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Abstract—A complete design and additive fabrication process
of ﬂexible wearable radio-frequency (RF) energy harvesters for
off-the-shelf 2 W two-way talk radios utilizing inkjet printing technology is discussed in this paper. As a result of numerous output dc
power measurements of fabricated proof-of-concept prototypes, a
maximum output power of 146.9 mW and 43.2 mW was achieved
with an H-ﬁeld and E-ﬁeld harvester, respectively. Also, the effect of misalignment between receiver and hand-held radio on harvesting performance is discussed in detail. To verify their potential in real-world wearable autonomous RF modules, the operation of E- and H-ﬁeld energy harvesters was veriﬁed by utilizing an
LED and a microcontroller communication module under on-body
and on-bottle conditions, and the effect of the energy harvesters
on the performance of the harvested communication systems was
inspected through received power measurements in an anechoic
chamber.
Index Terms—Autonomous sensors, energy harvesting, ﬂexible,
inkjet printing, on-body, wearable.

I

I. INTRODUCTION

N RECENT years, the desire for a “smart” society, which
utilizes technologies such as large scale sensor networks,
Internet of Things (IoT) and smart skins is getting increasingly
higher. One of the biggest issues to realize the autonomous operation of these sensors and devices is power supply. In order
to solve this problem, ambient energy harvesting technology
has attracted the interest of the research community in the last
couple of decades. There are many different types of potential energy sources for ambient energy harvesting such as solar,
heat and vibration. Among them, ambient microwave energy
harvesting, because of its inherent applicability even through
opaque walls, making it potentially more available than other
ambient energy sources. There are many different types of available microwave signals, especially in urban environments, such
as VHF/UHF television and WiFi signals [1], [2], although typically their energy density is lower than other sources [3]. As
the most fundamental implementation issues associated with the
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low energy density and the characteristics of Schottky diodes,
which are commonly used for RF-dc conversion circuit implementation, it is very difﬁcult to achieve a high enough output
voltage that can drive external circuitry. In addition, most integrated circuits (ICs) require more energy than that required
for normal operation when they need to activate from “cold
start,” which means equivalently that their load resistance becomes very low (typically below 1
), further complicating
the turn-on of the ICs using RF energy harvesters. In order to
alleviate this problem, for example, a charged capacitor is utilized to guarantee the start up of ICs [4]. However, there are
some “hotspots” where RF energy is fairly high, which can possibly provide enough energy to turn on external circuitry from
cold start without using any supplemental energy sources [5].
As an example, the two-way talk radio, which is a commonly
used device for short-distance communication, does not use any
base station and directly sends the signal to the other mobile devices. Therefore, it generates a relatively high RF power compared to other mobile communication electronics, especially in
near ﬁeld. In general, there is a limited number of technologies
that are utilizing the near-ﬁeld coupling for the purpose of wireless power transfer and the near-ﬁeld communication, for example the strongly coupled coil conﬁgurations and the near-ﬁeld
RFIDs [6]–[8]. In these applications, both Transmitter (Tx) and
Receiver (Rx) are arbitrary designed and do not use an ambient
energy source. At the same time, most of the ambient energy
harvesting circuits do not use the near-ﬁeld coupling. Nevertheless, as already reported, it is possible to generate substantially
high dc power out of the RF signals generated from handheld
devices, such as a two-way talk radio [9], [10]. In this paper, a
novel near-ﬁeld RF energy harvesting circuit on a ﬂexible substrate, that can be fabricated with inkjet printing technology,
for wearable sensor applications as well as a further characterization of the near-ﬁeld energy harvester under practical misaligned conditions and an operation test using a microcontroller
are discussed in detail as an extension of previously reported
results.
II. INKJET PRINTING FOR ZERO-POWER
FLEXIBLE WEARABLE SENSORS
Additive manufacturing such as inkjet printing and 3-D
printing is becoming increasingly popular in industry because
of its environmentally friendly and low cost fabrication process
features. These emerging fabrication techniques can potentially decrease signiﬁcantly the number of fabrication steps,
including the etching processes, and drastically improve the
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Fig. 1. Block diagram of a typical inkjet-printed zero-power wearable sensor
device.

