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Abstract—This paper presents a study of reception and rectifi-
cation of broad-band statistically time-varying low-power-density
microwave radiation. The applications are in wireless powering
of industrial sensors and recycling of ambient RF energy. A 64-el-
ement dual-circularly-polarized spiral rectenna array is designed
and characterized over a frequency range of 2–18 GHz with
single-tone and multitone incident waves. The integrated design
of the antenna and rectifier, using a combination of full-wave
electromagnetic field analysis and harmonic balance nonlinear
circuit analysis, eliminates matching and filtering circuits, al-
lowing for a compact element design. The rectified dc power
and efficiency is characterized as a function of dc load and dc
circuit topology, RF frequency, polarization, and incidence angle
for power densities between 10 5–10 1 mW/cm2. In addition,
the increase in rectenna efficiency for multitone input waves is
presented.

Index Terms—DC–DC conversion, power combining, rectenna,
rectifier.

I. INTRODUCTION

RECTIFICATION of microwave signals for supplying
dc power through wireless transmission has been pro-

posed and researched in the context of high-power beaming
since the 1950s, a good review of which is given in [1]. In
microwave power transmission, the antennas have well-de-
fined polarization and high rectification efficiency enabled by
single-frequency, high microwave power densities incident on
an array of antennas and rectifying circuits. Applications for
this type of power transfer have been proposed for helicopter
powering [1], solar-powered satellite-to-ground transmission
[2], intersatellite power transmission [3], [4] including utility
power satellites [5], mechanical actuators for space-based
telescopes [6], small dc motor driving [7], and short-range
wireless power transfer, e.g., between two parts of a satellite.
Linear [8], [9] dual-linear [6], [10], and circular polarization
[2], [11] of the receiving antennas were used for demonstra-
tions of efficiencies ranging from around 85%–90% at lower
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microwave frequencies to around 60% at the -band and
around 40% at the -band [5]. Additional applications for
short distances are in the area-active RF identification (RFID)
tags, where narrow-band electrically small antennas are used,
e.g., [12], [13], and in biomedical implants, e.g., [14], [15].

In the above referenced work, rectification was performed for
narrow-band, essentially single-frequency, incident microwave
radiation with relatively high power densities. A survey of the
typical power densities associated with high-power rectennas is
given in Fig. 1, in which three examples are taken from [3], [6],
and [8] along with the corresponding operating rectification ef-
ficiencies. Also shown in the figure are expected power densities
near a typical base-station tower operating at 880 and 1990 MHz
[16]. Concerns have been expressed in terms of possible health
hazards [17]. In [8], rectification of low power levels was dis-
cussed for battery-free transponders, with power densities on the
order of 10 mW/cm . More recently, broad-band rectification
of very low-power incident radiation (less than 1 mW/cm ) was
demonstrated in [18].

This paper focuses on incident power densities and input
power levels that are orders of magnitude lower than those
associated with the projects in the literature cited above.
Simulation, design and performance of a broad-band rectenna
array (tested from 2 to 18 GHz) for rectification of low-power
(10 –10 mW/cm ), arbitrarily polarized incident radiation
is presented. The work is motivated by two types of applica-
tions: powering of low-power indoor sensor networks and RF
energy recycling. Because of the low input power levels, a
nonlinear decrease in efficiency is expected when compared
to power-beaming applications. The goal of this work is to
determine the usefulness of low-power rectification.

The general block diagram of the rectenna array discussed
in this paper is shown in Fig. 2. Multiple sources of different
frequencies are radiating power in all directions in a rich
scattering environment. The dc powers from many rectenna
elements are added by current and voltage summing with a
conversion efficiency

(1)

which is a function of statistically varying incident RF power,
. The received average RF power over a range of

frequencies at any instant in time is given by

(2)

where is the solid angle in steradians and is the
time-varying frequency and angle-dependent incident power
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Fig. 1. Diagram of various microwave power sources and their typical power density levels. The power density operating points of several rectenna designs found
in the literature and their corresponding efficiencies [3], [6], [8] are given. Also shown is the range of expected power densities used in the solar power satellite
(SPS) and wireless power transmission (WPT) applications. The range of power densities measured in this paper is indicated for comparison. Measured ambient
levels in our laboratory (no high-power equipment) are in the 10 –10 -mW/cm range.

