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1. Introduction

As an emerging technique, the wireless sensor networks (WSNs) provide a cheap and
straightforward way to acquire sensor data in hard accessible places or on rotating devices.
Generally, the sensor nodes are self-supportive by including sensing, processing, storage and
communication capabilities. And the node hardware usually operates with batteries, as it is
infeasible to sustain the nodes with power supply, and other ambient sources of energy (like
solar cells and wind energy) do not provide the required power levels, require the specific
operational conditions or negatively impact from the shape. In most of the WSNs applications,
it is inconvenient or even infeasible to replace the batteries of the node, and the lifetime of
the batteries is equivalent to the lifetime of the WSNs. Hence, to prolong the lifetime of the
WSNs, it is an important issue to design a power management scheme for employing the
wake-up/sleep schedules, so as to perform effective power management for the WSNs nodes.

The essence function of the power management scheme is to determine at what time a node
should enter a high-power wake-up running mode or enter a low-power sleep mode. And an
excellent power management scheme should guarantee that a node should stay in the sleep
mode as more as possible, since the power consumption of the two modes is dramatically
different. For example, if the node adopts the MSP430 processor as the Micro Control Union
(MCU), which has five power saving modes with different energy saving features. In one of
the working modes, the processor shuts down all the components except for the memory,
and the current consumption is only 0.1uA. This is less than 0.1% of the active working
mode. So the lifetime of the node can be remarkably increased if it stays in the low-power
sleep mode as long as possible. The simplicity of changing the wake-up mode to the sleep
mode by applying a set of MCU instructions that shut down the hardware components is
universally acknowledged. However, difficulties exist in the design process of changing the
sleep mode to the running mode when the MCU of the WSNs node is in deep sleep mode
and is unconscious of when to wake up. However, the messages can only be received and
processed when the node is in the wake-up running mode. Hence, how to develop a low
cost, low power consumption scheme to wake up the node from the sleep mode on demand
becomes a challenging and promising task.
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52  Wireless Sensor Networks — Technology and Applications

To solve this problem, many power management schemes have been proposed. The most
widely adopted scheme is to realize wake-up/sleep schedule by waking up the WSNs nodes
periodically. However, it is hard to define the wake up period, as the energy would be wasted
if the node wakes up too often, and the network controller’s commands would be missed if
the node wakes up too seldom. A common phenomenon is that nothing happened in most of
the wake-up periods, and the node enters sleep mode again. The disadvantage of this scheme
is that it can not ensure that the node stays in the running mode when needed, meanwhile,
the periodically wake up operation consumes excessive energy, which makes the scheme a
high power consumption method. Another method is to use a low power stand-alone radio
receiver subsystem to monitor the environment [7, 10]. The node keeps sleeping unless the
receiver wakes it up after receiving the wake-up signal. For example, Atmel’s ATA5283 is
an ideal chip to do this work [7]. The newly proposed PicoRadio has such function too [10].
However, the consumption of extra energy and cost is the negative part of this method.

In this chapter, we present a novel concept for designing a passive radio-triggered wake-up
circuit for realizing the wake-up/sleep schedules, which is made up of some diodes,
capacitors, and inductors, and could transform the radio frequency (RF) power to direct
current (DC) voltage efficiently. Similar to the stand-alone radio receiver wake-up scheme, the
activation and shutting down of the WSNs node is controlled by detecting whether there is a
wake-up signal in the environment, and thus eliminates the energy wasting wake-up periods.
When the network controller wants to wake up the node, it can emit the wake-up signal, the
passive radio-triggered wake-up circuit harvests the RF power and produces a DC voltage
to trigger the interrupt of the MCU, so as to wake up the sensor node. However, unlike
the stand-alone radio receiver which consumes extra energy and cost, the radio-triggered
wake-up circuit is made up of low cost diodes, capacitors, and inductors, and the circuit itself
is a passive circuit which does not need any power supply. The above advantages make the
passive radio-triggered wake-up circuit an ideal choice for realizing the power management
in the cost sensitive WSNSs.

The chapter is organized as follows. The following section gives the background and related
work. Section 3 describes the system view of the radio-triggered wake-up circuit. Section 4
presents the detailed circuit level design. Section 5 provides the simulation and measurement
results. Section 6 discusses some schemes to improve the performance of the basic circuit,
such as the schemes to improve the wake-up distance and to realize addressable wake-up.
And the conclusion is drawn in the section 7.

2. Related work

The essential function of the power management scheme is to reduce the power consumption
of the node consumed by unused hardware peripherals and radio resource. While it is easy
to define when transmission is required, reception is usually unpredictable and asynchronous
to a sensor node. However, the messages can only be received and processed when the node
is in the wake-up running mode. Hence, how to develop a low cost, low power consumption
scheme to wake-up the node from the sleep mode on demand becomes a challenging and
promising task.

