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Abstract—We report a new microelectromechanical systems
(MEMS) self-powered sensor and RF transmission platform for
wireless sensor network (WSN) nodes which can operate at energy
levels orders of magnitude lower than current equivalent systems.
Using the microgenerator as a power amplifier to drive a passive
kick-and-resonate transmitter architecture as an alternative to a
standard power hungry transmitter, this platform eliminates the
need for both secondary energy storage and power conditioning
circuits. This enables a significant reduction in the size, weight,
complexity and cost, and allows operation at much lower exci-
tation frequencies. The prototype platform consists of a MEMS
rolling-rod microgenerator, the output voltage of which is used
to kick a resonant loop antenna. The generator can be directly
primed by a suitable voltage-output sensor. This is the first plat-
form to achieve wireless sensor transmission powered only by a
MEMS energy harvester.

Index Terms—Capacitive, electrostatic, energy harvesting, kick-
and-resonate transmitter, loop antenna, microgenerator, wireless
sensor network (WSN) platform.

I. INTRODUCTION

M INIATURIZED wireless sensor nodes capable of long-
term maintenance-free operation are key to the success

of wireless sensor networks (WSNs) in many diverse applica-
tions, ranging from personalized continuous health monitoring
to improved water quality control [1]. The WSN approach re-
lies on the sensor nodes being embedded into their environment,
which for health applications includes being worn by or even
implanted in the user. This often places stringent constraints not
only on size and weight but also on power consumption, since
it may be highly impractical to regularly replace or recharge
embedded or implanted batteries, especially if there are many
nodes forming a network. Much research effort in recent years
has been devoted to the promising alternative of harvesting am-
bient energy as a potentially inexhaustible source of power for
wireless sensor nodes. At the same time, the aim has been the
miniaturization of a single node to a volume of 1 cm [2].
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A diverse range of harvesting devices have been and are
being developed both at the research and commercialisation
stage, exploiting ambient light, motion, heat and electromag-
netic radiation. Thermo life [3], a thermoelectric converter
and a product of Thermo Life Energy Corporation, provides
30 W at 3 V when the temperature difference between the
top and bottom of the generator is only 5 K. Kuehne et al. [4]
harvest energy from fluid flow using a piezoelectric MEMS
device. Wang et al. [5] describe an electromagnetic generator to
harness the vibration from liquid flow in a channel. The magnet
is mounted on a polyethylene (PE) diaphragm which vibrates
due to the pressure change in the channel. An output of 0.4 W
is achieved for the device operating at 30 Hz. Cantilever shaped
piezoelectric energy harvesters, with a mass attached to the free
end, were studied in great detail by Roundy et al. [6]. Electro-
magnetic energy harvesters with magnets mounted on the free
end of a cantilever beam were investigated by researchers from
Southampton University, U.K. [7], [8].

The microgenerator developed as part of this wireless sensor
platform harvests energy from motion, considered the most ver-
satile and ubiquitous ambient energy source available [9]. A
thorough review of motion-based energy harvesting techniques
using performance metrics to compare state-of-the-art devices
with the theoretical limits can be found in [9], in which it was
shown that the maximum power that can be generated is propor-
tional to volume and to frequency . The devices published
in the literature to date generally operate at well below the the-
oretical maximum for the volume and the source characteris-
tics. Although there is significant variation in the power densi-
ties achieved, it can, in general, be concluded that devices less
than 1 cm do not normally produce more than tens of Ws,
e.g., [10] and [11]. As the frequency lowers to less than 20 Hz
the power output drops to less than 10 W, e.g., [12]–[14].

The architecture of a conventional wireless sensor node
is shown in Fig. 1(a). The concept of energy harvesting
envisages that the power source will be provided by a micro-
generator rather than a battery. Normally, the microgenerator
has to provide power for an ADC, a microprocessor, system
control circuits, power management systems, and most impor-
tantly in terms of power, a radio transmitter. The low-power
state-of-the-art MSP430 microcontroller from Texas Instru-
ments requires 0.9 mW when active [15], and low-power RF
radios normally dominate the power consumption of the node,
demanding well above 1 mW [16].

