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Abstract

:

Seismic communication might promise to revolutionize the theory of seismic waves. However, one of the greatest challenges to its widespread adoption is the difficulty of signal extraction because the seismic waves in the vibration environments, such as seas, streets, city centers and subways, are very complex. Here, we employ segmented correlation technology with Morse code (SCTMC), which extracts the target signal by cutting the collected data into a series of segments and makes these segments cross-correlate with the decoded signal to process the collected data. To test the effectiveness of the technology, a seismic communication system composed of vibroseis sources and geophones was built in an environment full of other vibration signals. Most notably, it improves the signal-to-noise ratio (SNR), extending the relay distance and suppressing other vibration signals by using technology to deal with seismic data generated by the system.
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1. Introduction


As early as 1899, scientists started to discuss how to implement a system of communication which could transmit signals through the earth [1]. During World War I, French physicists invented a geophone to detect underground activities in the battlefield, such as underground mining and tunnel excavation [2]. From the middle of the 1980s to the early 1990s, frequent seismic activities threatened the lives and property of miners, which drew the attention of the Canadian federal government, the Ontario provincial government and major mining companies. As a result, the technology of geophones gradually became a significant monitoring method for mine safety and ground control [3]. During the gulf war, the American military took full advantage of the electronic-jamming aircraft to destroy the air defense systems of Iraqi army, which paralyzed the radar systems of the Iraqi army so that the American military quickly won a victory on the battlefield [4]. During a mine disaster in Chile in August 2010, victims hammered a drill and attached a slip of paper to the drill to attract the attention of rescuers [5]. Over the last three decades, many methods have been proposed for communication in special circumstances where radio cannot operate, such as during mine disasters or wars, as mentioned above. To overcome this problem, Hanafy conducted a seismic communication test, where hammering signals are encoded and filtered by a band-pass filter with a hammer and geophones [6,7]. Hao delineated the framework of the rake reception system by analyzing the multipath fading, which adopted time diversity and maximum ratio combination to reduce the bit error rate of propagation about seismic waves [8,9]. Zhang discussed the transmission of seismic signals with direct sequence spread spectrum technology (DSSS), orthogonal frequency division multiplexing technology (OFDM) and code division multiple access technology (CDMA) [10]. He pointed out that a RAKE receiver could be used to solve the problem of multipath fading of seismic waves by MATLAB simulation [11].



With the continuous development of urban underground space, many cities also face similar problems [12,13,14,15]. Some countries would like to only develop shallow underground space to ensure the safety of people and quickly evacuate the population in case of accidents. For example, most underground spaces of cities in China are less than 30 m. However, the increasing cases of urban disaster are seriously endangering the health of the public and the safety of property. For example, on 2 December 2019, more than 1100 rescue workers and 192 emergency rescue vehicles were deployed in Guangzhou to search for underground victims due to the sudden collapse of the ground. On 7 January 2020, a worker was trapped for nine hours in a 30 m deep bomb shelter when an elevator suddenly failed, and his cell phone had no radio signal.



Maintaining the connection between the underground and the ground when the communication of radio or cable is not available is an urgent task [16]. This is a feasible project, as Hanafy mentioned, but there are many shock signals which might interfere with target signals. This study will discuss the influence of other vibration signals (especially the footstep signal) in urban environments and explore how to make use of the SCTMC to extract target signals. For the sake of illustration, this paper will be divided into the following five parts: the principles and methods in seismic communication, the experimental process, the analysis of experimental data, discussion of experimental results and conclusion about the segmented correlation technology.




2. Principles and Methods


Seismic communication systems mainly include four parts: the mode of seismic communication, facilities employed in the experiment, modulation of transmitted signal and the method of signal extraction, as described in the following sections.



