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Abstract: Although cable-based seismic sensing systems have provided reliable data in the past several
decades, they become a bottleneck for large-area monitoring and critical environmental (volcanic
eruptions) sensing because of their cost, difficulty in deploying and expanding, and lack of accurate
three-dimensional geographic information. In this paper, a new wireless sensing system is designed
consisting of a portable satellite device, a self-sustaining power source, a low-cost computational
core, and a high-precision sensor. The emphasis of this paper is to implement in low-cost hardware
without requirements of highly specialized and expensive data acquisition instruments. Meanwhile,
a computational-core-embedded algorithm based on compressive sensing (CS) is also developed
to compress data size for transmission and encrypt the measured data preventing information loss.
Seismic data captured by the accelerometer sensor are coded into compressive data packages and then
transferred via satellite communication to a cloud-based server for storage. Acceleration and GPS
information is decrypted by the `1 -norm minimization optimization algorithm for further processing.
In this research, the feasibility of the proposed sensing system for the acquisition of seismic testing is
investigated in an outdoor field surface wave testing. Results indicate the proposed low-cost wireless
sensing system has the capability of collecting ground motions, transferring data, and sharing GPS
information via satellite communication for large area monitoring. In addition, it has a great potential
of recovering measurements even with significant data package loss.
Keywords: wireless sensing; embedded data processing; GPS; surface wave test; Rayleigh wave;
compressive sampling; nondestructive testing/evaluation

1. Introduction
Soil layers and rocks are complex, multi-phase, particulate, and discontinuous materials which
cannot be described as a simple elastic model with fixed mechanical behavior [1–4]. The soil
layer’s nonlinear and irreversible behavior has attracted the interest of researchers for decades [5,6].
An underground structure, designed and built in the deep soil layer under the surface of earth, is a
promising alternative to aboveground buildings for its resistance to severe weather, quiet living space,
and energy efficiency due to the natural insulating properties of the surrounding earth [7,8]. Likewise,
underground transportation helps a major city become a better place by reducing traffic congestion as
well as the overall level of pollution [9]. Although underground structures and transportation relieve
the congestion resulting from the rapid increase in population, drawbacks remain. Underground
construction activities have been challenged by the complicated mechanical behavior of the soil layers
including their various thicknesses and main component [10,11].
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There is urgent need of accurate measurements on properties of the soil layer for geological
exploration, subway, tunnel, and infrastructures constructions such as high buildings or long
bridges [12]. To investigate the mechanical properties of soil, a seismic survey is represented,
attempting to image or map the subsurface of the earth by sending sound energy down into the ground
and recording the “echoes” that return from the rock layers below [1]. Several tests have been designed
to measure or estimate seismic wave velocities in situ with the primary purpose of evaluating the
mechanical parameters from the wave velocity, such as cross-hole test, down-hole test, multichannel
analysis of surface wave [13], surface wave testing, etc. Surface wave as a non-destructive evaluation
method is widely used in geophysics to infer the Rayleigh wave velocity of the subsoil for evaluation
of the mechanical characteristics of soil layers.
One common device for seismic survey is the geophone, which converts ground movement
(velocity or accelerometer) into a time-history voltage signal to be recorded for the analysis of the
structure of the measured earth. The geophone has been playing an important role in seismology
measurement. While current cable-based seismic acquisition systems including geophone array
and data acquisition system provide accurate records responding to the seismic testing, limitations
remain [14]. The widespread application of cable-based acquisition system that has been stymied by
the high cost of sensors installation and connection has warranted the emergence of the cost-saving
wireless sensing system. Deployment and convenience are the main factors considered for seismic
research and application. A wireless sensor is a response to limitations such as a large number of
sensing channels and inconvenient deployment [15,16]. For example, high-density land acquisition
systems require as many as 50,000 live channels and a receiver density of 2000–3000 channels/km2 [17].
For single-sensors, acquisition systems up to 1000–2000 receivers per line will be required with sensor
spacing of 5–30 m. These parameters suggest adoption of an acquisition system that does not rely
on cables. Furthermore, communication and detection reliability bring the field closer to studies on
autonomous sensors that could collect, analyze, or share data “smartly” [18].
If the current trend of evolution continues with wireless sensors, it is likely that seismic
monitoring systems will employ new transmission technologies to meet needs at every
development stage. Key features of the main solutions for wireless communication are summarized
in Table 1. Current wireless communications are grouped as short- and long-range communications.
For short-range communication, the theoretical information transmitting range is from 10 to 160 m
while the reliable range is less than the expected range considering the harsh environment and
weather. For long-range wireless communication, cellular communication no matter 3G or 4G LTE
protocol highly relies on the coverage and the construction of cellular network. Moreover, for the
three-dimensional (3D) outdoor survey for complex geography, GPS-embedded wireless geophones
can position themselves, which benefits data mining and processing.
Table 1. Summary of wireless communication.

