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Abstract—The use of digital television broadcasting standards
has resulted in transmission of perpetually on wireless digital-TV
signals over the air at wider bandwidths in ultrahigh-frequency
bands for high-definition video and audio broadcasts to TV and
smart phones. This paper presents a unique embedded wireless
energy-harvesting prototype (E-WEHP) that exploits the unique
makeup of ambient digital-TV signals, and scavenges wireless
power from them at distance of over 6.3 km from the TV broad-
cast source. The harvested wireless power is successfully used to
power and sustain a 16-bit embedded microcontroller for sensing
and machine-to-machine applications without the use of batteries.
The E-WEHP uses a miniaturized planar log-periodic antenna
and RF-dc charge-pump circuit with maximum sensitivities of
—14.6 and —18.86 dBm and an embedded firmware-based power
management scheme to power microcontroller peripherals from
different types of ambient digital-TV signals.

Index Terms—Antenna, autonomous sensors, charge-pump,
digital TV, embedded microcontroller, energy harvesting, power
scavenging, RF-dc, ultrahigh-frequency (UHF), voltage multiplier,
wireless power.

I. INTRODUCTION

HE ADVENT of digital broadcasting standards for trans-

mission of TV signals over the air (ATSC, DVB-T, and
ISDB-T) since the 1990s has resulted in huge payloads of data
being broadcasted wirelessly at ultrahigh-frequency (UHF)
bands. Rather than carry video signals over a single frequency,
audio and video streams are sent at digitally modulated closely
spaced carrier orthogonal frequency-division multiplexing
(COFDM) frequencies referred to as orthogonal frequency-di-
vision multiplexing (OFDM), which allows for transmission
of a much more enhanced picture quality without suffering
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ghosting and multi-path effects prevalent with analog TV.
Digital TV broadcasts have lower transmit power compared to
older analog TV, and are designed to beam out high-definition
TV (HDTV) programs for long duration of time and wider
coverage in most urban areas. Ambient wireless power in the
UHF bands due to digital-TV broadcasts can offer a perpetual
power source for sustaining batteryless limited duty-cycle
operations of a number of low-power (LP) embedded and
wireless transceivers.

In this paper, we present a unique embedded wireless energy-
harvesting prototype (E-WEHP) capable of scavenging wire-
less power from digital-TV broadcasts over range of several
kilometers for powering on LP embedded processors and wire-
less transceivers [1]. The primary application of the E-WEHP
is a pervasive way to power on embedded sensors deployed
over a large geographic area using ambient wireless digital-TV
signals present in the air without using batteries. Through the
proper design and integration of an RF front-end and embedded
software, ambient wireless power has been successfully har-
vested and stored in low-leakage capacitors to sustain a 16-bit
microcontroller for sensing operations 6.3 km from a wireless
TV broadcast source. The use of low-leakage capacitors to col-
lect and use ambient wireless signals as a power source of-
fers substantial benefits over batteries. Capacitors are capable
of higher number of charge—discharge cycles at low equivalent
series resistance (ESR), thereby enabling them to source or sink
higher amounts of charge unlike lithium-ion batteries. Capac-
itors do not degrade with shallow discharge like NiCADs, and
are not volatile when exposed to moisture or harsh handling like
lithium-ion batteries. Capacitors are also much more environ-
mentally friendly since they do not use heavy metals and have
no disposal issues. The logistical benefit of eliminating periodic
battery replacement makes the E-WEHP ideal for applications
such as structural-health monitoring, monitoring radio-isotope
levels in the air, environmental and agricultural sensing, and for
“Internet of Things.”

II. RELATED WORK

Wireless power transfer mechanisms are primarily classified
as near- or far-field systems. Near-field systems use magnetic
induction to transfer power wirelessly with high efficiency
typically within a wavelength from the source. However,
beyond near-field, magnetic fields decay rapidly at a rate of
60 dB/decade, which make them useful only for distances
that are close to the radius of near-field coil-type antennas

0018-9480/$31.00 © 2013 IEEE
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TABLE I
ENERGY HARVESTING COMPARISONS [19], [21], [39]

. e Range/ Rx Process
Project RF Sensitivity/ DC output RF Source Load Antenna Gain
Karalis [8] NA 9.9 MHz, 60W near-field Light bulb 2m Coil
NXP UCode [44] -12.6dBm single tone RFID reader: 4W EIRP, Control logic, - CMOS
900MHz SRAM
Karthaus [18] -17.8dBm @ 1.5V, 1.5pA single RFID reader: 4W EIRP, Control Logic, 9.25m, -0.5dBi | 0.5 pum CMOS
tone 900MHz EEPROM
Reinisch [15] -19.7dBm @ 1.1V, 158nA single RFID reader: 4W EIRP, Temp sensor, Tx - 0.13 pm CMOS
tone 900MHz
Yin [16] -6dBm @ 1V, 2.4uW single tone RFID reader: 4W EIRP, Temp Sensor - 0.18 pm CMOS
900MHz
Yeager [17] -12 dBm @ 9pA RFID reader: 4W, 900MHz | Temp Sensor 3m 0.13 pm CMOS
& PCB
Power Cast P2110 -11.5dBm @ 1.2V Transmitter 915 MHz Battery 8m, 6dBi CMOS
[19]
Dolgov [21] -15.2 dBm @ 3V with battery- Ambient Cellular 1.96 GHz || Battery 50m PCB
assisted MPPT
WISP [39] -9.5dBm @1.9V, 0.7pA RFID reader: 4W, 900MHz || TI MSP 430F1232 Theoretical PCB
MCU 4.3m, 2dBi
WISP [22] NA @ 0.7V, 87.5 pA Ambient TV Signal 960kW || Temp Sensor 4.1km, 5dBi PCB
ERP
E-WEHP (this -14.6dBm Single tone or -37dBm || Ambient Digital TV 512- 16-bit PIC MCU 6.3km, 7.3 dBi | PCB
work) multi-tone over 2 TV channels @ 566 MHz, 48kW ERP
1.8V, 1.8 pA

[2]. Earliest known work on near-field wireless power-transfer
was carried out by Tesla in 1891. Tesla’s experiment illumi-
nated a light-bulb through near-field magnetic induction at
frequencies up to tens of kilohertz [3]. Near-field or inductive
wireless-power-transfer (WPT) schemes are also actively being
investigated for powering locomotives with powering range
of 20 cm or less [4]-[7]. The maximum near-field range that
has been achieved is 2 m with 40% efficiency by using a
magnetic-resonant power-transferring coil/antenna as reported
by Karalis et al. [8].

