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Abstract—We present RF energy harvester and management
strategy tailored for the passive near-zero power devices. Radio-
less RF-powered backscattering tags that have the ability to rec-
ognize and localize activities in the surrounding environment are
example of such devices. We propose a management strategy that
determines the operation regime of the harvester based on the
input power level at which harvester provides the instantaneous
supply voltage for device operation. As the input power exceeds
this level, the storage of the excess energy is managed by an
adaptive capacitor charging circuit that keeps the voltage at
the input of voltage regulator constant. We demonstrate that
backscatter-based RF tag in the listening mode of operation can
instantaneously operate with an input power of -34.4 dBm. Due
to the adaptive capacitor charging circuit, the power efficiency
of the energy harvester is higher than 50% over a range of input
powers from -25 dBm up to -5 dBm.

I. INTRODUCTION

The management of the operation of RF energy harvest-
ing near-zero power passive devices with a low capacity
energy storage element introduces some unique challenges
compared to the energy management in a traditional sensor
node. Conventional sensory nodes incorporate active radios
that dominate the power budget, although significant steps
have been made in reducing their power consumption [1]–
[5]. The sensor nodes with energy harvesting have optimized
energy-neutral operation that maximizes their performance
with the respect to the available energy, either on node-level or
application-level [6]–[11]. Backscatter based communication
reduces the energy cost of the communication by a few
orders of magnitude compared to the sensor node with active
radio [12]–[14]. This results in a different energy budget
distribution for different modes of operation compared to the
conventional sensor node and calls for different management
techniques to be used in the implementation of near-zero
passive devices, like RF tags [15], that communicate through
backscatter. The minimum incident power at which a RF tag
can communicate and sense the channel with the instantaneous
supply voltage is -30 dBm [16], a power that tag would receive
at a distance of around 10 m from an exciter with 1 W emitting
power and carrier frequency of 915 MHz.

The incident power at a RF harvesting device depends on
a distance to the external RF source and the excitation power,
so the harvester has to be able to harvest energy for a wide
range of incident RF power. Design of the energy harvester
with high energy efficiency over a wide input power range

presents significant challenge. In order to tackle the variable
nature of the input power, a reconfigurable harvesting system
for charging a storage capacitor by the excess harvested energy
was proposed [17], [18]. However, the energy management
does not detect the low input power when the stored energy
can be used for the operation of the device. In [19], the
stored energy can be reused and the device can operate at
a low input power but it has to charge and discharge the
capacitor even when the input power is sufficient for the
device to operate. For maintaining a high PCE with a wide
input power range, a cascading dc–dc converter is proposed
in [20] with a nonlinear time-domain maximum power point
tracking (MPPT) method to extract the converted RF power
by tuning the load resistance. However, it requires complex
analog blocks, such as DC-DC converter which suffers from
bulky off-chip passive components. In this work, we propose
a novel energy harvester that is managed to efficiently operate
with a very wide range of input power leveraging the proposed
adaptive charging circuit.

The paper is organized as follows. Section II introduces
the architecture and operation of the RF energy harvesting
and management circuitry. Section III briefly illustrates the
rectifier and the control logic used in the system and describes
the design and theoretical analysis of the proposed adaptive
capacitor charger with the simulation results presented in
Section IV. Conclusions are outlined in Section V.

II. ENERGY HARVESTING SYSTEM DESCRIPTION

Figure 1 depicts the block diagram of the proposed energy
harvesting and management system. The system comprises
reconfigurable cross-coupled rectifier, demodulator, low power
LDO regulator, adaptive capacitor charger (ACC), control
logic, voltage limiter [21] and ultra-low power voltage ref-
erence [22]. An off-chip tunable matching (MN) network is
used to enable maximum power transfer from the antenna to
the input of the rectifier.

We first describe the operation of the energy harvesting and
management system. The adaptive structure of the harvester
includes reconfigurable rectifier and reconfigurable loading
circuit. The harvester senses the input power and the output
voltage of the rectifier. The power is sensed in order to adapt
the architecture of the rectifier. The power efficiency of a
rectifier strongly depends on the input power and the load,
with the efficiency maximized in a narrow range of the input
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Fig. 1. Block diagram of the proposed RF energy harvesting and management
system.

power [23]. The harvester uses reconfigurable rectifier archi-
tecture to optimize the power efficiency and the output voltage.
The rectifier with higher number of stages at low input power
provides the higher power efficiency and output voltage [24].
The power threshold level Pth is set by the minimum power
required for the operation of the overall passive device, that
is the power at which the voltage regulator can output the
required supply voltage. In the presented architecture of the
harvester, we use a single threshold power, while a more
threshold levels can be added for different operation modes of
the passive device with different operating power. The rectifier
would then be optimized in terms of energy efficiency for
each of these operational modes. For example, in the case
of the RF tag, the minimum power is set by the operation
of the demodulator circuit that detects the transmission by
another tag in the vicinity or the dynamic changes in the
environment [15]. Additionally operating modes of RF tag
are transmitting, receiving, channel estimation and computa-
tion [16].

