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Abstract In recent years, radio frequency (RF) energy harvesting systems have gained
significant interest as inexhaustible replacements for traditional batteries in RF iden-
tification and wireless sensor network nodes. This paper presents an ultra-low-power
integratedRF energy harvesting circuit in a SMIC65-nm standardCMOSprocess. The
presented circuit mainly consists of an impedance-matching network, a 10-stage recti-
fier with order-2 threshold compensation and an ultra-low-power power manager unit
(PMU). The PMU consists of a voltage sensor, a voltage limiter and a capacitor-less
low-dropout regulator. In the charge mode, the power consumption of the proposed
energy harvesting circuit is only 97nA, and the RF input power can be as low as
−21.4dBm (7.24µW). In the burst mode, the device can supply a 1.0-V DC output
voltage with a maximum 10-mA load current. The simulated results demonstrate that
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the modified RF rectifier can obtain a maximum efficiency of 12% with a 915-MHz
RF input. The circuit can operate over a temperature range from−40 to 125 ◦Cwhich
exceeds the achievable temperature performance of previous RF energy harvesters in
standard CMOS process.

Keywords RF rectifier · Multistage threshold compensation · Power management
unit · Ultra-low-power · RF energy harvesting

1 Introduction

Ambient radio frequency (RF) power signals, from cellular phones and access points
(AP), can be an attractive and promising source for harvesting due to their wide
availability in urban areas and the amount of power obtainable from these signals. As
inexhaustible replacements for internal power sources, RF energy harvesting circuits
rely on the extraction of energy from propagating radio waves instead of batteries to
supply power to other circuits or systems. These RF energy harvesting systems utilize
an antenna as a receiver to collect RF signals (within a certain frequency band) and
then convert the collected AC (RF) signal into energy to store in an off-chip capacitor
for DC output.

The harvesting process can be divided into two main steps corresponding to the
two modes: charge mode and burst mode, respectively. The voltage across the storage
capacitor will change between the high threshold voltage (defined as Vhigh) and the
low threshold voltage (Vlow). However, the energy density of RF signals has an inverse
square relationshipwith the distance from theRF transmission source. Under low input
power scenarios (20µW or less), the RF energy can scarcely be scavenged due to the
low input voltage, especially for implementation in standard CMOS process. There
are two ways to reduce the minimum input energy for a RF energy harvesting system.
One way is to improve the sensitivity of the rectifier which is primarily dictated by
the threshold voltage of the rectifying devices, and the other way is to minimize the
power consumption of the PMU in the charge mode.

Work byOlgun et al. [9] obtained an efficiency of 20%with aminimumof−20dBm
input power by using low-threshold-voltage Schottky diodes. Nakamoto et al. [8]
implemented floating gate devices to preset the biasing voltage at the gates of MOS-
FETs, and Li et al. [6] used off-chip high impedance resistor networks to provide
different DC biasing voltages at the gates of the MOSFETs. Overall, these techniques
effectively reduce the threshold voltage of the rectifying devices and improve the sen-
sitivity of the harvester. However, the discrete Si Schottky diodes [9] or the floating
gate devices [8] are not fabricated in standard CMOS processes. Moreover, the tech-
niques outlined in [8] and [6] need additional procedures to correctly program the
biasing voltages, which will result in rising production costs.

Minimizing the harvester’s power consumption in charge mode, either by lowering
the high threshold voltage on the off-chip storage capacitor or by reducing the con-
sumption current, is another efficient way to improve the minimum input RF energy.
By using bootstrap capacitors to generate a multi-supply, the RF energy harvester pre-
sented by Xia et al. [15] achieved −20dBm input sensitivity. The two-stage boosting
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structure was also proposed by Reinisch [13] to lower the input power threshold. The
first stage lowers Vhigh and reduces the current in charge mode, and the second stage
boosts the output voltage of the former stage by using a charge pump to satisfy the
actual application. Papotto et al. [12] obtained −17.1dBm input sensitivity and 80nA
charge-mode current by using the self-compensation multistage rectifier, which con-
sists of all NMOS transistors with isolated bodies in a deep n-well CMOS process.
Due to the internal voltage boosting, more auxiliary circuits and off-chip capacitors
are needed in [15] and [13], which will reduce the efficiency and increase the cost.
The structure presented in [12] is difficult to apply over a wide temperature range,
because of the large variation in the subthreshold string current with the temperature
or the process change.