Compared to near-field systems, wireless power in the far-
field propagates using transverse electromagnetic waves, which
decay less rapidly at about 20 dB/decade, thereby allowing for
power transfer over longer range [2]. Bose first demonstrated
the use of wireless signals to transfer power and audio signals
in the far-field through his invention of the crystal radio in 1894,
which is the precursor to the modern AM radio [9]. Since then,
a number of RF/wireless energy harvesting work has been re-
ported in frequency bands from 60 Hz to 8 GHz [10], [11]. The
biggest use of wireless power has been in RF identifications
(RFIDs) for consumer and industrial tracking applications. A
number of research groups have also used near- and far-field
WPT schemes based on RFID technologies for powering or ac-
tivating bio-implanted sensors in human body for electrocar-
diogram (ECQG), electroencephalography (EEG), electromyog-
raphy (EMG), and ocular sensing [12]-[14].

Most of the wireless power harvesting work in the far
field has been in the UHF bands between 862-928 MHz for
RFID-based sensors, as shown in Table I. Most of the new
designs use sub-micron CMOS technology with RF input sensi-
tivities down in the tens of microwatts with a reported range of
9.25 m [15]-[19]. Most of the RFID-based wireless power-har-
vesting designs are optimized for high sensitivities at a single

tone within the RFID operating bands between 862-928 MHz.
This is primarily because RFIDs operate only within a range of
a conventional RFID reader that emits between 2—4-W effective
isotropic radiated power (EIRP) using a frequency-hopping
spread spectrum (FHSS) for power and communication. In the
FHSS spectrum used in RFIDs, the wireless power is focused
within a single 250- or 500-kHz frequency channel that hops
between 862-928 MHz in a pseudorandom fashion with a
dwell time of 0.4 s [2], [20].

FHSS is well suited for remotely reading 64- or 256-bit data
payloads from multiple RF identification (RFID) tags without
eavesdropping and collision. It therefore makes sense for RFID
tags to maximize RF sensitivity at a single tone within an RFID
reader’s operating band since it allows for higher range and less
collision. Antennas for RFID tags also, for the most part, tend to
use an inductive loop to be matched to the capacitive impedance
of the RFID chip to increase the rage over which the tag can be
powered by an RFID reader. However, high sensitivity at single
tones in RFID tags are not suitable for harvesting wireless power
from ambient communication signals since most modern com-
munication standards that transmit higher data payloads do not
use FHSS-based communication from a dedicated and directive
4-W RFID reader.

In [21], Dolgov et al. propose a full-wave rectifier along with
a dc to dc boost converter topology to harvest power from am-
bient cellular signals 50 m from a cellular base station. The har-
vested power is used to charge a 3-V lithium battery. For step-
ping up dc voltages, dc to dc converters offer the best efficiency
in its class, especially at high input power levels that would be
present at closer distances to any wireless power source. How-
ever, its efficiency decreases at input power levels below 30 mW
[21] that are present further away from the RF power source.
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Fig. 1. Wireless energy harvesting prototype system (E-WEHP).

The drop is primarily because dc to dc boost converters
require a steady-voltage pulse-width modulation (PWM) pulse
signal to be applied across its gate drives at all times, which
is provided by a microcontroller unit operating in the high
current-consuming active mode. The extra power consumed
by the PWM signal is provided by a battery, which reduces
the range over which the power harvested is greater than the
power consumed in the step-up dc to dc converter. In [22],
Smith and Sample use a WISP-based RFID platform to contin-
uously power on a commercially available RadioShack thermo
and hygrometer from TV signals. The RadioShack meter
consuming 1.5 V and 25 psA is powered from a 960-kW effec-
tive-radiated-power (ERP) TV broadcast source 4.1 km away.
Dolgov and Sample demonstrate the potential of powering
LP electronics from a high enough wireless broadcast source
within terrestrial distances. To make ambient wireless energy
harvesting useful for conventional sensing and machine-to-ma-
chine (M2M) applications, embedded processors and radios
typically running at 1.8 V or higher need to be powered from
lower amount of wireless power at even further distances from
broadcast sources. Constraints in power and frequency-spec-
trum allocation in every modern large-area communication
standard is intended to increase spectral usage-efficiency, and
decrease transmit power levels, and at the same time be capable
of handling ever-increasing number of users and data payloads.

This work is the first of its kind that characterizes the
spectral makeup of modern wireless digital-TV signals and
presents a platform uniquely optimized to harvest energy from
it. The optimized platform, shown in Fig. 1, can sustain 1.8-V
embedded-microcontroller operations without battery power
at range of over 6.3 km from TV broadcast sources. The dif-
ferent sections of the platform that allow for such long-range
operation is summarized as follows: the wireless spectrum in a
metropolitan area between 50-900 MHz is measured and wire-
less power present in wireless TV and cellular frequency bands
are closely analyzed for pockets with the highest power per
bandwidth. Based on the spectral and geographic location of
the wireless power source, an optimized, planar, and broadband
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Fig. 2. (a) Ambient wireless radiation measured in downtown Tokyo, Japan.
(b) Ambient wireless radiation measured in Midtown Atlanta Equipment used:
NARDA SRM-3000 radiation meter in isotropic mode.

antenna for easy mounting and conversion of incident wireless
radiation into RF signals is presented. An improved RF-dc
charge-pump circuit optimized to rectify and step-up lower
levels of RF signals present in multi-carrier digital-TV signals
for varying output loads, and store the harvested power in a
100-1.F multi-layer ceramic-capacitor (MLCC) surface-mount
capacitor is presented. Instead of a hardware-based approach
that is used in prior work, an energy-efficient embedded soft-
ware design to regulate the RF-dc output, and sustain operation
of a 1.8-V 16-bit PIC24F microcontroller using the harvested
ambient wireless power without the use of batteries or a teth-
ered power supply is presented.

III. AMBIENT WIRELESS POWER

Wireless spectrum measurements between 50-900 MHz were
carried out in downtown Tokyo, Japan, and Atlanta, GA, USA,
during peak workday hours using a NARDA SRM-3000 radi-
ation meter [23], as shown in Fig. 2(a) and (b), respectively.
The radiation meter is configured with an antenna calibrated in
isotropic mode to capture average fluctuations of ambient wire-
less signals along z—, y—, and z-planes. Measurements show
peak radiation levels in the sub-100-MHz range in Atlanta, GA,
USA, and Tokyo, Japan, due to FM radio broadcasts. High radi-
ation levels are also observed in the 100—500-MHz range due to
analog-TV broadcasts. Significant radiation levels are also ob-
served in the 500—700-MHz bands due to wireless digital-TV
broadcasts that have been deployed globally since 2000. Com-
pared to analog-TV and FM radio signals, digital-TV signals
use multiple carriers to transmit significantly more amounts of
data within the 500—700-MHz frequency bands over the air, re-
sulting in higher power per bandwidth. Wireless radiation in the
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UHF bands between 500—700 MHz also have better propaga-
tion characteristics while traversing through the air and phys-
ical obstacles such as trees and buildings. Also, with free space
wavelengths between 42.3—-60 cm, the incident electric field ra-
diations at UHF bands can be efficiently captured with antennas
with compact form factors compared to antennas designed for
FM and AM radio.

