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ABSTRACT  
 
How stable and durable supply needed energy for sensing nodes in a WSN is not only an important research 
topic but also the drawback need to be solved for WSN in SHM. The aforementioned problem can be resolved 
through developing new energy harvesting system. Furthermore, via control sensors enter low power mode or 
called sleep state periodically by duty cycling the radio is a common method to reduce the energy consumption. 
However, a faultless time synchronization requirement makes it hard to be implemented in large-scaled WSNs. 
The capabilities of the radio triggered is an attractive solutions by integrated an external low power circuit 
attached to the sensing nodes, since the low latency for sampling process is also important in WSN-based SHM 
schemes especially for vibration-based approaches. It is also a practicable approach to transmit a wake-up 
command when meet specific of started conditions to quickly awaked sampling nodes up to working mode 
wirelessly. Hence, the objective of this research is to integrate the technology of sensing field-type p-wave to 
construct an intelligent energy economizing WSN with sentry nodes embedding with earthquake early warning 
(EEW) approach. Sentry nodes, herein, are integrated with gateways of the WSN and employed to link and 
synchronize all sensing nodes in advance through seismic prediction and radio triggered technology. In this 
mode, the sensor will be more effective to measure structure responses after earthquake occurred, increasing 
sleeping time, and saving energy and extend the life time of wireless sensing system. 
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INTRODUCTION 
 
The paradigm of global structural health monitoring (SHM) research conventionally adopted vibration-based 
(acceleration-based) methods. These methods identify structural damage by detecting modal property change, 
such as natural frequencies, modal damping, or mode shape. It is an economical and convenient way to evaluate 
the damage of civil engineering structures. This method generally requires an adequate excitation source, 
typically via natural disasters like the earthquakes. But measuring the structures response by earthquake 
excitation is a very tough thing due to the unpredictable behavior. However, the earthquake early warning (EEW) 
systems capabilities help to mitigate the uncertainty of event detection. It would be valuable for an integrated 
EEW and SHM systems to reduce unnecessary sampling events. This concept is more important for wireless 
sensor networks (WSNs) based SHM system, which typically subject to a stringent energy constraint. 
 
Currently, lithium-ion batteries are normally the energy source for sensing nodes in a WSN-based system. A 
serious problem is that the amount of energy is severely limited, which needs for energy harvesting methods or 
advanced power management. In commonly known WSN platforms, their power managements usually divided 
into several grades: (1) Active processing mode, the CPU will execute at the selected clock speed. (2) CPU doze, 
the processor clock is stopped, although all other parts of the device continue to run. (3) Deep sleep, gives the 
lowest power consumption, this mode can be exited by a power down, a hardware reset, or a general purpose 
I/O (GPIO) event (e.g. internal wakeup timers or external interrupt). Therefore, large amounts of energy can be 
saved as the sensor nodes are switched into deep sleep as possible. Nevertheless, there is a drawback in deep 
sleep mode. The radio is usually turned off in the deep sleep stage in the wireless sensor. This means that it 
could not communicate with the outside world in sleep stage. If a sensor node receives a sampling command but 
the node still listening for wake-up timer (due to deep sleep), the sampling process will be delay. This problem 



will be more obvious for event-based applications, such as vibration-based SHM system, in which an external 
event triggers network activated by an earthquake. Furthermore, a large number of installed sensors would make 
this problem be enlarged, and simultaneous sampling would become more difficult to achieve. 
 
Since low latency is important in vibration-based methods, the capability of the radio triggered is an attractive 
solution. The radio triggered technique integrated an external low power circuit attached to the sensing nodes. 
The radio triggered circuit is started by main processor when sensor node into deep sleep. When meet specific of 
started conditions (e.g. wake-up command transmitted by remote node), the radio triggered circuit will be issued 
interrupt signals to main-processer, then the sensor nodes quickly awaked to working mode wirelessly. This 
approach achieves lower power consumption in main component in sensor nodes, and has the ability to wake at 
the critical time. Hence, the objective of this work is to integrate the technology of sensing field-type p-wave to 
construct an intelligent energy economizing WSN with sentry nodes embedding with earthquake early warning 
(EEW) approach. Sentry nodes, herein, are integrated with gateways of the WSN and employed to link and 
synchronize all sensing nodes in advance through seismic prediction and radio triggered technology. In this 
mode, the sensor will be more effective to measure structure responses after earthquake occurred, increasing 
sleeping time, and saving energy and extend the life time of wireless sensing system.  
 