fabrication efﬁciency. Wearable sensor devices are expected to
be used extensively in the places where single-time/disposable
use is hygienically important, for example in hospitals. From
this type of applications, it is desirable to create as many circuit
components in the device as possible by utilizing additive manufacturing to reduce the cost of device. Due to recent substantial
improvements in fabrication processes and performance, inkjet
printing technology has become increasingly attractive for
RF and sensor applications. As is depicted in Fig. 1, passive
components, such as capacitors and inductors, circuit traces
including antennas, battery, and sensors, can be created by
utilizing printing technologies [11]–[16].
Inkjet printing technologies with silver nanoparticle-based
inks have proven to be a very efﬁcient solution for low-loss
RF circuit patterning associated with a high 2-D resolution in
the range of 50 to 100 m [17]–[19]. However, it is quite challenging to fabricate durable ﬂexible circuits with printed traces
combined with lumped circuit components because of the limited ﬂexibility of the conductive epoxy and the solder, that are
commonly utilized as the electrical interconnect between inkjetprinted conductive patterns and circuit components. One of the
options to overcome this problem is to create copper traces utilizing inkjet printing-based electroless electroplating, which enables to use conventional soldering to create electrical interconnections on ﬂexible substrates [20]. However, because of the
inevitable characteristic as a wearable device, it requires extra
durability. In order to guarantee the interconnection under the
wearing/ﬂexing conditions, the masking through the use of an
inkjet-printed polymer was adopted for the initial prototyping
to prove the concept of near-ﬁeld energy harvesting, and the research was extended to the fabrication of circuit utilizing inkjetprinted conductive traces. The Dimatix-2831 printing platform
from Fujiﬁlm was used to print both the masking layer and the
conductive traces.
A. Inkjet Printing Masking
There are four steps in the fabrication of ﬂexible circuit traces
utilizing inkjet printing masking as are depicted in Fig. 2. The
polymer ink is made of 35
SU-8 polymer from MicroChem,
and was used as a mask on a copper-cladded liquid crystalline
polymer (LCP) substrate from Rogers Corporation. The thickness and the dielectric constant of the substrate are 100 m
and 2.9, respectively. Once the SU-8 ink was printed on the
copper cladding layer, the substrate was soft baked at 120 C
for 10 min before the masking was exposed to 365 nm ultraviolet (UV) light for cross linking. After the UV light exposure,
the substrate was heated at 120 C for additional 5 min, yielding

Fig. 2. Fabrication process of ﬂexible circuit traces utilizing inkjet printing
masking.

Fig. 3. Circuit traces for a TDFN8 IC package fabricated with inkjet printing
masking.

a 4 to 6 m SU-8 layer thickness [18]. Two layers of SU-8 were
printed and then the uncovered copper metallization was etched
with ferric chloride (FeCl ) solution. The etching time varied
from 30 to 90 min depending on the temperature, size of substrate, thickness of metal layer and freshness of the FeCl solution. After the etching, SU-8 mask is removed by using acetone.
Fig. 3 shows the printed conductive traces for a 3 mm 3 mm
TDFN8 package that have been fabricated with the above additive fabrication approach. The resolution of the conductive patterning is effectively equal to the resolution of inkjet printing,
making it possible to fabricate circuit traces width and spacing
of less than 400 m for the prototype in Fig. 3, although narrower spacings below 90 m can be easily realized, which is
sufﬁciently good for many commonly used packaged ICs.
B. Inkjet Printed Conductive Traces
As an alternative additive manufacturing approach, the conductive traces for the wearable ﬂexible harvesters introduced in
this paper were printed by utilizing a silver nanoparticle-based
ink, EMD5730 from SunChemical, which contains 40% silver
nanoparticles diffused in an ethanediol-based solvent. This ink
has a viscosity of 10 to 13 cPs at 25 C and a surface tension
of 27 to 31 dynes/cm [21]. Five layers of silver nanoparticle ink
were printed on a 125 m Kapton HN substrate from DuPont,
which has the dielectric constant of 3.5. After the printing, the
circuit was cured on a hotplate at 120 C for 10 min after a
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Fig. 4. Printed harvester circuit traces under bent/ﬂex conditions.