In this paper, an efficient CMOS RF energy harvester is presented. The harvester
is based on a modified multistage RF rectifier and an ultra-low-power PMU for an
efficient AC–DC conversion. A 10-stage order-2 complementary compensation is
introduced in the RF rectifier to eliminate the body effect in standard CMOSprocesses.
The proposed RF harvester can charge the off-chip storage capacitor to 1.6Vwith only
97nA current consumption in the charge mode and output 10mA current with 1V
DC voltage in the burst mode. The paper is organized as follows: Sect. 2 provides an
overview of the proposedRF energy harvester and introduces the impedance-matching
network. The block circuits of the harvester are presented and analyzed in detail in
Sect. 3. The simulation results based on SMIC 65-nm CMOS process are shown and
discussed in Sect. 4, and conclusions are drawn in Sect. 5.

2 Proposed RF Energy Harvesting System

2.1 The Structure of the Proposed RF Energy Harvesting Circuit

The RF energy harvesting system collects RF energy using an antenna. An impedance-
matching resonator is used to boost the induced voltage received at the antenna and
deliver the maximum power to the RF rectifier. The main purpose of a rectifier is to
convert the transmitted RF signal to a DC signal. Moreover, to generate sufficiently
high voltage to power other equipment from the ultra-low input power levels, the
rectifier also works as a voltage multiplier.

As shown in Fig. 1, the proposed RF energy harvesting system consists of an
impedance-matching network (including aRFantenna), aRF rectifier, a voltage sensor,
a voltage limiter and a low-dropout (LDO) regulator. All of these blocks are integrated
in one chip except for the impedance-matching network and the storage capacitor
Cbuffer. The RF energy is converted into a DC voltage by the RF rectifier and stored in
a large off-chip holding capacitor (Cbuffer). As theRF input power is too small to supply
the whole system continuously, the harvester system is designed to be discontinuous
and hence has both a charge mode and a burst mode. The voltage sensor detects the
voltage on Cbuffer and generates a control signal to switch between the charge mode
and burst mode. In the charge mode, the rectifier will charge the storage capacitor and
only the voltage sensor consumes current in the PMU.When the voltage acrossCbuffer
rises up to Vhigh, the voltage sensor will wake up the LDO and the voltage limiter and
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Fig. 1 Block diagram of proposed RF energy harvesting system

the harvester system will switch to burst mode. In this mode, the energy in Cbuffer will
be delivered to the output load by the LDO, and hence the voltage on Cbuffer drops.
The voltage sensor will then shut down the PMU when the voltage on Cbuffer reduces
to Vlow, and the harvester system then enters the charge mode again.

The voltage limiter aims to protect the whole system if the RF input energy is large
or the load current is very small. When the voltage on Cbuffer reaches the threshold
voltage of Vlimiter, where Vlimiter > Vhigh, the voltage limiter will bypass the energy
to ground and cause the voltage to drop. As there is a large difference between Vhigh
and Vlow, a LDO regulator is necessary to provide a stable DC output voltage.

2.2 Impedance-Matching Network

As the equivalent impedance of the rectifier mainly varies with the input RF signal
power, the impedance-matching network should be optimized considering the recti-
fier, with the best match chosen when the minimum RF input power is provided. An
appropriate impedance-matching network between the antenna and the rectifier can
perform a “passive amplification” of the input voltage [6]. Figure 2 shows the equiv-
alent circuit of the AC–DC conversion. The proposed π -type impedance-matching
network is optimized for 915MHz.