Fig. 2. Block diagram of a rectenna array for ambient energy recycling. Waves of different frequencies and power levels propagate through a complex environment
before they are received by a dual-polarized array of antennas. Each element in the array is integrated with a rectifying device. The resulting dc outputs are combined
and fed to energy management electronics.

density. is the angle-, frequency-, and polarization-depen-
dent effective area of the antenna. The dc power at a single
frequency is given by

(3)

where represents the diode mismatch to the antenna. Due to
the nonlinearity of the diode, the mismatch is dependent on
power as well as frequency.

The issues related to low-power arbitrarily polarized recep-
tion, rectification, and power management are addressed in this
paper as follows.

• Section II discusses rectification of low-power microwave
signals. Nonlinear simulations of the rectifying device are
confirmed with source–pull measurements over a broad
frequency range and broad range of input powers. The
result is a range of RF impedances presented to the diode
for optimal rectification efficiency.

• Section III discusses the design of an antenna integrated
with a rectifier. Electromagnetic field simulations are
coupled to nonlinear circuit simulations to ensure optimal
broad-band match between the antenna and rectifier.

Based on a known range of input power levels, a rectifier
diode is chosen from several candidates. Measurements
on single rectenna elements are compared to analysis
results.

• Section IV describes the design and characterization of
a 64-element dual-circular-polarized rectenna array. The
frequency response, receive radiation patterns, dc power
rectification efficiency, and radiated harmonics are mea-
sured. Finally, given the statistical nature of incident RF
radiation, the dc rectified power was measured over 10 000
trials with varying frequency and power.

• Section V presents a discussion on storage and man-
agement of the extracted dc power with two example
applications.

II. MICROWAVE RECTIFICATION AND THE RECTENNA

At low RF frequencies (kilohertz to low megahertz), both
p-n diodes and transistors are used as rectifiers. At microwaves
(1 GHz and higher), Schottky diodes (GaAs or Si) with shorter
transit times are required. In the present case, we have chosen
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silicon based on availability, low cost, and simulated perfor-
mance. Similar to low-frequency, high-power applications, the
diode is driven as a half-wave rectifier with an efficiency limited
to

(4)

where is the output dc voltage and is the drop across
the conducting diode. In this study, it is more appropriate to
measure the efficiency defined by (1) which includes the loss
due to reflected power.

For low-power applications, as is the case for collected am-
bient energy, there is generally not enough power to drive the
diode in a high-efficiency mode. The diode is not externally
biased in this application, so it is important to use a diode with
a low turn-on voltage. Furthermore, rectification over multiple
octaves requires a different approach from standard matching
techniques. In a rectenna application, the antenna itself can be
used as the matching mechanism instead of using a transmis-
sion-line matching circuit as in [5]–[11]. The antenna design
is therefore heavily dependent on the diode characteristics.
The following section presents various techniques for ana-
lyzing diode operation at microwave frequencies. The results
are then used to design the antenna and integrated rectenna
for relevant ambient power levels.

A. Analysis and Design Method

A useful time-domain analysis has been applied by Mc-
Spadden et al. in a number of papers dealing with single-fre-
quency rectennas at microwave frequencies up to the -band
[5]. The method uses current–voltage properties of the diode
as a basis for predicting rectified power levels and conversion
efficiencies. The method has proven to be a successful predictor
of conversion efficiencies over a broad range of incident power
levels and load impedances. In general, this approach has been
used for well-matched diodes integrated with antennas and
filters for narrow-band applications.

Several properties of the diode at microwave frequencies re-
quire a more comprehensive frequency-domain approach.

1) The nonlinear capacitance of the diode needs to be taken
into account past a few gigahertz for most devices.