gradual temperature ramp from 30 C with the rate of 360 C per
hour to dry the solvent in order to realize uniform printed conductive traces. After the initial curing, the circuit was heated at
150 C for one hour, yielding 12- m-thick layers at the center of
a line with a sheet resistance of 0.011
. The curing temperature utilized is the lowest suggested curing temperature in the
data sheet of the silver nanoparticle ink. This temperature was
chosen in order to prevent the printed conductive traces from the
cracks caused by the thermal expansion of the Kapton substrate.
The conductivity of the printed traces is sufﬁciently high even
with this relatively low-temperature curing [22]. The printed
conductive traces themselves are as ﬂexible as the Kapton substrate as depicted in Fig. 4. The inkjet-printed conductive traces
are compatible with both conductive epoxy and low temperature
soldering paste, which are typically used materials to make electrical connections to circuit traces and lumped components. The
prototypes of the RF-dc conversion circuit using inkjet-printed
conductive traces and lumped components which are soldered
using the conductive epoxy and the low temperature soldering
paste are shown in Fig. 5(a) and (b), respectively. The biggest
issue of printed conductive traces for wearable applications in
terms of mechanical properties is the stiffness difference between the conductive traces and the interconnection materials.
This causes locally high mechanical stress on the edge of interconnections which eventually cracks the conductive traces
when the circuit is bent. To alleviate this problem for wearable harvester applications, the RF-dc conversion circuit part in
the fabricated prototype was laminated by utilizing a thin epoxy
glue layer, which relieves the unequal stress distribution under
bent/ﬂexed conditions.
III. RF POWER MEASUREMENTS
In order to design a ﬂexible wearable energy harvester circuit which can effectively scavenge energy from a hand-held
radio, it is necessary to know the EM ﬁeld distribution around
the holding hand and to estimate how much is the input power
to the harvesting circuit.
A. Near-Field Power Distribution Simulation
and Measurement
In this paper, a Motorola RDU2020 two-channel two-way
talk radio (2 W/1 W) was used as the power source and the
radio was held with the right hand. The operation frequencies

Fig. 5. (a) Interconnection using conductive epoxy. (b) Interconnection using
low temperature soldering paste.

of this radio are 464.5500 MHz (Channel 1) and 467.9250 MHz
(Channel 2), and the radio is utilizing Continuous Tone-Coded
Squelch System (CTCSS) which is an analog squelch scheme
in the factory setting. It is possible to switch the transmitting
power of RDU2020 to 2 W and 1 W. In this research, 2 W mode
and Channel 1 were used. The antenna of RDU2020 radio is
not detachable, and the actual transmitted power from the radio
cannot be directly measured. Therefore, another two-way talk
radio, Motorola RDU4100, which can detach the antenna, was
programmed to operate at 2 W mode and the output power was
directly measured by utilizing a power sensor (NRP-Z211 from
Rohde & Schwarz) and a 30 dB attenuator. Eventually, the actual measured transmitted power was 2.2 W. Therefore, in this
paper, the transmitted power from RDU2020 radio is assumed
to be 2.2 W. Since most people turn on the Walkie-Talkie with
their hands, it is assumed that a sufﬁciently high amount of the
output power in the near-ﬁeld of the radio can be harvested by
placing a harvester around the hand. In order to estimate the
E- and H-ﬁeld distribution around the hand holding the radio,
various simulations were run on CST. In these simulations, a
monopole antenna which has the same operation frequency as
RDU2020 was placed near the thumb of the right-hand model
which features the human ﬂesh electrical properties. The simulation results of E- and H-ﬁeld distribution on the back and
on the palm sides are shown in Fig. 6. As it can be easily noticed, the E-ﬁeld intensity is generally much higher than the
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Fig. 6. E-ﬁeld distribution of (a) Back side. (b) Palm side., and H-ﬁeld distribution of (c) Back side. (d) Palm side.

