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1. Introduction

Emerging self powered systems challenge and dictate the direction of research in energy
harvesting (EH). State of the art in energy harvesting is being applied in various fields using
different single energy sources or a combination of two or more sources. In certain
applications like smart packaging, radio frequency (RF) is the preferred method to power
the electronics while for smart building applications, the main type of energy source used is
solar, with vibration & thermal being used increasingly. The main differences in these
power sources is the power density; for example RF (0.01 ~ 0.1 pW /cm?), Vibration (4 ~ 100
uW/cm?), Photovoltaic (10 pW/cm2 ~ 10mW /cm?) and Thermal (20 pW/cm2 ~ 10mW /cm?).
Obviously RF energy though principally abundant, is the most limited source on account of
the incident power density metric, except when near the base stations. Therefore, in general,
RF harvesting circuits must be designed to operate at the most optimal efficiencies.

This Chapter focuses on RF energy harvesting (EH) and discusses the techniques to
optimize the conversion efficiency of the RF energy harvesting circuit under stringent
conditions like arbitrary polarization, ultra low power (micro or nanopower) incidences and
varying incident power densities. Harvested power management and application scenarios
are also presented in this Chapter. Most of the design examples described are taken from the
authors’ recent publications.

The Chapter is organised as follows. Section 2.1 is the introduction on RF energy sources.
Section 2.2 presents the antenna design for RF EH in the cellular band as well as DTV band.
The key issue in RF energy harvesting is the RF-to-DC conversion efficiency and is
discussed in Section 2.3, whereas Section 2.4 and 2.5 present the design of DTV and cellular
energy harvesting rectifiers, respectively. The management of micropower levels of
harvested energy is explained in Section 2.6. Performance analysis of the complete RF EH
system is presented in Section 3.0. Finally, conclusions are drawn in Section 4.0.

1.1 RF energy sources

These include FM radio, Analogue TV (ATV), Digital TV (DTV), Cellular and Wi-Fi. We will
present a survey of the measured E-field intensity (V/m) for some of these RF sources as
shown in Table 1, [1]-[2]. Additionally, measured RF spectrums for DTV and Cellular
signals are presented as shown in Fig. 1 to show on the potential for energy-harvesting in
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236 Sustainable Energy Harvesting Technologies — Past, Present and Future

these frequency bands. In general, many published papers on RF-to-DC conversion, have
presented circuits capable of converting input or incident power as low as -20dBm. This
means that, if an RF survey or scan finds signals in space, with power spectrum levels
around -20dBm, then, it is potentially viable to harvest such signal power. In Fig. 1 (left
side), the spectrum level is well above -20dBm and hence, a higher potential for energy
harvesting. In Fig. 1 (right side), while the spectrum level is below -20dBm, what we observe
is that the level increases with decrease in the distance toward the base station (BTS). Using
free space propagation equation with this data, it was calculated that at a distance 1.4 m
from the BTS, the spectrum level could measure 0dBm. An example calculation and plot for
the estimated received power level, assuming 0dBi transmitter (BTS) and receiver antenna
gains and free space propagation loss (FSPL) for FM and DTV is presented in Section 2.1.1.
For the example estimation in Section 2.1.1, we select FM and DTV because they measured
with a higher level than cellular and Wi-Fi for example.

Source V/m dBm Reference

FM radio 0.15~3 Asami ot al

Analogue TV 0.3~2 )

Digital TV 0.2~2.4 -40~0.0 Asamietal. [ Araietal.
Cellular -65~0.0 Mikeka and Arai

Wi-Fi =-30

Table 1. RF energy sources, measured data.

In Table 1, FM radio has the highest E-field intensity implying the highest potential for
energy harvesting. However, due to the requirements for a large antenna size and the
challenges for simulations and measurements at the FM frequency i.e. 100 MHz or less (See
Section 2.2.3, example FM antenna at 80 MHz), this Chapter will focus on DTV (470~770
MHz band) and Cellular (2100 MHz band) energy harvesting.
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Fig. 1. DTV signal spectrum measured in Tokyo City (left side graph) and Cellular signal
spectrum measured in Yokohama City (right side graph).

The received DTV signal power is high and also wide band, presenting high potential for
increased energy harvesting unlike in cellular signals. We demonstrated in [2] that the total
RF-to-DC converted power is roughly the integral over the DTV band (1), and is
significantly larger than in the case of narrow band cellular energy harvesting.
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770

PDC(DTV) =o j 6Ppc (f)df ’ @)
470

where « is the attenuation factor on the rectifying antenna’s RF-to-DC conversion efficiency

due to multiple incident signal excitation. 3PDc is the small converted DC power from each
of the single DTV signals in the 470 MHz to 770 MHz band.

In detail, we derive (1) from fundamentals as follows.

The incident power density on the rectifying antenna (rectenna), S(6’,¢, f ,t) , 1s a function of

incident angles, and can vary over the DTV spectrum and in time. The effective area of the
antenna, Aeﬂc (0,0,f), will be different at different frequencies, for different incident

polarizations and incidence angles. The average RF power over a range of frequencies at any
instant in time is given by:

fhigh 4

: | 15600, F.1)Au 0,4, d0%f (2)

Prr(t)=
RF( ) fhz‘gh _flow fiow O

The DC power for a single frequency ( f; ) input RF power, is given by

PDc(fi):PRF(ﬁ,t)-ﬂ(PRF(firt)rp/ZDc)/ ©)

where mn is the conversion efficiency, and depends on the impedance match
P(Pgp, f) between the antenna and the rectifier circuit, as well as the DC load impedance.
The reflection coefficient in turn is a nonlinear function of power and frequency.