POWER MANAGEMENT STRATEGIES  
 
The power supply is typically less concerned in a traditional wired acquisition system and sensor 
implementation. The sensors can always be in working stage and thus have the capability to be triggered in the 
low-latency requirements to measure structural responses. In contrast, the WSN-based SHM typically subject to 
a stringent energy constraint. The energy constraint problem can be mitigated through developing new energy 
harvesting system (Ho et al. 2012). Furthermore, via control sensors enter low power mode or called sleep state 
periodically by duty cycling the radio is a common method to reduce the energy consumption (Rice et al. 2010). 
 
The transmitting node repeatedly sends wake-up request until the sensor node wakes up. An internal timer in the 
microcontroller, it can be used to activate the sensor nodes periodically in order to monitor the radio channel for 
communication. If no wake-up signal is received, the sensor node will be switched back to sleep mode. This 
approach limits the ability of the transmitting node to access the network at any time. As well the sensor node is 
in sleep mode, it is incapable to communicate with transmitting node. In order to reduce latency, the 
communication must be adjusted for the sensor node to monitor the radio channel more often, increasing duty-
cycle and average power.  
 

 
Figure 1 Radio trigger-based wake-up/sleep scheme 

 
An alternative to duty-cycle periodically control is based on radio trigger wake-up. This approach adds an 
external low power circuit called a wake-up receiver to each node. Figure 1 explicitly presents the scheme of 
radio trigger-based wake-up and sleep time arrange. The wake-up receiver module can detect wake-up signals 
wirelessly from transmitting node, and immediately send an interrupt signal to main microcontroller. Thus, the 



deep sleep mode can be exited by a general purpose I/O (GPIO) event in each nodes, and then the node 
immediately join network to access further task. Because the wake-up receiver module is continuously 
monitoring the radio, its active power consumption must be very low (Matthias et al. 2012).  
 
The exist achievement of low power wireless wake-up receiver have been developed by following researches. 
Langendoen et al. (2009) designed a sensor node equipped with a wake-up circuit working at 862MHz 
frequency. If a wake-up signal is detected, the wake-up circuit can interrupt its main microcontroller from its 
deep sleep mode. The power consumption in wake-up mode is measured to be 819  and the achieved wake-
up range is 2-3 meters. Gamm et al. (2010) uses a low frequency wake-up signal (125kHz) that is modulated on 
a high frequency (868mHz) carrier in the main radio of the transmitting node. The transmitting node sends a 
wake-up signal with the main radio at +10 dBm output power, its wake-up distance of nearly 40 meter was 
achieved. Since the low latency for sampling process is also important in vibration-based approaches. The 
aforementioned research result should be got more attention in the field of WSN-based SHM. 
 
Following are some beginning ideas. Firstly, a prototype of dual-band wireless sensor node which can operate at 
868MHz and 2.4GHz has been proposed. The main communication component is operating on IEEE 802.15.4 
and responsible for an advanced information transmission. The 868MHz module is used for wake-up receiver 
only. Secondly, interrupt will be issued when the wake-up receiver detect a specific of started conditions. If the 
main microprocessor is wakeup by interrupts, then wake-up receiver will be switched to sleep mode for save 
power. Finally, the operations of sensor nods are partially duty cycling in wake-up receiver only. We hope to 
achieve smaller power consumption and shorter delay time for wake-up receiver. Figure 2 illustrates the block 
diagram of the sensor nodes. 
 

 
Figure 2. Block diagram of the sensor node 

 
P-WAVE TRIGGER-BASED OPERATIONS 
 
It is important to determine the trigger threshold during various levels of excitation. Low response magnitudes 
result in lower signal-to-noise ratios in the measure data, and spending unnecessary power consumption and 
resource. Higher response magnitudes result in higher signal-to-noise ratios in the measured data, preferably, 
more precisely results in system identification and damage evaluation. In order to ensure the reliability of 
occurrences trigger, earthquake early warning (EEW) technology may be an attractive approach (Horiuchi et al., 
2005; Wu et al., 2005; Ionescu et al., 2007). Its main principle is through the velocity difference between p-wave 
and s-wave of an earthquake. Generally, average velocities of p-wave and s-wave are 6.5 km/s and 3.5 km/s, 
respectively. Based on this principle, the EEW system is divided into regional warning and onsite warning. The 
regional warning approach is based on networks of seismic stations usually estimates of multi-seismic source 
parameters. In onsite warning approach, in contrast, are based on single sensor evaluations and the beginning of 
the ground motion at a given site. 
 
