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Abstract—A new design for an energy harvesting device is pro-
posed in this paper, which enables scavenging energy from radio-
frequency (RF) electromagnetic waves. Compared to common al-
ternative energy sources like solar and wind, RF harvesting has the
least energy density. The existing state-of-the-art solutions are ef-
fective only over narrow frequency ranges, are limited in efficiency
response, and require higher levels of input power. This paper has
a twofold contribution. First, we propose a dual-stage energy har-
vesting circuit composed of a seven-stage and ten-stage design, the
former being more receptive in the low input power regions, while
the latter is more suitable for higher power range. Each stage here
is a modified voltage multiplier, arranged in series and our design
provides guidelines on component choice and precise selection of
the crossover operational point for these two stages between the
high (20 dBm) and low power (—20 dBm) extremities. Second,
we fabricate our design on a printed circuit board to demonstrate
how such a circuit can run a commercial Mica2 sensor mote, with
accompanying simulations on both ideal and non-ideal conditions
for identifying the upper bound on achievable efficiency. With a
simple yet optimal dual-stage design, experiments and character-
ization plots reveal approximately 100% improvement over other
existing designs in the power range of —20 to 7 dBm.

Index Terms—Optimization, power efficiency, radio-frequency
(RF) energy harvesting circuit, Schottky diode, sensor, voltage mul-
tiplier, 915 MHz.

1. INTRODUCTION

ITH the growing popularity and applications of large-
scale, sensor-based wireless networks (e.g., structural

health monitoring, human health monitoring, to name a couple),
the need to adopt inexpensive, green communications strategies
is of paramount importance. One approach is to deploy a net-
work comprising self-powered nodes, i.e., nodes that can har-
vest ambient energy from a variety of natural and man-made
sources for sustained network operation [5]. This can instrument
potentially leading to significant reduction in the costs associ-
ated with replacing batteries periodically. Moreover, in some
deployments, owing to the sensor location, battery replacement
may be both practically and economically infeasible, or may in-
volve significant risks to human life. Thus, there is a strong moti-
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Fig. 1. Ambient RF energy harvesting.

vation to enable an off-the-shelf wireless sensor network (WSN)
with energy harvesting capability that would allow a sensor to
replenish part or all of its operational costs, thereby taking the
first steps towards realizing the vision of a perennially operating
network.

The concept of wireless energy harvesting and transfer is not
new, rather it was demonstrated over 100 years ago by Tesla
[1]. In recent times, RFID technology is a clear example of
wireless power transmission where such a tag operates using
the incident radio-frequency (RF) power emitted by the trans-
mitter [2]. However, there are limitations in directly porting
these approaches to WSN scenarios: the former cannot be scaled
down for the small form factor sensors, while RFID is unable
to generate enough energy to run the local processing tasks
on the node, such as powering the Atmel ATmegal28L mi-
crocontroller on the MICA?2 mote (Crossbow Technology, Mil-
pitas, CA) . However, given the recent advances in energy effi-
ciency for the circuit components of a sensor (say, diodes that
require less forward voltage threshold), and the low-power op-
eration modes supported by the device itself (say, sleep mode
consuming only millivolt), there is a visible need for revisiting
energy harvesting circuit design that can successfully operate a
sensor node.

Fig. 1 shows the components of our proposed energy
harvesting circuit. The incident RF power is converted into
dc power by the voltage multiplier. The matching network,
composed of inductive and capacitive elements, ensures the
maximum power delivery from antenna to voltage multiplier.
The energy storage ensures smooth power delivery to the load,
and as a reserve for durations when external energy is unavail-
able. Such a design needs to be carefully crafted: increasing the
number of multiplier stages gives higher voltage at the load, and
yet reduces the current through the final load branch. This may
result in unacceptable charging delays for the energy storage
capacitor. Conversely, fewer stages of the multiplier will ensure
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quick charging of the capacitor, but the voltage generated
across it may be insufficient to drive the sensor mote (at least
1.8V that becomes the +Vcc for Mica2 sensors). Along similar
lines, a slight change in the matching circuit parameters alters
significantly the frequency range in which the efficiency of the
energy conversion is maximum, often by several megahertz.
Hence, RF harvesting circuits involve a complex interplay of
design choices, which must be considered together. We address
this problem by considering a multistage design of the voltage
multiplier, whose operating points are decided by solving an
optimization framework. We summarize the main contributions
of our work as follows.

* We propose a circuit design tuned to the unlicensed ISM
band at 915 MHz! composed of commonly available off-
the-shelf components, such as zero bias Schottky diodes
HSMS-2822 and HSMS-2852 (Avago Technologies, San
Jose, CA) , with printed circuit boards (PCBs) that can
be fabricated at marginal costs. This will ultimately result
in mass deployment of harvesting boards along with the
sensor nodes.