As shown in Fig. 2, the antenna can be generally assumed to be a voltage source
with a 50� internal resistance. The RF rectifier can be represented by an equiv-
alent resistor R1 paralleled with a capacitor C3 [6]. The equivalent impedance of
the rectifier is 0.4 pF//1300�(Γin = 0.902 − 0.210 j), which is estimated by cir-
cuit simulations. For a more convenient application, off-chip devices are chosen for
the impedance-matching network. According to the maximum power transmission
theorem, the impedance of the rectifier should be matched to 50� to obtain the maxi-
mum power input. The π -type impedance-matching network optimized at 915MHz is
designed to achieve the impedance matching. At the chip pin, we should be concerned
about the parasitic effects [4]. The parasitic inductance at the chip pin is estimated at
1nH/mm and hence can be neglected here [14]. However, the parasitic capacitance
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Fig. 2 Equivalent circuit of the AC–DC conversion

can be as large as 0.3 pF [11] and thus must be considered in the design. In order to
eliminate the influence of the parasitic capacitance, the capacitorC2 should be as large
as possible, and this is the main reason that the π -type matching structure is used. The
impedance-matching network is designed as off-chip and can be flexibly adjusted to
reduce the influence of the parasitic effects and improve the performance of the RF
energy harvesting system. Importantly, the larger the capacitance of C2, the higher
the Q value of the matching network. However, high Q values can lead to a narrow
bandwidth of this system. In this design, the 1.1pF C2 is chosen by setting the Q to
14, and a tradeoff is made between the Q value and the bandwidth.

3 Circuit Design

3.1 Modified RF Rectifier

The RF rectifier proposed by Giuseppe Papotto et al. [11] is based on Dickson’s
topology [1] and compensates the threshold voltage by connecting the gate to the
adjacent stage,which does not need auxiliary bias circuits. Because all of the transistors
for [11] areNMOS, a deep n-well process is used to eliminate the body effect.However,
this deep n-well process is not suitable in standard CMOS technology.

For the standard CMOS process, the substrate of NMOS must be connected to
ground while PMOS is fabricated in an n-well of which the bulk can be individually
biased. So the body effect can be eliminated by properly setting the body bias of
the PMOS in the RF rectifier. To compensate the threshold voltage, the gate of the
PMOS should be connected to a lower potential than that of the source. Therefore, in
the Dickson’s cascade boosting topology, the gate of PMOS should be biased by the
former stage to help lower the threshold voltage. On the contrary, the gate of NMOS in
this structure should be biased by the latter stage to compensate the threshold voltage.
Based on the previous analysis, a complementary threshold-compensation RF rectifier
is proposed to eliminate the body effect in a standard CMOS process. For the sake
of simplicity, a 3-stage rectifier with order-1 compensation structure is presented in
Fig. 3a. The first stage consists of two NMOS transistors (N1, N2) and two capacitors
(C1,C4), and the next two stages are comprised of four PMOS (P1–P4) and four
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Fig. 3 Complementary threshold-compensation RF rectifier. a 3-Stage order-1 structure, b the proposed
10-stage order-2 structure

capacitors (C2,C3,C5 and C6). As the energy density of the RF input is very low, the
voltage generated by the first few stages is not high and thus the body effect of the
NMOS in these stages can be neglected. As shown in Fig. 3a, the first NMOS stage
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and the second PMOS stage provide the bias voltage for each other. Therefore, this
structure is called complementary threshold compensation. In the third stage, each
PMOS stage is compensated by the adjacent former stage. So it is defined as order-1
compensation.

As the boosting voltage by one stage is not high enough, the greater the order within
a certain range, the better the compensation.Moreover to lower the minimum input RF
power and obtain a higher output voltage, the number of the whole stages is designed
to be large. However, the large orders and stages will lead to a significant decrease
in the efficiency. Based on the structure in Fig. 3a, a 10-stage order-2 complemen-
tary threshold-compensation RF rectifier is adopted in the proposed energy harvester
circuit, as shown in Fig. 3b. The first two stages are made up of NMOS transistors,
and the next eight stages comprise of PMOS transistors. The first and the third stage
provide the bias voltage for each other, and the second and the fourth stage do the
same. After the fifth stage, the bias voltage of the Nth stage is provided by the (N-2)th
stage. As mentioned earlier, the body effect of NMOS can be neglected while the body
effect of PMOS is eliminated by connecting the substrate to the source. In order to
minimize the grounding effect, the ground of the rectifier is separated as a single pad
and not connected with the ground of other circuits. With 5 M� load and −21.4dBm
RF input power, the proposed rectifier can provide 1.68V DC output with about 7.7%
efficiency, which is high enough for most applications.

