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Low-power electronics for energy harvesting
sensors

steven dunbar and zoya popovic’

This paper addresses low-power, low-voltage electronic circuit requirements for wireless sensors with energy harvesting. The
challenges of start-up for micro-controller unit (MCU)-based energy-harvesting platforms is discussed where a transient, low-
voltage (20–1000 mV), low-power (,100 mW) source having a relatively high source impedance (possibly .500 V) is used.
Efficient converter circuitry is required to transform the low-voltage output from the source to a level suitable for typical elec-
tronic devices, 1.8–5 V, and a prototype is demonstrated in the paper. Owing to the limited energy available to deliver to the
storage element, the converter output voltage typically has a slow rising slew rate that can be a problem for MCUs. This neces-
sitates a reset circuit to hold-off operation until a level high enough for reliable operation is achieved. Once operational,
Maximum Power Point Tracking (MPPT) extracts peak power from the harvester while simultaneously tracking the transient
nature of the source. In this low-power application, MCU programming needs to be efficient, while otherwise keeping the
MCU in the lowest power standby mode possible to conserve energy. In a fully integrated design, a single MCU may be
used for the sensor application, power management, power conversion, and MPPT functions.
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I . I N T R O D U C T I O N

Energy harvesting has been recently demonstrated for various
wireless sensor applications, ranging from sensors for health
monitoring of patients [1–3], civil engineering structures [4],
aircraft structural monitoring [5], sensors in hazardous envir-
onments [6], sensors for covert operations, etc. Typical
requirements for such sensors and sensor networks are small
size, low maintenance, low available power levels, unknown
exact location, and/or maintenance difficulties [7]. In these
applications, energy is harvested through vibration [8], light,
radio frequency (RF) fields [9, 10], or thermal difference [11].

A number of researchers have published data for available
power densities in the radio frequency spectrum in urban
areas in Europe, the USA, and Japan [12, 13]. The measured
power densities at arbitrary locations relative to the transmit-
ters are in the range of 0.1–10 mW/cm2 in the UHF and various
ISM. Near or on a base-station tower, harvesting of power
from antenna side lobes or reflected power from ground was
shown to be sufficient to enable monitoring the base-station
activity [14]. Multiple studies [15, 16] have shown that
power densities within 50 m of a cell tower exceed 1 mW/
cm2 but vary widely with location and time of day, and are
also different for different types of base stations. Research con-
tinues on methods for achieving start-up and operation using

energy rectified from these RF sources [17]. The low-power
levels make it difficult to efficiently harvest the power, since
the resulting voltages are below 1 V and require boosting in
order to operate standard electronic devices. Owing to the
physical limitations of flash and FRAM memory technologies,
programmable micro-controller unit (MCUs) generally
require a minimum of 1.8 V to operate; a level not available
directly from most harvested sources. Other ICs (RF transmit-
ters, op-amps, data converters, etc.) that a harvesting sensor
might be constructed from also require similar bias.

A high-level block diagram of a harvesting platform is
shown in Fig. 1. Most energy-harvesting devices demonstrated
to date require either continuous powering or a pre-charged
storage element that should never be fully discharged,
whether it is capacitor or a chemical cell [11]. However, this
is a special case; in general, it must be assumed that the
storage element may become depleted, and some method is
required to initially start up the system.

To reliably start-up from a depleted state requires a certain
minimum amount of DC power from the harvested source, as
well as: (1) boosting the typically very low output voltage
available to a value that can be consumed by typical electron-
ics, (2) applying a sharp reset of the resident microprocessor
to mitigate the effects of slow VDD supply slew rates; and (3)
minimizing overall power consumption to conserve as much
energy for the intended application as possible.

Several researchers have investigated fully custom ICs to
address these problems [18, 19]. Rather than focus on a
custom approach, this paper discusses the general problems
of low-power, low-voltage energy conversion while using
commercially available electronic components. Specific
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circuits for start-up and reset from a state with no stored
energy are presented. It is assumed that bulk capacitance is
used as the energy storage element.