H- ﬁeld intensity, but there are some places where the H-ﬁeld
is locally high. In order to optimize the placement orientation
of the wearable energy harvesting circuit, the intensity of electric and magnetic ﬁelds around the wrist were measured with
an ETS-Lundgren E-ﬁeld and H-ﬁeld probe which was connected to a real-time spectrum analyzer, RSA3408A, from Tektronix. The measurement setup and the measured E- and H-ﬁeld
values at 2 to 17 cm away from the radio at various angular positions are shown in Fig. 7(a) and (b), respectively. It can also be
concluded from these measurements that the electrical ﬁeld is
stronger than the magnetic ﬁeld around the wrist. However, due
to the typical near-ﬁeld E-ﬁeld distribution around a monopole
antenna, the optimum E-ﬁeld receiver needs to be placed parallel to the two-way radio antenna, which is difﬁcult because
of typical motions and changes in the relative positions of the
radio in common holding arrangements of the radio near the
wrist. On the other hand, the power level of the magnetic ﬁeld
at 0 position is relatively higher than any other angle; it is
easier to increase the receiving area of the H-ﬁeld by mounting
the harvesting structure on the back of the hand, which is vertically facing the expected H-ﬁeld, instead of placing the receiver on the wrist. Based on this assumption, receiver circuits
for both electrical ﬁeld and magnetic ﬁeld were designed for
proof-of-concept purposes.

Fig. 7. (a) Near-ﬁeld probe measurement conﬁguration. (b) Measured E- and
H-ﬁeld power levels at different relative angles and distances.

B. E-Field and H-Field Receiver Design
By taking into account the typical size of a hand and a wrist, a
width of 5 cm and length of 15 cm were adopted as the size constraints of the E-ﬁeld receiver, and a width of 5 cm and a length
of 8 cm were adopted for the H-ﬁeld receiver . Based on the
near-ﬁeld power simulations and measurements, and the above
wrist-dependent restrictions, receiver circuits for both E- and
H-ﬁeld were designed. A dipole antenna for E-ﬁeld and an opentype helical coil with four loops for H-ﬁeld were adopted at the

Fig. 8. Additively manufactured receiver prototypes for (a) E-ﬁeld, (b) H-ﬁeld.

wearable harvesting receiver. Both were soldered with the balun
(ADT1-1WT) from Coilcraft Ink. The dimensions of the E- and
the H-ﬁeld receiver prototypes are shown in Fig. 8(a) and (b),
respectively.
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Fig. 9. System conﬁguration with equivalent -parameters matrix.

C. Input Power Estimation and RF-DC Conversion
Circuit Design

Fig. 10. Measured -parameters for E- and H-ﬁeld receivers.

Since the transmitter and the receiver circuits are placed in
the near ﬁeld, it is very difﬁcult to estimate how much power
is actually transferred to the receiver through simulations. The
requirement that the proposed receiver had to be wearable, as
well as the detrimental proximity effect of the human body, further complicated this estimation. Therefore, in this paper, the
power transferred to the receiver port was computed from twoport -parameter measurements with a vector network analyzer
(ZVA8 from Rohde & Schwarz). The energy harvesting system
can be generally modeled as shown in Fig. 9. In this ﬁgure,
is the source impedance and
is the load impedance. If input
and output power at port1 and port2 are deﬁned as , , ,
and , respectively, the topology of the transmitter antenna and
of the harvesting receiver can be expressed as a -parameter
matrix. Once the power transferred to the load and the power
from the source, deﬁned as
and , respectively, the power
transfer efﬁciency from the source to the load can be determined
as shown in