3.2 Low-Power PMU

As analyzed in Sect. 1, lowering the power consumption of the PMU in the charge
mode can improve the requirement of the minimum RF input energy. In the charge
mode, to ensure the harvester can scavenge energy from the holding capacitor Cbuffer,
the input energy should be larger than the power consumed by the PMU. So the Eq. (1)
should be satisfied.

Pin × ηeff > Vbuffer × Icharge (1)

where Pin is the RF input energy, ηeff is the conversion efficiency of the rectifier,
Vbuffer is the voltage on the holding capacitor, and the current consumed by the PMU
is Icharge.

The proposed low-power PMU is shown in Fig. 4 and mainly consists of a voltage
sensor, a voltage regulator and a voltage limiter. A long-channel and diode-connected
transistor string consisting of M1–M3 is designed as a voltage divider to detect the
voltage on Cbuffer. In the charge mode, the harvested energy from the rectifier causes
the voltage on the holding capacitor Cbuffer to rise gradually. When the voltage on
Cbuffer is lower than Vhigh, the PMOS switch M4 is turned off to reduce Icharge and
hence there are only the COMP1, bandgap and bias circuits consuming current in the
proposed PMU. When the voltage rises up to Vhigh, the output of COMP1 will change
to a high level and then turn on M4. Then the comparator COMP2 and the voltage
limiter are woke up. At the same time, the output of COMP2 VEN changes to high
and enables the voltage regulator. The energy stored in Cbuffer is converted to stable
DC voltage by the LDO, and the whole energy harvester system enters the burst mode.
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With the power consumption by the PMU, the voltage onCbuffer begins to decrease,
and then the output of COMP1 will change to low level. However, the VEN remains
high at this time, and switch M4 is still on. When the voltage Vbuffer drops to Vlow
which is set by the ratio of R1 and R2, the output of COMP2 VEN will change to
low, and then the LDO will be shut down and M4 turned off. Under this condition, the
PMU except the COMP1, bandgap and bias circuit stops working. The whole energy
harvester system goes into the charge mode again. To prevent the output of COMP1
from oscillation, COMP1 is designed with a 70mV hysteresis voltage.

Except for the comparator COMP1, bandgap and bias circuits, the other circuits in
this proposed PMU work in a discontinuous mode. Overall, this greatly reduces the
power consumption in the charge mode. In the circumstances of large RF input signal
or low load current demand, the voltage across Cbuffer can exceed the high threshold
voltage Vhigh and attain an unsafe voltage value. When Vbuffer reaches Vlimiter (about
2.05V), the switch M9 is turned on and draws current from Cbuffer to ground, thus
preventing the PMU from high voltage damage. In this protection mode, the LDO
can work continuously and the extra energy is dissipated by the limiter. The detailed
working procedure of the PMU is shown in Fig. 5.

3.3 Ultra-Low-Power Bandgap Reference and Nano-ampere Bias

Since the bandgap and bias circuits work in both the charge mode and burst mode,
lowering their current consumption means better input sensitivity. This result can be
inferred from Eq. (1). Resistor-less voltage reference circuits that operate with ultra-
low power have been reported [12]. However, the reference voltage in [12] based
on the threshold voltage of MOSFETs is seriously affected by the process. In this
paper, an ultra-low-power bandgap reference without resistors is proposed for the RF
energy harvester. Based on the structure of [10], the presented bandgap accepts the
base–emitter voltage of the bipolar transistor and generates a 1.1-V reference voltage
in combination with proportional-to-absolute-temperature (PTAT) voltage generators.
Figure 6 shows the schematic of the proposed PTAT voltage generator and the bandgap
reference.
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As shown in Fig. 6a, all the MOSFETs operate in the subthreshold region. The
drain current of the MOSFET in subthreshold can be illustrated by Eq. (2) [10].