There is then a serious shortfall in the power available from
miniaturized motion-driven microgenerators when compared
with the power required for the operation of a conventional
wireless sensor node, especially at low excitation frequencies
(the power generated is, in practice, at least a factor less
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Fig. 1. Block diagram of (a) a conventional WSN node architecture and (b) the
novel architecture for a WSN node.

than the continuous power consumption, for excitation fre-
quencies Hz and total node size cm ). Approaches to
overcoming this power shortage include operating at extremely
low duty cycles (less than 0.1%), which is suitable for low
data rate applications, the development of new ultra-low-power
circuits and systems, e.g., [16], and improving microgener-
ator design. In order to perform duty-cycling, wireless sensor
nodes employing energy harvesting still require a rechargeable
battery or super-capacitor for energy storage [17], limiting
the possibility for miniaturization. Smaller device volumes
and lower excitation frequency operation ( Hz) are both
desirable for certain applications such as human body sensors,
which increases this energy gap still further. The approach
of duty-cycling is limited not only by the requirement for
secondary storage but also by the power consumption of those
functions that are not switched off, e.g., the system clock. For
instance, the MSP430 consumes 1.8 W in standby which is
already demanding for a sub cm , sub 10 Hz microgenerator.

A new architecture, shown in Fig. 1(b), for a self-powered
MEMS wireless sensor platform is presented in this paper which
reduces the energy requirement to only that needed to drive an
antenna with the necessary power for successful data transmis-
sion. This is achieved by employing the microgenerator not as a
standard battery-replacement power source for the conventional
wireless sensor node shown in Fig. 1(a), but instead as a power
amplifier. In this configuration the microgenerator is primed by
the voltage output of the sensor; it amplifies this voltage by a
constant gain and then directly drives a passive resonant antenna
with this amplified output voltage. In this way, the energy to be
harvested per discharge needs only to be that required to drive an
antenna with the power for successful short-range transmission,
which at distances of 1 m or less is sub- W levels [18]. This
means that just 1 pJ of harvested energy transmitted wirelessly
over a discharge pulse time of 1 s would enable successful op-
eration of the sensor node ( dBm transmit power). The ad-
vantage can be seen if directly compared to the conventional
alternative shown in Fig. 1(a). Assume that the electronic com-
ponents including the radio of a conventional wireless sensor
node consume 1 mW and the low-power radio achieves a max-
imum bit rate of 100 kbit/s: these are typical values for a de-
sign optimized for low power. With appropriate duty-cycling
the energy used to transmit 1 measurement with 10 bit reso-
lution will be 100 nJ—this is times larger than the energy
needed for the transmission of one measurement using the archi-
tecture reported here. By using the microgenerator in this novel
role miniaturization can be driven far beyond that which would

Fig. 2. Architecture of the self-powered RF transmission platform.

otherwise be possible and/or the excitation frequency at which
the sensor node would be able to successfully operate could be
much lower.

A significant contribution to the size of a self-powered wire-
less sensor node is the need for secondary energy storage such
as a rechargeable battery or supercapacitor to allow duty-cycling
of the electronics for reduced average power consumption. This
need is entirely eliminated with the new architecture, since not
only is duty-cycling not required, but nor is a separate voltage
source for priming, thus further aiding miniaturization. Also,
the challenges associated with designing efficient power elec-
tronics (see [9] for details) are avoided. The size, weight, cost
and complexity of the wireless sensor node is hence reduced to
the essential components—the sensor, the microgenerator and
the antenna.

The device presented in this paper offers a proof-of-concept
by demonstrating that a MEMS harvester of volume 0.2 cm can
indeed provide enough power at sub-10 Hz excitation frequen-
cies for successful wireless transmission of sensed data using
the new architecture. The prototype consists specifically of a
rolling-rod Coulomb force parametric generator (CFPG), a loop
antenna and a thermopile sensor. The new approach can, how-
ever be applied to a wide-range of microgenerator architectures,
resonant antennas and voltage output sensors.