The simplest power management schemes are continuous listening or duty-cycling. Besides
having energy conservation, an evident drawback of the duty cycling schemes is the increased
latency compared to the always-on mode, and the scheme can not ensure that the node stays
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in the running mode when needed. Some advanced energy-efficient multi-access control
(MAC) protocols like WiseMAC protocol and SCP-MAC protocol have been proposed, the
detailed protocols can be referred to the survey of WSNs specific MAC protocols [1, 12, 15].
The wake-up costs may be amortised over periods of inactivity, in which MAC protocols
regularly perform carrier sense operations. A work [8] explores several schemes for predicting
the arrival time of the next message after an initial wake-up, which allows for scheduling an
efficient carrier sense. More recently, a radio-triggered MAC protocol was proposed to realize
power management [13].

One of the possible alternatives in minimizing latency is to use an additional wake-up radio
hardware, which is thoroughly optimized for negligible power consumption and is capable
to react instantly on an event of interest. Atmel’s ATA5283 is an ideal chip for power
management. It is an ultra-low power receiver works at 125KHz. The power consumption
of the chip is 10uW with the supply voltage of 2V. However, the chip can only work
in the ultra-low frequency of 125KHz, so a large scale antenna is required to receive the
signal, which restricts the chip from adopting in lots of applications. PicoRadio [10] uses
a dedicated designed low power transceiver module (build as a prototype IC), which is
capable of monitoring radio environment. It can be used as a stand-alone radio module on
the sensor node to receive the wake-up signal emitted by the network controller. The total
power consumption of the PicoRadio module in the receive mode is 380uW with the receiver
sensitivity of -75dBm and supply voltage of 1V. Although the power consumption is much less
than many state-of-the-art normal radio transceiver, which typically use 2-3 V supply voltage
and consumes 20-90mW, this solution still consumes significantly high power consumption
while staying always-on.

Some literatures [3, 5, 9, 11, 14, 17] present the design of the power harvesting circuit for the
radio frequency identification devices (RFID) chip. They adopt the high efficiency rectifier to
realize the RF to DC signal transformation. They designed the circuit as a module for the RFID
IC chip. To design a chip to realize the wake-up function is too complex and expensive for the
WSNs node. Hence, we realize the design using discrete components. It’s cheaper and more
flexible and can be applied to different applications with little change. Our proposed passive
radio-triggered wake-up circuit [16] is made up of some diodes, capacitors, and inductors,
and could transform the RF power to DC voltage efficiently, and the circuit itself is a passive
circuit which does not need any power supply. The above advantages make the passive
radio-triggered wake-up circuit an ideal choice for realizing the power management in the
cost sensitive WSNs.

3. System overview

The WSNs node with passive radio-triggered wake-up circuit can be waked up by means
of harvesting power from RF signal emitted by the network controller. And the network
controller must transmit a high intensity RF signal through the air. When it is the time for
the node to be waked up, the controller emits the wake-up signal, and the circuit harvests the
RF signal and produces a DC interrupt signal to wake up the MCU of the node immediately.
Fig. 1 illustrates the system view of the network controller and node. The whole WSNSs is
made up of the general node equip with the passive radio-triggered wake-up circuit, and
the network controller which could transmit high intensity RF wake-up signal. It should be
mentioned that since our proposed passive radio-triggered wake-up circuit is made up of
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discrete devices, it is very convenient to change the working frequency of the circuit. Hence,
most of the commercial transmitters can be adopted to realize the network controller design.
In the WSN's applications, one can integrate the network controller’s function into the WSNs
node for simplicity.

L ~

Network
Controller

Figure 1. Illustration of the network controller and node system

The block diagram of the WSNs node is shown in the Fig. 2. Besides the traditional modules
of the node, a passive radio-triggered wake-up circuit which transforms the RF energy to DC
voltage is added to the node. It shares the same antenna with the transceiver, and sends the
DC voltage directly to the MCU to trigger the interrupt operation.
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» RF-DC Wake-Up

Figure 2. Block diagram of the node equip with the radio-triggered wake-up circuit

In this chapter, the RF to DC passive radio-triggered wake-up circuit is designed to operate
in the UHF frequency ISM band of 915MHz, it should be mentioned that it is quit convenient
to change the working frequency of the circuit. The modules of the RF to DC radio-triggered
wake-up circuit are shown in Fig. 3. The circuit is made up of an antenna, an impedance
matching network, and a rectifier. The antenna picks up the RF power sent out by the network
controller, the impedance matching network ensures maximum power transfer in the system,
and the rectifier converts the RF power to a DC voltage. In the Fig. 3, the signal at the mark 1
is RF signal, the signal at the mark 2 is also RF signal, however, the signal at the mark 3 is DC
voltage. The rectifier realizes the crucial RF to DC transformation task, and the antenna and



Radio-Triggered Power Management in Wireless Sensor Networks 55

impedance matching network are auxiliary circuits that improve the RF to DC transformation
efficiency.