The system also monitors the output voltage of the rectifier.
When the input power is lower than the set power threshold,
if the output voltage of the rectifier is lower than a threshold
voltage Vth2, the energy harvesting circuit charges the storage
element through a single transistor switch. The storage element
is chosen to be a film capacitor due to the low leakage [19].
Vth2 corresponds to the maximum voltage to be stored on the
capacitor. Once the output voltage of the rectifier reaches Vth2,
the path to the regulator is enabled and the supply voltage
for the operation of the tag is provided at the output of the
regulator. The storage capacitor Cs assists rectifier in enabling
LDO to output the required supply voltage for the operation
of the device. When the capacitor voltage drops below Vth1,
LDO is disconnected and the capacitor is charged again. Vth1

TABLE I
3 STATES OF THE EH SYSTEM.

State Pin Vreco Vsw1 Vsw2 Rectifier Load Circuit
1 <Pth <Vth2 0 0 8-stage charge Cs

2 <Pth >Vth1 1 0 8-stage LDO + discharge Cs

3 >Pth x 1 1 2x4-stage LDO+ACC

is selected as the minimum output voltage of the rectifier at
which LDO can still output the required supply voltage.

When the input power is higher than the power threshold,
LDO is connected to the output of the rectifier. If the voltage
at the output of the rectifier is lower than the minimum input
voltage of LDO, the pass transistor in ACC is turned off and
the output voltage of the rectifier is increasing with LDO
as the only load. Once the voltage reaches the minimum
input voltage of the rectifier, the pass transistor in ACC turn
on. ACC charges the capacitor Cs with excess energy and
keeps the voltage output of the rectifier at the same level by
tuning the load of the rectifier. This also maximizes the energy
efficiency of the LDO regulator, as the voltage drop across
the regulator is maintain at the same level. In the proposed
manner, the maximum power efficiency of the overall harvester
is maintained over a wide range of the input power. The
operation of the tag is summarized in the table I.

III. CIRCUIT IMPLEMENTATION

A. Reconfigurable Rectifier

The incident RF energy at a harvesting device, like RF tag,
depends on the distance to the external RF source and the
device surrounding. This leads to a wide range of the incident
RF power at which the energy harvester has to operate and
maintain energy efficiency. The efficiency of a rectifier with a
fixed architecture can be optimized only in a narrow range of
input power. Adaptive architectures of rectifier that optimize
the energy efficiency over a wide range of the incident power
have been proposed [18] and we selected the architecture
shown in Figure 1. The reconfigurable rectifier consists of
two 4-stage rectifiers that can be combined in an 8-stage
rectifier and three MOS switches that control the configuration.
The 8-stage rectifier is optimized to provide maximum power
efficiency at the power threshold level Pth.

B. Adaptive Capacitor Charger

As the input power exceeds the power dissipated by the
tag operation, the excess energy can be saved on a storage
element, capacitor. A novel adaptive capacitor charger (ACC)
is proposed to control the output voltage of the rectifier by
introducing additional load current that charges the storage
capacitor. With the ACC, the rectifier holds sufficient output
voltage for the LDO to maintain supply voltage for the
operation of the tag even if the capacitor voltage is lower than
the rectifier output voltage. This warrants a low drop voltage
of LDO maintaining a high efficiency of LDO.

The loading resistance of the rectifier has a significant effect
on the output voltage, Vrec, as illustrated by a simplified model
in Figure 2. The rectifier is modeled by an voltage source
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Fig. 2. Model of the proposed energy harvester with the circuit implementa-
tion of the adaptive capacitor charger.

Vrec ol that corresponds to the output rectifier voltage with
no resistive load and equivalent output resistance Rrec [24].
The rectifier loading resistance comprises input resistances
of ACC, RACC and LDO, RLDO. Control of Vrec to a
desired voltage with different input power can be achieved
by tuning RACC . Figure 2 also shows the proposed circuit
implementation of ACC. The circuit is designed based on
conventional LDO design for keeping rectifier output voltage
at 0.9 V, leaving 0.1 V drop-out voltage for LDO. It comprises
a one-stage differential amplifier as an error amplifier, a MOS-
diode based voltage divider M7 ∼M14, and a pass-transistor
M6. The error amplifier compares the divided output voltage
with Vref providing a feedback signal to M6. Therefore, when
the output voltage of the rectifier is higher than 0.9 V, the gate
voltage of M6, Vg6, will decrease enabling higher charging
current until the rectifier voltage resumes 0.9 V. When the
Vrec is lower than 0.9 V, Vg6 will be close to Vrec due to the
feedback loop, and M6 thus shuts off. As the voltage on Cs,
Vc, exceeds 0.9 V, transistor M6 is kept fully on and Vc is
equal to Vrec.