2) Reflected harmonic energy from the input or output side
of the diode can alter the voltage across the diode.

3) The diode begins to bias itself as it produces more dc
current, thus moving the dc operating point of the I–V
curve in a nonlinear fashion.

Certain qualities of microwave rectification can be visualized
best in the time domain, i.e., monitoring the complex waveform
across the diode. In the frequency domain, the harmonic balance
(HB) method of analysis presents a comprehensive treatment of
the multispectral problem. Though less helpful diagnostically
and heavily dependent on the accuracy of the nonlinear model
of the diode, HB provides a tool for addressing all previously
mentioned aspects of microwave rectification. The method in-

Fig. 3. (a) Circuit diagram of the HB simulation. (b) Diagram of the equivalent
source–pull measurement setup.

trinsically takes into account the dc component and a specified
number of harmonics, while allowing the ability to specify the
source impedance and harmonic terminations.

B. Diode Source–Pull

A source–pull of the diode is a sweep of RF input source
impedance values over a given area of the Smith chart. Fig. 3(a)
shows the HB simulation approach using Agilent ADS, as well
as the measurement approach using impedance tuners. In both
simulation and measurements, for a variety of input powers, the
resulting dc voltage is quantified for each source impedance and
plotted on the Smith chart in Fig. 4. The region of optimal source
impedance is later used for optimizing the antenna design so that
the antenna presents the proper equivalent source impedance to
the diode. In the simulation, an assumption must be made for the
impedance seen by the reflected harmonics, and in the presented
case this impedance was set to the impedance of a broad-band
self-complementary antenna of 189 .

Fig. 4 demonstrates the range of optimal source impedances
across the 1–16-GHz range and from 30- to 10-dBm
input power. The magnitude of the optimal source impedance
becomes smaller with increasing incident power. The same
occurs as the dc load approaches the optimal value, however,
the effect is not as dramatic. More significantly, the optimal
source impedance moves counterclockwise along a constant
admittance circle with increasing frequency due to the junction
capacitance.

The Smith chart plot of Fig. 5 shows a comparison between
a simulated source–pull using HB and measurements using a
source–pull/load–pull measurement system. A Focus 9-GHz
coaxial tuner was used in the measurement setup as described
in Fig. 3(b).
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Fig. 4. Simulated range of optimal source impedances for the SMS7630
Schottky diode as the incident wave frequency (1 GHz < f < 16 GHz)
and input power (�30 dBm < P < +10 dBm) are varied (Smith chart
normalized to 50 
). Within the shaded area, region A corresponds to high
input power and low frequency, B to low power and low frequency, C to low
power and high frequency, and D to high power and high frequency.

III. BROAD-BAND RECTENNA DESIGN

Given the good agreement between simulation and experi-
ment, HB was used to evaluate several diodes. The rectification
performance is seen to depend most significantly on saturation
current, junction capacitance, built-in potential, and series re-
sistance. Fig. 6 shows, qualitatively, regions of high-efficiency
performance for three different Schottky diodes obtained by
HB simulations. Based on these results, the Alpha Industries
SMS7630-079 zero-bias device was selected.

A. Integrated Rectenna Analysis

In most rectenna designs, a narrow-band antenna is used
to feed a transmission line followed by space-consuming,
traditional matching and filtering sections. In contrast, in the
study presented here, the diode is integrated directly into the
antenna. Consequently, the antenna is called upon to provide
both matching and filtering of the output signal, reducing
the required area and increasing the bandwidth. The antenna
is included in the HB simulation as the internal impedance
of the power source used to drive the circuit. This Thévenin
equivalent model allows use of measured or simulated antenna

-parameters in the rectenna simulation [see Fig. 3(a)].

B. Spiral Antenna

As seen in the previous section, the major problem in
broad-band rectenna design lies in the nature of the antenna and
diode frequency-dependent impedances. For maximal power
transfer, the antenna impedance would match the optimal diode
impedance for all frequencies. Our approach is to present a

Fig. 5. (a) Measured and (b) simulated source–pull of the MA4E2054 diode at
1 GHz. The contours show constant levels of dc voltage over source impedance
with constant RF input power (Smith charts normalized to 50 
).