The prediction accuracy of regional warning was higher due to the analysis of multiple range and hyperdense 
data source. But regional warning approach need spend more time in data processing and communication. 
Therefore, it is unavailable for immediate warning in area where is closely to the epicenter. For such unstable 
factor called “blind zone” in current regional warning systems, the p-wave method is considered the supplement 
of blind zone weakness. The onsite p-wave method generally utilizes the real-time strong-motion data to 
evaluate earthquake level and parameters. Wu et al. (2008) applied this method to estimate earthquake 
magnitude from the initial 3 sec of the p-wave data. It would be valuable for a WSN-based SHM system to be 
able to access information from P wave detector in order to improve its robustness. This approach has 
characteristic of fast but usually a little inaccurate estimates. Figure 3 demonstrates the concept of on-site 
detection/ alarm. 



 
 

 
Figure 3. Concept of an earthquake early warning system (EEW); On-site detection/ alarm  

 
NETWORK COMPONENTS 
 
Wireless Sensor Node 
This section expressions all hardware and software design of proposed WSN-Based SHM system with onsite 
EEW technique and radio trigger function. The wireless sensor node is consists of a Jennic microprocessor, a 
MPU6050 6-axis (Gyro/ Accelerometer) MEMS chip as well as a micro SDcard slot. Jennic offers an enhanced 
32-bit RISC processor and a fully compliant 2.4GHz IEEE802.15.4 transceiver (SoC) with a RAM of 128 KB 
and a flash memory of 512 KB. The processor speed and memory size is sufficient for high-frequency sampling 
and computing. For some commercial sensor network platform, such as Imote2, the consumption differs, as 
listed in Table 1. 

 
Table 1. Compare results with Imote2 platform 

 X-scale Imote2 Jennic JN5148 
Radio standard IEEE 802.15.4 IEEE 802.15.4 / ZigBee / JenNet 

Typical range 20-30 m 
High power(1km)  
Low power(10-25m) 

Data rate (kbps) 250 kbps 500 & 667 kbps modes 
Sleep mode (deep sleep) 390 µA 100nA 
RX 44 mA 17.5 mA 
TX 44 mA 15 mA 
Supply voltage 3.2 V 2.0V to 3.6V 
Clock speed 13Mhz(low power mode) 16Mhz &32Mhz mode 
RAM 256KB(SRAM), 32 MB(SDRAM) 128 KB 
Flash 32 MB 512 KB & 2G SDcard 
 
Although the Imote2 has a larger RAM compared to the Jennic, the power consumption of Jennic is less than the 
Imote2. Thence, the Jennic platform is designated as a basis for this application. Its USB host interface is easy 
for user firmware upgrade and firmware development. The microcontroller access the MPU6050 6-axis chip 



through the I2C interface. In addition, the SD-card function is employed to store the acceleration data in a high 
sample density. The sensor board reserves the expansion interface, thus allows users to customized sensor 
boards to their application. This interface is utilized to integrate an ultra-low power transceiver, called TI 
CC1101. The main operating parameters can be controlled via an SPI interface. CC1101 has 200nA sleep mode 
(14.7mA in RX) in current consumption and 240μs from sleep to RX mode. It provides extensive hardware 
support such as wake-on-radio (WOR), functionality for automatic low-power RX polling. It has widely used in 
wireless alarm and security systems due to very low power consumption. CC1100's WOR feature allows the 
chip without intervention by the MCU. It periodically wakes up from a deep sleep mode to listens potential data 
packets. The wake cycle parameters can be controlled by WOR timer control. Our first prototype apply the 
CC1101 to wirelessly trigger the deeply sleep main processer. Therefore, the main processor can be as much as 
possible in the deep sleep, increasing sleeping time, saving energy and extend the life time of wireless sensing 
system. Figure 4 shows the stack of sensor nodes with radio trigger board. 
 

 
Figure 4. Sensor node and radio trigger board stack 

 
Wireless gateway  
 
WSN gateways coordinate the wireless network and aggregate data from distributed wireless sensor nodes. The 
proposed network systems are heterogeneous from a hardware and wireless platform (Internet and ZigBee). An 
embedded system access the gateway node via USB serial port, and feature 2.4 GHz, IEEE 802.15.4 radio to 
communicate with up to five hundred sensor nodes. (in a star topology). In addition to the aggregate data 
function, the gateway was able to do filtering, compression and transmit measured data to the remote server via 
Internet. Furthermore, we integrate the technology of p-wave detector and radio trigger to construct a newly 
wireless gateway environment in WSN-based SHM, as shown Figure 5.  
 