A detailed description of the basic architecture of the proto-
type platform is presented in Section II along with the micro-
generator design and requirements. Section III will discuss gen-
erator optimization, and Section IV presents some details of the
MEMS fabrication process. The measured results of the gener-
ator and complete energy harvesting wireless transmission plat-
form are presented in Section V. Benefits and limitations of the
architecture are discussed in Section VI, pointing the way to fur-
ther research challenges.

II. ARCHITECTURE DESCRIPTION

In this architecture, the sensor or sensor array primes the har-
vester, which then amplifies this voltage and, on discharge, kicks
a passive LC transmitter, which resonates at a frequency deter-
mined by the inductive loop antenna in parallel with the har-
vester output capacitance. The transmitted signal amplitude is
directly proportional to the measured voltage and can be re-
ceived by a suitable radio. The architecture is further illustrated
in Fig. 2.
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Fig. 3. Schematic description of energy harvesting operation for CFPGs.

A key component of the architecture is the inertial microgen-
erator, in this case designed for the particularly challenging ap-
plication area of body sensor networks. The prototype flexible
substrate rolling rod harvester, which has been introduced re-
cently by the authors [19], falls into the category of CFPGs,
which have been shown to be an optimal choice for the low
and variable frequency and large amplitude source character-
istics typical in body applications [20].

Fig. 3 illustrates the concept of a CFPG using a parallel plate
capacitor. The generator consists essentially of a variable ca-
pacitor in which one plate is attached to, or forms, a proof mass,
while the other is fixed to the inertial frame. A priming voltage
is required to charge the capacitor at the position of maximum
capacitance, labeled the charging position in Fig. 3, which is
when the distance between the plates is a minimum. The charge,
Q, provides the Coulomb force against which work is done as
the moving plate (proof mass) travels upwards away from the
fixed plate during vertical acceleration (e.g., shaking) of the in-
ertial frame. During motion the stationary plate is held at the
ground potential, whereas the moving plate is electrically iso-
lated. Due to conservation of charge, the voltage increases as
the capacitance between the plates decreases , and
hence the stored energy also increases. The gener-
ated voltage is discharged into the load electronics at the point
of minimum capacitance which corresponds to the maximum
plate displacement and is the point at which the most energy is
available. Kinetic energy is thus converted into electrical energy
enabling the powering of electronic circuits from vibration.

Fig. 4 shows the harvester used in this work. It is a variant
of the CFPG structure which possesses several advantages
over the parallel plate implementation shown in Fig. 3 and
explained above. The principle of operation is essentially
the same. In this case, however, a conductive rod forms the
proof mass and moving electrode, with the counter-electrode
formed by a narrow planar strip coated with a thin dielectric.
Amplification of the priming voltage is achieved as the rod rolls
in-plane away from the ground plate (position of maximum
capacitance) towards the discharge contact, which is centred
between two ground plates (position of minimum capacitance).
This geometry allows a larger proof mass than for an integrated
planar device, and a larger relative displacement than for
the geometry of Fig. 3. Also, multiple generation cycles can

Fig. 4. Three-dimensional model of the energy harvester.

be achieved for a single movement of the rod in one direc-
tion by using multiple charge (input) and discharge (output)
contacts along with multiple ground plates, as illustrated in
Fig. 4. A curved substrate is used to restrict the motion of the
free-moving rod. The input contacts are shown at the front of
Fig. 4 where the priming voltage is applied, while the output
contacts from which the amplified voltage is extracted are at the
rear. Through-film bonding is employed to facilitate electrical
connections (grounding vias in Fig. 4.).

The possibility of having multiple charge-discharge cycles
per transit of the rod has three main advantages. Generally, a
larger number of lower voltage output impulses are easier to deal
with if conversion to a DC output is required. If the pulse output
is used directly as is the case here, a sensor ID code can be im-
plemented by altering the spacing between discharge contacts,
thus allowing a receiver to distinguish between sensor nodes.
Furthermore, some charge-discharge cycles could be used to
transmit a known reference voltage, in order to deal with path-
loss variation by enabling the receiver to calibrate with respect
to the reference.