a spindle-shape 20-cm-tall water bottle, which has the smallest
diameter of 17.5 cm at the middle and the largest diameter of
23 cm at the top and bottom, was used. In order to mimic the
two-way talk radio, a stubby UHF antenna, RAN4033 from
Motorola, which has similar physical dimension to the one on
the two-way talk radio, was placed at the bottom of the water
bottle and was used for the -parameter measurements. The
E-ﬁeld receiver was wrapped around the bottle at a distance of
7 cm from the bottom of the bottle in a conﬁguration equivalent to the handheld two-way radio and the “7 cm” position of
the harvester in Fig. 7(a). Similarly, the H-ﬁeld receiver was
placed at 2 cm away from the bottom of the water bottle which
is equivalent to the “2 cm” position in Fig. 7. The measured
-parameters for the transmitting monopole and for the E- and
H-ﬁeld receivers are plotted in Fig. 10 for this speciﬁc conﬁguration. Using this data in (1) and (2), the maximum potential power transfer efﬁciency was determined to be 2.57% and
7.55% for the E-ﬁeld and the H-ﬁeld receivers, respectively.
For the E-ﬁeld harvester circuit, the maximum possible transferred power from the 2.2 W transmitter, 56.2 mW, and the
load impedance at the maximum power transfer condition, 202
–
, were determined from (1) and (2), respectively. From the
same equations, the H-ﬁeld harvester maximum possible transferred power of, 166.0 mW, and the load impedance at the maximum power transfer condition, 10.7 –
, were computed. In
order to maximize the output voltage with the minimum possible circuit size, a single-stage Dickson voltage doubler with
one Schottky diode chip, Avago HSMS282C, was used as the
rectiﬁer. Also in order to keep the size of harvester small, an
L-shaped LC network was adopted as the matching circuit. The
circuit was initially designed with the Advanced Design System
(ADS), and the matching circuit was ﬁne-tuned during measurements. The conﬁguration of the E and H-ﬁeld rectiﬁer prototypes is shown in Fig. 11(a) and (b), respectively.

(1)
If the reﬂection coefﬁcient from the source to port1 (
is substituted with

) in (1)
(2)

the efﬁciency can be expressed only as a function of the reﬂection coefﬁcient from port2 to the load ( ). Therefore, once the
two-port -parameter matrix for the Tx-Rx propagation channel
is calculated experimentally, the maximum power transfer efﬁciency can be analytically computed by sweeping the value of
in the range of
and
to 360 . At the
same time, the load impedance value yielding the maximum efﬁciency can be computed from (2) [9].
In this research, the harvester circuit is expected to be placed
on the human body. However, because of regulation issues related to human subject research, a bottle of water was adopted
as the substitute material for the human forearm for the preliminary measurements. In reality, the human body has different
electrical properties compared to the water. Therefore, in order
to imitate the human body effects more accurately, a phantom
should be used in future research efforts. However, as a ﬁrstorder approximation and as a proof-of-concept of the wearable
near-ﬁeld RF energy harvesting, and without loss of generality,

IV. MEASUREMENT RESULTS
A. RF-DC Conversion Efficiency Measurements
The output voltage measurements were initially conducted
with an RDU2020 handheld radio by arranging the harvester
and the radio on the side of the water bottle in a conﬁguration similar to the one on the human arm holding the radio as
shown in Figs. 12(a) and 13(a). The output voltage was measured by changing the load resistance of the circuit in the range
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Fig. 13. (a) Open voltage measurement of H-ﬁeld harvester with an on-bottle
setup. (b) Operation veriﬁcation of the H-ﬁeld harvester on the hand.

Fig. 11. RF-dc conversion circuit topology for the wearable (a) E-ﬁled energy
harvester. (b) H-ﬁled energy harvester.

Fig. 12. (a) Open voltage measurement of E-ﬁeld harvester with an on-bottle
setup. (b) Operation veriﬁcation of the E-ﬁeld harvester on the wrist.

of 100 to 6800 , which fully covers the optimal load resistance value range of 1800 to 3000
from ADS simulation.
The input power is assumed to be 56.2 mW (17.5 dBm) for
the E-ﬁeld harvester, and 166.0 mW (22.2 dBm) for the H-ﬁeld