Fig. 6. Simulated qualitative comparison of three commercially available
diodes. The different regions in this plot show which diode will have optimal
efficiency for a given power and frequency. For the low-power region, the
Alpha SMS7630 performs best over the frequency range.
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Fig. 7. Layout of the spiral antenna element with a packaged Schottky diode
connected directly at the feed. The size of the diode package limits the upper
frequency for this broad-band antenna, while the overall antenna size imposes
the low-frequency limit.

constant impedance to the diode by using a frequency-indepen-
dent antenna element.

An equiangular spiral with dimensions shown in Fig. 7 was
chosen as the array element for the following reasons:

1) uniplanar with convenient feed point for diode connec-
tion;

2) possible dual polarization;
3) convenient connection of dc lines at the tips of the spiral

arms.

The spiral element was simulated with full-wave CAD tools
(Ansoft’s Ensemble and Zeland’s IE3D), resulting in a one-port
frequency-dependent impedance that becomes the diode load in
the rectenna. The measured impedance of a passive spiral with a
coaxial feed-line positioned at the center of the spiral is shown in
Fig. 8(a). A diode is then connected at the antenna feed, and the
resulting rectenna element performance is shown in Fig. 8(b).
The disagreement around 4 GHz is believed to be caused by the
1-cm-long unbalanced coax feed. As a comparison, a second
antenna with a balanced feed was characterized and its per-
formance is shown in Fig. 9, indicating broad-band agreement
between analysis and measurements. The antenna in this case
is a tapered Vivaldi slot with a balanced microstrip feed, and
the diode is connected at the feed-point. The simulations are
performed with HB and the measured antenna impedance and
received power is used in the simulations.

IV. PERFORMANCE OF A BROAD-BAND RECTENNA ARRAY

A 64-element array of left- and right-handed circularly
polarized spiral elements is designed, so that each spiral element
is directly connected to a rectifier diode. Therefore, the RF
powers received independently by each element are summed
upon rectification as dc currents and/or voltages. The amount
of total rectified power from the array depends on the angle
of incidence of the RF plane wave(s). The angle-dependent
rectified dc power of a single element can be used to define
an element dc radiation pattern as follows:

(5)

where is the RF radiation pattern. The dc radiation pat-
tern, , is different from the RF radiation pattern due to the

Fig. 8. (a) Simulated input impedance of the spiral antenna (normalized to
50 
). The optimal region of impedances from Fig. 4 is outlined in gray, and
the frequencies and range of input power levels used for this measurement are
represented by the black region. (b) Resulting HB simulation and measurements
of the dc rectified voltage response across 600 
. The incident power on the
antenna varies over the frequency range to maintain a constant P =G ratio as
discussed later (cf. Fig. 11).

Fig. 9. Simulated and measured rectified voltage across a 600-
 load as a
function of incident RF frequency for a Vivaldi tapered slot with balanced feed.

nonlinear dependence of efficiency on RF power. The resulting
pattern obtained by measuring the dc voltage across an optimal
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Fig. 10. Layout of the 64-element array. Received RF power is rectified at each spiral locally and the combined dc power for all elements is extracted using two
dc collection lines at the edges of the array (not shown). A number of possible dc connections and their effect on efficiency are described in the text.

load exhibits lower gain at larger angles and . The radiation
pattern for the -element array is given by

(6)

where is a function of incident RF power and dc combining
circuit. To first order, is not a function of incidence angle.

A. Array Design

Fig. 10 shows the array layout. At lower frequencies, the
increased mutual coupling between elements and the presence
of the dc collection lines increases the power delivered to the
diodes by increasing the effective aperture of each element.
The problem of polarization performance is addressed by alter-
nating left and right circular polarization between neighboring
elements and by an additional rotation of 90 from element
to element. This means that the array suffers an average 3-dB
input polarization loss for every possible polarization of the in-
cident energy. However, this strategy ensures a flat polarization
response.