* We propose a dual-stage design, one that is most efficient
at extremely low input RF power [say, low-power design
(LPD)], and the other at comparatively higher range [say,
high-power design (HPD)]. We develop an optimization
framework to decide the switchover point between these
two sister-circuits so that the fabricated circuit as a whole
delivers the highest achievable efficiency in the operational
incident power range of —20 to 20 dBm.

* We demonstrate the interfacing of our circuit with a
commonly available Mica2 sensor mote, and then charac-
terize through experiments, the impact on the duty cycle
of such an integrated device that is powered by harvesting
alone.

* We undertake a rigorous performance evaluation and com-
pare the design solutions from simulation, under ideal and
nonideal conditions, with the real PCB fabrication, and
also with the state of the art commercially available prod-
ucts in terms of efficiency and generated voltage. The non-
ideal simulation provides a bound on achievable efficiency
with respect to a particular design.

* We propose the use of multiple input antennas to increase
the amount of energy harvested. The simulation result
shows that it is feasible although there exists a bound on
numbers of antennas implemented.

The rest of this paper is organized as follows. In Section II, we
describe the related work, followed by discussion on the com-
ponent selection for the energy harvesting circuit in Section III.
The optimization framework is described in Section IV. The
simulation results are presented in Section V. In Section VI, we
describe the challenges and solutions in fabricating the energy
harvesting circuit with parameters obtained from the simulation.
We also undertake the performance evaluation of the fabricated
circuit in Section VI, as well. Finally, Section VII concludes our
work.

IThe 915 MHz ISM band is chosen as it allows direct comparison with the
commercial solution from Powercast [16], also operating in the same band. Our
design can be tuned to other frequency ranges as well.
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Fig. 2. (a) Villard multiplier and (b) Dickson multiplier.

II. RELATED WORK

Energy harvesting has been in the focus of the research com-
munity in recent years. There are numerous sources of power
that energy harvesting can benefit from, and solar energy har-
vesting is one of the key examples since it has the highest en-
ergy density among other candidates. However, it has a draw-
back of being able to operate only when sunlight is present.
In [5], a solar energy harvesting module is used to power a
sensor mote. Vibrational energy harvesting is presented in [3]
while harvesting energy from thermoelectric device attached to
human is discussed in [4]. Small amount of work has been done
on RF energy harvesting due to its low energy density. Wire-
less battery charging system using radio frequency energy har-
vesting is discussed in [7]. RF energy harvesting with ambient
source is presented in [8] where energy harvester can obtain 109
uW of power from daily routine in Tokyo. In [6], the energy
of 60 uW is harvested from TV towers, 4.1 km away, and is
able to operate small electronic device. Ambient RF energy har-
vesting with two systems has been studied in [15]. The first is
broadband system without matching while the second is narrow
band with matching. The preliminary results indicate that the
harvested energy is not sufficient to directly power devices but
could be stored for later use. In [19], the authors investigate
the feasibility and potential benefits of using passive RFID as
a wake-up radio. The results show that using a passive RFID
wake-up radio offers significant energy efficiency benefits at the
expense of delay and the additional low-cost RFID hardware.
Recently prototypes for such RF harvesters have been devel-
oped in the academia [9], [10], as well as commercial products
have been introduced by the industry [16]. However, we have
evaluated the Powercast lifetime power evaluation and develop-
ment kit and it does not perform well under an RF environment,
with incident power 0 dBm and lower. Consequently, there is a
need to develop an energy harvesting circuit that performs well
under these low power conditions.

Our proposed RF energy harvesting circuit is based on the
voltage multiplier circuit, which was invented by Heinrich
Greinacher in 1919. Later in 1951, Cockcroft and Walton used
this concept in their research to accelerate particles to study
the atomic nucleus and were awarded a Nobel Prize in Physics.
A basic schematic of a Villard voltage doubler, sometimes
also called Cockcroft—Walton voltage multiplier, and Dickson
voltage multiplier are shown in Fig. 2(a) and (b), respectively.
According to [12], Both Villard and Dickson topology reveal
no significant difference in performance.
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III. RF ENERGY HARVESTING CIRCUIT COMPONENTS

The main challenge faced in harvesting RF energy is the free-
space path loss of the transmitted signal with distance. The Friis
transmission equation relates the received (P,.) and transmitted
(P;) powers with the distance R as