I I . L O W - V O L T A G E P O W E R
C O N V E R S I O N

The voltage available from a harvested source is typically low,
,1 V. A power conversion stage is necessary to convert the
available power to a higher voltage suitable for consumption
by typical electronics.

A) Low-voltage conversion circuits
Energy harvesting has been done for quite some time. In 1988,
Honeywell patented [20] a self-driven oscillator (Fig. 2)
intended to boost the output of a thermo electric generator
(TEG) driven by a pilot flame having an output voltage less
than 100 mV, to a level compatible with CMOS digital circuitry.
There has been renewed interested in this circuit [21] with
demonstrated startup from VIN¼ 6 mV, although rather extra-
ordinary lengths were taken to achieve enough feedback gain to
ensure oscillation, and a secondary capacitive voltage-doubling
stage was employed to further increase the DC output voltage.

This type of conversion circuit employs a depletion mode
amplifier in a variation of the Hartley oscillator to transform
a low-voltage DC source to a much higher peak voltage AC
waveform that is later rectified. The turns-ratio of the trans-
former, T1, may be 1:100 or higher.

Commercially available surface mount transformers sup-
port this application [22], as well as ICs [23], and even
whole converter modules [24]. The primary drawback of
this approach is its very low and uncontrollable input imped-
ance. The output impedance of many harvesting sources is too
high to effectively couple into this converter, especially under
startup conditions. The inability to control the input imped-
ance also makes it impossible to apply a maximum power
point tracking (MPPT) algorithm. Nevertheless, this sort of
approach is the only viable solution for very low available vol-
tages, ,300 mV, where there is not enough bias to startup
using enhancement-mode devices.

The Flyback and Boost topologies may be used where
enough native bias is available to power a local bootstrap
oscillator and switching transistor, .300 mV. In energy-
harvesting applications these converters usually operate in
discontinuous conduction mode (DCM) due to the relatively
small switching currents involved. In DCM, the current in
the inductor/transformer returns to zero during each switch-
ing cycle and the average current into the power converter
may be modulated by changing the pulse-width modulator
(PWM) timing parameters, D, of the main switching
element. This effectively emulates a resistor [25] and the con-
verter’s input impedance, Zin ¼ Vin/Iin, may be dynamically
controlled to match the maximum operating point of the har-
vesting source if desired.

Should the current increase and the converter enter con-
tinuous conduction mode (CCM), volt–second balance on
the inductor or transformer will determine the operating vol-
tages of the converter and the input current can no longer be
inferred from the PWM timing parameters. In CCM, some
direct method of measuring either the input or output
current is required to determine the converter’s operating
point and if power transfer is increasing or decreasing.

The Flyback circuit of Fig. 3 can easily incorporate efficient
synchronous rectification since both switching elements are
on the low side. The diode coupling the input to the output
allows startup current to flow and energize a low-voltage boot-
strap oscillator to initiate voltage conversion. The turns-ratio
of the transformer should be chosen for reliable startup at the
minimum acceptable power.

The boost converter of Fig. 4 is commonly used, often in
the inductor special case, n ¼ 0. For example, an extremely
low-power custom IC [18] as well as a commercial device
[26] is based on this topology operating in DCM. The factor
of 1/(12D) in both the Flyback and Boost topologies can
lead to difficulty in controlling power conversion at high

Fig. 2. US Patent 4734658, circa 1988; [20] oscillator based on a depletion mode JFET, Q1, that converts very low voltage DC (13), less than 100 mV, to a much
higher peak AC voltage (23) that may later be rectified back to DC. The input impedance of this circuit may be too low for some harvesting applications.