Compared to analog TV standards such as the National Tele-
vision System Committee (NTSC) and phase alternating line
system (PAL) digital TV standards broadcast out much higher
data payloads through better spectral efficiency. Each analog
TV channel used a 6-MHz bandwidth for only one carrier and
its subcarrier that is 4 quadrature amplitude modulation (QAM)
modulated to transmit 640 by 483 pixels of video. By com-
parison, digital TV uses the same 6-MHz bandwidth to send
out HDTV content with 1920 by 1080 pixels of video [24],
[25]. The higher resolution is achieved by digitally compressing
and transmitting video and audio data over multiple carriers
within the same 6-MHz frequency channel. In Japan and parts
of Asia and South America, wireless digital-TV broadcasts use
the integrated services digital broadcasting standard (ISDB-T).
Under ISDB-T, HDTV channels use 6-MHz wide channels each
between frequency bands of 470 and 770 MHz. Each 6-MHz
TV frequency channel has 5617 carriers at 0.99206-kHz fre-
quency spacing, each of which carry video and audio data using
64-QAM and quadrature phase-shift keying (QPSK) modula-
tions at data rates of 2—18 Mbit/s. Since 2009-2010, a similar
multi-carrier standard known as the Advanced Television Sys-
tems Committee standard (ATSC) has been used for wireless
digital-TV broadcasts in North America. ATSC uses MPEG-II
compression and an n-mode ASK modulation scheme referred
to as 8-VSB in the same 6-MHz TV frequency channel to handle
HDTYV payloads at rates of 1 GB/s [24].

Digital-TV broadcasts also have lower peak transmit powers
of 48 kW compared to a peak of 380 kW for analog TV in Tokyo,
Japan. However, due to their multi-carrier makeup, digital-TV
signals have higher power per channel bandwidth compared to
analog TV and other communication standards. Digital TV sig-
nals also have higher immunity against environmental effects,
such as atmospheric noise, multipath interferences (“ghosting™)
effects, co-channel analog TV interference, and stray electro-
magnetic interference coming from motor vehicles and power
lines in urban environments [24], [26] .

A site survey showed the source of the wireless TV broad-
casts to be nine different analog and digital-TV channels that
are transmitted from atop the Tokyo TV tower at geographical
coordinates 35°39'31 N, 139°44'44 E, which is 6.3 km away, as
shown in the topographical map in Fig. 3. The transmit antennas
for the nine digital TV channels broadcast in all directions from
250 m atop the Tokyo TV tower. The transmit frequencies and
power levels (PTX) of the nine digital TV broadcasts are sum-
marized in Table II.

IV. E-WEHP

Converting the ambient wireless radiation due to wireless
digital-TV signals into usable power requires the proper design
and integration of the different components in the E-WEHP
platform. The amount of wireless power present at a single
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Fig. 3. Location of Tokyo TV  broadcast source at A
(35°39'31 N 139°44'44 E) with respect to E-WEHP at E (35.712704 N,
139.763277 E) 6.3 km away.

TABLE II
THEORETICAL AND MEASURED SINGLE-CARRIER AND CHANNEL POWER
LEVELS USING E-WEHP ANTENNA (GAIN: 5-7.3 dBi)

TV Channel A B C D E 6.3km pW
Freq. P 1km |[ 3km || 5km
(M]‘?Z) PO\T:er tl;;o meas
kW uW uW uWw
JOMX 1-tone 5 0.32 |[ 026 ][ 0.21 ][ 0.19 || 0.008
512-518 | Chan 373 [ 303 [ 245 | 221 | 0.93
nel
JO- I-tone || 48 36- || 29- || 23- |[ 22- [ o.1-
RX/CX/TX/ 41 || 34 | 27 || 25 || 025
EX/AX/AB | Chan 419- ][ 338- | 268- | 256- || 11.7-
IAK nel 478 || 396 || 315 || 291 29
518-560
JOUD 1-tone || 19 137 || 1.08 || 0.86 || 0.78 ][ 0.032
560-566 Chan 160 || 126 |[ 100 ][ o1 3.73
nel

tone or carrier (PCARRIER) at different distances from the TV
broadcast source shown in Fig. 3 are determined using the more
realistic International Telecommunication Union (ITU) model,
as in (1). The ITU model is used since it is found to yield close
to accurate results relative to the measurements as compared
to other propagation models as per [27]. The received power
level is a function of the transmit power broadcasted from the
TV tower; the E-WEHP antenna’s orientation with respect
to the incident field; the E-WEHP’s antenna gain (&); the
conjugate impedance match between the antenna and the RF to
dc converter circuit (S11), which varies with the incident field’s
frequency (f) and power level, and the output load impedance.
In (1), ¢ is the speed of propagation of TV signals in the air;
h is the ground clearance of radio propagation; and I? is the
distance from the TV broadcast source shown in Fig. 3[28].
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For digital TV signals, the wireless power is broadcasted
not just at one carrier frequency or tone, but at each of the
5617 carriers or tones that make up each of the 6-MHz-wide
channels present in the air at all times [25]. The total input
power captured (“PCHANNEL”) by the E-WEHP is, hence,
an aggregate of its response to each of the carriers (f1 to fV)
that are continuously present in as many TV channels (c1 to
c¢N) in the digital TV bands, as in (2)[29]. The carrier and
channel power levels at distances of 1, 3, 5, and 6.3 km from
the TV tower using the E-WEHP antenna estimated using (1)
and (2) are listed in Table II. The E-WEHP antenna used in the
estimation and measurements is covered in Section V.

V. E-WEHP ANTENNA DESIGN

Measurements in Fig. 2 show digital-TV signals as having
linear polarization parallel to the ground, and having frequen-
cies between 512-566 MHz. Based on measurements in Fig. 2,
a log-periodic antenna is developed for the E-WEHP platform
with maximum gain (G') and return-loss (.S1; ) bandwidth based
on the relationship in (1) and (2). Based on earlier work done
by Isbell and Duhumel from the University of Illinois [30], a
well-designed log-periodic antenna has higher gain compared
to dipoles and monopoles, and wider bandwidth compared to
Yagi antenna arrays. In [31], Carrel presents an empirically de-
rived method of miniaturizing log periodic antennas albeit for a
3-D antenna structure

c )2.17.3
dm-f-R* 2-h

Pcarrier = Prx - G - (

R
'\/H'(1*\511|2) (n
cN N
Peaanner = Z/ Fcarrier - df. @)
¢l f1

For the E-WEHP, a log periodic antenna in 2-D planar form
was designed and optimized to capture power from ambient
digital TV signals in the air using empirical relationships de-
rived in [31] and [32]. The antenna was designed using CST Mi-
crowave Studio to fit on an A-4 sized 0.062-in-thick FR-4 sub-
strate, and have maximum gain and return-loss bandwidth in the
500-600-MHz range where the bulk of the wireless, digital-TV
signals are broadcasted as measured in Fig. 2. The planar A-4
form factor allows for unobtrusive placement of the E-WEHP
platform on nonmetallic walls and side-rails, while also aligning
the antenna’s dipole elements parallel to the horizontal electric
field of the incident wireless TV signal, thereby minimizing po-
larization loss.