Impedance . DC output
. —» Rectifier ——»
1 Matching 2 3

Figure 3. RF to DC radio-triggered wake-up circuit

The RF power received by the wake-up circuit at the mark 1 of Fig. 3 is given by the following
equation

b _ PG GrA?

(47cd)?

where P is the transmission power of the network controller, Gs is the gain of the antenna
of the network controller, G; is the gain of the node antenna, A is the wavelength of
the electromagnetic wave, and d is the distance between the network controller and the
node. In order to increase the working distance of the network controller, one can increase
the transmission power of the network controller or increase the antenna gain of network
controller or node. The transmission power Ps is 4W for our prototype 915MHz design. We
assume that the antenna gain is 1dB. The wavelength A of 915MHz is 0.328m. If the distance

between the network controller and the node is 40m, the received power P; will be 1.7uW
(-27.7dBm).

@)

The impedance matching network transforms the input impedance of the rectifier to that
of the antenna. A good impedance matching between the antenna and rectifier can reduce
transmission loss and increase voltage gain [2]. Another function of the impedance matching
network is to passively amplify the voltage. The theoretical amplifier efficiency of a matching
network is expressed by the following equation

Vout 1
= “4/1 2 2

where Vy,; is the output voltage of the matching network (the voltage of mark 2 in Fig. 3),
Vi, is the input voltage of the matching network (the voltage of mark 1 in Fig. 3), and Q
is the quality factor of the matching network. Equation (2) implies that the maximum gain
of the matching circuit can be achieved with the maximum quality factor Q. However, one
drawback of the high Q circuit is that it reduces the bandwidth of the circuit. The relation of
the quality factor Q and bandwidth Af can be expressed as follows

_fe
Q= Y; ©)

where f, is the center frequency of the wireless signal, and Af is the bandwidth of the circuit.
The rectifier is the most important module of the RF to DC circuit. It converts the RF energy
to DC voltage. Because the peak voltage of the RF signal at the input of the rectifier is very

low, we adopt the multistage rectifier in the design. Some papers have studied the rectifier
design for passive RFID tags [14, 17]. However, all of them use CMOS process to design a
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chip to realize the function. Adding a chip to realize the wake-up function is too complex
and expensive for the WSNs node. Hence, we realize the design using discrete components.
It’s cheaper and more flexible and can be applied to different applications with little change.
Details of the design will be given in section 4.

4. Circuits design

4.1. Basic voltage doubler rectifier

The basic voltage doubler rectifier is shown in Fig. 4. It is made up of two diodes and
two capacitors. The two diodes are connected in series, oriented so that forward current can
only flow from the ground potential to the positive terminal of the output voltage V;;;. The
capacitor C1 prevents the DC current from flowing into the circuit. It stores the charge and
permits the high frequency currents to flow. The capacitor C2 stores the resulting charge
to smooth the output voltage V,,;. Essentially, the circuit is a charge-pump structure. The
capacitor C1 and diode D1 make up a dc-level shifter, and the capacitor C2 and diode D2

form a peak detector.
RF | . Vout
| el >

D1 —C2

Figure 4. Basic voltage doubler rectifier

When the RF signal is negative and larger than the turn-on voltage of the diode D1, the current
flows from the ground point through the diode D1 and causes charge to accumulate on the
capacitor C1. The equivalent model of the negative part of the RF cycle is shown in Fig. 5. At
the negative peak, the voltage across the capacitor C1 is the difference between the negative
peak voltage V,; and the voltage on top of the diode V,,. The right (positive) plate of the
capacitor will be charged up to the voltage of Vpk — Von. As aresult, the DC level of the signal
applied to the peak detector (capacitor C2 and diode D2) is shifted to the voltage V¢ as

Vanift = Vpk — Von 4)

When the RF signal is positive and larger than the turn-on voltage of the diode D2, the diode
D1 turns off and the diode D2 turns on. The current flows from the input capacitor C1 through
the output diode D2 to the output capacitor C2. The equivalent model of the positive part of
the RF cycle is shown in Fig. 6. The peak voltage over diode D2 can be calculated by

Vout = Vanift + Vot = Von = 2 (Vi = Von 5)

The output voltage V,;; is defined by adding the voltage across the capacitor C1 to the peak
positive RF voltage, and subtracting the turn-on voltage V,,. When the received RF power
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RF ik ‘ Vout
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——C2

Figure 5. Rectifier during the negative part of the RF cycle

RF : Vout>

Figure 6. Rectifier during the positive part of the RF cycle

is invariable, in order to increase the output voltage V;,, the voltage on top of the diode V;,
must be as low as possible. Hence, the zero bias schottky diode is a good choice for the rectifier
design. In theory, the output voltage V,,; could be double the peak voltage of the RF signal
when the turn-on voltage V,; can be ignored, from which fact the circuit derives its name. In
the real application, the load resistance of the capacitors can not be ignored, and the circuit
can not be able to draw out all the current and charge that stored in the capacitors, hence, the
real output voltage V,,; must be less than the theory value.