A 2
P, = GG, (ﬁ) 6]

where Gy and G, are antenna gains, and A is the wavelength
of the transmitted signal. The received signal strength, dimin-
ishes with the square of the distance, requires special sensi-
tivity considerations in the circuit design. Moreover, FCC reg-
ulations limit the maximum transmission power in specific fre-
quency bands. For example, in the 900-MHz band, this max-
imum threshold is 4 W [11]. Even at this highest setting, the re-
ceived power at a moderate distance of 20 m is attenuated down
to only 10 4 W. We describe a new circuit design in this section
that is capable of scavenging energy with high efficiency, begin-
ning with the selection of the circuit components. We choose
the Dickson topology [Fig. 2(b)] as the parallel configuration
of capacitors in each stage reduces the circuit impedance, and
hence makes the matching task simpler. In the following, we de-
scribe the parameters that influence selection of the circuit com-
ponents, and the design strategies for efficiency in performance.

A. Choice of Diodes

One of the crucial requirements for the energy harvesting
circuit is to be able to operate with weak input RF power. For a
typical 50-C) antenna, the —20 dBm received RF signal power
means an amplitude of 32 mW. As the peak voltage of the
ac signal obtained at the antenna is generally much smaller
than the diode threshold [12], diodes with lowest possible
turn on voltage are preferable. Moreover, since the energy
harvesting circuit is operating in high frequencies, diodes with
a very fast switching time need to be used. Schottky diodes
use a metal-semiconductor junction instead of a semicon-
ductor-semiconductor junction. This allows the junction to
operate much faster, and gives a forward voltage drop of as
low as 0.15 V. In this paper, we employ two different diodes
from Avago Technologies, HSMS-2822 and HSMS-2852. The
former has the turn on voltage of 340 mV while the latter is at
150 mV, measured at 1 and 0.1 mV, respectively. Consequently,
HSMS-2852 is suitable for LPD used in the weak RF environ-
ment, while HSMS-2822 is preferred for HPD in the strong RF
environment. Saturation current is another critical parameter
that impacts the efficiency of diodes. It is desirable to have
diodes with high saturation current, low junction capacitance,
and low equivalent series resistance (ESR). Moreover, diodes
with higher saturation current also yield higher forward current,
which is beneficial for load driving. However, higher saturation
current is usually found in larger diodes, which have higher
junction and substrate capacitance. The latter two parameters
can introduce increased power loss, where the benefit of higher
saturation current is lost.

B. Number of Stages

The number of rectifier stages has a major influence on the
output voltage of the energy harvesting circuit. Each stage here
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Fig. 3. Effect of number of stages on the efficiency of energy harvesting Cir-
cuit.
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Fig. 4. Effect of number of stages on the output voltage of energy harvesting
Circuit.

is a modified voltage multiplier, arranged in series. The output
voltage is directly proportional to the number of stages used
in the energy harvesting circuit. However, practical constraints
force a limit on the number of permissible stages, and in turn, the
output voltage. Here, the voltage gain decreases as number of
stages increases due to parasitic effect of the constituent capaci-
tors of each stage, and finally it becomes negligible. Figs. 3 and 4
show the impact of number of stages on efficiency and output
voltage of energy harvesting circuit, respectively. We have used
Agilent ADS with parameters sweep of —20 to 20 dBm for the
input RF power and varies numbers of circuit stages from 1 to 9
stages. The circuit stage in simulation is a modified voltage
multiplier of HSMS-2852, arranged in series. We observe that
the circuit yields higher efficiency as the number of stages in-
creases. However, as more stages are introduced, the peak of the
efficiency curve also shifts towards the higher power region. The
voltage plot shows that higher voltage can be achieved by in-
creasing number of circuit stages, but a corresponding increase
in power loss is also introduced into the low power region.

C. Effect of Load Impedance

It is important that the load impedance be carefully selected
for a specific energy harvesting circuit, whose impact on the cir-
cuit performance can be seen in Fig. 5. We simulate the effect of
load impedance on the efficiency of the energy harvesting circuit
using Agilent ADS with parameters sweep of —20 to 20 dBm
and 1-181 K2 for input RF power and load value, respectively.



NINTANAVONGSA et al.: DESIGN OPTIMIZATION AND IMPLEMENTATION FOR RF ENERGY HARVESTING CIRCUITS 27

80 =10 kOhm load
-©-60 kOhm load

70/ 4-110 kOhm load NP - =
160 kOhm load o V0

60

@
=)

Efficiency (%)
8

-5 0 5
Received RF Power (dBm)

Fig. 5. Effect of load impedance on the efficiency of energy harvesting circuit.
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Fig. 6. Effect of RF input power on the impedance of the energy harvesting
circuit.