The amount of energy converted from mechanical form to
electrical form is simply equal to the energy gained in the
capacitor

(1)

The charge is equal to the product of the priming voltage
and the maximum capacitance. Substituting in (1), we obtain

(2)

The priming voltage is determined by the sensor. The
designer of the energy harvester should therefore seek to max-
imize , and minimize , while ensuring that the latter
remains comfortably above the parasitic capacitance.

It should be noted that the time needed to charge the gener-
ator ( s) is orders of magnitude less than the charge/dis-
charge cycle time ( s), since the input capacitance levels
are pF. Hence, charging time does not in practice place a
limit on the extent to which can be increased.

III. CAPACITANCE OPTIMIZATION

Since capacitance is the key parameter for maximizing ,
a comprehensive capacitance analysis has been performed. The
focus is to increase because previous prototypes exhibit
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Fig. 5. Definition of geometrical parameters for (a) flat substrate and (b) curved
substrate rolling rod electrostatic harvesters.

a value approaching the parasitic value. It would be un-
desirable to reduce this further due to the loss of design pre-
dictability in terms of gain. The analysis begins by considering
the case of a flat substrate. Fig. 5(a) shows the geometry for this
case. The rod-plate capacitance per unit rod length depends on
several parameters: the rod’s radius , the thickness of the isola-
tion layer , the plate width , and , which is the minimum air
gap between the rod and film caused by surface roughness and
nonstraightness of the rod. The minimum possible separation of
the electrodes, and therefore maximum possible capacitance, is
determined by the thickness of the SiO dielectric layer and the
air gap. The dominating factor in our prototype is in fact .

The first parameter to be investigated is . If the width is in-
finite, capacitance will be maximal, all else being equal. Using
the image plane method [21], the capacitance between two par-
allel rods can be treated as equivalent to two identical rod to
infinite plate capacitors in series. From (3) is derived to give the
rod plate capacitance per unit length analytically, assuming is
infinite

(3)

Fig. 6 compares the capacitance determined numerically
using the finite element software, Ansys (solid line) to model
the geometry of Fig. 5(a), with the theoretical capacitance for
infinite plate width (dashed line) given by (3). This shows that
the numerically determined capacitance increases rapidly as

increases such that beyond the capacitance is
within 2% of the theoretical value for infinite . For practical
designs, equation (3) will normally be applicable, since it is
desirable to maximize . The protopype uses m
and m.

Capacitance is proportional to the rod’s radius and inversely
proportional to air gap, assuming the radius is much bigger than
the air gap, which is likely to be the case in any practical de-
sign. In the prototype, m and m. The capaci-
tance is expected to be around 10 pF for a 1 cm long rod and a
value of around 8 pF was measured. The air gap is determined
by the surface roughness of the dielectric layer and the rod’s
straightness which, in fact, dominates over the isolation layer .
Therefore, not only is it important to produce the thinnest iso-
lation layer possible (while not causing electrical breakdown)
but also the flattest. A motivation for using the conformal plane
structure, shown in Fig. 5(b), is the expectation of enhanced ca-
pacitance, , due to the ground plate being closer to the rod

Fig. 6. Simulation of rod-plate capacitance versus the ratio of the plate width
over the rod radius, for the planar substrate case. The dashed line represents the
analytical value calculated from (3) for an infinite plate width. An air gap of 1
�m is assumed.

Fig. 7. Normalized capacitance versus the ratio of the substrate radius over the
rod radius for four different plate widths.

surface. Numerical analysis has been used to determine the de-
gree of curvature required to achieve a certain capacitance in-
crease compared to the value determined by (3). These figures
can be weighed up against other considerations to determine the
optimal degree of curvature.

Fig. 7 plots the capacitance ratio versus the
radius ratio (substrate over rod, ) for four different plate
widths. The results are normalized based on extrapolation from
numerical analyses; this extrapolation has been inferred but not
proven rigorously. A 1 m air gap was applied for all simula-
tions. Fig. 7 enables the designer to predict the extent to which
the capacitance given in (3) for a flat substrate can be increased
by curving the substrate.