C. Control Logic

The control logic of the EH is shown in Figure 3. Output
voltage of the rectifier is sensed by two PMOS-diode based
voltage dividers, R1-R2 and R3-R4. R1-R2 voltage divider
comprises of 5 and 2 PMOS-diode connected transistors,
while R3-R4 voltage divider comprises of 5 and 3 PMOS-
diode connected transistors. The two-stage continuous-time
comparator is implemented for the comparison of the rectifier
output voltage and the reference voltage, Vref . Control signal
P, a result of comparison of the output voltage of the enve-
lope detector in the demodulator with the reference voltage
corresponding to the power threshold Pth, is input to the the
control logic.

D. Demodulator

A demodulator based on the envelope detector is inherent
receiver of the passive backscattering device like RF tag. In the
proposed implementation, envelope detector is implemented
using 3-stage rectifier, while a comparator is added in order
to determine the input power level, as shown in Figure 1. The

Fig. 3. Implementation of the control logic.

comparator implementation is the same as in the control logic.
The output of the comparator is fed into the control logic.

IV. SIMULATION RESULTS

The energy harvester has been implemented in 65 nm
CMOS technology. To demonstrate the operation of the pro-
posed harvester and characterize the performance, simulations
have been performed at 915 MHz operating frequency.

We first demonstrate the choice of the topology of the
reconfigurable rectifier. With only a storage capacitor and a
100 MΩ resistor at the output of the rectifier, that models the
load introduced by the control logic, the output voltage of the
rectifier is shown in Figure 4(a). The total quiescent current of
the implemented control logic is 5.5 nA. With the same input
power, the 8-stage rectifier outputs a higher voltage than 2x4-
stage rectifier. The output of 8-stage rectifier reaches 1.2 V
when the input power is -34 dBm and this is the minimum
power at which capacitor can be fully charged when the system
operates in the low-power regime. However, in the high-
power regime of operation, with the increased load, 2x4-stage
rectifier reaches the minimum voltage at which LDO provides
supply voltage for the tag operation at input power of -26 dBm,
as shown in Figure 4(b) for RL of 0.5 MΩ. Additionally, 2x4-
stage rectifier has a significantly higher efficiency with this
load than 8-stage rectifier.

We next demonstrate the functionality and performance of
the ACC in the high-power regime operation of the harvester
over a wide range of load resistances at the output of LDO.
The total power consumption of the ACC is 12 nW at supply
voltage of 0.9 V. The DC gain, bandwidth and unity gain
frequency of the error amplifier are 30.8 dB, 116 kHz, and
3.8 MHz, respectively. Figure 5 shows the output voltage of
the rectifier for different load resistors. We observe that when
the storage capacitor Cs is charged through ACC, the output
voltage of the rectifier is regulated to 0.91 V as the input
power increases due to adapted rectifier output current and
excess energy storage into Cs. We define the power conversion
efficiency(PCE) of the system as:

PCE =
VrecIch + V 2

LDO/RL

Pin
, (1)

where Ich is the charging current of the capacitor CS and
VLDO is the output voltage of LDO regulator. In (1), the
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power loss on the transistor M6 of ACC is excluded from the
dissipated power. ACC enables high power efficiency over a
wide range of input power as the efficiency of the rectifier
and LDO is maintained by limiting the output voltage of
the rectifier, while the extra power is stored on the storage
capacitor, as shown in Figure 6(b). As a reference, PCE of a
system comprising rectifier and LDO without ACC is shown
in Figure 6(a). Simulations also confirm that with ACC there
is a very small input impedance variation for a different load
resistance RL.

We then demonstrate the functionality of the energy har-
vester in time as it operates in different states. First, Figure 7(a)
shows that during the start-up control logic functions properly
as Vrec reaches 0.35 V. Storage capacitor Cs is 100 pF in the
simulation. As the input power reaches -34.4 dBm, the output
voltage of the rectifier is 1.2 V and LDO is connected to the
output of the rectifier. As the output voltage reaches Vth1, the
LDO is disconnected and the capacitor is charged again.

Next, we simulate the operation of the harvester for two
input voltages, where harvester operates in the low-power
regime for one input and in the high-power regime for the
second one. The storage capacitor is 1 nF in this simulation.
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Figure 7(b) show how the harvester is cycling between State
1 and State 2 in the low-power regime and that LDO outputs
a 0.8 V supply voltage when harvester is in State 2. When
the harvester operates in the high-power regime, the output
voltage of the rectifier reaches the minimum output voltage
for the operation of LDO after the charging time of 10 µs.
During that time, transistor M6 of ACC is off and the only
load at the output of the rectifier is LDO.

V. CONCLUSION

We present an energy harvesting circuit along with the
power management strategy that optimizes energy efficiency
of near-zero power passive devices, like backscattering based
RF tags. RF tag can operate at -34.4 dBm in a listening
mode, while storage of excess energy enables performance
of complex computational tasks on the tag that are critical in
applications like smart spaces.
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