We observe that the circuit yields the optimal efficiency at a
particular load value, that is, the circuit’s efficiency decreases
dramatically if the load value is too low or too high. The en-
ergy harvesting in simulation is five-stage circuit, each stage is
a modified voltage multiplier of HSMS-2852, arranged in se-
ries. For the particular case of WSNs, the sensor mote draws a
different amount of current when it in the active (all radios oper-
ational), low-power (radios shut down for short interval but in-
ternal microcontroller active), and deep-sleep (requires external
interrupt signal to become active again) states. To correctly iden-
tify the impedance in the deep sleep state, where we presume
the node harvests energy, we measure the voltage and current
of Mica2 sensor mote in deep sleep state to consume 30 pA at
3.0 V, which translates to a 100-K(2 resistive load. A 100-K€2
resistive load is further used in our optimization.

D. Effect of RF Input Power

Since the energy harvesting circuit consists of diodes, which
are nonlinear devices, the circuit itself exhibits nonlinearity.
This implies that the impedance of the energy harvesting cir-
cuit varies with the amount of power received from the antenna.
Since the maximum power transfer occurs when the circuit is
matched with the antenna, the impedance matching is usually
performed at the a particular input power. Fig. 6 depicts the ef-
fect of RF input power, ranging from —20 to 20 dBm, on the
impedance of the energy harvesting circuit. The nonlinearity
in operation is shown by a sharp bend at 5 dBm. This further
motivates our approach of a clear separation of two optimized
sister-circuits of the LDP and HDP, where each has its own (rea-
sonably) constant impedance.
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Fig. 7.
HPD.

Efficiency curves of two energy harvesting sister-circuits, for LPD and

IV. OPTIMIZATION FRAMEWORK

The aim of this optimization framework is to maximize the
efficiency of the energy harvesting module throughout the range
of —20 to 20 dBm, subject to several device and performance
constraints. The conversion efficiency is defined in [14] as

DC Output Power

c = . s 2
K Incident RF Power — Reflected RF Power’ @
whereas, the overall efficiency is given by
DC Output Power
Mo = 3)

" Incident RF Power’

Conversion efficiency is defined as a ratio of dc output power
of energy harvesting circuit to net RF input power incident at
the input end of the circuit. Consider a plot that measures the
efficiency of the circuit against the input power, also called as the
efficiency curve. The intersection of the two efficiency curves
of the LPD (using the HSMS-2852 diode) and HPD (using the
HSMS-2822 diode) circuits, called as the crossover point, splits
the overall target range of —20 to 20 dBm into two.

Conversion efficiency does not take impedance mismatch into
the account, and hence reflected power is subtracted from re-
ceived power from the antenna. Consequently, conversion ef-
ficiency is a good parameter to measure the efficiency of only
the adaptations we propose in the voltage multiplier circuit. On
the contrary, overall efficiency is defined as a ratio of dc output
power of energy harvesting circuit to incidental RF power at the
antenna. It also includes the effect of reflected RF in the cal-
culation. Therefore, overall efficiency provides a complete rep-
resentation of the energy harvesting circuit performance, since
matching network is also considered in the efficiency calcula-
tion. We use the overall efficiency 7, as the main performance
metric in this paper according to this reason, which is the sum
of two curves on either side of the crossover point.

Fig. 7 shows the two efficiency curves of energy harvesting
sister-circuits. The efficiency curves fi(z) and f(z) belong to
LPD and HPD circuits, respectively. The crossover point, -, is
the point where one of these two circuits become the lead con-
tributor to the total harvested energy. Thus, the LPD is opera-
tional if the RF input power is lower than -y, otherwise the HPD
circuit is operational.

As shown in Fig. 7, there are (8 — a)/stepsize potential
crossover points between « and 3. At each particular crossover
point +, the total area under efficiency curve is the cumulative
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sum of the area under the two distinct efficiency curves corre-
sponding to the LPD and HPD designs, one on either side of the
crossover point . The total area under efficiency curve is hence

¥ B
Areaioa = / fi(z)dz + / fo(z)da. )
a ¥

The crossover point, -y, can be determined as follows:

Y B
~ = arg max {/ filx)dz+ [ faox) dx} . 5)
¥ o ,

~

A problem is said to have an optimal substructure if an op-
timal solution can be constructed efficiently from optimal solu-
tions to its subproblems. We claim that this optimization also ex-
hibits the optimal substructure property. The proof is presented
as follows:

Lemma:

/:fl(l’)dl’ + '[/Bf2($)d$

bl B
is maximum then / fi(z)dz and / fo(z)dx
o ¥

are maximum as well. (6)

Proof: if [ fi(z)dz and fij(x)d:r were not max-

imum, then we could substitute [ f1(z)dz and fvﬁ fa(z)dz
with larger values and hence obtain an even larger total area,
[ fi(z)da + fffg(il?) dz.