It might be concluded that the optimal design would involve
a very high degree of curvature, with the substrate radius
approaching the rod radius, since this would yield the largest

. The rod must, however, travel the distance necessary to
have multiple charge-discharge cycles during movement in one
direction. This is for two reasons. First, the energy generated
is proportional to the number of charge-discharge cycles for
a given excitation frequency. Second, the new architecture
relies on a passive method to identify the sensor. The proposed
approach is to vary the distance and therefore the time between
discharge pulses, hence creating a unique code for each sensor.
The number of charge-discharge contacts achievable is limited
by the plate width needed for maximum capacitance
and the distance of travel required to achieve the maximum
capacitance change. The latter is about 100 m for the flat
substrate device [21]. To illustrate the tradeoff, should be
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Fig. 8. Electrostatic force in the tangential direction versus rotation angle.

greater than 2 to achieve more than four discharge pulses for
a rod radius of 750 m if both the capacitance ratio and the
rod-to-plate capacitance are to remain maximal.

It should be noted that is also boosted by substrate cur-
vature. nonetheless benefits to a much larger degree be-
cause the overlap between the rod and the plate is far larger at
the charging (maximum capacitance) point.

The radius of our prototype device varies in fact between
and since it is not uniform, i.e., the substrate is not per-

fectly circular. The average measured capacitance increase was
a factor of 1.5: 8 pF for a flat substrate and 12 pF for a con-
formal substrate. It is higher than predicted in Fig. 11 due to
the SiO layer thickness being marginally less in the conformal
case. The device generates 4.7 times as much energy as the flat
plane prototype.

IV. DYNAMIC ANALYSIS

A. Electrostatic Force

The electrical energy converted, i.e., the energy output, is the
integral of the electrostatic force between the rod and bottom
electrode over the traveling distance. The features of this force
are thus crucial for maximizing generated energy and improving
energy conversion efficiency. An excessive force will freeze the
rod at its charging location and prevent it from rolling, while an
inadequate force yields less energy output. Designing the op-
timal force needs to consider the dominating maximum accel-
eration experienced by the rod. Fig. 8 plots the Ansys simulated
results of the electrostatic force versus rotation angle, where the
2D model used for the simulation is shown in Fig. 5(b).

The force appearing negative in Fig. 8 represents its nature
as an impeding force. The peak magnitude is close to 250 N.
Comparing this to the weight of a 1 cm long 1.5 mm diameter
steel rod (1.3 mN), the electrostatic force is capable of with-
holding the rod until the acceleration applied exceeds approxi-
mately m/s , or about 0.2 g. This value
will of course depend on the priming voltage.

The effect of electrostatic force on the movement of the rod
is clearly seen in the numerical simulations (Fig. 9). The sudden
changes in the curvature of the traveling path indicate the elec-
trical energy extracted at those positions.

B. Sliding and Rotation

A moving rod could experience two types of motion: rolling
only and combined sliding and rolling, depending on the fric-
tional coefficient between the rod and substrate and the accel-
eration acting on the rod. Excessive sliding would wear out the

Fig. 9. Velocity of rod versus position. The position is described by the angle
in radians. The lowest point in the arc has position ���� or 4.71 rad. The rod
is released under gravity from position A (5.5 rad) and stopped at position B,
where it is held by electrostatic force over one of the bottom electrodes.

thin SiO isolation layer rapidly. As a result, it is beneficial to
confine the rod to the rolling only mode.

In the case of the flat substrate architecture shown in Fig. 5(a),
the boundary condition between rotational and sliding-rota-
tional motion can be calculated from the corresponding
equations of motion. For only rotational motion, the overall rod
acceleration equals the angular acceleration: ,
where and are the rod’s radius and angular velocity, respec-
tively. The two forces acting on the rod are the inertial force

and the static friction force , where and
are the rod mass and the external acceleration, respectively.
The difference between the two forces should equal the total
acceleration times : . In addition, since the
only torque applied to the rod is the one of the friction force,
we have , where is the rod’s
moment of inertia. From these equations, we see that during
rotational only motion, the static friction force is equal to one
third of the inertial force

(4)

The motion mode change occurs if exceeds its maximum
value: , where is the static friction coef-
ficient and is the gravitational acceleration. Hence, the max-
imum external acceleration for rotational only motion is found
to be equal to . If the motion source is a vibration of
angular frequency and amplitude , then its maximum ac-
celeration is and the condition for rotational only motion
becomes

(5)

Fig. 10(a) illustrates the boundary between the two motion
modes. To the left of the lines only rotation occurs; to the right
rotation and sliding will take place.