harvester from the input power estimation based on the -parameter measurements. The estimated RF-dc conversion efﬁciency from both the simulations and the measurements for Eand H-ﬁeld harvesters as a function of the load resistance are
depicted in Figs. 14 and 15, respectively. During the simulation, the matching circuit and the load resistance are optimized
to achieve the highest dc output power for the estimated RF
input power using ideal circuit components. The RDU two-way
talk radios can potentially switch the transmitting power to 1
and 4 W. Therefore, the RF-dc conversion efﬁciencies when
the input power is halved and doubled without changing the
matching circuit design are also depicted in Figs. 14 and 15. According to the simulation results, the maximum RF-dc conversion at every input power level observation is almost the same
for both E- and H-ﬁeld harvesters, and the optimal load resistance value shifts slightly lower as the input power increases.
These are because the input power is pretty high and the junction
capacitance of the diodes, which is input power dependent at
low input power levels, is negligibly small, and only the real part
of the diode impedance changes as the input power levels are
varied. The sharp decrease in the RF-dc conversion efﬁciency
for high load resistance values at high input power levels happens because the output voltage becomes larger than the breakdown voltage of the diode, resulting in limiting effects. As a
result of the measurements, the estimated maximum RF-dc conversion efﬁciency of 76.3% was achieved for the 1772 load
resistance for E-ﬁeld harvester and 88.5% was achieved for the
2996 load resistance for H-ﬁeld harvester based on the measurements. The reason why the simulation and measurement results for the E- and H-ﬁeld harvester show minor disagreements
in terms of the optimal load resistance is assumed to be the fact
that the estimated input power from the -parameters measurement is lower than the actual input power, practically causing
some amount of mismatch between the receiver and the RF-dc
conversion circuit. Also, the difference between the ideal and
the actual lumped components could be the cause of the higher
loss in the measurement. As depicted in Figs. 12(b) and 13(b), an
operation test using a LED was conducted by replacing the load
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Fig. 14. Simulated and estimated RF-dc conversion efﬁciency values from
-parameters measurements and the measured output dc power from E-ﬁeld
harvester prototype with respect to load resistance.

Fig. 15. Simulated and estimated RF-dc conversion efﬁciency values from
-parameters measurements and the measured output dc power from H-ﬁeld
harvester prototype with respect to load resistance.
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Fig. 16. H-ﬁeld harvester prototype using inkjet-printed conductive traces after
lamination with an epoxy glue.

Fig. 17. Output dc power of the conductive inkjet-printed H-ﬁeld harvester
prototype with and without lamination under ﬂat conditions.

resistance with a LED while mounting the prototype of E-ﬁeld
harvester on the wrist, and sticking the H-ﬁeld harvester prototype on the back of the hand. As a result, the LED was successfully turned on utilizing only the harvested energy from the
handheld radio under the typical radio operation conditions for
both scenarios [9], [10].
B. Comparison of Inkjet Printing Masking and Inkjet Printed
Conductive Traces
Based on the assumption that the traces for the RF-dc conversion circuit are electrically small compared to the wavelength
at 464 MHz and that the difference in substrate materials do not
signiﬁcantly affect the operation of the circuit, the same circuit
design of the inkjet-printed masking prototype was adopted for
the conductive inkjet-printed H-ﬁeld harvester circuit. In order
to avoid having the problem of cracking in the printed conductive traces, the conductive epoxy paste used for the electrical
connection of lumped components was laminated with a thin
epoxy glue layer as depicted in Fig. 16. In order to determine
the effect of epoxy lamination on the performance of the harvester circuit, the output dc power from the H-ﬁeld harvester
before and after the lamination were measured on a ﬂat sponge,
whose thickness is 35 mm by arranging the hand-held radio on
the back side of the sponge. The results are depicted in Fig. 17,
verifying that there is no signiﬁcant difference in performance

Fig. 18. Output dc power from the prototypes of H-ﬁeld harvester using
inkjet printing masking and inkjet-printed conductive traces under “on bottle”
bent/ﬂex conditions.

due to the lamination. As a ﬁnal test, the output power from the
conductive inkjet-printed H-ﬁeld harvester was measured on the
water bottle to compare the performance of harvesting with the
inkjet printing masking H-ﬁeld harvester under bent/ﬂex conditions. The output dc power with respect to the load resistance
for both inkjet printing masking and inkjet-printed conductive
traces are shown in Fig. 18, showing a very good agreement,
while the open output voltage of the conductive inkjet-printed
H-ﬁeld harvester is shown in Fig. 19.
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Fig. 19. Open voltage measurement of the conductive inkjet-printed H-ﬁeld
harvester with an on-bottle setup.