A six-element log-periodic array with an antenna element
scaling factor (7) of 0.94, a relative element spacing (o) of
0.18, and dipole lengths (L1 — Lg) of between 24-30 cm is
determined to yield maximum gain and bandwidth between
500—-600 MHz for an A-4 size array structure. A tooth-like pat-
tern is used to shrink the dipole elements to within A-4 width,
while still ensuring that the dipoles have the required effective
radiating length (L1 — Lg), as shown in Fig. 4(b). The antenna’s
impedance was tuned to 50 §2, and not the capacitive impedance
of the diode-capacitor array in the RF-dc charge-pump circuit

LoD LyD; LD, LyD; LD, LD
<>
: ;ﬁ R, R,
<> R.R, 3Ry
R.R,
Rs'Rs
(@)

®)

Fig. 4. (a) E-WEHP log periodic antenna structure dimensions. (b) E-WEHP
log periodic antenna prototype fabricated on 0.062-in FR-4.

since reducing the antenna impedance further also reduced
the overall antenna gain [32]. The log periodic antenna was
connected to the E-WEHP’s RF-dc converter using a standard
3.5-mm SMA cable with its inner conductor and outer shields
stripped to feed the dipole elements on the antenna’s lower and
upper sides, respectively, in the form of an infinite balun, as
shown in Fig. 4(b).

The antenna’s gain and return loss while placed atop a
nonmetallic surface are measured using the Satimo Stargate
SG-24 measurement system and Rohde and Schwarz ZVA-8
vector network analyzer, respectively. Simulated and mea-
sured antenna gain and return loss are plotted in Figs. 5 and
6, and show good agreement. The antenna has a measured
gain of between 5-7.3 dBi and greater than 10-dB return loss
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Fig. 5. E-WEHP log periodic antenna simulated and measured gain with re-
spect to ambient wireless radiation due to digital-TV broadcasts in downtown
Tokyo, Japan.
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Fig. 6. E-WEHP log periodic antenna simulated and measured return loss with
respect to ambient wireless radiation due to digital-TV broadcasts in Tokyo,
Japan.

in the 500-600-MHz bands, with peak performance between
540-560 MHz, where peak wireless radiation due to digital
TV signals were measured, as shown in Figs. 5 and 6. The an-
tenna array has an end-fire radiation pattern with a half-power
beamwidth of 62.7°. The final specifications of the E-WEHP
log-periodic antenna are listed in Table III.

The expected carrier and channel power levels received by
the E-WEHP antenna at different distances from the TV broad-
cast are calculated using the ITU model in (1) and (2), respec-
tively, and are listed in Table II. The power received by the
E-WEHP log-periodic antenna from the digital-TV signals is
measured at location 35.712704 N, 139.763277 E by connecting
the antenna to a Tektronics RSA3308B spectrum analyzer, and
aligning the antenna toward the Tokyo TV tower 6.3 km away.
The response of the antenna to each of the incident digital-TV
signals is shown in the spectrum plot of Fig. 7. The carrier and
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TABLE III
E-WEHP LOG PERIODIC ANTENNA SPECIFICATIONS
Parameter Simulated Measured
Gain ‘G’ (dBi) 5-7.4 5-7.3
S Rgc}ulrgd Bandwidth ‘Bar’ (MHz) 500-600 500-600
pecifications Size (cm2) 30x215 || 30x215
Scale Factor ‘t’ 0.95
Relative Space ‘c’ 0.18
Angle ‘o’ 6.59
Number of elements ‘T’ 6
Dimensions L1 (cm) 30
L2 (cm) 28.5 R2-R1 (cm) 495
L3 (cm) 27.1 R3- R2 (cm) 5.35
L4 (cm) 25.75 R4- R3 (cm) 5.65
L5 (cm) 25.50 R5- R4 (cm) 6.15
L6 (cm) 24.23 R6- RS (cm) 6.55
-25 . : r : :
——Measured Digital-TV Spectrum, Channel Power: -8.99dBm
-30 1 = Lab-generated Digital-TV Spectrum, Channel Power: -8.95dBm
m
S 45 .
g
9 50+
¢ 55
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Fig. 7. Wireless power captured by E-WEHP log-periodic antenna from wire-
less digital-TV signals broadcasted from TV tower 6.3 km away in Tokyo,
Japan, showing captured total power of —8.99 dBm (126.2 1+ W) across nine dig-
ital TV channels (blue in online version). Multi-carrier RF signal generated in
the laboratory using a Rohde SMJ100A vector signal generator to test E-WEHP
(red in online version).

channel power levels received by the antenna from each of the
digital-TV channels are listed in Table III.

At 6.3 km away from the TV broadcast source, the peak
carrier power level captured by the antenna is only about
—35dBm (0.32 W), whereas the total channel power
captured from the combined nine channels aggregate up
to —8.99dBm (126.2 uW). The channel power received
by the antenna from each channel varies from between
—15.57dBm (27.7 ;W) for TV channel #6 (JORX TV:
524-530 MHz), and approximately —30 to —27 dBm (1.8 W)
for TV channel #9 (JOMX: 512-518 MHz). The measured
power captured by the antenna 6.3 km from the source is found
to be lower than the ITU model. The higher ITU estimate is
because the radius of the first Fresnel zone used in the path-loss
computation is taken as the distance between the line of prop-
agation and the ground. The actual terrain, however, contained
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Fig. 8. E-WEHP system schematic.

buildings whose heights were not available for more accurate
estimation of the Fresnel-zone radius for ITU estimation.

VI. RF CHARGE-PUMP DESIGN

A. Design and Simulation

The E-WEHP platform was fitted with an ultra-LP RF-dc
charge-pump circuit that is customized to step up, rectify,
and collect power from the sub-microwatt carrier signals
across multiple carriers present in several TV channels that
the E-WEHP log-periodic antenna receives. Using just the LP
levels present at terrestrial distances from the source shown in
Fig. 3, the RF-dc charge-pump circuit is designed to produce
output voltages of larger than 1.8 V across an output load.
The output load comprises of a 100-uF low-leakage MLCC
capacitor in parallel with a varying load that is produced by a
PIC24F microcontroller operating in different modes required
for sensing applications.

For LP multi-carrier signals shown in Fig. 7, the RF-dc
charge-pump circuit has a varying response with respect to
frequency, input power levels, and the output load. In [33], Vita
and lannaccone theoretically prove that for single-tone input
power levels in the 20-80-mW range, RF-dc charge-pumps
containing between 3-5 stages yield the maximum output
voltage for the least amount of input power. A five-stage
RF-dc charge-pump circuit is designed and optimized using the
Agilent Advanced Design System (ADS) RF system simulator
using the harmonic-balance method in the 500-600-Hz fre-
quency range. Transient analysis are more useful at estimating
the RF-dc’s input impedance with respect to power levels and
output load, but require step-time resolution of nanoseconds
and end time in minutes due to the 100-xF output load. Hence,
computer memory size constraints limit the use of transient
analysis with RF-dc charge-pump circuits.