Furthermore, the efficiency curve is also a function of
impedance matching network, consisting of inductor (L) and
capacitor (C). This implies that for each particular crossover
point, there exists more than one efficiency curve. It can be
represented in mathematical form as follows:

Va:f(z)=f(L,0C). @)

Consequently, the (5) becomes

s
7:argmax{/7f1(L,C,a;)dx+/ fg(L,C,:v)dx}.
vy J o Jy
(®)

Finally, the number of rectifier stages influences the minimum
required voltage at the input in order to obtain a certain output
sufficient to drive a sensor mote. We consider various number
of rectifier stages (V), ranging from 1 to 12 stages in this opti-
mization framework. Hence, the (8) becomes

8
'y:argmax{/’yfl(Nl,L,C,a:)da:—i—/ f2(N2, L, C, :v)d:v}
7 | Ja Js
9

We can construct the general optimization framework as fol-
lows:

Given : L,C, N
To find : a, N7, Ny (10)
To Maximize : (11

I°]

Y /
Areatotal :/ fl(Nl,L/C7l)dx+/ f2(N27L,C7$)dlE
@ Y

]
.fl(N17 L7 C7l)d$

-y
Subject to :/ fi(N1, L,C,z)dx >
o ¥

B ¥
and / f2(N27L7C7$)d$>/ f2(N27L7C7$)d$
. ’\/ o

(12)

Vo:I(z+ Az) > I(z) (13)
Va:V(z+ Az) > V(z) (14)
V(r=-10)> 1.8 V. (15)

The aim of this optimization framework is to maximize area
under the joint efficiency curve throughout, subject to several
constraints which are explained below.

» The efficiency curves of both circuits, one optimized for
low input power operation, i.e., the LPD, and another for
high-power operation, i.e., HPD, should not overlap com-
pletely as the effective operational range of the circuit will
be adversely impacted. This is possible by enforcing the
constraint on having majority of the area under the effi-
ciency curve to the left of the crossover point for the LPD
circuit, while HPD circuit has majority of the area to the
right of the crossover point.

* Voltage and current should be monotonically increasing.
This places a constraint on the efficiency curve of the
energy harvesting circuit to be continuous and without
sudden breaks.

* Finally, the output voltage at —20 dBm > 1.8 V. This is
to ensure that at the energy harvesting circuit is operable at
the point where it is practically required to drive the sensor
mote in the active state.

V. SIMULATION RESULTS

The energy harvesting circuit is simulated using Agilent Ad-
vanced Design System (ADS) software. We use the harmonic
balanced analysis (a frequency domain method) in this work
since our objective is to compute the steady state solution of
a nonlinear circuit. The alternate method, the so called tran-
sient analysis that is undertaken in the time domain is not used
owing to the reason that it must collect sufficient samples for the
highest frequency component. This involves significant memory
and processing requirements.

For the optimization framework, we vary the crossover point
throughout the target range, each time evaluating if the overall
efficiency is optimized. The number of energy harvesting stages
is varied from 1 to 12 for both LPD and HPD circuits. Moreover,
components in the corresponding matching network are tuned
to yield the maximum efficiency for a given choice of crossover
point. We use the input power step size of 0.25 dBm in this paper
for fine grained analysis.

In the first study, we keep the crossover point fixed and ob-
serve the resulting changes in the efficiency curves when the
number of stages varies, as shown in Fig. 8. We vary the number
of stages from 5,7, and 9 for the LPD, while HPD stages are 8§,
10, and 12. The optimal choice of the circuit stages at a given
crossover point is that which maximizes the overall efficiency
7.. The value of 1,,, as well the conversion efficiency area for the
two sister-circuits are shown in Table I. For the LPD, the value
of the area under the efficiency curve increases as the number
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Fig. 8. Efficiency Comparison at 10.75 dBm for different sub-circuit stages.

TABLE 1
NORMALIZED AREA AT 10.75 dBmCROSSOVER POINT

Sub-circuit
LPD
HPD

Number of stages/Area
7-stage/1550.420
10-stage/745.355

5-stage/1508.589
8-stage/722.535

9-stage/1507.892
12-stage/745.222

® —+5-stage LPD,5 dBm CP
-6-7-stage LPD,10.75 dBm CP

80 _-9-stage LPD,15 dBm CP
—*-10-stage HPD,5 dBm CP

70 -8-10-stage HPD,10.75 dBm CP,
#-8-stage HPD,15 dBm CP

[
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Fig. 9. Optimal efficiency comparison at different crossover.