In the case of the conformal substrate architecture shown in
Fig. 5(b) (driving source is initial elevated angle), the boundary
condition is described by (6), where is the elevated angle

(6)
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Fig. 10. (a) Motion mode boundaries for two different friction coefficients. In
the area below each line, purely rotational motion occurs. In the area above each
line, a combination of rotational and sliding motion is expected. (b) Simulation
of the rod angular position at which motion mode change occurs versus friction
coefficient. Pure rotation occurs in positions lying below the line.

Fig. 10(b) illustrates the relationship graphically. If the
release angle is greater than the boundary values, i.e., above
the curve, the rod will experience combined rotation and slip
motion. For typical values of for glass-to-metal contact of
0.5–0.7, a high angular range of – can be exploited
without slip.

V. FABRICATION

The MEMS microgenerator is fabricated using a flexible
75 m thick polyimide film to allow substrate curving. The first
step is to cut the film into a 10 mm diameter circle and bond
it onto a standard 100 mm borofloat glass wafer. The bonding
is implemented by evenly taping the perimeter of the polymer
circle onto the wafer with Kapton film. The purpose of the glass
wafer is to support the soft substrate through the fabrication. It
is removed at the end of the process.

Next, three layers are sputtered onto the polymer. They are
30 nm of Cr for better adhesion, 300 nm of Cu as the bottom
electrode, and 50 nm of SiO as the dielectric layer. Photo resist
(PR) spinning (Shipley Microposit S1828) is implemented im-
mediately after sputtering to minimize oxidation on the Cu sur-
face. Then, the wafer undergoes UV exposure and development.

Next, using the PR film as a mask, the exposed SiO layer is
patterned by reactive ion etching (RIE). Then, the wafer is rinsed
in plating solution before 3 min of Cu electrodeposition. The
deposition current is precalculated to ensure a 100 nm thick Cu
layer. The height of the contacts is elevated to ensure successful
electrical contact with the rod.

Fig. 11. Fabrication process of the energy harvesting device.

The remaining resist mask is then removed with acetone. The
second lithography process employs the same method to form
the contacts and bottom plates. Then, SiO etch is carried out by
RIE as before. This is followed by removal of sputtered Cu and
Cr with chemical wet etch. The last step is to soak the wafer in
acetone to strip off any residual PR. The supporting glass wafer
can be removed either before or after the PR stripping.

Single die were cut off, bent into arc shapes and taped to
maintain their curvature. Through-film bonding is employed
to facilitate electrical connections (shown as grounding vias in
Fig. 4). The generator is then mounted onto a test board, shown
in Fig. 12(a), which includes the single turn loop antenna
for transmission, an electrical connector to apply the priming
voltage, and instrumentation combined with a SMA output
for connection to an oscilloscope for characterization. The
single-turn copper wire loop antenna was chosen to be 3 cm
in diameter to achieve a reasonable Q-factor, while achieving
good radiation efficiency in the low UHF region.

VI. MEASUREMENT RESULTS

The contact resistance between the rod and the electrodes was
measured to be less than 1 . A physical characterization of such
contacts can be found in [22].

The voltage gain (output voltage divided by priming voltage)
for different priming voltages applied to the conformal sub-
strate device was measured and is shown in Fig. 13. From this
the consistency of the gain can be assessed, which is impor-
tant since accurate readings depend on linear and repeatable be-
havior. The prototype results indicate that the voltage gain is
consistent within about 15% of the maximum value over almost
a 10 V range. Gain deviation may be due to capacitance ratio
mismatch between charge-discharge cycles caused by variation
in the substrate curvature and variations in rod and substrate
flatness.

The voltage gain , is related to the energy gain as

(7)
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Fig. 12. (a) Optical image of the device test board. (b) Circuit model including
electronics for measurement of the RF oscillation at the transmitter.

Fig. 13. Voltage gain versus priming voltage for the rod film prototype.