Fig. 1. Block diagram of a wireless device that obtains energy by harvesting
vibration, light, radio-frequency waves, heat, etc. Low-voltage power
conversion and reset circuits are needed to start-up from a depleted state.
The MCU controls the power conversion stage and applies MPPT
algorithms in addition to collecting and sending data. This paper addresses
the shaded elements of the sensor block diagram.
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boost ratios where the duty cycle D � 1. Circuit losses limit
the maximum achievable voltage boost ratio (typically
Dmax ≈ 80%), and control may be difficult if digitally synthe-
sized PWM is employed unless very fine PWM resolution is
available. To achieve a lower duty cycle (D ≈ 0.5) that is
easier to control for a given Vin an Vout, the turns-ratio, n,
may be chosen to satisfy circuit operation

The use of transformers may be undesirable or limited for a
variety of reasons. If insufficient voltage is obtained from a
given circuit, an additional capacitive voltage multiplier may
be added to further boost potential, as was shown in [21].
For instance, a voltage-doubling stage is added to the boost
converter in Fig. 5 operating with duty cycle D. The pump
capacitor CP is much smaller than the boot capacitor CB and
the bulk capacitance CS attaches to the output of the doubling
stage.

As the boot capacitor charges up, charge is transferred
from the boot capacitor, CB, to the pump capacitor when

the switch, D, is closed. The inductor is also magnetized
during this portion of the switching cycle. When D is
opened and (12D) closed, energy is transferred from the
inductor to the output through the pump capacitor and also
recharges the boot capacitor. Such voltage multiplier circuits
can be added to most every circuit where a square switching
waveform is available, and they can be configured to invert
the voltage or be cascaded for additional voltage boost.

B) Example MCU controlled converter
An example of an MCU-controlled harvester platform based
on the boost converter (n ¼ 0) capable of MCU-controlled
MPPT is shown in Fig. 6. Initially assume that the storage
element CS is discharged. When power is applied to the
input, due to the exponential nature of D1 current II flows
through L1, D1 and VDD gradually charge up. This particular
bootstrap oscillator begins operating when VDD ≈ 0.8 V,
and drives Q1 with �50% duty cycle. The boost stage (L1,
Q1, D1) now operates with an unregulated duty cycle and
VDD continues to ramp up until reaching 1.8 V, the
minimum required for the MCU operation.

The 1.8 V regulator [29] power good detector (PG,
Fig. 6(a)) then releases the MCU reset pin and code execution
begins. The MCU boot code configures its internal clock and

Fig. 3. Flyback converter with duty cycle D having a turns-ratio n and a diode
from primary to secondary to allow startup current to flow. Equation valid only
for CCM. In DCM mode Vout will be load dependent and less than the CCM
case. Small, commercially available surface-mount transformers supporting
this circuit are available [22].

Fig. 6. (a) Detailed block diagram of an MCU-based energy scavenging
controller employing digital PWM control of a boost converter (n ¼ 0); and
(b) photograph of implemented start-up circuit.

Fig. 4. Boost converter. The special case n ¼ 0 (inductor) is very common.
The equation shown is valid for CCM mode. In DCM mode Vout will be
load dependent and less than the CCM case. Commercially available
surface mount 1:1 dual-wound inductors such as [27] may be used for
the case n ¼ 1. A variety of other turns ratios may be obtained using
modular magnetics such as [28].

Fig. 5. Boost converter (n ¼ 0) with added capacitive voltage doubling stage to
further increase output voltage. CP ≪ CB, and storage capacitance CS of the
sensor is located at the output, Vout.
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PWM timer to generate a digital PWM signal. It disables the
bootstrap oscillator and the digital PWM signal is routed
through the multiplexer to the gate of Q1, allowing the
MCU to directly control the boost stage.

The voltage and current present at the input of the circuit,
VI and II, is measured using an analog multiplexer and a 12-bit
data converter [30] using the 1.8-V regulator output as its
power supply and reference. The input current II is inferred
by sensing the DC voltage drop across the switching inductor,
L1. This DC voltage is present due to the non-zero resistance
of the inductor, RESR in Fig. 6. A low-pass network formed by
RF, CF removes the switching waveform so that the data con-
verter may digitize VC.

Two data conversions measure VC and VI, and II/(VI 2 VC).
The accuracy of this current measurement is poor. However,
for the purpose of MPPT it is only necessary to maximize
the product VI

.II. This does not require accuracy for either
parameter so long as the signals representing VI, II are pro-
portional to them. For either DCM or CCM operation, the
DC input power to the converter is,

PI = VI · II = VI
VL1

RESR
/ VI(VI − VC). (1)

Periodically the MCU samples VI, VC and applies the pro-
grammed MPPT algorithm to update the duty cycle of the
boost stage. When not executing MPPT code or application
code, the MCU remains in a sleep state to minimize power
consumption. Specifically for this implementation of the
MSP430, mode LPM0 is used to halt the processor while
maintaining the internal clock to the PWM timer block.