2.1. Communication Mode


The establishment of a communication system first needs to determine the method of signal encoding. In different applications, Morse code is one of the most commonly used methods to realize information transmission about short signal [17,18,19]. Compared with other methods, Morse code relies on a stable and unchanging wireless signal so that its wireless communication equipment is simpler and can be used in high noise and weak signal environments [20]. These features will contribute to the realization of seismic communication, so Morse code is adopted in this paper. By encoding information into dot, dash, symbol spaces, character spaces and word spaces, the information can be designed in various orders to deliver different punctuation marks, numbers and letters. Based on the principle of Morse code, a communication network can be set up with seismic transceivers, which can encode, decode, receive and emit seismic signals [21,22,23], as described in Figure 1.



A complete signal, which is compiled by transceivers, consists of a beginning signal, a Morse signal and an end signal. When transceiver 2 receives the beginning signal from transceiver 1, transceiver 2 is activated and decodes the seismic signal. When transceiver 2 receives the end signal from transceiver 1, transceiver 2 interrupts the communication with transceiver 1 and transmits the decoded signal in the form of a complete signal. Then the compiled signals received by other transceivers can be transmitted again so that seismic signals travel a long distance. In this system, the communication distance is the length between the first transceiver and the last transceiver, and the distance between the two adjacent transceivers is the relay distance. This paper will discuss how to take advantage of the SCTMC to extend them. Although the integrated seismic transceiver has not been manufactured yet, it can be taken over by some instruments like vibroseis sources, hammer sources and geophones.




2.2. Experimental Facilities


When a disaster occurs, it is better for victims to send out a distress signal with a hammer or small vibroseis source [24,25,26]. Hammer sources, whose signals are actually shock signals, send out seismic signals by hitting the ground with gravity [27,28]. However, the components of vibration signals in urban environments are very complex, such as a lot of footstep signals (a shock signal) in crowded places, and it is unclear whether the hammer sources are suitable for urban communication. For instance, the amplitudes of the hammering signals obtained at the acquisition may be close to that of the footstep signals after hammering signals pass through the earth, as shown in Figure 2a. The footstep signals and the hammer signals are all weakened when the collected data are filtered by a 5–100 Hz band-pass filter accepted in the experiment of Hanafy, as shown in Figure 2b. The phenomenon occurs because the bandwidths of their frequencies are overlapped, which may increase the bit error rate of the system, as shown in Figure 2c,d.



Unlike hammer sources, the vibroseis source is a continuous vibration source whose duration and frequency can be controlled [29,30,31]. To test the effect of vibroseis signals on the results, footstep signals are synthetically generated, as shown in Figure 3a. After filtering 200 Hz single-frequency signals generated by vibroseis sources with a 180–220 Hz band-pass filter, the footstep signals are significantly weakened while the vibroseis signals are hardly affected, as shown in Figure 3b. The vibroseis sources accepted in this paper have great advantages in signal modulation compared with hammer sources.



The vibroseis source sends seismic signals to the underground in the form of radiant energy, which takes several seconds to release energy. Therefore, the relative durations can be defined: marks—dot = 4 s and dash = 8 s, spaces—symbol space = 4 s, word space = 8 s and sentence space = 12 s.




2.3. Signal Modulation


The modulation of transmitted signals is performed with a 500 N electromagnetic driven vibroseis source developed by Jilin university, which mainly transmits a linear sweep signal [32,33], whose function is defined as follows:


  s ( t ) = A ( t ) sin 2 π (  F 1  +    F 2  −  F 1    2  T D    t ) t    ,           0 ≤ t ≤  T D   



(1)




where s(t) stands for the linear sweep signal; A(t) represents the cosine amplitude envelope function of the linear scanning signal; F1 shows the initial frequency; F2 identifies the termination frequency; TD reveals the duration of the scanning signals. It is straightforward to adjust the frequency and duration of signals so that vibroseis sources can output the desired signals. When the frequencies (F2 and F1) are set to 200 and the TD is set to 4, the output of the vibroseis source is a 200 Hz single-frequency signal with length 4 s.