4.2. Multistage rectifier

One stage rectifier can only produce a voltage of 2 (Vpk = Von>. In most of the scenes, the
voltage is not high enough to trigger the MCU, hence, multistage rectifier is proposed.

As shown in Fig. 4. If we changed the ground level to a DC voltage V., as has been analyzed

above, the output voltage V,,; will be 2 (Vpk — Von) + Vref~ So we can cascade the basic

voltage doubler rectifiers to form the multistage rectifier. The circuit diagram of the multistage
rectifier is shown in Fig. 7. We can see that the multistage rectifier is made up of several one
stage rectifiers, and the DC voltage generated at each stage is applied as the DC reference
to its following stage. Therefore, the DC output voltage of the N-stage multistage rectifier is
expressed as follows

Vout = 2N X (Vpk - Von) (6)

Equation (6) implies that one could continue to add as many stages as required to convert even
the most modest input RF voltage into a proper output voltage V,,;. But as stages are added,
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more and more power and charge are wasted in the diodes, capacitors, and PCB lines. The
more the stages are added, the less efficient the circuit will be. What we want is the maximum
of the output voltage as far as the radio-triggered wake-up function is concerned. Hence, the
number of the stages must be carefully designed.

|| ~  Vout
] -

|z
L
\/

Figure 7. Multistage rectifier

We adopt Avago’s zero bias schottky diode HSMS2852 in our prototype design. At a small
signal level, the schottky diode can be represented by a linear equivalent circuit, as shown in
Fig. 8. Where Rj is the junction resistance of the diode, Cj is the junction capacitance of the
diode, Rs is the parasitic resistance representing the losses in the diode’s bond wire and the
bulk silicon at the base of the chip, and Lp and Cp are parasitic inductance and capacitance
caused by the package. As far as the HSMS2852 with SOT-23 package which is used in the
prototype design is concerned, Rj is 9Kohm, Cj is 0.16pF, Rs is 20ohm, Cp is 0.08pF, and
Lp is 2nH. We utilize the ADS software from Agilent to simulate the input impedance of
the multistage rectifier with different stages by using the equivalent circuit in Fig. 8. The
capacitors in the multistage rectifier are set to 100pF. The simulation results are summarized
in the Table 1. From the Table we can see that the resistance and reactance reduce with the
increasing of stages. Hence, with the increase of stages, it becomes more difficult to design
the impedance matching circuit. Meanwhile, we should keep in mind that if we use different
stages of multistage rectifier, the impedance matching circuit should be redesigned to ensure
the maximum power transformation.

4.3. Impedance matching network

From the Table 1 we can see that the input equivalent impedance of different stages consist of
resistance and capacitive reactance. The impedance of the antenna is assumed as 50ohm for
the 1/4 wavelength printed monopole antenna which is used in the design. As has mentioned
above, the impedance matching network must have a high Q so as to produce high voltage
for the rectifier. Hence, a simple two elements L type matching is unsuitable as the Q value of
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Rs Rj

Figure 8. Equivalent circuit of the HSMS2852

Stages  Zin(ohm) Stages Zin(ohm)
1 30.661-j329.6 6  5.102-j55.102
2 15.3114165.071 7  4.376-j47.235
3 10.2124110.135 8  3.826-j41.333
4 7.655-j82.623 9  3.402-j36.743
5 6.127-j66.114 10 3.064-533.070

Table 1. Input equivalent impedance of the multistage rectifier with different stages

the L type matching network is fixed. The three elements 7 type matching network is flexible
to adjust the Q value as requested. So a more flexible 7t type matching network is adopted
here. To illustrate the character of the basic one stage rectifier, a L type and a 7 type matching
network are designed and compared. Fig. 9 shows the result of the L type matching network
and Fig. 10 shows the result of the 77 type matching network.

m1 m2
time=14.20usec| {time=14.20usec
Vdc=182.8mV Vmatch=137.4mV

300

200 r%j

] m2

> 100
cE ]
Sg
2 |
- Il

-100

-200 ' ] ' | ' | T | ' | '

14.14 14.16 14.18 14.20 14.22 14.24 14.26
time, usec

Figure 9. Voltage of L type matching network with input signal of 1.7uW (-27.7dBm)
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m1 m2
time=14.20usec| [time=14.20usec
Vde=201.0mV Vmatch=147.2mV

