques of parametric generation modulation 

focused on the field of transmission in underwater acoustic communications from a theoretical point 

of view, to later perform the analysis by the method of cross-correlation with signals measured 

experimentally. Based on this, the correlation was obtained for a 16-bit message (1 and 0) with the 

modulations CPFSK, LFM and AM, thus obtaining the maximum correlation peak for each of the bit 

positions. In this sense, the three different modulations used in the analyzes are compared, in non-

linear regime, used in underwater acoustic communications: 

 CPFSK: being signals practically modulated sines, fairly wide correlation peaks are obtained, 

therefore, its behavior is identical to that of the parametric sinuses, making detection somewhat 

difficult. 

 LFM: in some detection positions of bit 1, the amplitudes are not far from those of bit 0. The same 

happens when the correlation maxima are detected for bit 0, where some amplitudes of these 

are close to that of the bits 1. 

 AM: the maximum correlation behaves more closely, the signal is amortized much faster, 

therefore, it has a correlation amplitude and a much more defined width. 
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With all this, it is concluded that AM modulation with parametric sine sweeps is a suitable 

alternative for use in nonlinear underwater acoustic communications for the marine environment’s 

monitoring it provides a very high maximum correlation of the true bits with respect to the false ones 

with very narrow peak amplitudes. to the broad frequency bandwidth used. 
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