The estimated conversion efficiency is calculated by Pyy /P . This process should be done
at each frequency in the range of interest. However, DC powers obtained in that way cannot
be simply added in order to find multi-frequency efficiency, since the process is nonlinear.
Thus, if simultaneous multi-frequency or broadband operation like in DTV band is required,
the above characterization needs to be performed with the actual incident power levels and
spectral power density. In this Chapter, we shall demonstrate DTV spectrum power harvest,

given a rectenna than has been characterised in house at each single frequency in the DTV
band.

1.1.1 An example calculation and plot for the estimated received power level

In this example we consider Tokyo’s DTV and FM base stations (BS) as the RF sources. Both
DTV and FM BS transmitter power (P, ) equals 10 kW (70dBm). The antenna gains are
assumed 0dBi in both cases but also at the points of reception for easiness of calculation but
with implications as follows. Assuming 0dBi antenna at each reception point, demands that
we specify the frequency of the transmitted signal. For this reason we specify DTV signal
frequency to be equal to 550 MHz while the FM signal frequency equals 80 MHz (Tokyo FM).

The received power, P, is calculated using the simplest form of Friis transmission equation
given by
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P. =P +G,+G, +FSPL, 4)

where P, = 70dBm, G,=G, = 0dBi. G, is the receiving antenna gain while FSPL is the free-
space path loss given by

FSPL(dB) = 20log(d) + 201og(f) + 32.45 , )

where d is in (km) and f is in (MHz). The plot for the received power as a function of
distance from the DTV and FM base stations is shown in Fig. 2.

40

20

-20

Received power [dBm]
(e

-40

0 2 4 6 8 10
Distance from BS [km]

Fig. 2. DTV and FM received signal power level against distance.

With respect to Fig. 2, FM registers higher received power level than DTV at every reception
point due to its lower transmit frequency and hence lower free-space path loss. For example
at 1 km distance, FM received power level is -0.51dBm while for DTV, the received power is
-17.26dBm. The important thing however, is that the received power level is frequency
independent. It means that P, is the transmitter power and the received power level at the

b
4rd
as in the above example, the power level is different because the antenna size of 0dBi is
frequency dependent. As a result, high transmit power level is favorable for RF energy
harvesting. Also near the base station is favorable.

position of distance d is

5 - However, if we assume 0dBi antenna at each reception point

1.2 Antenna design for the proposed RF energy harvesting (EH) system

It is well known that RF EH system requires the use of antenna as an efficient RF signal
power receiving circuit, connected to an efficient rectifier for RF-to-DC power conversion.
Depending on whether we want to harvest from cellular or DTV signals, the antenna design
requirements are different. We will discuss the specific designs in the following sub sections.

1.2.1 Cellular energy harvesting antenna design

We propose a circular microstrip patch antenna (CMPA) for easy integration with the
proposed rectifier (Section 2.5.1). However, the use of circular microstrip patch antennas
(CMPA) is often challenged by the need for impedance matching, circular polarization (CP)
and higher order harmonic suppression.
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Design Issues in Radio Frequency Energy Harvesting System 239

To address the above concerns, we create notches on the circular microstrip patch antenna.
In our approach, we use only two, thin, fully parameterized triangular notches to achieve
higher order harmonic suppression, impedance matching and circular polarization, all at
once. This is the novelty in our proposed antenna. Our proposed CMPA is shown in Fig. 3.
We study the behaviour of CMPA surface current vectors when notches (triangles ABC) are

created on the structure at o = 450 and o = 2250.

— 0
Y, @ =90 o =459
B (Ar 1 d)
C
) (BC = d Lr)
OA=r—-h
\/( b X, 0= 00
C
a=2250"V B ==
15 mm
e
2 mm

Fig. 3. Cellular energy harvesting antenna structure.

Notch parameters d and h in Fig. 3 were investigated by calculation using CST microwave
Studio.

Without notches, the CMPA’s input is not matched at f.= 2.15 GHz as shown in Fig. 4 (left
side). However, with notches, matching is achieved. The parameter combination d =7 and h
= 6 offers a matched and widest band input response and hence we adopt it for cellular
energy harvesting applications.

0 g s e

-10

20 F

S11 [dB]
S11 [dB]

20F * w/onotches § .
—e— w/ notches, df7, h=6 T30k | w/ notches (mea.) i
—v— w/ notches, d6, h=6 *|-=-- w/o notches (mea.)
—— w/ notches, df-5, h=6 — w/ notches (cal.)
—— w/ notches, df4, h=6 -+ w/o notches (cal.)
=30 L L 40 1 1 1
1.5 1.8 2.1 2.4 2.7 1.45 2.9 4.35 5.8 7.25
Frequency [GHz] Frequency [GHz]

Fig. 4. Left side: d and h parameter investigation. Right side: Comparison between (cal.) and
(mea.) Sq1 at fo = 2.175 GHz, 2fs = 4.35 GHz and 3f = 6.53 GHz. The adopted notch

parameters are d=7 mm while h= 6 mm.
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The comparison between calculated and measured Sy is shown in Fig. 4 (right side). The 2nd
and 3rd harmonics are suppressed as required by design. The comparison between
calculated and measured radiation patterns is shown in Fig. 5, where Eg = E,, due to the 450
tilted surface current vector. Ordinarily, without notches, the surface current vector is
parallel to the microstrip feeder axis. In conclusion, our proposed CMPA is sufficiently able
to suppress higher order harmonics while simultaneously radiating a circularly polarized
(CP) wave. The CP is required to efficiently receive the arbitrary polarization of the incident
cellular signals at the rectenna.