300
5 ¥
o3[ ] SEESESCESTEY PRSI, PSS, SSSRRES S RS ) I SUC e
i m2
] v
- 100
£E 7
=4 4 |
[iy=d
£* 04 I i
1 |
-100—"
-200 T T T T T T T T T I T
14.14 14.16 14.18 14.20 14.22 14.24 14.26
time, usec

Figure 10. Voltage of 77 type matching network with input signal of 1.7uW (-27.7dBm)

In the Fig. 9 and Fig. 10, the Vmatch is the voltage measured at the output of matching
network, and Vdc is the DC voltage output at the output of the rectifier. In the simulation,
the power of the input RF signal is 1.7uW (-27.7dBm). From the figures we can see that the
three elements 71 type impedance matching network produces a voltage higher than the two
elements L type network, and this is because the 7t type matching network has a higher Q
than the L type network. In order to produce high voltage output, it is better to use the 7t type
matching network. As has been calculated with the equation (1), with a distance of 40m and
transmitting power of 4W, the received signal strength is 1.7uW(-27.7dBm). Hence, the basic
one stage rectifier circuit with good impedance matching will produce a DC voltage of about
200mV.

4.4. Optimization of the circuit

As has been discussed above, both the impedance and efficiency of the rectifier are changed
with different stages. From equation (6) we can know that for a larger N a higher V,,; can
be derived. However, the optimal number of stages should be found with a compromise
between high DC output and low power loss due to power consumption of the schottky
diodes. Meanwhile, the V;;, voltage of the zero bias schottky diode can not be neglected when
the input signal is very weak. Hence, the more the stages, the more voltage will drop on the
diodes. Table 2 shows the DC output voltage which is changed with the number of stages. The
result is acquired with the input RF signal power of 100uW (-10dBm), 20uW (-17dBm), 6.8uW
(-21.7dBm), and 1.7uW (-27.7dBm). As the cost is a key factor of the WSNs node design, only
three stages are concerned here.

From Table 2 we can see that when the input power is high, the output voltage increases
with the increase of the circuit stages obviously. However, when the input power is small,
the output voltage increases with the circuit stages slightly. For the radio-triggered wake-up
function, the input power is always small. Hence, two stages multistage rectifier circuit is
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Input power

Stages|-10dBm -17dBm -21.7dBm -27.7dBm
1 ] 1.409V 813.1mV 493.5mV 200.8mV
2 |2212V 1233V 682.7mV 224.7mV
3 2807V 1491V 692.7mV 225.6mV

Table 2. Voltage under different input power with different stages

suitable for the radio-triggered wake-up function. However, as far as other functions such
as supplying power to other IC is concerned, it is a better choice to use a multistage rectifier
with more stages. We simulate the character with different number of stages, and find that a
10 stages multistage rectifier can produce a voltage of 5.016V with the input signal power of
-10dBm.

The rectifier output voltage is changed with the changing of the load impedance. For larger
load impedance, a higher V,,; voltage can be derived. The simulated and measured results
in this chapter are achieved with the load impedance of 100Kohm which is the general input
impedance of the state-of-the-art MCU interrupt pin. With bigger load impedance, a higher
voltage can be achieved.

m1 m1
time=75.11usec time=78.72usec
Vdc=224.7mV 1 \Vde=692.7mV
250 m mi1
v 800 i
200 e o D [ 1 1 1. i
- 500— -
150 1L 1 5
z / Z 400 N
. 100/ 2 4 #
R / L
- ¥ T 200
0— : 0
B s s Sy S s By S A B 2200 O L, A A A A
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time, usec time, usec
(a) Input power of -27.7dBm (b) Input power of -21.7dBm
m1 m1
time=78.72usec| time=78.72usec
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14 m 25 m1
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(c) Input power of -17dBm

time, usec

(d) Input power of -10dBm

Figure 11. Output voltage of two stages rectifier with different input power

The time domain simulation waveforms of the two stages rectifier are shown in Fig. 11. We
can see that with the increasing of the input power, it will take shorter time for the output
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voltage to become stable. With the input power of -27.7dBm, it takes about 25us to produce
a voltage of 200mV. However, with the input power of -10dBm, it takes only about 3us to
produce a voltage of 200mV. In the radio-triggered wake-up application, a wake-up time of
less than 30us is an acceptable time to trigger the MCU to wake up.

5. Experimental results

To evaluate the above theory and simulation analysis, we design a prototype circuit as
illustrated in the Fig. 12. The prototype circuit is a 915MHz passive radio-triggered wake-up
circuit which is made up of a 7 type impedance matching network and a two stages rectifier.
For the sake of test and measurement, we use the SMA connectors to connect the circuit with
the antenna, vector network analyzer, and oscilloscope. The default transmitting power of the
network controller is 4W in the evaluations.