TABLE II
OPTIMAL SOLUTION AT VARIOUS CROSSOVER POINTS
Sub-circuit/Area | 5dBm 10.75dBm 15dBm
LPD S-stage/1268.209 | 7-stage/1550.420 | 9-stage/1767.046
HPD 10-stage/886.416 | 10-stage/745.355 | 8-stage/482.067
Total area 2154.625 2295.775 2249.122

of stages increases from 5 to 7. However, its peak efficiency re-
duces as additional stages are introduced. We observe that the
optimal solution for the LPD is composed of seven-stages. Like-
wise, ten-stages are found to be best for the HPD. Consequently,
the overall optimal solution, in the rage of —20 to 20 dBm, con-
sists of the pair of seven-stage LPD circuit and ten-stage HPD
circuit.

Next, the behavior of the proposed circuit for three different
crossover points of 5, 10.75, and 15 dBm are plotted in Fig. 9.
The optimal solution at 5 dBm crossover point consists of the
pair of five-stage for the LPD circuit and ten-stages for the HPD
circuit. Similarly, a nine-stage LPD circuit and eight-stage HPD
circuit is the optimal solution set at 15 dBm crossover point.
During the sweep of the crossover point from the lower input
power end —20 dBm to upper end 20 dBm, we select the optimal
solution as one that yields the maximum 7,. Table II shows the
normalized 7, for various crossover points.

Through an exhaustive search following the constraints of our
optimization framework, we find that the seven-stage low-LPD
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Fig. 10. Efficiency of optimized energy harvesting circuit and WISP.
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Fig. 11. Output voltage of optimized energy harvesting circuit and WISP.

circuit and the ten-stage HPD circuit, with the crossover point
of 10.75 dBm, yields the maximum 7,, and hence, this is the
optimal solution to the framework. The efficiency curves and
the subsequent normalized area values are included in Fig. 10
and Table II, respectively.

In order to show the benefit of the proposed dual-stage design,
we compare our design with Intel research’s Wireless Identi-
fication and Sensing Platform (WISP) [17]. WISP power har-
vester consists of a four-stage charge pump and it employs Ag-
ilent HSMS-285C schottky diodes which is similar to that of
our design. We use schematic and components’ parameters as
published in [17]. Consequently, it is fair to say that the perfor-
mance difference is the result of the design and optimization.
Note that WISP uses the zener diode, connected in shunt con-
figuration with the load, to regulate the output voltage. For this
performance evaluation purpose, it is omitted from the simula-
tion. Fig. 10 shows the efficiency plots of WISP and dual-stage
design. It is clear that the dual-stage design yields much higher
efficiency at —12 dBm onwards. The benefit of dual-stage de-
sign stands out in HPD region where the efficiency of WISP
drastically drops. However, WISP outperforms the dual-stage
design between —20 to —13 dBm. This is not surprising since
we optimized the design to deliver optimal efficiency throughout
the range of —20 to 20 dBm.

The output voltage of the optimized energy harvesting circuit
and WISP are shown in Fig. 11. The energy harvesting circuit
yields the output voltage of 2.074 V at —10 dBm. [13] has stated
earlier that the Mica2 sensor mote is able to operate at 1.8 V.
This output voltage of energy harvesting circuit at —10 dBm
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Fig. 12. Voltage comparison of ideal and nonideal circuit with PCB effect.
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Fig. 13. Efficiency comparison of ideal and nonideal circuit with PCB effect.

is sufficient to fully operate the Mica2 sensor mote, once the
energy storage is sufficiently charged. Moreover, at —7 dBm,
the output current of the energy harvesting circuit is 32.91 pA.
It implies that the energy harvesting circuit is able to directly
supply the power to deep-sleep Mica2 sensor mote, on the basis
that the energy storage is sufficiently charged, which requires no
more than 30 zA. The energy neutral operation can be sustained
in the latter case.