2.4. Signal Extraction


The cross-correlation adopted in this study is the digital characteristic that describes the statistical relation between two signals [34,35,36]. In other words, when the collected signal and the decoded signal are very similar, the target signal can be extracted. The decoded signal is designed to have the same frequency and duration as the target signal without noise [37]. The direct cross-correlation function can be expressed as:


   R  XH   (  t 1  ,  t 2  ) = E [ X (  t 1  ) H (  t 2  ) ]  



(2)




where RXH(t1, t2) stands for the direct cross-correlation signal; X(t1) represents the collected signal at time t1; H(t2) identifies the decoded signal at time t2. Although cross-correlation technology can effectively extract the target signal and suppress partial surface waves in seismic exploration, it is difficult to get the correct information from the direct cross-correlation. When the save our souls (SOS) signal is correlated directly, the cross-correlation signal will be different from our target signal (SOS), as shown in Figure 4. The vibroseis sources transmit the seismic signal intermittently, so the final signal we get is a discrete signal.



Based on this reality, the segmented correlation technology is proposed to deal with this problem. According to the rules of Morse code, the collected data are divided into a certain number of segments, and then these fragments are correlated with the decoded signal respectively, and the segmented correlation function is as follows.


   Φ  XH   ( u ) =   ∑  n = 1  N   E [  X n  ( u )  H n  ( u ) ]    



(3)




where ΦXH(u) is the segmented correlation signal; X(u) shows the nth fragment of the collected signal with length u; H(u) the nth fragment of the decoded signal with length u.



If the amplitude of a fragment exceeds a pre-selected threshold value, then that fragment is interpreted as “1”, otherwise the fragment is interpreted as “0”. So, we can interpret the complete signal according to the following definition:



	
“1010” for the beginning of the message;



	
“1110” for end of message;



	
The signal between the beginning signal and the end signal is considered to be the intermediate signal, which is the message.








3. Experiment


In the course of experiment, a seismic communication system is first set up with a 500 N vibroseis source, 5 CDJS2C-2 geophones and 5 GEIWS RII seismometers in the Geological Palace of Changchun, Jilin, China. A 500 N vibroseis source sends out seismic signals encoded in Morse code, whose volume is no more than 8000 cm3 so that it is easy to carry. The vibroseis, whose power supply system can be adjusted according to the actual situation, is powered by alternating current (AC) in the urban power grid or the lithium battery system with voltage of 220 V and frequency of 50 Hz. The CDJS2C-2 geophones are used to collect signals through the earth, whose sensitivity is 2 + 10% v/cm/s. The GEIWSR-II seismometers are employed to record and store seismic data from the geophones at a sampling rate of 1000 Hz. In this system, the distance between the first geophone and the source is 20 m, the distance between geophones is 10 m and the distribution of their locations as shown in Figure 5. Finally, a series of instructions (including a 200 Hz SOS signal) are sent at the appointed time in the environment with various electromagnetic equipment, people and elevators. According to the Morse table, the binary code of the SOS signal should be 1010100110110110010101.




4. Data Analysis


The energy of the seismic signal decreases as the distance increases, and the target signal at 60 m is certainly the weakest [38,39,40]. Through reading the collected signal, whose SNR is 3.83 dB at 60 m, the target signal is completely drowned in noise as shown in the Figure 6a.



The signal in Figure 6a is too different from that in Figure 4a to distinguish the target signal, so the existence of the target signal needs to be identified. Spectrum analysis is first adopted to process the collected data, which can detect the frequency of the target signal [41,42]. According to results of the spectral analysis in Figure 6b, the frequencies of collected signals are mainly concentrated below 100 Hz while the 200 Hz frequency of the target signal is not detected. Moreover, even if a 180–220 Hz band-pass filter is employed to filter the collected data, the target signal is still not found, while a lot of other vibration signals are obtained, such as footstep signals and elevator signals in Figure 6c. That is to say, the target signal is submerged by other vibration signals so that it is impossible to realize seismic communication within 60 m with a band-pass filter at the site under these conditions.