180

Fig. 5. Cellular energy harvesting antenna pattern at f.= 2.15 GHz.

1.2.2 DTV energy harvesting antenna design

Unlike in the cellular energy harvesting antenna, the DTV energy harvesting antenna must
be wideband (covering 470 MHz to 770 MHz), horizontally polarized and omni-directional.

The proposed antenna is typically a square patch (57 mm x 76 mm) with a partial ground
plane (9 mm x 100 mm). The patch is indirectly fed by a strip line (9 mm x 3 mm). The
proposed antenna geometry is shown in Fig. 6. The partial ground plane is used to achieve
omni-directivity and a certain level of wide bandwidth. To tune the impedance of this
antenna as well as to adjust the bandwidth within the target band, a “throttle” with stepped
or graded structures is used between the microstrip feed line and the square patch, as
shown in Fig. 6 (left side).

100 mm 100 mm
0 76 mm |

106 mm 106 mm

30 mm
I AN PECNSNNAN]

Fig. 6. Proposed DTV antenna geometry. Left side: Front view. Right side: Back view. The
antenna is printed on FR4 substrate; t = 1.6 mm, &, = 4.4.
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The input response for the proposed antenna is shown in Fig. 7 (left side). The omni
directivity is confirmed by measurement at 500 MHz, 503 MHz, and 570 MHz as shown in
Fig. 7 (right side). The radiation patterns shown in Fig. 7 are for the xz plane, which happens
to be the vertical polarization for the antenna. DTV signals are horizontally polarized and
therefore, when using this antenna, the orientation must be in such a way as to efficiently
receive the DTV signal. Simply a 90 degree rotation of the antenna along the z axis achieves
this requirement.

S11[dB]

270

-30

005 1 152 253 35 4
Frequency [GHz] 180

Fig. 7. Proposed DTV antenna performance. Left side: The antenna’s measured input

performance. Right side: The omni directivity in the vertical plane is confirmed at 500 MHz,

503 MHz, and 570 MHz. The outermost, black solid and dotted line patterns represent 503

MHz and 500 MHz directivity, respectively. The innermost dotted line pattern is the

directivity at 570 MHz.

1.2.3 Example design for an 80 MHz FM half-wave dipole antenna

A half-wave dipole is the simplest practical antenna designed for picking up
electromagnetic radiation signals, see Fig. 8 (courtesy of Highfields Amateur Radio Club).
Calculating the optimal antenna length to pick up a certain frequency signal is fairly
straightforward because antenna physics demand that the total length of wire used in the
antenna be equal to one wavelength of the type of electromagnetic radiation it will be
picking up. This means that the total length of the antenna should be equal to half the
desired wavelength. By converting the 80 MHz frequency into a wavelength, you can thus

obtain your antenna length as 1.875m by using the magic equation, A4 =~ However, the

actual length is typically about 95% of a half wavelength in free space, hence a half-wave
dipole for this frequency should be 1.788m long, which would make each leg of the dipole
0.894m in length.

1.3 RF-to-DC conversion efficiency improvement techniques

A Schottky diode circuit connected to an antenna is used for RF-to-DC power conversion. To
convert more of the antenna surface incident RF power to DC power, high RF-to-DC
conversion efficiency is required of the rectifying circuit. Many authors have shown that the
efficiency depends on several factors like Schottky diode type, harmonics suppression
capability, load resistance selection, and the capability to handle arbitrary polarized incident
waves. What is missing in most of these published works is the efficiency optimization for

www.intechopen.com



242 Sustainable Energy Harvesting Technologies — Past, Present and Future

Half Wavelength

This leg
connected
to the centre
conductor

This ley
connected
to the braid

Symbol

I I - — =
Fig. 8. Half-wave dipole. Left side: Antenna structure. Right side: Typical deployment.

ultra low power incident waves and the explanation of the physical phenomena behind
most of the recommended efficiency optimization approaches.

This Chapter will show for example that a Schottky diode that delivers the highest efficiency
at 0dBm incidence may not necessarily deliver the highest efficiency at lower power
incidence e.g. -20dBm. We will therefore classify which diodes perform better at given
power incidences; of course, this will also be compared to the diode manufacturers’
application notes. Simulations in Agilent’s ADS using SPICE and equivalent circuit models
will compare the performance of few selected Schottky diodes namely; HSMS-2820, HSMS-
2850, HSMS-2860, HSC-276A, and SMS7630. Moreover, the effect of the Schottky diode’s
junction capacitance (Cj) and junction bias resistance (R;) on the conversion efficiency will be
shown from which, special techniques for Schottky diode harmonic suppression and
rectifying circuit loading for maximum efficiency point tracking will be presented.

1.3.1 The schottky diode

The classical pn junction diode commonly used at low frequencies has a relatively large
junction capacitance that makes it unsuitable for high frequency application [3]. The
Schottky barrier diode, however, relies on a semiconductor-metal junction that results in a
much lower junction capacitance. This makes Schottky diodes suitable for higher frequency
conversion applications like rectification (RF-to-DC conversion) [3]. We will demonstrate the
effects of junction capacitance and resistance in the following sub section.