In Fig. 8, during each consecutive negative half-cycle of
the input RF ac signal, capacitors C1, C3, C5, C7, and C9 get
charged to a voltage equal to the input RF voltage plus the
voltage across the preceding even numbered capacitor through
diodes D1, 3, 5, and 7, respectively, minus the forward voltage
loss across each diode. During the positive half cycle of the
RF input signal, the even-numbered capacitors get charged in a
similar fashion through forward-biased diodes D2, 4, 6, 8, and
10 with opposite polarities shown in Fig. 8. The voltage across
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Gnd

RF-DC
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Network

Fig. 9. E-WEHP RF to dc charge-pump circuit prototype.

the output charge-tank capacitor as a function of a single tone
of the input RF voltage induced across the antenna is estimated
by (3), where x is the number of charge-pump stages, and V¢
is the voltage induced at the input due to each carrier present
in the digital-TV signal. The output voltage of the RF-dc
charge-pump is adversely affected by the forward voltage
drop across the diode junction (V) due to which low-barrier
Schottky diodes with the lowest available forward voltage and
junction capacitance at microampere current levels were used.
Circuit traces were kept as small as possible to minimize sub-
strate losses. The RF-dc charge-pump prototype was fabricated
on standard 0.062-in FR-4 substrate, and is shown in Fig. 9,

VCAPIQ‘JI,"Vf—(2~.TZ+1)~Vd. 3)

B. Impedance Model

The overall loss in the RF-dc charge-pump can be gauged
from its input impedance that is typically represented as a series
RC circuit, with R representing losses including forward voltage
losses of the diodes, and C representing the equivalent capaci-
tance of the charge-pump circuit [33]—[35]. During simulation,
the circuit parameters, namely, capacitors C1—Cqg, are opti-
mized to maximize the voltage output across the charge-tank
capacitor for a given input power level, or conversely reduce the
series losses in the circuit at frequencies where the ambient TV
signals are present. Low-leakage MLCC capacitors with values
of 20 and 15 pF were used for all the even- and odd-numbered
capacitors, respectively, in Fig. 8. The input resistance of the
RF-dc charge-pump circuit was measured using a Rohde and
Schwartz ZVA-8 vector network analyzer and show low losses
of between 0.5-0.55 €2, as shown in Fig. 10, and capacitive re-
actance of between 3—13 € at the TV channel frequencies.

The basic single-tone response of the E-WEHP RF-dc charge-
pump without any impedance mismatch effects is a good gauge
to study its RF-dc response at different frequencies within the
digital TV bands. The input single-tone power (Pryrp-on) I€-
quired at different TV channel frequencies to charge up the
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Fig. 11. E-WEHP RF to dc charge-pump circuit input power for charge-tank
voltages of 1.8 and 3.0 V, respectively.

charge-tank to 1.8 and 3.3 V is determined using (4) and is
plotted in Fig. 11. The single-tone response shows the RF-dc
charge-pump needing the least amount of RF input power be-
tween 516-564 MHz where most of the TV channels measured
in downtown Tokyo, Japan, are present,

4)

The mostly capacitive impedance of the RF to dc
charge-pump circuit is matched to the 50-§2 impedance of
the log-periodic antenna to minimize input return losses (S11),
and maximize the power captured by the E-WEHP from
the incident digital-TV signals, as in (2). A mixed L-section
matching network comprising of lumped discrete components
and distributed transmission line elements was used as shown
in Fig. 9 since it allows for easy tuning of the matching network
based on the RF-dc’s response to varying input power levels
and output loads. The matching network was optimized for
the power levels measured at “E” 6.3 km away from the TV
broadcast source. The extra phase introduced by the SMA
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Fig. 12. Measured E-WEHP RF to dc charge-pump input return loss [S11
(f. Vaap)] for charge-tank capacitor voltage (V) between 0.5-2.0 V with
respect to the wireless digital TV channels measured in the field.

connectors are included as part of the distributed transmis-
sion-line network. Capacitors of 1 and 6.6 pF for CS1 and
CS2 along with the added phase of microstrip to SMA input
transition to give a return-loss bandwidth of 12 MHz over
the TV frequency bands. However, by using a multi-section
matching and a shorter transmission-line network, the overall
return-loss bandwidth can be increased up to a maximum of 71
MHz, which is the theoretical Bode-Fano limit for the RF-dc’s
reactive loads at the TV bands [28].

As the RF-dc charge-tank voltage increases, the matching cir-
cuit ensures that the charge-pump’s varying impedance is con-
jugately matched to the 50-2 log-periodic antenna over dig-
ital-TV frequency channels, as shown in Fig. 12. The matching
network design of the E-WEHP is optimized such that during
the initial charge up of the charge-tank capacitor at 0.5 V, its
return loss (S71) in (2) is greater than 10 dB at frequencies
between 515-527 MHz, at which point the E-WEHP harvests
power from digital TV channels #9 (JOMX) and #8 (JOCX),
as shown in Fig. 12. Ensuring over 90% power transfer from
one or more ambient wireless TV channels at initial turn-on is
critical to ensure further charge build up across the charge-tank
capacitor. As charge-tank voltage varies between 1.8-2.0 V,
the matching network is designed to have a return loss {S71)
greater than 10 dB between wireless TV channels 8, 6, and 7,
where peak ambient wireless power is transduced by the log
periodic antenna, as shown in Fig. 12. This ensures maximum
power harvesting from the ambient signals and charge flow into
the charge-tank capacitor to replenish it when the E-WEHP’s
PIC24F enters the charge/sleep mode covered in a subsequent
section.

C. RF-DC Charge-Pump Turn-on Power and Efficiency

In order to characterize the E-WEHP RF-dc charge-pump’s
response to multi-carrier and multi-channel signals present in
the air, a Rohde and Schwarz SMJ100A RF vector signal gen-
erator (SigGen) and a Tektronics RSA 30408A real time spec-
trum analyzer (RTSA) are used to emulate the Digital TV sig-
nals in the laboratory. The RF-dc charge-tank’s output voltage is
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measured with a Tektronics DPO7354 oscilloscope with a high-
impedance probe. Peak envelope power limits of the SigGen do
not allow generating 5567 subcarriers across each of the nine
TV channels that are present under ISDB-T digital TV stan-
dards measured in the field in Fig. 7. However, using 1860 car-
riers, each 29 kHz apart for a baseband signal around a car-
rier frequency of 539 MHz with a chirp-type power distribu-
tion scheme, a nine TV-channel-wide signal with roughly the
same channel power as in the field is emulated in the labora-
tory without exceeding the peak envelope power limit of the
Rohde SigGen, albeit with lower subcarrier amplitude, as shown
in Fig. 7.