Figure 12. The prototype design

To evaluate the performance of the 7t type impedance matching network, we use the E5071C
vector network analyzer from the Agilent to measure the return loss (511 parameter) of the
circuit. We scan the frequency band of 900MHz to 930MHz, and the measurement result is
shown in Fig. 13. We can see that the return loss of the circuit is -16.9dB at the frequency
of 915MHz, which is the minimum value in the whole frequency band. Hence, the circuit
ensures that most of the energy can be transmitted to the rectifier circuit in 915MHz, and the
7 type impedance matching network achieves good performance.

We use an oscilloscope to measure the DC output voltage under different input power, and
the measurement results are illustrated in the Fig. 14. We measure the DC output voltage
with an input power of -27.7dBm and -21.7dBm. From Fig. 14 we can see that the measured
voltage level is close to the simulation result, and the rising time of the voltage is similar to
the simulation result too. These results confirm the excellent performance of the two stages
rectifier circuit.

To evaluate the overall performance of the passive radio-triggered wake-up circuit, we
measure and simulate the output voltage of the circuit with different input power, and plot
the results in the Fig. 15. We can see that the measured results are near to the simulation
results.
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Figure 13. Measured return loss

(a) Input power of -27.7dBm (b) Input power of -21.7dBm
Figure 14. Measured DC output voltage with different input power

We also measure and simulate the output voltage of the circuit with different distance between
the network controller and the WSNs node, and plot the results in the Fig. 16. We can see that
the measured results are near to the simulation results too.

The above experimental confirm the performance of the proposed passive radio-triggered
wake-up circuit, and the results demonstrate that the circuit can transform the RF signal to DC
voltage efficiently. Compared with the schemes proposed in the literatures [3, 5, 9, 11, 14, 17],
our proposed scheme is the first one that uses the discrete components to realize the design
and achieves as good as or even better performance. It's cheaper and more flexible and can be
applied to different WSNs applications with little change.
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Figure 15. The measured and simulated output voltage as a function of the input power
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Figure 16. The measured and simulated output voltage as a function of distance
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6. Discussion about some performance improvement schemes

As has been analyzed above, the proposed passive radio-triggered wake-up circuit could
achieve reasonable performance and could be adopted by the WSNs node to realize the power
management task. However, in some WSNs based applications, one may want to improve the
wake up distance of the network controller, or want to realize the addressable wake-up so as
to wake up one node while keep the other nodes in the sleep node. In this section, we present
some performance improvement schemes for solving the above two problems. It should be
mentioned that the improvement schemes may need extra power supply.

6.1. Long distance wake-up circuit

As has been discussed above, the two stages rectifier can produce a DC voltage of about
220mV with the distance of 40m. This is enough for triggering a micro-power low voltage
supervisor. However, in some WSNs based applications, one may need a distance of 100m or
more, and the rectifier can not produce a voltage high enough for meeting this requirement. In
the literature, two advanced methods were introduced to tackle this problem [6]. One method
uses a store-energy radio-triggered circuit where a transformer is used. The disadvantage of
this method is that it needs a relatively longer time to realize wake-up since the transformer
needs some time to store enough energy. Meanwhile, the size of the transformer is too large,
which makes it improper to be used in the WSNs node. Another method uses an amplifier
to amplify the DC output signal of the passive radio-triggered wake-up circuit. The amplifier
has internal power supply, so it can generate an output signal higher than the input wake-up
signal. The disadvantage of this method is that the amplifier still consumes energy when there
is no wake-up signal. Typically, an amplifier draws about 1uA, and this is a little high for the
WSNs application.

In this chapter, we propose a comparator based long distance wake-up circuit. As we know, a
comparator typically draws less current than an amplifier. For example, Linear Technology’s
LT1540 ultra-low power comparator typically draws 0.3uA current. By adding a comparator
to the output of the passive radio-triggered wake-up circuit, the DC voltage can compare with
a predefined threshold voltage and produce a high voltage trigger voltage to interrupt the
MCU. Compared with the amplifier based approach, the comparator based scheme consumes
less energy. Hence, it is a good choice to design long distance wake-up circuit based on a
comparator. The block diagram of the long distance radio-triggered wake-up circuit with a
comparator is shown in Fig. 17.