The crucial design step for the array is to achieve optimal
dc combining efficiency. Previous work shows that predomi-
nantly parallel connections (current-summing) lead to smaller
matched loads for the rectenna [19]. For a series-connected
array (voltage-summed), the matched load is much higher.
This can be seen by reducing the array to a combination of

dc Thévenin sources where the matched load corresponds to
the total source resistance. The nonlinear performance of the
diodes must again be considered when considering the dc
connections. Increased current or voltage in a predominately
series or parallel-connected array can lead to over-biasing
of the individual diodes such that the rectification process is
uniformly degraded over the array. Furthermore, the dc power
level is very sensitive to under illumination. For these reasons,
the 64-element array is connected using 2 1 parallel pairs
connected in series to form a 2 2 subarray: four of these are
connected in parallel to create a 4 4 subarray: four more of
these are then left as units to comprise the 8 8 array with
reconfigurable connectivity.

B. Frequency Response

The frequency dependence is measured in two ways: three-di-
mensional patterns are integrated from 2 to 8 GHz where suf-
ficient power was available for the measurement. Since the ra-
diation patterns are reasonably smooth, only the broadside fre-
quency response was measured. Higher input powers were used
for 2–8 GHz and a low power level was used for the broad range
from 2 to 18 GHz. The broadside frequency response was also
measured using a uniform incident power density to synthesize
constant input power to the diodes. The results for three input
power levels are shown in Fig. 11.
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Fig. 11. Measured broad-band frequency response for various incident power
levels related to the power density S by P =G = S� =(4�). The shaded
area represents the range of rectified power levels resulting from an ambient RF
background signal present in the building.

Fig. 12. Measured reflected, rectified, and reradiated harmonic power as a
function of incident power density. The conversion efficiency ranges from 0.1%
for an incident power density of 5 �10 mW/cm to 20% for an incident power
density of 0.07 mW/cm (also indicated in Fig. 1).

C. DC-Power Response and Radiated Harmonics

To gain a better understanding of the nonlinear power depen-
dence of the rectenna, a sweep of the input power is performed
and the resulting dc output and reradiated powers are quantified.
The measurement, summarized in Fig. 12, is made with broad-
side linearly polarized radiation at 3 GHz with incident power
densities ranging from tens of nW/cm to 0.1 mW/cm . The
rectenna array receives radiation from all directions (there is no
ground plane), and, in order to measure the reradiated power at
the harmonics, the array was placed half way between a transmit
and receive test antenna, perpendicular to the line-of-sight axis.
The dc voltage is extracted with dc collection lines and mea-
sured across a 100- load. The rectification efficiency reaches
the 20% range for an incident power density of 0.1 mW/cm
and arbitrary polarization.

Also shown in Fig. 12 is the relative amount of reflected
power along with the radiated power of the second through

fifth harmonics. The reflected power is found from a time-gated
-measurement using a vector network analyzer. The result,

consistent with simulation results, indicates that the reflected
power varies linearly with input power up to 0.1 mW/cm . Sim-
ulations suggest, however, that the reflections begin to drop as
higher power levels are applied and a larger fraction of incident
power is converted to dc and power at the harmonics.

For different dc connections, the diodes across the array are
biased at different quiescent points on the diode I–V curve.
Table I shows efficiency measured across a 600- load for a
2 2 subarray and the 8 8 array with three dc-connection
schemes for incident power densities at the lower and upper
ends of the range indicated in Fig. 1. Quartiles are defined as
the 4 4 subarrays. For this array, the parallel configuration
of the subarrays gave the highest efficiency over the range of
incident power densities.