1.3.2 The effect of Schottky diode’s Cj and R; on the conversion efficiency

We have studied Schottky diode’s Cj and Rj and published our results in [4]. In this work,
we designed a rectifying antenna tuned for use at 2 GHz. The circuit proposed in [4] is a
voltage doubler by configuration, but we replaced the amplitude detection diode (series
diode) with its equivalent circuit adapted from [5]. The results of this investigation show
that variation of Cjshifts the tuned frequency position and also introduces a mismatch in the
resonant frequency, see Fig. 9 (left side graph). Therefore for this circuit at 2 GHz, we
recommend using a Schottky diode having Cj = 0.2pF. In general, a smaller value of C; is
desirable at higher frequencies. Similarly, for Rjinvestigation, a smaller value is desirable for
better matching at 2 GHz for example. If the R;is increased towards 10k}, there is a
mismatch in the resonant frequency but no shift in the frequency, see Fig. 9 (right side
graph). Another approach to the study of Schottky diodes for higher frequency and
efficiency rectenna design is presented in [6].
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— 0.1pF | —= L
g 0.2 pF % — lkohm
— 03pF 4 = -10F— 4k ohm ]
— 04pF | = —— 7k ohm
“ 0.5pF 1 « F —— 10k ohm
0.6 pF
PPy st §
20 . 1 . 1 . 1 . 20 . 1 . 1 . 1 .
1 1.5 2 2.5 3 1 1.5 2 2.5 3
Frequency [GHZz] Frequency [GHZz]

Fig. 9. Schottky diode’s C; effect (Left) and R; effect (Right) on 2 GHz rectenna’s input
response.

1.4 Rectifying circuit for DTV energy harvesting

In the design of a DTV energy harvesting circuit, several basic design considerations must
be paid attention to. First is the antenna; it must be wideband (covering 470 MHz to 770
MH?z), horizontally polarized and omni-directional. Secondly is the rectifier; it must also be
wideband, and optimized for RF-to-DC conversion for incident signal power at least -
40dBm. Until recently, very few authors have published on DTV energy harvesting circuit.
For the few publications, the antenna could not meet all those three requirements and a
discussion on the performance of the harvesting circuit for ultra low power incidences has
been neglected. In this Chapter we will present such a rectenna with conversion efficiencies
above 0.4% at -40dBm, above 18.2% at -20dBm and over 50% at -5dBm signal power
incidence. We will closely compare simulated and measured performance of the rectenna
and discuss any observed disparities.

Agilent’'s ADS will be used to simulate the nonlinear behaviour of the rectifying circuit
based on harmonic balance tuning methods. To simulate the multiple incident waves, a
multi-tone excitation in the DTV band will be invoked. The wideband input characteristic
will be achieved by the input matching inductors and capacitors.

The generic version of our proposed DTV energy harvesting circuit is shown below in Fig.
10. The implementation, however, is in two phases or scenarios as follows. First, we
investigate the class called “ultra low power” DTV band rectenna. Secondly, we introduce
the “medium power” DTV band rectenna.

i el b "
|
1 RL Vin Vout
MN D1 |
s1 —
DTYV antenna 1 I:
[P gl ZocV=500hm I DC-DC booster
I Freq=0.5- 0.6 GHz || Vout >> Vin
Ipoaa < Iy = L
1 |

Fig. 10. Generic version of our proposed DTV energy harvesting circuit.
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1.4.1 Ultra low power DTV rectenna

We define an ultra low power rectenna as one impinged by RF power incidence in the range
between - 40dBm and -15dBm. Below in Fig. 11 is the circuit we designed; optimized for -
20dBm input. The matching network is complex so as to achieve a wide band input
characteristic. The fabricated circuit was well matched for the frequency range between 470
MHz and 600 MHz. More details about the circuit design can be found in [7].

Ammeter
Cb Lf Lm ILuad
] 2nnn, 2nnn,
Vibe.our
Vin b RL
Rx antenna
Cow = 1pF L, ~I20pF
m m m

Fig. 11. Ultra low power DTV band rectenna circuit. SMS7630 Schottky diode by
SKYWORKS offered the best performance.

The RF-to-DC conversion efficiency for this circuit is shown in Fig. 12 where at input power
equal to -40dBm, efficiency is at least 0.4% and rectified voltage equals 1ImV; at -20dBm, we
have at least 18.2% by measurement and a rectified voltage of 61.7mV. The level of rectified
voltage is too low and disqualifies this circuit for purposes of charging capacitors or
batteries to accumulate such micropower over time. Instead, boosting the low voltage to
usable levels is the option available and we shall discuss this at a later stage, (in Section 2.6).

SoF T - v — 1 1 1t T T ]
401 - Cal o
—0— Mea. ‘

,
- . -
,
”
.
. 4

20

Efficiency [p.c]

10

-40 -35 -30 -25 -20 -15
Pin [dBm]

Fig. 12. Ultra low power DTV band rectenna efficiency.

1.4.2 Medium power DTV rectenna

We define a medium power rectenna as one impinged by RF power incidence in the range
between - 5dBm and 0dBm. Below in Fig. 13 is the circuit we designed, optimized for -5dBm
input. The matching network is simpler than as shown in section 2.4.1 since we require a
narrow band around 550 MHz, with received peak power spectrum levels at least -5dBm.
The circuit in Fig. 13 is a modification of Greinacher’s doubler rectifier. In the circuit, Cp
equals 1 pF and is used to block DC current against flowing towards the source. The shunt
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capacitance, Cpw equals 3300 pF and is used to set the input bandwidth. The grounding
inductance, Lg equals 56nH (optimal) and is used to improve the RF-to-DC conversion
efficiency by cancelling the Schottky diodes (Dp and Dp) capacitive influence; thereby
minimizing the harmonic levels (harmonic suppression). We used HSMS2850 diodes in
these circuits for their better performance at this level of incident power.