The E-WEHP is tested in the laboratory with the emulated
multi-carrier RF signal for different channel power levels with
a 1- and 18-M2 load across the E-WEHP’s output charge-tank.
The loads emulate a PIC24F 16-bit embedded microcontroller
operating in deep-sleep mode on 32-kHz clock speed, which
is when the E-WEHP would be transferring incoming wireless
power from the air into the charge-tank capacitor for limited
duty cycle operations. Since the wireless power harvested from
the air is not continuously powering the load, but by using a col-
lect first (charge/sleep) and use later (discharge/active) mecha-
nism, we use the relationship in (5) to gauge the energy effi-
ciency of the E-WEHP’s RF-dc charge-pump circuit.

In (5), the energy collected by the E-WEHP RF-dc
charge-pump is dependent on the charge-tank capacitance
(C1) and voltage (Veap). The energy supplied by the ambient
wireless TV signals through the log periodic antenna is the
total input channel power (PCHANNEL) across all nine TV
channels during the time taken by the charge-pump to charge
to 1.8 V (Tycap). Calculating efficiency in terms of energy,
which is a function of power and time, is a better gauge of
the energy-harvesting efficiency of the E-WEHP given the
multi-channel make up of digital TV signals and E-WEHP’s
time-varying response to it based on the charge-tank’s voltage,
as shown in Fig. 12.

However, the charge build-up at the charge-tank is only due
to the input power contained in two TV channels due to the
12-MHz return-loss bandwidth of the RF-dc charge-pump cir-
cuit. The efficiency of the E-WEHP’s RF-dc charge-pump only
with respect to the input power within two TV channels causing
the charge up is determined using (6), where the term “P-2
CHANNELS?” is the channel power contained within two TV
channels. The efficiency of the E-WEHP for an output charge-
tank voltage (Vcap) of 1.8 V for output loads of 1 and 18 MS?
using (6) are shown in Fig. 13 with respect to the total input
channel power across all nine digital-TV channels.

Energy efficiency of the E-WEHP RF-dc charge-pump
circuit fed with digital TV signals emulated in the laboratory
show maximum efficiencies of 19.50% and 21% for 1- and
18-Mf2 loads across the charge-tank capacitor, respectively.
Around total channel power levels of —8.99 dBm (126 mW)
that is present at 6.3 km from the TV source, laboratory tests
on the E-WEHP yield efficiencies of between 55%—15% for
1- and 18-M€2 output loads across the charge-tank capacitor,
respectively. Output voltage measurements on the E-WEHP
under laboratory conditions with a Tektronics oscilloscope
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E-WEHP RF-dc output charge-tank voltage versus input channel

(Scope) show the E-WEHP’s 100 uF charge-tank voltage rise
t0 2.32 V in 406 s for a 1-MS2 load with an input channel power
level of around —8.99 dBm (126 mW), as shown in Fig. 14.
The E-WEHP gives out a higher voltage in excess of 10.32 V
for the same input channel power with an 18-M2 load across
the charge-tank
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VII. FIELD PERFORMANCE

The E-WEHP prototype is tested in the field by orienting its
log-periodic antenna toward the digital-TV broadcast sources
atop the Tokyo TV 6.3 km away, as shown in Figs. 3 and 15. The
E-WEHP’s 100-u:F charge-tank output charges up to 4.18 V in
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Fig. 15. Field measurement in downtown Tokyo, Japan, with E-WEHP proto-
type harvesting wireless energy from multi-carrier wireless digital TV signals
broadcasted from atop the Tokyo TV tower 6.3 km away.
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Fig. 16. E-WEHP output voltage and current measured at the POI after fil-
tering out higher frequency noise ripples introduced by the environment and
the E-WEHP RF-dc charge-pump circuit.

120 s from the ambient wireless TV signals, as shown by os-
cilloscope measurement in Fig. 16. Higher output voltage in the
field in a shorter period of time compared to laboratory measure-
ment is primarily due to the ambient TV signals having a higher
crest factor (peak-to-average power ratio) while still having the
same channel power compared to the RF test signal emulated in
the laboratory, as seen in Fig. 7.

In the field, wireless TV signals received by the E-WEHP
antenna have maximum carrier levels of —37 dBm (158.5 nW)
(TV channel numbers: 8, 6, 7, 5, 2, and 1) and minimum
carrier levels of —50 dBm (TV channel #9) to yield a total
channel power level across all nine TV channels of —8.99 dBm
including the nulls in between each of the TV channels, as
shown in Fig. 7. By comparison, the TV signals emulated in
the laboratory using the SigGen has peak carrier levels limited
to —41.42 dBm (72.1 nW) across all nine channels to yield
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roughly the same channel power level of —8.95 dBm in order
not to exceed the SigGen’s peak envelope power limit, as shown
in Fig. 7. Higher amplitude tones at the input of the RF-dc
charge-pump have the effect of lowering the loss across each
of its Schottky diodes resulting in higher amounts of wireless
trickle charge flowing into the charge-tank, thereby resulting in
higher output voltage and conversion efficiency in the field.

The E-WEHP’s output current sourced from the ambient
wireless TV signals is the sum of the current charging up the
E-WEHP’s charge-tank capacitor (Cr - dVeap /df), the current
consumed by any load across the charge-tank and current leak-
ages through the load and charge-tank (1. rgax), as in (7). In
(7), Ivicu is the current consumed by the end load comprised
of an embedded microcontroller and Vcap/Rprose is the
current consumed by the high-impedance scope probe used to
measure the E-WEHP’s output charge profile. The Tektronics
high-impedance probe used to measure E-WEHP performance
at long distances from the source has an impedance of 1 M2
(RproBe), and introduces leakage of the order of microam-
peres at the E-WEHP output, which has to be accounted for
such LP measurements

dVe, Ve
CAP L Io 1Ak + =+ Iyee. (7)
dt RproBE

Ig-wgnp = Cp -

The E-WEHP output voltage typically saturates to a maximum,
when its harvested wireless trickle charge current equals the
current consumed in the load across the charge-tank plus
current leakages in the charge-tank, load, and measurement
probes at the RF-dc output. The E-WEHP’s output voltage and
charge profile current measured in the field is shown in Fig. 16.
The E-WEHP’s dc output current was filtered using a low-pass
moving average filter with a time span of 1.6 s to filter out noise
ripples, which is necessary to enable current measurements
in the range of microamperes, as shown in the current plot in
Fig. 16. In the field, 6.3 km from the wireless TV broadcast
source, the E-WEHP is capable of continuously sourcing be-
tween 4.1-8.25 mA at output voltages of between 4.1-1.8 V,
respectively, as seen in Fig. 16. At these output voltages, total
output power given by the E-WEHP is between 15-17 mW,
which translates to an RF-dc efficiency between 26.2%-29.7%
in the field. The E-WEHP output saturates to 4.1 V when its
output current draw is equal to the 4.1 mA, which is the current
consumed through the 1-MS2 oscilloscope probe.