Fig. 21. Setup for the operation test of H-ﬁeld harvester using a microcontroller
module.

tations among the transmitter, the harvester and the hand can
signiﬁcantly change the coupling and the matching conditions
a lot. In order to overcome this issue, a receiver with misalignment-correction capabilities has to be used. Also, the design of
a matching circuit for wide operation power range, for example
a real-time active matching circuit, can be introduced to compensate the effect of the misalignment [24].
D. Operation Test Using Microcontroller Module

Fig. 20. Output dc power from E-ﬁeld and H-ﬁeld harvester prototypes using
LCP substrate on bottle at different misalignment angles.

C. Effect of Misalignment on Harvesting Performance
Potential misalignment between the hand-held radio and harvester would possibly degrade the performance of harvesters. It
is known that the range of motion of a wrist is about 40 for both
ﬂexion and extension, and 40 of combined radial-ulnar deviation [23]. In order to investigate the effect of misalignment for
wearable harvesters, output dc power measurements under the
condition of
aligned positions are conducted. The direction of the misaligning rotation for the E- and the H-ﬁeld harvester are depicted in Figs. 12(a) and 13(a), respectively. The
output dc power with respect to the load resistance at each angle
is plotted in Fig. 20. Assuming that the maximum degradation
in input power occurs at the highest misalignment angle, the
E-ﬁeld harvester features a maximum of 49.2% output dc power
variation compared to the 0 condition. Similarly, the maximum
output dc power variation for H-ﬁeld harvester associated with
misalignment is 63.5%. The reason why the dc power of the
H-ﬁeld at
is much larger than at 45 can be attributed to
the fact that the distance between the antenna and the receiver
in the harvester is longer in the case of 45 than in the case
of
because of the extra transmission line length between
the rectangular traces and the balun even if it looks like a symmetric shape. From these results, it can be concluded that alignment is critical to achieve a high RF-dc conversion efﬁciency
with wearable harvester circuit. During the actual on-body operation, it can be assumed that the relative geometrical orien-

One of the fundamental motivations of this research is to
overcome the problem of the “cold start” of ICs by introducing
a wearable ﬂexible near-ﬁeld energy harvesting circuit. In order
to test the applicability of the proposed harvester to wireless
autonomous sensing devices, an operation test using microcontroller modules was conducted. The setup for the operation veriﬁcation is depicted in Fig. 21. The harvested energy was stored
in the energy storage unit, which was composed of a 1000 F
Tantulum capacitor and voltage regulators to protect the capacitor and the microcontroller module. The MSP430 base microcontroller unit, eZ430-RF2500 provided by Texas Instruments,
was used as the Access Point (AP) and the End Device (ED).
The module has the functionality of wireless communication
at 2.45 GHz, while functioning as a thermometer utilizing an
analog-to-digital converter (ADC). The operation and the duty
cycle of the ED, which was powered by an H-ﬁeld harvester,
were optimized to realize a low power consumption. The current
ﬂow to the ED when the module was powered by a 3.3 V voltage
source was measured by using a digital oscilloscope, Tektronix
DPO7354, as is plotted in Fig. 22, which clearly shows an initial operation state and a normal operation state. During the initial operation, the ED is sequentially performing the following
four tasks; initializes the microcontroller, establishes communication between the ED and the AP, acquires the temperature
data using ADC and sends the data back to the AP by transmitting RF signals. Similarly, the ED acquires the temperature data
and sends the data to the AP during the normal operation. In
order to start up the operation, it requires about 986
of energy at the supply voltage of 3.3 V. At the normal operation, the
module requires about 193
of energy for every measurement.
These values are computed by integrating the instant power consumption during the initial and the normal operation states obtained from the previous oscilloscope measurement data. Also,
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Fig. 22. Measured microcontroller module (ED) current ﬂow in the initial operation state and in the normal operation state.