Cpw 1pF = L, =120pF

m

Fig. 13. Medium power DTV rectenna circuit. HSMS 2850 or 2820 from Hewlett-Packard
offered the best performance.

The RF-to-DC conversion efficiency for this circuit is shown in Fig. 14 where at input power
equal to -5dBm, we achieve at least 50% conversion efficiency by measurement, equivalent
to 1.2 V DC rectified at 8.2kQ) optimal load. If we change the load to 47k, over 2 V DC is
rectified. This rectenna circuit is ideal for powering small sensors that run on 1.5 V or 2.2 V
and draw around 6puA nominal current. If we need to power sensors demanding more
power, say at least 2.2 V and 0.3mA to 1.47mA current consumption, we have to accumulate
the power in a capacitor over time.

O—————T——— 7
5}
s 40 .
2
=}
B
2
£ 20} .
S8
[—o— Mea. (Pin=-5 dBm, Lg= 56 nH) ]
—— (Cal. (Pin=-5 dBm, Lg =56 nH)
0 1 " 1 1 " 1 " 1 " 1

0 20 40 60 80 100
Load [k Ohm]

Fig. 14. Medium power DTV band rectenna efficiency.

1.4.3 DTV energy harvesting scenario and application demo

Using the medium power DTV band rectenna, connected to a gold capacitor as an
accumulator, energy harvesting was initiated as shown in Fig. 15. Details about the gold
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capacitor, which include its charge function, backup time and leakage losses are presented
in [8]. For the scenario shown in Fig. 15, the accumulated voltage by measurement i.e.
capacitor charge function follows the path;

V.. =0.5388In(t)+ 1.4681 6)

where V. is the accumulated voltage in volts and t the time in hours. It takes 4.5 hours to
accumulate 2.25 V, given a rectified charging voltage and current of 2.4 V and 51uA,
respectively, supplied by the DTV band rectenna instantaneously.

With this rectenna, it was possible to power up many different kinds of sensors. Sensors
with ultra low power consumption were powered directly, without need to accumulate the
power in a capacitor, as shown in Fig. 16.

&

ijew

Fig. 15. DTV energy harvesting in a park at some line of sight from the base station.

Fig. 16. Directly powering a thermometer mounted on a car park wall (right picture). The
maximum instant voltage rectification on record equals 3.7 V (left picture).

1.5 Rectifying circuit for cellular energy harvesting

Unlike in the DTV energy harvesting circuit, for cellular energy harvesting, the antenna
must be narrowband (50 MHz bandwidth is acceptable), and circularly polarized even
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though cellular signals are vertically polarized. The circular polarization is desired to
maximize the RF-to-DC conversion efficiency of the arbitrary polarization incident signals in
the multipath environment. Similarly, the rectifier must be narrowband, and optimized for
RF-to-DC conversion over a wide range of incident signal power.

Thinking about the potential applications for cellular energy harvesting is useful. Other
authors have reported on powering a scientific calculator or a temperature sensor from GSM
energy harvesting. In this Chapter we will present a special application for energy
harvesting in the vicinity of the W-CDMA cellular base station and analyze the system
performance by calculation from experimental data. A cellular energy harvesting circuit
optimized for over 50% RF-to-DC conversion efficiency given approximately 0dBm
incidence will be presented.

1.5.1 Cellular band rectenna

Below in Fig. 17 is the circuit we designed, optimized for 0dBm input. Simple input
matching network is ideal since we require a narrow band response around 2.1 GHz. The
optimum value for L; equals 5.6nH, where L, is used to improve the RF-to-DC conversion
efficiency as earlier discussed. HSMS2850 diode was used.

ﬁ Ammeter Cy, (pF) 1PF N ﬂ Ammeter
> I, I DC-OUT ma 1 | PN
1pF
~ —I : b RL (k Q)
V. vy L,, (nH)
B ZocV =50Q
(RX antenna)
Freq=Js; GHz
Lp (nH)
“ron—PpH
o
: )
Lg (nH) ) =
Cp (pF)

Fig. 17. Shunt rectifier configuration for the cellular band. The matching elements Ly, =
3.2nH, while Cj, =2.5pF. The load resistance is fixed at R = 2.1kQ.

70 T T T T T T T T T
60 1
)
S sot -
&
2
()
§ 40 1
e
5|
30 1
o
20 1 " 1 " 1 " 1 " 1 "
20 -15 -10 -5 0 5
Pin [dBm]

Fig. 18. Conversion efficiency as a function of input power (Pi,) in the cellular band.
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The RF-to-DC conversion efficiency for this circuit is shown in Fig. 18 where at input power
equal to 0dBm, we achieve at least 60% conversion efficiency by measurement, given a
2.1kQ optimal load. This rectenna circuit is ideal for powering small sensors that run on 1.5
V or 2.2 V and 6pA nominal current consumption. If we need to power sensors demanding
more power, say at least 2.2 V and 0.3mA to 1.47mA, we have to accumulate the power in a
capacitor over time as discussed in section 2.4.3 above.