Figure 7 demonstrates the MPPT capabilities of this plat-
form when driven by a resistive voltage source. The source
voltage VS and impedance RS are varied, and the regulator exe-
cutes a “hill climbing” MPPT algorithm to continuously track
the maximum power point. For a resistive source, maximum
power transfer occurs when VI ¼ 0.5.VS.

Another example of an all-digital MCU-based harvesting
platform implementing a synchronous boost converter oper-
ating in DCM mode is found in [31]. In this case fully syn-
chronous rectification in used, but no start-up oscillator is
included; a local battery is assumed to be present.

I I I . R E S E T / S U P E R V I S O R C I R C U I T S

Referring back to Fig. 1, due to the low-power levels involved
and assuming a relatively large storage capacitance, the slew
rate of the MCU power supply, VDD, may be extremely
slow, ,0.1 V/s or slower. A simple RC network attached to
the reset pin of the MCU (often seen in data sheets) intended
to provide a delayed rising edge of the reset pin will simply
track the slowly rising VDD. Even if the chosen MCU contains
an on-board low-voltage detection and/or reset circuit, it may
still fail to properly start under these conditions. Should diffi-
culty be encountered in this regard, there are a variety of exter-
nal reset strategies that can be applied.

As seen in [23, 26, 29] many commercially available power
conversion devices intended for very low power or harvesting
applications include an open-drain “Power Good” output
having a pull-up resistor to VDD. This output may be tied dir-
ectly to the reset pin of the MCU, and is released when
adequate bias is available to reliably operate the MCU.
There are also discrete supervisor circuits that require very
low bias currents, ,150 nA, to properly operate such as [32].

Alternatively, a low-frequency (�100 Hz, �50% duty
cycle) relaxation oscillator can apply a series of reset pulses
until the MCU properly starts. Once booted and configured,
the MCU disables the oscillator to prevent a subsequent
reset. Figure 8 shows such an oscillator constructed from a
single gate logic device [33]. Once disabled, the quiescent
current is reduced to only that of the static logic gate and
may be extremely small.

Suppose RESET is an active-low signal. The diodes dis-
charge the capacitor CM when either VDD or RESET is low.
INHIBIT is tied to an MCU GPIO pin that’s assumed to be
in a high-impedance state when the MCU is in reset. After
the MCU properly boots up, it asserts INHIBIT high,
charges CM to halt the oscillator, and RESET is left high.
A low-power watchdog timer such as [34] may also be a
good choice to apply a periodic forced reset signal.

As a side note, rarely do logic gate manufacturers’ data
sheets specify the typical quiescent current for static operation.
It is test-time intensive and therefore costly to measure very
small currents in a production environment. Instead, only a
maximum is given representing a factory test limit that may
be orders of magnitude higher than an actual typical gate.

Fig. 8. Reset oscillator based on the ’1G97 multi-function logic gate configured
as a multiplexer. Input hysteresis allows for oscillation frequency f ≈ 1/(RT.CT).
Once booted, an MCU GPIO pin asserts INHIBIT high halting the oscillator
with RESET in the high state to prevent a subsequent reset.

Fig. 7. (a) Resistive test circuit to measure MPPT tracking versus Rs. A 2.5 V
shunt regulator absorbs power from power conversion stage. (b) MPPT
performance indicates VI closely regulated to 0.5.VS as expected for the
resistive source impedance, RS.
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I V . P A C K E T E N E R G Y
C O N S U M P T I O N P R O F I L E

After a successful startup of the sensor, it is imperative to con-
serve energy and have enough left over to do something
useful. Harvesting sensors that transmit wirelessly are typical-
ly configured to periodically wake up from a low-current (,3
mA) sleep mode, assemble and transmit a data packet over an
RF channel, and then go back to sleep. A sensor where the
MCU is playing an active role in managing the power conver-
sion process will also need some time to do so. In order to
accurately understand the energy needs of the sensor, the
dynamic current draw profile must be characterized.