Protocol Name

Data Rate

Range

Power
Consumption
(mJ/Mbyte)

Coverage

Short range

ZigBee
Bluetooth
MB-OFDM
Wi-Fi

250 kbps
1−2 Mbps
53−200 Mbps
6−54 Mbps

50 m
100 m
10−30 m
70−160 m

8−32
8
8−16
120−160

-

Long range

GSM
3G
4G LTE
Satellite

384 kbps
2 Mbps
3−8 Mbps
100−500 kbps

1−2 km
1−2 km
1−2 km
Up to 2000 km

300,000
80,000
40,000
8000

Cellular station
Cellular station
Cellular station
Global

Thus, this paper proposed a novel satellite-based communication wireless geophone sensor for
surface wave testing of soil, which is easy to deploy, cost effective, and expendable. The hardware is
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designed to be conveniently assembled from a standard high-precision accelerometer and low-cost
computer that are easy to get. The software is developed and optimized to fit the satellite communication
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The sensor is quite small with a size of 17.8 mm × 20.3 mm. Its key sensor is the MMA8451Q (made by
NXP Semiconductors), blending a low-power accelerometer to offer three degrees-of-freedom sensing
for three-dimensional (3D) orientation. The accelerometer provides programmable acceleration ranges
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of ±2/±4/±8 g with 14-bit data and up to 800 Hz sampling rate, which is highly accurate for sensing
the ground motion. This sensor has a digital interface namely I2 C for communication. Thus, the I2 C
interface was chosen to communicate with the computational computer, as shown in Figure 1a.
2.4. Satellite Device
As mentioned previously, wireless communication was achieved using a satellite device,
RockBLOCK 9602, with dimensions 76 mm × 52 mm × 19 mm, weighing only 76 grams. The heart of
the RockBLOCK 9602 is an Iridium 9602 modem, a commercial two-way satellite data transceiver, with
a size of 41.0 mm × 45.1 mm × 13.1 mm. The Iridium 9602 transceiver does not require a SIM card.
A GPS receiver is also embedded to provide relatively accurate positioning data. The device interface
consists of a serial interface, power input, network available output, and power on/off control line.
The Iridium 9602 is able to deliver up to 340 bytes mobile-originated messages and up to 270 bytes
mobile-terminal messages via a simple AT command interface. Meanwhile, the two-way UART
interface of the satellite device defines the possibilities for the integration of single-board computer,
sensor, and server for delivering acquired data and remote controlling.
The RockBLOCK 9602 hosts a small form factor Molex connector to link the ground, power,
and signal lines to the USB port of Raspberry Pi 3 Model B+ as shown in Figure 1b. The baud rate of
the RockBLOCK 9602 is 19,200. It exposes the modem’s serial interface via a breakout connector over
serial and, also, offers an SMA connector for external antenna usage. The antenna frequency range is
1616–1626.5 MHz combining the global coverage of the Iridium satellite constellation (66 satellites in
orbit around the Earth) with the low latency of the short burst data (SBD) service to provide highly
reliable satellite communications from any point on Earth including the polar regions, marine, and land
areas. Its environmental operation temperature range and power consumption is −40–85 ◦ C and
1 Watt, respectively.
2.5. Packaging and Connection
To emphasize its ability, a satellite-based wireless sensor was assembled in a waterproof package
with all components integrated. The fully assembled wireless node pictured in Figure 1b was connected
using a series of wires carrying power and signals. A 200 mm (length) × 150 mm (width) × 100 mm
(height) single enclosure with a clear door was employed as the enclosure. The power bank was fastened
to a plastic board of the enclosure to directly power the Raspberry Pi computer. The accelerometer
sensor was directly connected the I2 C ports from the GPIO pins of the Raspberry Pi 3 Model B+,
and the satellite device was connected to the computer via a USB port using the UART communication
interface. Both were two-way communications to ensure the implementation of sending measurements
and receiving commands. A highly sensitive accelerometer was mounted on the floor of the enclosure
to measure the ground motion. By using an IP66 level plastic outdoor enclosure and six 5 gram silica
gel desiccant packages, the whole packaging was waterproofed to ensure the functionality of electric
components under severe environments. The entire packaged wireless sensing node is demonstrated
in Figure 1c.
3. Software Architecture
The success of a wireless sensing solution for surface wave testing relies on processing of data
transmitted from the satellite device and the implementation of a cloud-based database for the storage.
In response to the aforementioned need, the software architecture embedded into the Raspberry Pi 3
Model B+ was designed to push the acquired data to a server as time series. Pre-programmed codes on
the computational core commanded the satellite device to send encrypted data acquired by the sensor
in the form of SBD via satellite communication. The software architecture utilized RockBLOCK’s
commercial cloud-based server, which is ideally suitable for storage, analytics, and management of
data acquired from the wireless sensing nodes. As we can see in Figure 2, each user maintained a
client identified by an assigned account and identifier key that were used for accessing messages in the
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The acceleration data recovered from all the five sensors are shown in Figure 7. Meanwhile,
GPS information was also transmitted from the wireless sensing node to the server via satellite
communication, which provides the possibility of the deployment of a wireless geophone array for
large-area site surface wave testing. The GPS information of the wireless sensing node was extracted
from the satellite communication and stored in a separate output variable in the database. Based on
the longitude and latitude information, the location of this proof-of-concept test was visualized in the
map as shown in Figure 8.
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The proposed sensing node consists of one computational core, a portable power supply, MEMS
accelerometer for sensing ground motion, and a satellite-based communication device. The
functionality of the proposed architecture was validated in the surface wave testing outside of the

Sensors 2019, 19, 4364

12 of 13

the data to a cloud-based server via satellite communication. The acceleration data were successfully
decrypted with limited error in the server even when up to 16% data was lost during communication.
The proposed computational wireless seismic sensing system is a game-changing technique for
its low-cost hardware and software architecture, easy deployment, accurate measurement, and reliable
communication. Future work will continue the research on both geological research and earthquake
engineering applications. In the future, we will also develop this satellite-based geophone to record a
seismogram as a seismometer for long-term monitoring of ground movement.
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