1.5.2 Cellular energy harvesting application example

Environmental power generation in the neighbourhood of a cellular base station to power a
temperature sensor is proposed as shown in Fig. 19 below. Electric field strength
measurements in the base station neighbourhood have demonstrated the potential for
environmental power generation, and the proposed temperature sensor system is designed
based on these values. The rectenna described in Section 2.5.1 is used as the RF-to-DC
rectifying circuit with the notched circular microstrip patch antenna (CMPA) proposed in
Section 2.2.1. RF-to-DC conversion efficiency equal to 53.8% is obtained by measurement.
The temperature sensor made for trial purposes clarifies the capability for temperature data
wireless transmission for 20 seconds per every four hours in the base station
neighbourhood.

2 GHz energy-harvesting

Temperature
rectenna

sensor
(CT422 teste

2.4 GHz nRF241.01P PIC
controlled sensor radio

Fig. 19. Application example in the vicinity of the cellular base station.

1.6 Micropower energy harvesting management

A rectifying antenna circuit for -40dBm incident power harvesting generates 1mV at 2kQ
load, given 0.4% efficiency as presented in Section 2.4.1. At -20dBm incidence and at least
18.2% efficiency, 61.7mV is generated given a 2kQ load [7]. The generated DC power in both
of these two cases is in the pW range, hence the micropower definition. To manage such
micropower, power accumulation or energy storage is required. Storage devices may either
be a gold capacitor, super capacitor, thin film battery or the next generation flexible paper
batteries. These storage devices have specific or standard maximum voltage and trickle
charging current minimum requirements. Typically, gold capacitors have voltage ratings
like 2.7 V, 5.5 V for 100 pA, 10mA or 100mA maximum discharge current. On the other
hand, standard ratings for batteries are 1.8 V, 2 V, 3.3 V and 4.1 V. Therefore, to directly
charge any of these storage devices from 1mV, or 61.7mV DC is impractical.

www.intechopen.com



Design Issues in Radio Frequency Energy Harvesting System 249

Published works have demonstrated the need for a DC-to-DC boost converter placed
between the rectifying antenna circuit (rectenna) and the storage device. Recent efforts
have demonstrated that a 40mV rectenna output DC voltage could be boosted to 4.1 V to
trickle charge some battery. A Coilcraft transformer with turns ratio (Ns: Np) equal to 100
was used in the boost converter circuit. An IC chip leading manufacturer (Linear
Technology Corp., LT Journal, 2010) has released a linear DC-to-DC boost regulator IC
chip capable of boosting an input DC voltage as low as 20 mV and supplying a number of
possible outputs, specifically suited for energy harvesting applications. While this IC is a
great milestone, readers and researchers need to understand the techniques to achieve
such ICs and also the limitations that apply. In the following sub section, we will describe
the methods toward designing a DC-DC boost converter, suitable for micropower RF
energy harvesting.

In the design, we will attempt to clarify the parameters that affect the DC-DC conversion
efficiency. For this design, Envelope simulation in Agilents’s ADS is used. This simulation
technique is the most efficient for the integrated rectenna and DC-DC boost converter
circuits.

1.6.1 DC-DC boost converter design theory and operation

The DC-DC boost converter design theory and actual implementation are presented in this
section. The inequality Vin&<Vou: defines the boost operation. In this Chapter, our boost
converter concept is illustrated in Fig. 20. A small voltage, Vi, is presented at the input of the
boost converter inductive pump which as a result, generates some output voltage, Vout. The
output voltage is feedback to provide power for the oscillator. The oscillator generates a
square wave, Fosc that is used for gate signalling at the N-MOSFET switch.

e |

T  Vout
DC-DC booster ]
L (uH)

I fa=1MHz for HB
| Simulation

1
]
]
a I
1
]

Switch (N-MOSFET) [[@

A
=]
7
o]

Fig. 20. Boost converter concept.

The drain signal of the N-MOSFET is used as the switch node voltage, Vs, at the anode of
the diode inside the boost converter circuit block. From the concept presented in Fig. 20, the
actual implemented circuit is shown in Fig. 21. The circuit was designed in Agilent’s ADS
and fabricated for investigation by measurement.

The circuit in Fig. 21 is proposed for investigation. Since a DC-DC boost converter is
supposed to connect to the rectenna’s output, it therefore, becomes the load to the rectenna
circuit. This condition demands that the input impedance of the boost converter circuit
emulates the known optimum load of the rectenna circuit. This has the benefit of ensuring

www.intechopen.com



250 Sustainable Energy Harvesting Technologies — Past, Present and Future

maximum power transfer and hence higher overall conversion efficiency from the rectenna
input (RF power) to the boost converter output (DC power). In this investigation, as shown
in [7], the optimum load for the rectenna is around 2kQ. In general, emulation resistance Rem
is given by

I, (]  L-330uH BAT43W
i 0 pmn

T P

lLou(l
R .= 5.6 (kQ)

Pin 8 Pin 71

C

tmr

;ll; 520 pF

|0 MOy | Mo 33 kQ

Fig. 21. The proposed boost converter circuit diagram. Designed in Agilent’s ADS and
fabricated for investigation by measurement.

2LT ( M -1
_ el 7
o tfk( e 7)

Fosc, t; is the switch”ON” time for the N-MOSFET, and k is a constant that according to [3]
is a low frequency pulse duty cycle if the boost converter is run in a pulsed mode and
typically, k may assume values like 0.06 or 0.0483. With reference to (7), we select L as the
key parameter for higher conversion efficiency while Vi, = 0.4 V DC is selected as the lowest
start up voltage to achieve oscillations and boost operation. Computing the DC-DC boost
conversion efficiency against different values of L, we have results as shown in Fig. 22.

where L is the inductance equal to 330uH as shown in Fig. 20, M = “/}”” , T is the period of

From the results above, L = 100uH is the optimum boost inductance that ensures at least
16.5% DC-DC conversion efficiency, given Rp = 5.6kQ.