To further extract the target signal, the SCTMC is employed to process the collected data obtained at 60 m. During the seismic communication experiment, the time of the seismic signal transmitted by the source is designed so that the rough position of the target signals can be predicted in collected data at 60 m. Then the SCTMC cuts the collected data into 4 s length segments, which are cross correlated with the decoded signal. By fine-tuning the position of cutting in collected data according to the cross-correlation results, the target signal (its SNR is 7.5 dB) is extracted while other vibration signals (including footstep signals) are suppressed. When the threshold of the correlation signal is set to 8.5, the binary code 101010101001101101100101011110 of the collected signal can be obtained, as show in Figure 6d. Then, we take advantage of the source to transmit the SOS signal again in this location, and similar results are obtained 60 m away from the source. At this time, the communication distance is 120 m and the relay distance is 60 m.




5. Discussion


In this study, we have presented the SCTMC to extract the target signal (SOS) and built a seismic communication system. By comparing the results of footstep signals, vibroseis signals and hammer signals, the signal transmitter suitable for complex environments is selected. According to Morse code, a vibroseis source is employed to transmit a 200 Hz SOS signal, which is received by geophones and recorded by seismometers at 60 m. However, the energy of the target signal is so weak that the band-pass filter cannot extract the target signal. Hence, the SCTMC is put forward to handle the seismic data, which extracts the target signal and suppresses other signals. Although its amplitude is only 0.2% of the amplitude about the original signal (in Figure 6a), the extracted signal can be converted into the binary code 101010101001101101100101011110 by setting a reasonable threshold. In this study, the communication distance can also be extended by improving the filtering algorithm or increasing the number of vibroseis and geophones. This kind of information recognition is at the expense of information transmission, which is relatively low at present. However, with the development of seismic communication technology, the relay distance will be extended or the communication speed will be improved.




6. Conclusions


In this paper, we first discuss the influence of other vibration signals on the target signal using different transmitting devices, such as hammers and vibroseis sources. By contrast, vibroseis sources accepted in this study have great advantages in signal modulation compared with hammer sources. However, it is difficult to extract the target signal because there are a large number of strong vibration signals in a complex environment. In order to solve the problem, the SCTMC is proposed to extract the target signal in the collected data. The experimental results show that the SCTMC is well combined with the advantages of vibroseis sources to extract the target signal. At its core, it effectively extracts the similar signal, suppresses other signals, improves the SNR of seismic signal and extends the relay distance of the communication system, which greatly reduces the cost of the seismic communication system. Implementing the transmission of information recognition with SCTMC is a breakthrough which offers a better application of the vibroseis sources and geophones, constitutes an innovative form of wireless communication and lays the foundation for the long-distance communication for the seismic communication system. Maybe in the near future, this technology might be widely employed in our production and life.
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Figure 1. A long-distance transmission scheme about seismic signals. 
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Figure 2. The comparison of hammering signals and footstep signals; (a) Hammer signals and footstep signals in raw data; (b) Hammering signals and footstep signals filtered by a 5–100 Hz band-pass filter; (c) The spectrum of footstep signals in raw data; (d) The spectrum of hammer signals in raw data. 
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Figure 3. The amplitude changes of signals before and after filtering; (a) Vibroseis signals and footstep signals before filtering; (b) Vibroseis signals and footstep signals after filtering. 
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Figure 4. The direct cross-correlation in signal simulation; (a) The 200 Hz SOS signal in the simulation diagram; (b) The direct cross-correlation about SOS signal in the simulation diagram. 
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Figure 5. The distribution of 5 CDJ-S2C-2 geophones, 5 GEIWSR-II seismometers and a 500 N vibroseis source. 
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Figure 6. The collected signal at 60 m; (a) The original data at 60 m; (b)The spectral analysis of the original data; (c) The target signal extraction with a band-pass filter; (d) The target signal extraction with the segmented correlation technology. 
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