the initial operation requires the maximum instantaneous power
of 123.75 mW, which is about 1.32 times larger than in the
normal operation. Without loss of generality, we assume that the
temperature acquisition and data transmission are conducted at
an arbitrary interval, which is represented as Td in the Fig. 22.
For the operation veriﬁcation test, the duty cycle was chosen
as 5 s for practical proof-of-concept purposes. After each measurement, the ED stays in low power consumption mode until
the next measurement, and consumes about 4.3 W of power
according to the application note [25]. As a result of the veriﬁcation test, the ED turns on within 1 s from the “cold start” and
starts sending the data once the two-way talk radio was turned
on. After 1 s of charging, the ED can repeat the normal operation
for three to ﬁve times at the duty-cycle of 5 s. The number of
operations was conﬁrmed by counting the number of the communication logs shown on the computer. It can be assumed that
the variation in the number of operations was caused by the
variance in the stored energy in the capacitor after the charging
because the dc power from the harvester varies depending on
the load resistance and the misalignment. Also, the required energy for the ED to establish the communication with the AP
changes depending on how fast they establish the communication link. The number of “autonomous” operations could not
exceed 5 times even if the charging time was increased, which
is implying that the capacitor in the energy storage unit had been
already saturated after 1 s of charging. Therefore, it is assumed
that it would be possible to extend the operation time by introducing a high-capacity energy storage device, such as a lithium
ion battery.
E. Effect of Harvester on the Two-Way Radio
Communication Quality
Since the energy harvester circuit is utilizing energy which
is originally expected to be used for communication signals,
it could possibly degrade the quality of communication. In
order to specify the effects of the energy harvesting circuit on
the handheld radio communication performance, the received
power, which represents the quality of communication, was
measured in the anechoic chamber for the following three different conditions at 1 and 2 m separation distances between the
transmitter and the receiving antenna: i) the harvester prototype
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Fig. 23. Received power measurement in an anechoic chamber.

Fig. 24. Effect of harvester prototype on received communication power.

on the water bottle is placed in the proximity of the radio as
is Fig. 12; ii) only the water bottle is placed near the radio;
and iii) both the water bottle and the harvester prototype are
removed from the vicinity of the radio. The measurement setup
is shown in Fig. 23 [9] involving one prototype of the E-ﬁeld
harvester. For the measurement, one prototype of the E-ﬁeld
harvester was used. The receiving antenna was a monopole
antenna, ANT-433-CW-QW from Linx Technologies Inc,. The
measurement results are depicted in Fig. 24, verifying that the
difference in the received power between the case (i) and the
case (ii) at two different separation distances in the far ﬁeld
were quite small, meaning that the effects of adding a wearable
harvester to a hand holding a radio are almost negligible. On
the other hand, the difference between case (ii) and (iii) is quite
signiﬁcant, which implies that the effect of harvesting is small
compared to the effect of existence of water bottle, which is
probably causing fading. Therefore, it can be concluded that
the degradation of the communication performances of the
two-way talk radio by the presence of the energy harvesting
circuit is much smaller compared to the human body effect.
V. CONCLUSIONS
In this paper, the design and additive manufacturing fabrication process of ﬂexible near-ﬁeld ambient energy harvesting
circuits for wearable sensor device applications is discussed.
Numerous proof-of-concept circuit prototypes were fabricated
through the combination of conductive traces realized with
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inkjet printing masking and conductive inkjet printing technologies with lumped circuit components. The input power for
the RF-dc conversion circuit was analytically estimated from
the measured -parameters, and the maximum output power
levels of 146.9 mW and 43.2 mW were achieved with H-ﬁeld
and E-ﬁeld harvesters, respectively. Numerous operation tests
of E- and H-ﬁeld energy harvesters were conducted by utilizing
a LED and a microcontroller communication module under
on-body and on-bottle bent/ﬂex conditions, and veriﬁed the
successful powering of both modules utilizing only the energy
from the two-way talk radio. These very promising preliminary
results suggest the wide potential applicability of the proposed
inkjet-printed ﬂexible energy harvesters to a variety of wearable
biomonitoring, WBAN and Internet of Things applications.
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