Impedance : DC
. —» rectifier ———» . .
matching network output Trigger signal

Comparator ———»

Threshold ———»

Figure 17. Long distance radio-triggered wake-up circuit with a comparator

In the Fig. 17, the threshold value setting circuit is used to change the working distance of the
circuit. A low threshold value can be used to achieve a long working distance. The comparator
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compares the DC output of the rectifier with the threshold value, and produces a trigger signal
to wake up the MCU. The circuit proposed in Fig. 17 can produce a trigger signal with a DC
output from the rectifier as low as 10mV. The drawback of this circuit is the extra energy
consumed by the comparator and threshold value setting circuit which is about 0.5uA in all.
For some applications where very long working distance is required, this method is a good
choice.

6.2. Addressable wake-up circuit

Essentially, the radio-triggered wake-up circuit is a simple receiver, one can utilize the
multiple address technique that adopted in the traditional communication field to realize the
addressable wake-up.

The most intuitive method is the frequency division multiple address scheme [4, 6]. A set
of radio-triggered circuits which work on different frequencies are put on one node, and the
network controller sends the wake-up signal on multiple frequencies at the same time. The
outputs of the radio-triggered circuits are fed to the AND-gates so that the circuit could only
wake up the node when all the corresponding frequencies are present. The shortcoming of
this method is that the number of possible addresses is very limited. When using 6 different
frequencies, only 64 different nodes can be distinguished. Another disadvantage of this
method is that the cost increases significantly with the increase of possible addresses.

In this chapter, we propose a pulse width modulation based addressable wake-up circuit.
Compared with the frequency division multiple address scheme, the pulse width modulation
scheme may be an economic, simple, and efficient one. With the pulse width modulation
scheme, only one frequency channel is required. When the MCU is waked up by the wake-up
circuit, it measures the pulse width of the signals, and demodulates the address transmitted
by the network controller. The principle of the pulse width modulation scheme is shown in
the Fig. 18. The signals "1” and '0" have different pulse width, and the MCU can demodulate
the signal simply with the help of an on-chip timer. In the Fig. 18, the waveform of the address
of "1010” is also illustrated.

A
Signal 1
igna . '
0.5t
A
Signal 0
igna ’ '
0.5t t
A
Signal 1010 ’ { ’ ’ | ’ ' .
0.5t t 1.5t 2t 2.5t 3t 3.5t 4t

Figure 18. Principle of the pulse width modulation scheme
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The advantage of this scheme is that it is very simple to be deployed in the WSNs node and
network controller. There is no need to add any hardware, and the software for realizing the
above scheme is so simple. Hence, the pulse width modulation based addressable scheme is
an ideal choice for the radio-triggered wake-up circuit.

7. Conclusion and future work

In this chapter, we presented a radio-triggered wake-up circuit and explored its application
in the power management of the WSNs. By harvesting energy from the radio signals, the
radio-triggered hardware could provide a wake-up signal to the MCU without using power
supply, and it takes no more than 30us for the circuit to produce the wake-up signal. The
circuit could produce a DC output voltage of 220mV with the received power as low as
1.7uW (-27.7dBm), corresponding to a 40m distance in free-space with 4W radiation source.
Meanwhile, we discussed some advanced schemes to improve the wake up distance and to
realize the addressable wake-up. Equip with the radio-triggered wake-up circuit, the lifetime
of the WSNs node could be prolonged.

It should be mentioned that the radio-triggered wake-up circuit can be used in other
applications, such as the synchronization of the WSNs. And we will apply our radio-triggered
wake-up circuit to the low duty cycle WSNs to realize the synchronization of the network.
Meanwhile, we will explore other possible schemes for transforming the RF signal to DC
voltage.

Acknowledgment

This work was supported by National Natural Science Foundation of China under grant
numbers 61172058 and the National Hi_Tech Research and Development 863 program of
China under grant numbers 2008AA(092701. The authors would also like to thank the
reviewers for their useful suggestions and comments.

Author details

Jie Wang, Qinghua Gao, Yan Yu, Hongyu Wang and Minglu Jin
Faculty of Electronic Information and Electrical Engineering, Dalian University of Technology, China

8. References

[1] Ameen, M. A,; Ullah, N. & Kyungsup, K. (2011). Design and Analysis of a MAC
Protocol for Wireless Body Area Network Using Wakeup Radio, Proceeding of the 11th
International Symposium on Communications and Information Technologies, pp. 148-153,
ISBN 978-1-4577-1294-4, Hangzhou, China, Oct. 12-14, 2011

[2] Bahl, I J. (2000). High-Q and Low-loss Matching Network Elements for RF and
Microwave Circuits. [IEEE Microwave Magazine, Vol. 1, No. 3, (Sep. 2000), pp. 64-73, ISSN
1527-3342

[3] Curty, ]J. P; Joehl, N.; Dehollain, C. & Declercq, M. ]J. (2005). Remotely Powered
Addressable UHF RFID Integrated System. IEEE Journal of Solid-State Circuit, Vol. 40,
No. 11, (Nov. 2005), pp. 2193-2202, ISSN 0018-9200