D. DC Receive Patterns and Polarization

The patterns of the rectenna array are found by measuring
the output dc rectified power over a hemisphere sampled
at 1012 points (see Figs. 13 and 14). These patterns are a
superposition of the response to two orthogonally linearly
polarized incident waves. At higher frequencies, the spiral
element is predominately circularly polarized. In order to design
a broad-band array with as uniform a pattern in space and
polarization as possible, right-hand and left-hand circularly
polarized spirals are alternated in the layout. The planar layout of
the array places certain limits on the polarization and reception
at azimuth angles. Figs. 13 and 14 show that the radiation
pattern has low directivity and is similar to that of a single
element. Note that the size of the array is at 2 GHz
and at 18 GHz. However, by observing the patterns
in Figs. 13 and 14, it is seen that the array receives from all
directions over a broad frequency range.

E. Statistical Study of Multitone Performance

As a final test, the array is placed in a controlled, multitone
environment. The point of this test is to demonstrate how the dc
response improves or degrades when several waves of more than
one frequency are incident simultaneously. Two signal sources,
separated by 20 in an incidence angle from the rectenna and
45 in polarization, are used to represent multiple inputs with
variable frequency and power. In order to ensure uncorrelated
input waves, paired frequencies and power levels are generated
randomly with a uniform distribution using MATLAB.

The experiment is run by first generating one randomized
frequency between 2–8 GHz and one incident power level
between approximately 0.1 W/cm and 0.1 mW/cm . Each
source is turned on separately to record the independent dc
rectified powers. Both sources are then turned on simultane-
ously and the new rectified power is recorded. This process is
repeated for 10 000 randomized input pairs. The sums of the
two independent rectified powers for each trial were then sorted
by magnitude and compared with the corresponding rectified
power from the simultaneous illumination from both sources.
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TABLE I
RECTIFICATION EFFICIENCY FOR A 2 � 2 SUBARRAY AND THE 8 � 8 ARRAY WITH THREE DC-CONNECTION SCHEMES FOR INCIDENT POWER

DENSITIES AT THE LOWER AND UPPER ENDS OF THE RANGE INDICATED IN FIG. 1. QUARTILES ARE DEFINED AS THE 4 � 4 SUBARRAYS

Fig. 13. Measured dc power as a function of angle of incidence over a
hemisphere for two orthogonally linearly polarized input waves at 2 GHz. The
pattern is related to an RF radiation pattern through (5) and (6).

The result, shown in Fig. 15, reveals the phenomenon that
the independent sources combine nonlinearly, when simulta-
neously incident, to produce more rectified power in every in-
stance. When the total input power is low, the average increase
due to simultaneous illumination is higher. The mean increase
for three ranges in incident power level is indicated in the figure.
This correlation is much stronger than the frequency or incident
power correlation. For this reason, Fig. 15 was plotted according
to . Also shown is the mean increase in power for three
portions of the curve.

It should also be noted that, in general, the power increase di-
minishes as the two frequencies approach one another. Further-
more, local power-increase minima occur for certain difference
frequencies, i.e., . This is thought to be due to a spiral input
impedance which efficiently radiates the difference frequency
rather than further rectifying the energy.

V. ENERGY STORAGE AND MANAGEMENT FOR

LOW-POWER APPLICATIONS

A study of rectification of broad-band statistically varying
RF radiation is presented in this paper. The experimental results
show that the combined electromagnetic field analysis for the

Fig. 14. Measured dc power as a function of angle of incidence over a
hemisphere for two orthogonally linearly polarized input waves at 4.6 GHz.
The pattern is related to an RF radiation pattern through (5) and (6).

Fig. 15. Comparison of total rectified power for independent and simultaneous
dual-frequency illumination as explained in Section IV-E. The results of 10 000
trials are rank ordered by dc power to illustrate the power-dependent increase
in rectification efficiency.

radiating element and HB nonlinear circuit simulations result
in predictable rectenna performance. The work focuses on
arbitrary polarized low incident power density reception and
rectification and shows that rectification efficiencies with av-
erage 20% over time, frequency, and polarization are achieved.
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Fig. 16. Simulated I–V curves as a function of load resistance and input RF
power to the diode. The peaks in rectified power are indicated by circles with
the corresponding optimal load resistance.