Now having selected the optimum boost inductance given some load resistance, the
emulation resistance shown in Fig. 23 is evaluated from the ratio of voltage versus current at
the boost converter circuit’s input.

The results show a constant resistance value against varying inductance. In general, we can
say that this boost converter circuit has a constant low input impedance around 82.5Q. This
impedance is too small to match with the optimum rectenna load at 2k€. This directly
affects the overall RF-to-DC conversion efficiency.
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The results show a constant resistance value against varying inductance. In general, we can
say that this boost converter circuit has a constant low input impedance around 82.5Q. This
impedance is too small to match with the optimum rectenna load at 2kQ. This directly
affects the overall RF-to-DC conversion efficiency.
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Fig. 22. Boost inductance variation with DC-DC conversion efficiency for a 5.6 kQ load.
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Fig. 23. Boost converter’s input impedance: the emulation resistance.

Another factor, which affects the overall conversion efficiency is the power lost in the
oscillator circuit. Unlike the circuit proposed in [9], which uses two oscillators; a low
frequency (LF) and high frequency (HF) oscillator; in Fig. 21, we have attempted to use a
single oscillator based on the LTC1540 comparator, externally biased as an astable
multivibrator.

The power loss in this oscillator is the difference in the DC power measured at Pin 7
(supply) to the power measured at pin 8 (output). We term this loss, Los; converted to heat
or sinks through the 10MQ load. A comparison of the oscillator power loss to the power
available at the boost converter output is shown in Fig. 24.

Looking at Fig. 24; we notice that the power loss depends on whether the oscillator output is
high or low. The low loss corresponds to the quiescent period where the power lost is

www.intechopen.com



252 Sustainable Energy Harvesting Technologies — Past, Present and Future

almost negligible. However, during the active state, the lost power (power consumed by the
oscillator) nearly approaches the DC power available at the boost converter output. This
results in low operational efficiency.

—°— Booster output power
Oscillator power loss

0.4

DC Power [mW]
= o
[\S] W

o
Ju—
T
|

Quiescent loss

" 1 " 1 " 1 "
1.4 16 18
Time [msec]

N

Fig. 24. The power loss in the oscillator.

To confirm whether or not the circuit of Fig. 21 works well, we did some measurements and
compared them with the calculated results. Unlike in calculation (simulation), during
measurement, L = 330uH was used due to availability. All the other component values
remain the same both in calculation and measurement. In Fig. 25 (left side graph) and (right
side graph), we see in general that the input voltage is boosted and also that the patterns of
Fosc and Vg, are comparable both by simulation and measurement. To control the duty cycle
of the oscillator output (Fosc), and the level of ripples in the boost converter output voltage
(Vour)) we change the value of the timing capacitance, Cun in the circuit of Fig. 21.
Simulations in Fig. 25 (left side graph) show that Ciy: = 520pF realizes a better performance
i.e. nearly constant Vo level (very low ripple).

L 1 L 1 L 1 L
1 12 14 1.6

Time [msec]

6 T 1.7 T T T _ T 71 8 | L A B B R —
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5 B Vsn (Switching signal)
3 Fosc, Ctmr = 820 pF 1
4.5 ] 6 Vout (Boosted voltage)
4 [ Vsn, Ctmr = 520 pF ] —— Vin (Low input voltage)
— L Vsn, Ctmr = 820 pF 11— 5
2, 35F — vVout, Ctmr= 520 pF 1z T}
o 3F --- Vout, Ctmr= 820 pF 1o 47 7
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o 2 13 A
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Fig. 25. Voltage characteristics of the developed boost converter circuit. The left side graph
represents simulation while the right side graph is for measurements.

Generally, we observe that with this kind of boost converter circuit topology, it is difficult to
start up for voltages as low as 61.7mV DC generated by the rectenna at -20dBm power
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incidence and at least 18.2% rectenna RF-to-DC conversion efficiency. Self starting is the
issue for this topology at very low voltages.

At least 11.3% DC-DC conversion efficiency was recorded by measurement and is
comparable to the calculation in Fig. 22. During measurement it was clearly revealed that
the boost converter efficiency does depend on the value of L and the duty cycle derived
from t;. To efficiently simulate the complete circuit, from the RF input to the DC output,
envelope transient simulation (ENV) in Agilent’s ADS was used. The (ENV) tool is much
more computationally efficient than transient simulation (Tran). This simulation is
appropriate for the boost converter circuit’s resistor emulation task. Moreover, the boost
converter’s DC-DC conversion efficiency, and the overall RF-to-DC conversion efficiency
can be calculated at once with a single envelope transient simulation.

In summary, though not capable to operate for voltages as low as 61.7mV DC, the proposed
boost converter has by simulation and measurement demonstrated the capability to boost
voltages as low as 400mV DC, sufficient for battery or capacitor recharging, assuming that
the battery or the capacitor has some initial charge or energy enough to provide start-up to
the boost converter circuit.

The limitations of our proposed boost converter circuit include; low efficiency, lack of self
starting at ultra low input voltages, and unregulated output. To address these limitations,
circuit optimization is required. Moreover, alternative approaches which employ a flyback
transformer to replace the boost converter inductance must be investigated. A regulator
circuit with Low Drop Out (LDO) is necessary to fix the boost converter output voltage
commensurate with standard values like 2.2 V DC for example. For further reading, see [7]

2. Performance analysis of the complete RF energy harvesting sensor
system

To demonstrate how one may analyze the performance of an RF energy harvesting system
including its application, we extend the discussion of Section 2.5.2 to this Section. We propose
a transmitter assembled as in Fig. 26 for temperature sensor wireless data transmission.