VI. FABRICATION AND EVALUATION

The simulation results obtained previously are under an as-
sumption that all components, except Schottky diodes, exhibit
an ideal behavior. With nonideal components and parasitic
effects, this is rarely achievable in practice. Consequently, it
is imperative that all related parasitic parameters and precise
models of components have to be incorporated into the simula-
tion. This not only yields a closer result to that of the prototype
but also provides an upper bound on achievable efficiency
with respect to a particular prototype design. For this purpose,
Agilent ADS simulation with co-planar waveguide with ground
plane (CPWG) is used to observe the effect of the PCB. More-
over, components are modeled with ADS and vendor supplied
component libraries. The voltage and efficiency comparison
between ideal circuit and nonideal circuit with PCB effect are
shown in Figs. 12 and 13, respectively. The effect of nonideal
components and PCB becomes clear as the received RF input
power goes beyond —16 dBm. This implies that the fabrica-
tion method plays an important role on the performance of
the energy harvesting circuit. It is preferable to choose the

N B
T
e

Matching Network Voltage Multiplier

DCOut

Energy storage

Fig. 14. RF energy harvesting with multiple antennas.

fabrication method that yields the least parasitic effects as well
as minimizes the effect of the components’ layout. “System
on Chip” (SoC) is a highly recommended fabrication method,
which however lies beyond the scope of this paper.

With the effect of nonideal components and PCB, it is un-
likely that one can achieve the optimal result obtained in the
optimization section. We propose the use of multiple antennas
in addition to the existing circuit. Consequently, the amount of
energy harvested can be increased depending on number of an-
tennas implemented. Fig. 14 shows the energy harvesting with
multiple input antennas concept. Each antenna collects its own
signal, connects to its own matching network and voltage mul-
tiplier. However, they all share the energy storage. Note that
this concept does not increase conversion efficiency of the cir-
cuit since the efficiency of the circuit remains the same. How-
ever, the amount of harvested energy to area ratio is increased.
The voltage and efficiency of circuits with multiple antennas
are shown in Figs. 15 and 16, respectively. It is obvious that
both voltage and efficiency of the circuit can be increased by
introducing additional antennas. However, the gain increase is
not linear and reduces drastically with additional antennas in-
troduced. This limits the amount of multiple antennas used for
the purpose of energy harvesting enhancement.

The final fabricated PCB of our proposed energy harvesting
module connected to a Mica2 mote is shown in Fig. 17. The
PCB is fabricated with FR-4 epoxy glass substrate and has two
layers, one of which serves as a ground plane. The prototype
consists of the design obtained from the proposed optimization.
We select components with values and ratings of their perfor-
mance parameter as close as possible to ones obtained from the
simulation. This data is summarized in Table III.

The energy harvesting circuit prototype is tuned to match sim-
ulation parameters using Agilent E5061B vector network ana-
lyzer. In order to measure dc power output from the prototype,
Agilent N5181 MXG REF signal generator is used to provide a
known RF power to the prototype from —20 to 20 dBm. The dc
output power from the prototype is obtained from measuring the
voltage and current associated with the resistive load of 100 K(2.
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Fig. 17. RF energy harvesting circuit prototype.

TABLE III
COMPONENTS USED IN ADS SIMULATION
Component Value
Inductor 3.0,7.12 nH
Capacitor 1.5,29 pF
Stage capacitor | 36 pF
Diode HSMS-2852, HSMS-2822

The load value representing the Mica2 is so chosen as it is mea-
sured in sleep mode to consume 30 p A at 3.0 V, which translates
to a 100 K€ resistive load. We use Agilent 34401 A multimeter

TABLE 1V
PARAMETERS USED IN PCB FABRICATION
Component Value
Laminate thickness | 62 mil FR-4
Number of Layers 2-layer, one serves as a ground plane
Copper thickness 1.7 mil

Trace width 20 mil with 12 mil gap
Dielectric constant | 4.6
Through-hole size 29 mil
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Fig. 18. Output voltage comparison of simulation, prototype and powercast
energy harvesting circuit.

to measure voltage and current on the resistive load. Our proto-
type is fabricated with specifications shown in Table I'V.

We describe the efficiency of our fabricated harvesting board,
also referred to as prototype, and compare with the commer-
cially available RF energy harvester from Powercast [16]. We
use P1100 evaluation board for the performance comparison.
Powercast P1100 is a high efficiency RF energy harvesting
device that converts received RF energy into dc power. The
voltage and current of Powercast P1100 is measured with the
same equipments under the same external conditions.

Fig. 18 shows the voltage plot of the nonideal simulation,
prototype and Powercast P1100 across the load of 100 K2 with
—20 to 20 dBm input RF power. It is clear that the voltage plots
of the prototype, both LPD and HPD, are not able to exceed
with the simulation results, though they both closely follow the
voltage plots of the simulation with nonideal components with
PCB effect and exhibit similar behavior.

Fig. 19 depicts comparison of output voltage plots of our
prototype in LPD region against the Powercast P1100 energy
harvesting circuit. The proposed prototype provides a higher
voltage than the Powercast P1100 throughout the range of —20
to 20 dBm. At —1 dBm, the output voltage of Powercast P1100
holds constant at 3.3 V. This is because the Powercast P1100
has the voltage regulator built into the package and it starts to
regulate its output voltage at —1 dBm with the voltage of 3.3 V.