The profile of the current drawn from the storage capaci-
tance during a packet transmission interval of duration T
for a typical sensor is shown in Fig. 9. The MCU wakes
from the low-current sleep mode and executes several
blocks of code to configure the rest of the device for the forth-
coming packet transmission. In this case, a sensor that
requires about 1.5 ms of settling time is initialized and
allowed to settle. After the settling time, three measurements
are taken. Following a dead time, a fourth measurement is
sampled (temperature). The MCU then assembles the data
into a packet, and keys the RF transmitter to transmit it
before going back to the sleep state.

The total amount of charge drawn from the on-board
storage capacitance is

QT =
∫T

0
i(t)dt, (2)

and the energy consumed during the packet is

EW = V · QT , (3)

where V is the potential of the storage capacitance. The
current drawn to operate the various electronics is fixed so
the only way to minimize QT, and therefore EW, is to
execute all the elements of the packet as quickly and efficiently
as possible; T must be minimized.

Wireless packet transmission usually represents the largest
consumption of energy. For a sensor with a periodic packet

transmission frequency F, the average current drawn from
the bulk capacitance is approximated by

kil = QT · F, (4)

and the average power drawn from the storage capacitance is,

kPl = V · kil = EW · F, (5)

assuming V is constant. Clearly (5) shows that power con-
sumption scales linearly with voltage. This implies that
for best efficiency, the local storage capacitance should be
maintained at the lowest voltage possible to operate the
electronics.

This may create a dilemma: the power available from
the source is usually variable but if the storage element is
somehow kept at a fixed voltage, the power consumed by
the sensor is constant when using a fixed transmission
period. There will almost always be imbalance between the
supply and demand of available power. This issue is accentu-
ated if MPPT is applied, as the dynamic range of available
power increases.

If the application can tolerate it, an elegant solution to this
problem is to allow the sensor to operate more frequently as
more power is available, i.e. increase F [36]. This is easily
accomplished by simply monitoring the voltage of the
storage element and initiating a transmission once a threshold
value is exceeded. During transmission, the storage voltage
drops below the threshold, and the harvester recharges it in
the interim time. If the application demands a fixed transmis-
sion rate, energy harvesting must be suspended before the
upper damage limit of the storage element is reached.

V . P O W E R M A N A G E M E N T ,
C O N T R O L , A N D M P P T

Contemporary CMOS MCUs designed for low-power oper-
ation include a variety of low-power modes intended to con-
serve power by disabling or configuring the various internal
clocks. A major portion of the MCU firmware is devoted to
power management, and therefore entry into and exit from
the low-power modes.

When not in a low-power mode, the MCU operates in
Active Mode where current draw can be substantial, mA of
current as shown in Fig. 9, while executing code. The MCU
may only operate in this mode for very short bursts, often
,1% of the time, to achieve an average power draw low
enough to meet the power budget.

The design of the sensor becomes one of evaluating the
trade-offs between the available power, the requirements of
the application, the power modes available for use, and cap-
abilities of the MCU to move quickly between low-power
standby modes and energy intensive computing.

A) MCU standby power management
The two most relevant MCU power saving modes can be cate-
gorized as: (1) “hibernate” or “memory retention” where all
clocks are stopped and certain internal circuit elements are
disabled, and (2) “RTC”, meaning “Real Time Clock”, where
only a low frequency oscillator, 5–60 kHz, operates. Often a
32.768 kHz low-power “tuning fork” crystal is used for this

Fig. 9. An example of dynamic current drawn from the storage element
during a packet transmission [35]. Total charge drawn is the area under the
curve. Settling and dead times should be minimized or avoided to minimize
QT and packet energy.
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mode to provide a convenient and stable time base for time-
keeping, although MCUs now exist that have integrated oscil-
lators with similar power consumption but poor timing toler-
ance [37].