VIII. WIRELESS TV-SIGNAL-POWERED EMBEDDED DEVICE

In almost every sensing application, embedded microcon-
trollers play a vital role in sampling, processing, recording,
and relaying sensed information to the outside world through
M2M networks. At the time of this research, a comparison of
voltage and current ratings of lowest power microcontrollers
was done, which are shown in Table IV. Most embedded mi-
crocontrollers require between 1.8-3.6 V [36]-[38] to operate
where most CMOS processes offer the optimum combination of
low-voltage and low-current leakage. Newer microcontrollers
typically consume in the order of milliamperes at megahertz
or higher clock speeds and tens of microamperes at lower
kilohertz clock speeds. The latest microcontrollers also offer
extreme LP sleep modes that consume currents in the order of
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TABLE IV
MICROCONTROLLER ELECTRICAL SPECIFICATIONS

Microcontroller Clock Speed Vo(?tzZLaEZige Current
Microchip 32 MHz 1.8-3.6V 11 mA
PIC24F 32 kHz 1.8-36V 8-15uA

LP Deep Sleep || 1.8-3.6 V 20-800 nA
TI MSP430 16 MHz 1.8-3.6 V 7 mA

4 kHz 1.8-3.6 V 5-6 uA

LP LPM4 1.8-3.6V 100-150 nA
Silicon Labs 80 MHz 1.8-3.6V 33 mA
SiM3CIXX 16.4 kHz 1.8-3.6V 175-250 uA

LP P.Mode9 1.8-3.6V 85-650 nA

tens to hundreds of nanoamperes with use of limited memory
and peripherals [36]-[38].

A comparison of the E-WEHP’s wireless power sourcing
capabilities and the microcontroller electrical specifications,
in Fig. 16 and Table IV, respectively, show that at lower
clock speeds in the kilohertz range or in the LP sleep modes,
the E-WEHP can power up limited embedded applications
consuming between 20 nA-8 pA, while still allowing output
voltages of between 1.8—4 'V, respectively. At long ranges, the
E-WEHP cannot supply milliamperes of current for high-speed
embedded operations in the megahertz range. However, reserve
energy stored in the E-WEHP’s charge-tank capacitor is suc-
cessfully used to power high-speed operations for limited duty
cycles by using a collect first (sleep/charge mode), and use later
(active/discharge mode) embedded scheme.

A microchip 16-bit PIC24F16KA101 microcontroller unit
(MCU) is programmed with an energy-aware software design
to sustain itself using just the ambient wireless power present in
digital TV signals without the aid of any batteries or significant
power-management electronics. The PIC24F microcontroller
includes nine 10-bit analog-to-digital converter (ADC) mod-
ules; a real time clock and calendar (RTCC) module; two
watch dog timers (WDTs); a high-low-voltage detect (HLVD)
module; limited sleep memory retention; and several CPU
interrupting schemes. The MCU peripherals are successfully
used for a software-based power-regulation and management
scheme to sustain ADC sampling, time stamping, and serial
UART communication functions using just microwatts of
harvested wireless TV-signal power flowing into the 100-xF
charge-tank capacitor. The hardware configuration of the mi-
crocontroller in the E-WEHP system can be seen in Figs. 8
and 9. The software algorithm successfully used to run of the
ambient wireless power is carried out in three different MCU
operating modes outlined in subsequent sections.

A. Power-Up Mode

At initial power up, the digital field-effect transistor (FET)-
based switches in most processors are neither in an ON, nor
OFF state, which results in the processor inputs/outputs (I/Os)
leaking substantial amounts of current. Several options propose
the use of a battery to bootstrap the power-up operation or op-
erate the energy harvesters at close range from the wireless
source [21], [39]. The E-WEHP does not use a battery or ex-
tensive power-management hardware, but instead relies on a
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Fig. 17. Self-sustaining E-WEHP’s embedded MCU operation powered with
ambient wireless digital TV signals with channel power of —8.99 dBm present
6.3 km from broadcast source in Tokyo, Japan. (a) Power up mode. CPU
Clock = 8 MHz. (b) Charge/sleep mode. RTCC on, CLK = 32 kHz, 60-s
wake-up interval. (c) Active/discharge mode: 2-s duty cycle, RTCC, ADC,
UART, LED, Ext INT on, CLK = 32 kHz— 8 MHz. (d) Transition from active
to charge mode triggered by external interrupt at charge-tank voltage of 1.9 V.

software-based approach to power up from the energy stored
in the 100-uF charge-tank capacitor. While some of the leak-
ages during power-up may be unavoidable, using a faster clock
can cut down this leakage time substantially. On the PIC24F
MCU, an 8-MHz start-up clock was used to wake up the CPU
in 1-10 ms. By comparison, a 32-kHz clock wakes up the CPU
in 300 ms [37]. A faster startup avoids deep discharge of the
100-1F charge-tank by the MCU during initial boot-up. Once
the MCU CPU is up and running at an 8-MHz clock, its I/O
pins were programmed as outputs and latched to a high or “1”
state to prevent them from siphoning off any charge from the
100-1F charge-tank. The I/O pins that could be configured as
analog 1/Os were programmed as inputs since they offered the
highest input impedance helping arrest the charge-tank leakage
further. Once I/O leakages were plugged, the MCU was pro-
grammed to slow down its CPU clock speed from 8§ MHz to
a lower 32 kHz using software to minimize current consump-
tion from 2.25 mA to 8 ;2A; hence, slowing down current dis-
charge during the power-up sequence [37]. Next, the external
interrupt and RTCC module in the MCU were configured for
voltage supervision of the charge-tank and time stamping of any
sensed data. All of the remaining modules of the MCU were
turned off in software, and the MCU was then programmed
to put itself into an ultra-LP sleep/charge state, which allows
the charge-tank to replenish itself for the losses during initial
boot-up from the ambient wireless power, as shown by stage a
in Fig. 17.

B. Sleep/Charge Mode

Most sensing applications require the sensor to be sampled
only at intervals of seconds to hours or longer. In between the
sensor readings, the interrogating microcontroller can be turned
off or put in a hibernating state to conserve power. The MCU
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was programmed to go into a deep sleep mode after power-up
and in between sensor interrogations with its real time clock
calendar (RTCC) module enabled. This allows the capability
to time stamp any sensor reading while still consuming cur-
rents of between 490-800 nA, which along with the leakage
through the oscilloscope probe of around 4.5 A still allows the
E-WEHP’s charge-tank capacitor to charge up to around 3.75 V
from the ambient wireless power present in the field as per the
E-WEHP’s charge profile shown in Fig. 16. The charge-tank’s
charge profile during sleep/charge mode is shown by stage b in
Fig. 17. In the field, 6.3 km from the TV broadcast source, the
E-WEHP required close to 66 s to refill its charge-tank from 1.9
to 3.75 V using the wireless power in the air. The MCU was
therefore programmed to wake itself up from deep-sleep mode
at chimed intervals of every 60 s after entering deep-sleep mode
using the RTCC clock at which point the MCU firmware was
programmed to activate itself or any attached sensor to get into
the active mode. An embedded algorithm to detect the optimum
wake-up time based on the E-WEHP’s distance from the TV
broadcast source has also been implemented, but will be cov-
ered in a subsequent publication due to page limits.