+5V From rectenna (+3.2 V)
A
47K
USB to ICD-U40 [ |
O nRF24L01+
module
Win XP = Adapter O PIC16F877A
PC Box E D . > S 2 |Tx o/p=
(44 pin) — sck — |2.4 GHz
-G MOSI 0 dBm ’
B7B6B3 C6 | J¢ miso >
— IRQ <+ 2 Mbps
o+ (L] 4
UART cable _—‘ i
i
i
Oscilloscope
/J probe
o

Fig. 26. The assembly and test platform for the proposed battery-free sensor transmitter.
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The transmitter consists of one-chip microcomputer (MCU) PIC16F877A and wireless
module nRF24L01P for the control, and MCU can be connected with an outside personal
computer using ICD-U40 or RS232 cable. The wireless module operates in transmission and
reception mode, and controls power supply on-off, transmitting power level, the receiving
mode status, and transmission data rate via Serial Peripheral Interface (SPI). Figure 27
shows the operation flow when transmitting.

| Start I

y

PICI16F877A
SPI initialize

No

Yes
¥ v

RF: Tx mode, data No Data size: address,
rate, o/p pwr, PLL payload, CRC

Fig. 27. Operation flow during transmission.

The experimental system composition is shown in Fig. 28 to transmit acquired data by the
temperature sensor with WLAN at 2.4 GHz (ISM band). An ISM band sleeve antenna is
used for the transmission. Using the cellular band rectenna shown and discussed in Section
2.5.1, at least 3.14 V is stored in the electric double layer capacitor over a period of four
hours. To harvest a maximum usable power for the overall system, we charge the capacitor

up to 5V. The operation voltage for the wireless module presented in Fig. 26 above is
between 1.9V and 3.6V.

The signal was transmitted from the wireless module while a sleeve antenna, same like the
one for transmission was used with the spectrum analyzer and the reception experiment
was performed. Received signal level equal to -43.4dBm was obtained at a distance 3.5m
between transmitter and reception point. The capacitor’s stored voltage was used to supply
the wireless module in the above-mentioned experiment. Successful transmission was
possible for 5.5 minutes after which, the capacitor terminal voltage decreased from 3.16V to
1.47V, and the transmission ended. The sending and receiving distance of data can be
estimated to be about 10m when the sensitivity of the receiver is assumed to be -60dBm,
given 0dBm maximum transmit power.

Hereafter, the overall system examination is done by environmental power generation using
the transmitted electric waves from the cellular phone base station, proposed based on the
above-mentioned results. First of all, the power consumption shown in Fig. 29 is based on
the fact that 120mW (5V, 24mA) is saved in the electric double layer capacitor by
environmental power generation, achieved by calculation as discussed earlier.
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Fig. 28. Indoor measurement setup for received traffic from the sensor radio transmitter.
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Fig. 29. Power management scheme for the cellular energy-harvesting sensor node.

The sensor data packet is transmitted wirelessly in ShockBurst mode for energy efficient
communication. The data packet format includes a pre-amble (1 byte), address (3 bytes), and
the payload i.e. temperature data (1 byte). The flag bit is disregarded for easiness, and cyclic
redundancy check (CRC) is not used.

The operation of the proposed system is provisionally calculated. When the rectenna is set
up in the place where power incidence of 0dBm is obtained in the base station
neighbourhood (as depicted in Section 2.5.2), an initially discharged capacitor accumulates
up to 3.3V by a rectenna with 53.8% conversion efficiency (presented in Section 2.5.1). At
this point, it takes 1.5 minutes to start and to initialize a wireless module, and the voltage of
the capacitor decreases to 2V. This trial calculation method depends on the capacitor’s back
up time discussed in [8]. After this, when the wireless module is assumed to be in sleep
mode, the capacitor is charged by a 0.28mA charging current for four hours whereby the
capacitor’s stored voltage increases up to 5V. The power consumption in the sleep mode or
standby is 33uW (1.5V, 22pA).

When the wireless module starts, after data transmission and the confirmation signal is sent,
the voltage of the capacitor decreases by 0.6V, and consumes the electric power of 7.4mW.
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The voltage of the capacitor decreases to 2V when 3.2mW is consumed to the acquisition of the
sensor data, and the operation time of MCU is assumed to be one minute to the data storage in
the wireless module etc. As for the capacitor voltage, when the wireless module continuously
transmits data for 20 seconds, it decreases from 2V to 1.4V and even the following operation
saves the electric power. Therefore, a temperature sensing system capable of transmitting
wireless data in every four hours becomes feasible by environmental power generation from
the cellular phone base station if we consider intermittent operation by sleep mode.

3. Conclusion

This Chapter has given an overview of the present energy harvesting sources, but the focus
has stayed on RF energy sources and future directions for research. Design issues in RF energy
harvesting have been discussed, which include low conversion efficiency and sometimes low
rectified power. Solutions have been suggested by calculation and validated by measurement
where possible, while highlighting the limitations of the proposed solutions. Potential
applications for both DTV and cellular RF energy harvesting have been proposed and
demonstrated with simple examples. A discussion is also presented on the typical
performance analysis for the proposed RF energy harvesting system with sensor application.
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