Fig. 20 shows the efficiency comparison of non-ideal simula-
tion, prototype and Powercast P1100 across the load of 100 K2
with —20 dBm to 20 dBm input RF power. In order to mea-
sure the efficiency of the Powercast P1100 beyond —1 dBm,
the output voltage of the Powercast P1100 is controlled under
3.3 V by varying amount of current drawn by the load. The effi-
ciency plots precisely correspond to the voltage plots described
previously. The efficiency plots of the prototype exhibit similar
behavior when compared to nonideal simulation values, except
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Fig. 20. Efficiency comparison of simulation, prototype and powercast energy
harvesting circuit.

in the limited range of input power in which the LPD shows
a comparatively high deviation between simulation and exper-
imental results. This occurs owing to the inability of capturing
parasitic capacitances, resulting from PCB manufacturing and
components’ tolerance.

It is interesting to investigate feasible applications under
extremely low power range, —20 to 0 dBm. The prototype gives
the output voltage of 1 V at —10 dBm and 1.9234 V at —6 dBm,
respectively. At these two particular points, the prototype has
the efficiency of 10% and 14.73% which are 10 4 W and 37 uW,
respectively. With the advancement in extremely low power
micro-controller (MCU), the power consumption continues to
decrease. For example, Texas Instruments’ MSP430L092 can
operate at the voltage as low as 0.9 V and consumes 3 pA in
LPM4 mode, which translates to 2.7 uW [18]. Consequently,
the prototype can directly supply power to sustain the operation
of MSP430L092 at as low as —10 dBm received RF power.
Similarly, Mica2 sensor node is able to operate in power-down
mode at —6 dBm received RF power.

The application is not only limited to powering sensors di-
rectly but also trigger charging, energy neutral operation and
radio wakeup [19]. In trigger charging operation, the surplus
energy beyond sensor’s consumption is accumulated in energy
storage, i.e., super capacitor and rechargeable battery, thus
increases the sensor’s lifetime. For example, Texas Instru-
ments’ MSP430G2553 [20] in LPM4 mode draws 100 nA at
1.8 'V, which translates to 180 nW. The prototype yields 2.5%

efficiency at —20 dBm, which is 250 nW. In energy neutral
operation which the rate of energy consumption is less than or
equal to that of the harvesting, the prototype is able to sustain
the energy neutral of MSP430G2553 in LPM4 at —20 dBm.
Finally, the energy harvesting circuit can be used to wake up the
sensor node when predetermined signal strength is detected in
the proximity. In this case, the sensor node has its own power
source and spends most of the time in power-down mode. As a
result, the sensor’s lifetime is extended with the use of energy
harvesting radio wakeup.

With most applications the output power needs to be regu-
lated. However, voltage regulation may not be of concern under
some circumstances. For example, the high voltage produced
by the circuit occurs under the assumption that the sensor is in
power-down mode. Once the sensor wakes up, it draws higher
current thus the voltage decreases. With ambient RF energy har-
vesting, the input voltage range is limited by the ambient RF,
which rarely exceeds 0 dBm. So it is safe to say the output
voltage is bounded and voltage regulator is not necessary. How-
ever, using a voltage regulator to regulate the output to a useful
voltage is recommended for most applications. A simple zener
diode, in shunt configuration with the load, can be used to reg-
ulate the output voltage similar to WISP design. Otherwise, a
buck converter with large conversion ratio can be used for this
purpose.

VII. CONCLUSION

We show that with a simple yet optimal design and optimiza-
tion, the prototype can yield almost double the efficiency than
that of a major commercially available energy harvesting circuit
in the low incident power range (simulation results for the cir-
cuit reveal about 70% operational efficiency). Our study implies
that Mica2 sensor motes can be perpetually operated when their
duty-cycle is carefully selected based on the incident RF power
(as low as —6 dBm). Moreover, the prototype is able to sus-
tain the energy neutral of Texas Instruments’ MSP430G2553 in
LPM4 at —20 dBm. The experimental results are in good agree-
ment with the values seen in the nonideal simulation. We also
compare our prototype’s efficiency with the commercially avail-
able RF energy harvester from Powercast, where our prototype
largely outperforms the Powercast P1100 in the range of —20
to 7 dBm. Finally, in order to have a performance improved and
lower cost, the circuit needs to be implemented as “System on
Chip” as it suffers less above mentioned parasitics, and we will
pursue this in our future work.
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