C. Active/Discharge Mode

In active mode, the MCU is programmed to turn on the CPU
in order to activate its peripherals, namely, the ADC and uni-
versal asynchronous (UART) modules, to carry out most kinds
of analog sensor sampling and M2M communication with an LP
radio transceiver or a host PC for wireless telemetry of sensed
data. ADCs and UART modules in the PIC24F consume roughly
between 200 ;sA—1 mA each, respectively, which is larger than
the current flow generated from the ambience by the E-WEHP in
the field 6.3 km from the broadcast source, as shown in Fig. 16.
This causes its charge-tank capacitor to supply the excess cur-
rent from its charge stored in the previous sleep/charge mode
cycle, and in the process discharging itself. Using just firmware
with very minimal empirically designed hardware, the MCU is
programmed to prevent deep discharge of the charge-tank ca-
pacitor down to below 1.8 V where MCU gets latched onto a
never-ending reset state.

Deep discharge of the charge-tank is arrested through the use
of resistors R1 and R2, diode D12, and the MCU’s external
interrupt module programmed at its INTO/RB7 input pin, as
shown in the schematic in Fig. 8. 40-MS} resistors were used
for R1 and R2, respectively, which in parallel with the input
impedance of the MCU’s external-interrupt input pin, produces
a voltage of 1.8 V at the input when the charge-tank capacitor
discharges to 1.9 V. A high to low transition at the INTO/RB7
input is programmed to interrupt the MCU’s CPU from any on-
going ADC or UART operation, power down the peripherals
and I/Os, and put the MCU back into sleep/charge mode with
only the RTCC module on as shown by stage d in Fig. 17. A
Diode “12” with a high forward voltage is used to delay leakage
of charge-tank current through the resistors during its initial
charge up. The current consumed by the external interrupting
embedded scheme is 82.5 nA, which is much lower than 10 s of
1#As consumed by power management integrated circuits (ICs)
during initial charge up. Embedded operations, including any
sensing function, is carried out in the amount of time taken by

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

MCU CPU Clock (V)

=

(]

(=)

S

=

>

a6

c

©

|_

(o)

2 0.

[}

£ 0 L 1 1 1 L 1 1 1 1
O

0 5 10 15 20 25 30 35 40 45 50
Time (sec)
(b

Fig. 18. (a) and (b) Self-sustaining E-WEHP embedded operation powered
with input wireless channel power of —13.92 dBm present in wireless TV sig-
nals in Atlanta, GA, USA. b: Charge/sleep mode. RTCC on, CLK = 32 kHz,
10-s wakeup interval. C: Active/discharge mode: 2-s duty cycle, RTCC, ADC,
UART, LED, Ext INT on, CLK = 32 kHz — 8 MHz. d: Transition from active
to charge mode triggered by external interrupt at charge-tank voltage of 1.9 V.

E-WEHP’s 100-4F charge-tank to discharge from its maximum
output voltage to 1.9 V at which point the external interrupt is
triggered putting MCU in the sleep/charge mode, as shown by
stage c in Fig. 17.

The time interval over which the MCU is operational in the
active/discharge mode (Tx) is a function of the charge-tank
capacitance (Cp); the maximum voltage generated by the
E-WEHP’s RF-dc charge-pump (vcap-max) from the ambient
wireless power, which is a function of the E-WEHP’s range
from the TV broadcast source; the MCU’s turn off voltage
(Vicu-oFr ); and the current consumed by the MCU’s periph-
erals that are turned on (Zyict ), which can be estimated using
(8) [40]. Depending on the CPU clock and the peripherals
turned on in the active mode, the operating duty cycle of the
E-WEHP is expected to be between 6.1 ms—12.2 s, during
which the MCU executes between 48 800—390 400 instructions
at clock speeds of 8 MHz and 32 kHz, respectively, with the
ADC, RTCC, UART, and external interrupt peripherals running
under software control. For the operation in Fig. 17, 51 bytes of
UART, a 10-bit ADC module, and an LED consuming 2.5 mA
were powered on for a 2-s window using the wireless power
harvested from the air without batteries at 6.3 km from the
digital TV broadcast source
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In addition to harvesting power from ISDB-T digital TV
signals in Japan, an optimized version of the E-WEHP was
also designed for harvesting power from wireless TV signals
in the U.S. that use the ATSC standard for terrestrial wireless
TV broadcasts. The optimized E-WEHP prototype has an
RF-dc single carrier sensitivity of —18.86 dBm (13 pW), and
generates 3.26-V output from multi-carrier ATSC TV signals
with channel power of 40.55 mW (—13.92 dBm) and carrier
levels of 0.063 W (—42 dBm) across two 6-MHz-wide TV
channels (CBS and IND) broadcasted out from a source 5.6 km
away. The energy-efficient E-WEHP algorithm was also tested
in the field in Atlanta, GA, USA, and showed the PIC24F MCU
being able to sustain itself perpetually from even lower levels
of ambient wireless power at long distance from the CSB and
IND TV broadcast sources with wake-up time intervals of 10 s
in the sleep/charge mode, as shown in Fig. 18.

IX. CONCLUSION

A novel wireless energy-harvesting mechanism to power-on
and sustain embedded microcontroller-based sensing oper-
ations using ambient wireless digital-TV signals has been
presented. By carefully characterizing and targeting the
multi-carrier make up of modern digital TV signals present in
most urban areas, an optimized log-periodic antenna, an RF-dc
charge-pump circuit, and an energy-aware embedded firmware
have been developed to sustain embedded microcontrollers at
long range from the wireless broadcast source. By using an
optimized log-periodic antenna with peak gain of 7.3 dBi, and
an RF-dc charge-pump circuit with carrier RF-dc sensitivity of
—14.6 dBm (4.67 sW), sensing peripherals on a 16-bit PIC24F
microcontroller are successfully powered from TV signals with
peak carrier levels of —7 dBm (0 W) and channel power levels
of —8.99 dBm (126.2 W) at 6.3 km from the source in down-
town Tokyo, Japan. Using an improved RF-dc charge-pump
with single-carrier RF-dc sensitivities of —18.86 dBm (13 W),
a 16-bit PIC24F microcontroller is successfully powered from
even lower levels of ATSC standard-based wireless TV signals
with channel power levels of 40.55 mW (—13.92 dBm) and
carrier levels of 0.063 W (—42 dBm) that are prevalent in
the U.S. Such a self-powering platform to power on embedded
sensors make it highly suitable for a number of applications
such as smart metering, structural health monitoring, and en-
vironmental sensing where the logistics of battery replacement
prove to be expensive or inaccessible.
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