Hibernation mode will always be the most energy efficient
and at room temperature, a power savvy MCU can achieve a
typical hibernating current of 100 nA. Unfortunately, the only
way to revive an MCU from this state is with some sort of
external stimulus such as from a sensor or an external
timer. A sensor capable of initiating such an event usually con-
sumes far more quiescent power than the dormant MCU,
overshadowing it in terms of the energy budget.

The RTC mode is also very efficient, but in this mode the
MCU is also capable of waking itself. MCUs with this
feature are available that can operate with a 32.768-kHz
crystal or integrated low-frequency oscillator, while typically
consuming 500–700 nA. The lowest current solution capable
of self-wakeup combines the Hibernation mode with a
purpose-built external timer, e.g. [34]. This timer is capable
of typical operation of 30 nA, allowing a sensor system to
lie dormant but wake itself on a combined current of 130 nA.

The previous discussion represents the overhead current
consumption simply to maintain the MCU in a known state
and perhaps periodically wake itself. All other electronics
connected to the on-board storage capacitance will also
draw some quiescent current, unless additional transistors
or other means to disconnect them are designed to remove
the load. Furthermore, no power or application management
code is included; once the MCU begins to do something useful
in Active mode, power consumption increases dramatically.

B) Active mode current
Figure 10 shows the current draw of a power-optimized
CMOS MCU while in Active Mode. Current consumption
scales linearly with clock frequency and is a function of
applied VCC.

The energy required to operate the MCU in this mode for a
time T is

EMCU = VCC · QMCU (T)

= VCC

∫T

0
[I0 + m(VCC)FCLK ]dt

= VCCTI0 + VCCm(VCC)T FCLK ,

(6)

where m(VCC) is the linear slope of the current versus clock
frequency for a given VCC supply voltage and I0 represents
the non-zero Active mode current when FCLK ¼ 0 Hz. The
term VCC.T.I0 represents an overhead loss that produces no
useful result and the latter term represents the energy con-
sumed in computing the task at hand, i.e. see Fig. 9.

Since I0 is constant, overhead can only be minimized
by reducing VCC and T. T is minimized by executing the
most efficient code possible since the number of CPU
instructions executed is proportional to the product T.FCLK.
Furthermore, as evident from Fig. 10, the slope m is smaller
for lower values of VCC indicating an additional second-order
improvement to power consumption by operating at the
lowest possible VCC.

C) Maximum power point tracking
A variety of MPPT algorithms exist and a synopsis of them
may be found in [38, pp. 21–35]. The low-power levels and
relatively large storage capacitance found in energy harvesters
tend to limit the need for high speed, high precision power
point tracking. Instead, the basic “Perturb and Observe”
(P&O) hill-climbing method is usually sufficient.

In this method, the power conversion stage parameters are
constantly varied, but reverse direction when declining power
is detected. For example, suppose a boost converter stage is
used and the PWM duty cycle is increasing versus time, result-
ing in an increasing average input current. If this change
causes a reduction in power transfer, the duty cycle increment
changes from increasing to deceasing, i.e. the scan direction
is changed. The duty cycle continues scanning in this direction
until power transfer again declines. The main disadvantage to
this method is that it is unstable as it constantly hunts for the
peak point.

Simpler than P&O is fractional open-circuit voltage
(FOCV). This method is not a true “power tracking” algo-
rithm, but instead assumes that the maximum power point
will occur close to some known fraction of the source’s open-
circuit voltage. Periodically the controller halts power transfer
and samples the open-circuit voltage. The controller then reg-
ulates the input voltage of the power converter to match a pro-
grammed fraction of the open-circuit voltage. The ability to
track the peak power point is limited by the validity of the
fractional voltage assumption, but in many cases still results
in relatively good performance. It is very simple to implement,
is the method chosen for [19, 26], and is well suited to photo-
voltaic sources.

V I . W I R E L E S S D E V I C E S

A variety of commercially available integrated transmitters,
transceivers (TRX) and System-on-Chip (SoC) having an
on-board MCU are available that support operation across
the spectrum. Commonly used license-free frequencies
include 315 MHz, 433 MHz, 868 MHz, 915 MHz, and 2.45
GHz, although only the use of 2.45 GHz is harmonized
worldwide.