67



68 Wireless Sensor Networks — Technology and Applications

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Cochran, T. L.; Kim, J. & Dong S. (2011). Low Power Wake-up Receiver with Unique
Node Addressing, Proceeding of the IEEE 54th International Midwest Symposium on Circuits
and Systems, pp.1 -4, ISBN 978-1-61284-857-0, Seoul, Korea, Aug. 7-10, 2011

Janek, A.; Steger, C.; Preishuber-Pfluegl, ]. & Pistauer, M. (2007). Power Management
Strategies for Battery-driven Higher Class UHF RFID Tags Supported by Energy
Harvesting Devices, Proceedings of IEEE Workshop on Automatic Identification Advanced
Technology, pp. 122-127, ISBN 1-4244-1300-1, Alghero, Italy, Jun. 7-8, 2007

Lin, G. & Stankovic, ]J. A. (2004). Radio-triggered Wake-up Capability for Sensor
Networks, Proceeding of the IEEE Symposium on Real-time and Embedded Technology and
Applications, pp. 27-36, ISBN 1080-1812, Toronto, Canada, May. 25-28, 2004

Liang, S.; Tang, Y. & Zhu, Q. (2007). Passive Wake-up Scheme for Wireless Sensor
Networks, Proceedings of the Second International Conference on Innovative Computing,
Information and Control, pp. 507-507, ISBN 0-7695-2882-1, Kumamoto, Japan, sept. 5-7,
2007

Miller, M. & Vaidya, N. (2005). A MAC Protocol to Reduce Sensor Network Energy
Consumption Using a Wakeup Radio. IEEE Transactions on Mobile Computing, Vol. 4,
No. 3, (May. 2005), pp.228-242, ISSN 1536-1233

Philippe, L. & Roy, S. (2010). Low-Power Wake-Up Radio for Wireless Sensor Networks.
Mobile Networks and Applications, Vol. 15, No. 2, (Feb. 2010), pp. 226-236, ISSN 1383-469X
Rabaey, ]J. M.; Ammer, J.; Karalar, T.; Li, S.; Otis, B.; Sheets, M. & Tuan, T. (2002).
Picoradios for Wireless Sensor Networks: The Next Challenge in Ultra-low-power
Design, Proceeding of the IEEE International Solid-State Circuits Conference, pp. 200-201,
ISBN 0-7803-7335-9, San Francisco, CA, USA, Feb. 7-7, 2002

Shameli, A.; Safarian, A.; Rofougaran, A.; Rofougaran, M. & De Flaviis, E. (2007). Power
Harvester Design for Passive UHF RFID Tag Using a Voltage Boosting Technique. [EEE
Tansactions on Microwave and Technoques, Vol. 55, No. 6, (Jun. 2007), pp. 1089-1097, ISSN
0018-9480

Saxena, S.; Mishra, S.; Sharma, A. K. & Chauhan, D. S. (2010). Review on Protocol
based Approaches to Extend Lifetime of Wireless Sensor Networks. International Journal
of Computer Applications, Vol. 11, No. 6, (Jun. 2010), pp. 23-29, ISSN 0975-8887

Sthapit, P. & Pyun, J. (2011). Effects of Radio Triggered Sensor MAC Protocol over
Wireless Sensor Network, Proceeding of the 11th IEEE International Conference on Computer
and Information Technology, pp.546-551, ISBN 978-1-4577-0383-6, Pafos, Cyprus, Aug.
31-Sept. 2, 2011

Umeda, T.; Yoshida, H.; Sekine, S.; Fujita, Y.; Suzuki, T. & Otaka, S. (2006) . A 950-MHz
Rectifier Circuit for Sensor Network Tags with 10-m Distance. IEEE Jornal of Solid-State
Circuit, Vol. 41, No. 1, (Jan. 2006), pp. 35-41, ISSN 0018-9200

Wu, H. & Pan, Y. (2008). Medium Access Control in Wireless Networks, Volume II: Practice
and Standards, Nova Science Publishers, pp.535-560, ISBN 978-1-60741-936-5, NY, USA
Wang, J.; Gao, Q.; Wang, H. & Sun, W. (2009). A Method to Prolong the Lifetime
of Wireless Sensor Network, Proceeding of the 5th International Conference on Wireless
Communications, Networking and Mobile Computing, pp.1-4, ISBN 978-1-4244-3692-7,
Beijing, China, Sep. 24-26, 2009

Yi, J.; Ki, W. & Tsui, C. (2007). Analysis and Design Strategy of UHF Micro-power
CMOS Rectifiers for Microsensor and RFID Application. IEEE Transactions on Circuits
and Systems, Vol. 54, No. 1, (Jan. 2007), pp. 153-166, ISSN 1549-8328