 
Figure 5. A newly wireless gateway environment: integrated the p-wave detector and radio trigger function  

 



A p-wave detector, called Palert, integrated with embedded-based WSN system is adopted in the first generation 
prototype. The operating with Palert through Modbus TCP/RTU interface, and control the networking capability 
features to access the streaming real-time data. Palert stored earthquake information and ready for retrieve, such 
as trigger time, maximum intensity, maximum acceleration for each component, and maximum acceleration in 
vector. It is feasible to record earthquake data and receive p-wave information in embedded system. Palert has 
four kinds of trigger algorithms, such as Pd, PGA, Displacement, and STA/LTA for detect earthquake. The Pd 
algorithm is developed by Wu et al. (2008). An alarm can be fired within 3 seconds after P wave is detected, if 
the seismic wave is destructive. Based on this Pd event and radio trigger technology, the WSN system can be 
triggered for its high reliability and efficiency.  
 
EVALUATION OF WAKEUP PERFORMANCE 
 
When the p-wave detector and wireless trigger function are completed, preliminary tests are conducted to verify 
the proposed architecture. Figure 6 presents the p-wave detector and radio trigger based protocol in WSN-Based 
SHM System. Initially, the sensing node is in deep sleep mode. When the WSN gateway detected earthquake 
event by p-wave (Pd) detector, it will be instantly send the specified wake-up command to the sensing node. 
Each node is then be woken and start to initialized the hardware and network parameters (e.g. node address and 
PAN address). Next, it will join the network and notify “started” message to gateway. Gateway node will count 
the “started” messages and ensure that all nodes are in the state of readiness. During the second phase, the 
sensing node waits for the fire command from gateway node. And the gateway node immediately broadcasts a 
packet with a fire command to the sensing nodes. Finally, the sampling procedure for all sensing nodes starts 
performing sampling data and writing data to a SD-card. Corresponding parameters such as sampling rate, data 
type, and data length, are declared before sampling starts.  
 

 
Figure 6. Data flowchart of p-wave detector and radio trigger based protocol 

 
Herein, there are two significant ideas in above mechanism. Firstly, the sensor is programed as lower power 
consumption as possible when it is in sleep mode, even though the wake-up receiver module is still working. 
Secondly, the wake-up time in all the nodes in sensor network must be short as possible. Because it related to 
the ability to accurately measure the structure response by the earthquake. For the first point, Monsoon 



Solutions power monitor is utilized to measure the power consumption (Figure 7). The Monsoon Power Monitor 
supplies a stable and adjustable voltage to the sensor node and its samples rate operate at 5 KHz. Figure 8 shows 
the power consumption of various stages in a single node. Initially, the sensor node operates at deep sleep. Then, 
a simulated wakes up signal was issued by host computer at 6 seconds. The delay time can be evaluated after 
issuing a wake up signal. It can take about average 8 seconds from a gateway node sending a wake-up alert to 
the actual start of data acquisition in a single node. 
 
The wake-up interval of wakeup receiver module is first setup to 300ms, and an average power consumption of 
0.37mA in sleep mode is obtained. The use of a duty cycling wake-up receiver module permits limit time 
behavior and causes the overhead of time synchronization in the network. Furthermore, we have tested with 8 
sensing nodes and got about average 12.4 seconds latency. The wake-up distance is an important requirement in 
the function of a wake-up receiver. When sending a wake-up alarm with the radio at 0 dBm output power, it 
achieved nearly 30 meter in an open air experimental environment. 
 
 

 
Figure 7. Measurement of power consumption using the Monsoon Solutions power monitor 

 

 
Figure 8. Monsoon Power monitoring while sensing node  

 
CONCLUSION 
 
An evaluation method is proposed to assess the potential benefit of using the EEW system and the radio trigger 
function. The EEW determine the trigger threshold during various levels of excitation. And the radio trigger 
solution provides a wirelessly way to wake the sensor nodes up in sensor network. The wakeup receiver module 
provides a promising approach to reduce the power consumption. A simulation example has been used to 
demonstrate how this radio trigger works in practice. The present study is focused only on performance of wake-
up performance. The optimization of radio trigger function is needed in the next version. The delay time is due 
to the duty cycling detection of wakeup receiver module, the hardware and software initialization as well as the 
network connection. Our on-going work is to complete some hardware and software in order to verify the 
potential benefit of this architecture. An advanced full-scale sensor network implementations will be practice in 
future work. 
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