315 and 433 MHz are commonly used to transmit a control
signal, such as a garage door opener, but some data are per-
mitted to be sent along with the control signal [39]. In the
USA, frequency hopping and digital spread spectrum techni-
ques allow for transmission powers up to +30 dBm in the 915

Fig. 10. Current consumption of a CMOS MCU scales with clock frequency
and is also a function of applied voltage. Note that at FCLK ¼ 0 Hz, the
current does not become 0.0 mA; I0 = 0 mA.
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MHz and 2.45 GHz ISM bands, otherwise transmit power may
be limited to as low as 20.5 dBm [40]. Operating power limits
in the 868 MHz band vary greatly depending on the band-
width and even the intended application per ETSI EN
300-220.

If a standard modulation is desirable, IEEE 802.15.4 g sup-
ports operation at both 868/915 MHz and 2.45 GHz ISM
bands, but may be overly complex, costly or inefficient in
some applications. A propriety modulation and bit rate may
be tailored to the application for maximum efficiency and
may be ASK, OOK, FM, or a more complex digital format.
In harvesting applications generally it is most efficient to
only transmit data, but a transceiver may still be necessary
to comply with certain regulatory rules. In some spectrum
allocations, it is mandatory to “listen-before-talk”, i.e. verify
that the RF channel is clear, before transmitting on the
channel.

Table 1 contains a sampling of commercially available
devices that operate in the 2.45 GHz ISM band. Most
devices are transceivers (TRX) and are specifically designed
to comply with the IEEE 802.15.4 standard. Some devices
are designed strictly for proprietary modulation and bit
rates, but some devices that comply with 802.15.4 can
support other proprietary modes as well. A device that also
contains an embedded MCU is considered an SoC, and a
device that is capable of transmit only operation is designated
(TX). Operating transmit powers vary from device to device
but are generally limited to between 0 and +8 dBm
maximum output power.

Table 2 contains a sampling of commercially available
devices that operate in the ISM and control bands below 1
GHz. The recent revision of IEEE 802.15.4 g defines a variety
of modulation modes that may be used in this spectrum, includ-
ing 50 kbps 2-FSK, which is easily accommodated. Depending
on hardware limitations, some devices can only support some
of the ISM and control bands below 1 GHz, as shown in the
legend. Similar to their 2.45 GHz siblings, TRX, transit-only
(TX), and SoC devices exist. Some newer devices such as the
CC1120 accommodate very narrow channel spacing down to
12.5 kHz, and have very good sensitivity, 2123 dBm at 1.2
kbps, when in receive mode.

The native maximum transmit power available from these
devices vary more widely, from about +5 to +15 dBm;
however, FCC or ETSI rules may limit operation to a lower
level depending on the occupied RF bandwidth or application.

If this is the case for a particular application then a device with
lesser capability may ultimately be more efficient in a harvest-
ing application as the DC power consumption of the TX
power amplifier may be lower.

V I I . C O N C L U S I O N S

This paper presents an overview of currently available com-
mercial low-power electronics for energy-harvesting wireless
sensors. Although the general low-power electronics is appro-
priate for harvesting of any type of energy, the focus of the
work presented here is on wirelessly powered sensors such
as the ones overviewed in [41]. In this case, it has been
shown that the DC impedance that optimizes power from a
rectenna is as high as 100 kV for very low-power levels, and
typically 10 kV down to 300 V as the power levels increase.
The start-up circuit needs to be matched to an appropriate
DC impedance level, which in turn means that a number of
obvious circuits will not work efficiently. An approach to
solving the start-up problem when the storage element is
fully depleted, based on commercially available components
is presented.

Although a fully custom power management IC could be
used [18], alternatively the application MCU may digitally
control the power conversion stage [42] to optimally charge
the energy storage element according to whatever MPPT or
other application specific algorithms are desired. This pro-
grammable approach may lead to the lowest parts count,
smallest size, lowest cost, and potentially best performing
solution as every element of the design may be tailored to
the specific application at hand, but great care must be
given to design and optimization of firmware, both for
power management and the application, to ensure an efficient
design that overcomes power limitations.
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