For large , (7) can be approximated as

(8)

A gain of 4.6 achieved for this conformal device compares
favorably with the gain of 2.4 achieved with the flat substrate
device published by the authors in [19]. This can be attributed
to the use of a conformal substrate to increase combined
with improved fabrication techniques. For this gain, the
value of 1 pF and from 1 to 10 V, the transmitted pulse
energies are in the range 10 pJ to 1 nJ.

An off-the-shelf UHF TV antenna connected directly to the
high-speed scope was used to detect the transmitted signal wire-
lessly. Fig. 14 shows the successful reception at a range of 20 cm
with a transmitted pulse energy of less than 50 pJ. As expected
the signal is an exponentially decaying oscillation.

Fig. 14. Detection of oscillation for a pulse energy of 42 pJ.

Fig. 15. Amplitude of received signal versus thermopile output voltage.

Equation (9) describes the decaying resonant pulse for a
damped LC circuit

(9)

This was fitted to a number of transmitted and received sig-
nals to determine the both the resonant frequency and the
factor. The transmitted signal can be detected directly using the
test board’s high frequency, very low input capacitance instru-
mentation amplifier connected to an oscilloscope [Fig. 12(b)].
The 100 fF series input capacitor is used to prevent the para-
sitic capacitance of the measurement circuit from significantly
lowering the oscillation frequency. This circuit is useful when
testing to compare transmitted and received signals. The fre-
quency was found to be approximately 600 MHz and the was
estimated to be about 20.

Both a pH sensor array as described in [23] and a thermopile
[24] were used as sensors for the proof-of-concept self-powered
wireless node. Successful RF signal transmission and reception
was observed in both cases. Reliable detection was achieved
for a range of up to 1 m for priming voltages down to 1 V. The
received signal amplitude versus thermopile output voltage is
shown in Fig. 15. The linearity is reasonable for the higher
priming voltages, but the gradient decreases sharply below
about 4 V.

VII. DISCUSSION

The prototype battery-less self-powered wireless sensor node
platform achieves successful wireless transmission over a range



3444 IEEE SENSORS JOURNAL, VOL. 11, NO. 12, DECEMBER 2011

of 1 m while harvesting only nanowatts of power. This demon-
strates that the new architecture is indeed capable of operating
at power levels orders of magnitude below conventional WSN
nodes. However, certain enhancements would be necessary to
enable the new wireless sensor platform to operate reliably in a
real system. These are discussed next along with other possible
improvements.

A. Generator

System gain nonlinearity and/or consistency are issues which
require further development. It is important to solve this because
reliable measurements will depend on the matching between
charge-discharge cycles. As an example, the noncircularity of
the substrate will result in varying generator gain depending on
the charging contact. This can be solved through better assembly
techniques. The nonstraightness and roughness of the steel rod
and substrate should be improved for maximizing the energy
output.

The current architecture is limited to operating with sensors
which provide a voltage output. However, there are many such
sensors, including piezoelectric devices for pressure and mo-
tion measurements, photoelectric light sensors, thermoelectric
temperature sensors, and chemical sensors such as pH and glu-
cose measuring electrodes. It should be noted that the archi-
tecture can potentially be modified to work with a capacitive
sensor (such as a pressure sensor), which could form part of the
resonant antenna network such that the transmission frequency
would be modulated with the measured signal. In this case, the
priming voltage would be provided by an electret or other fixed
voltage source.

The experimental work showed that the curved substrate
tends in itself to correctly control the motion of the rod.
Nonetheless, additional features such as substrate trenches or
side panels could also be used to prevent the rod from sliding
out sideways.

B. Wireless Link

The loop antenna was designed to be large enough (3 cm di-
ameter) to oscillate in the low UHF region for ease of testing.
Next-generation devices will employ a much smaller antenna
(below 1 cm diameter) and will resonate in the low GHz range. A
node ID code can be included using different spacings between
charge and discharge cycles. Calibration will be implemented by
setting certain transmitted discharge pulses to a known reference
amplitude, using either diodes or an electret. The development
of a high sensitivity, high dynamic range receiver optimized for
this application would also improve detection of the transmitted
signal.
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