If one of these requirements is relaxed, i.e., high-power,
narrow-band, linearly polarized, and/or time-constant power is
transmitted, higher efficiencies up to 60% at the -band [5]
can be expected. The motivation for considering the low-power
random case are applications in ambient energy recycling and
low-power batteryless sensors.

The first type of application addresses using otherwise wasted
power, which in some cases can also help reduce health hazards.
For example, the rooftops of buildings in city centers are often
leased to a number of wireless providers and technical staff
has reported health problems when servicing a transmitter
in the presence of other operating transmitters [18]. In this
environment, a variety of output powers, frequencies, and
polarizations are present, and interference between a number
of antennas in each other’s near fields changes their radiation
properties, accounting for more wasted power. The results of
this paper show that this power can be absorbed (received),
rectified, and stored for future use.

Fig. 1 shows the more typical levels of ambient power den-
sities in the microwave frequency range, with power levels that
are too low for most continuous electronic functions. However,
if this energy is stored over time efficiently, realistic functions
can be performed in discrete time intervals. The ambient RF
power levels vary by several orders of magnitude, implying a
varying dc load as reflected in the I–V characteristics of a single
rectenna element, shown in Fig. 16. For maximum dc power
generation, it is necessary to either match the output charac-
teristics of the source with the load or to insert an interme-
diate dc–dc converter with peak power tracking. Many tech-
niques for low-power dc–dc conversion are described in [20],
with an emphasis on pulsewidth modulated (PWM) converters.
Traditional PWM converters are likely to consume far too much
power in the control and gate drive circuitry and/or require large
off-chip inductor(s) for low-frequency operation. As an alterna-
tive, switched-capacitor (SC) converters can provide high effi-
ciency conversion at low power levels over a discrete range of
conversion ratios determined by the circuit size and complexity

[21]. Although parasitics in silicon processing have limited effi-
ciency of SC converters, recent advances in technologies such as
fully depleted silicon-on-insulator have enabled fully integrated
efficiencies of greater than 90% [22].

Referring to the block diagram in Fig. 2, two options for
energy storage include capacitors and micro-batteries [23].
Capacitive energy storage is appropriate for applications where
repeated functions of storing and utilizing small energy packets
is performed, using on-chip (up to tens of picojoules of off-chip,
up to tens of microjoules) capacitors. For prolonged operation
or larger energy packets, energy densities up to four orders of
magnitude higher can be achieved using micro-batteries [24].

To illustrate the application of the rectenna energy source, we
consider the ability to generate 10- J energy packets, which is
sufficient for a 1-mW 10- s load operation. The energy packet
size was selected arbitrarily but could be used, for example,
for RF transmission of up to 10-kb data packets or simple sen-
sory and signal processing functions. Over the range of incident
power densities under consideration (see Fig. 1) and assuming
an array of

cm (7)

we estimate incident power levels of

nW mW (8)

Assuming a dc–dc conversion efficiency of 90% and rectifica-
tion efficiencies of

(9)

an average dc power output is obtained as

nW W (10)

The above estimated power levels can be recycled using this
kind of a device. In another important application, batteryless
sensors, this power is used to transmit power from this sensor.
There are two possible scenarios, which are: 1) vary integration
time to achieve fixed energy level and 2) fix integration time
and vary energy packet level. Following approach 1), the system
would be capable of fixed 10- J operation at discrete intervals
varying from 1.4 h in the worst case to 20 ms in the best case.
Thus, if a simple sensor required one energy packet to perform
the sensory function and one packet to transmit data, it would
be able to transmit new data around 20 times per second in the
best case.

An example of the latter application is a manufacturing
environment, where a large number of sensors occasionally
transmit data such as stress, temperature, pressure, and light
level. A large number of such sensors with no batteries that
need replacing (or recycling) can be charged with a low-power
transmitter overnight. In such an indoor multipath propaga-
tion environment, the spatial distribution of polarization and
power varies statistically. The results of this paper show that
it is possible to efficiently collect such energy by receiving
and rectifying two orthogonal polarizations independently and
adding the power upon rectification.
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