I = KI0e
Vgs−VTH

ηVT (2)

where K is the aspect ratio of the transistor, I0(=μCox(η − 1)V 2
T ) is a process-

dependent parameter, VTH is the threshold voltage of the transistor, VT(=KT/q) is
the thermal voltage, and η is the subthreshold slope factor. The difference between V2
and V1 can be shown using Eq. (3).
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V2 − V1 = ηVT ln
IM2(W/L)M3

IM3(W/L)M2
(3)

Obviously, the difference between V2 and V1 is a PTAT voltage and this PTAT
voltage can be set by changing the bias current and the aspect ratio of M2 and M3. The
reference voltage Vref is generated by superimposing the 6-stage PTAT voltage on the
VBE of the BJT transistor, as shown in Fig. 6b. The resulting Vref can be illustrated
using Eq. (4).

Vref = VBE + 6 × (V2 − V1) (4)

The power consumption of the bandgap is mainly determined by the bias current
which can be as low as several nano-amperes. Generating a current source smaller
than 10nA is another challenge, as the conventional structure such as aWilson current
source is not suitable here. To create the ultra-low current source, the structure pre-
sented in [2] is used to generate a 4-nA current source. Figure 7 shows the schematic
of the presented ultra-low current source.

The PMOS transistor M9 in Fig. 7 works in the deep-triode region. So the drain
current of M9 can be expressed as:

IM9 = β9(VGS9 − VTH)VDS9 (5)

The aspect ratio of M19 and M20 is designed differently, and hence the VGS9 can
be expressed as:

VGS9 = VGS25 + ηVT ln
β20

β19
(6)
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The aspect of M10 and M11 is also different, and thus VDS9 can be expressed as:

VDS9 = ηVT ln
β11

β10
(7)

Combining equation (5) with Eqs. (6) and (7), the current IM9 can be expressed as:

IM9 = β9η
2V 2

T ln
IM9β20

I0M25β19
ln

β11

β10
(8)

where I0M25 = (μCox(W/L)M25V 2
T (η − 1)) is the pre-exponential factor of the

subthreshold current. As the MOSFETs work in subthreshold region, the output of the
current source can be very low.

3.3.1 Voltage Sensor and Voltage Limiter

The voltage sensor is used to detect the voltage on the holding capacitor Cbuffer and
output control signals. As discussed in the previous analysis in Sect. 2, to lower the
input RF power threshold, in the charge mode, the power consumption of the voltage
sensor should be as low as possible. However, in the burst mode, there are two facts
that will inevitably lead to large current consumptions by the voltage sensor. Firstly,
the capacitive load of the voltage sensor is very large because it needs to wake up
the whole energy harvester system in the burst mode. Secondly, the rate of fall of
the voltage Vbuffer in the burst mode is faster than its rate of rise in charge mode.
Hence, the voltage sensor should exhibit a higher bandwidth for the faster conversion
rate in the burst mode. That is to say, the voltage sensor needs different performance
requirements in the two operating modes.

Two comparators with different characteristics are introduced in the proposed volt-
age sensor as shown in Fig. 4. The low-power comparator COMP1 is used to detect
the high threshold voltage Vhigh on the holding capacitor in the charge mode, while
the high-performance comparator COMP2 senses the low threshold voltage Vlow in
the burst mode. Importantly, in the charge mode, COMP2 is shut down completely to
ensure that ultra-low-power consumption is possible. The COMP2 with higher band-
width and higher gain needs a large bias current and works only in the burst mode to
achieve a faster transient response. In addition, the use of the two comparators can also
increase the accuracy of the detecting threshold voltage. It is worth mentioning that
the current consumption of COMP2 is not taken into account in the proposed design
example, since it is much lower than that of the regulator in the burst mode. To prevent
the output of COMP1 from oscillation, a little hysteresis voltage is introduced in the
design of COMP1.

Figure 8a presents the schematic of the low-power hysteresis comparator COMP1.
As the rise rate of the voltage across Cbuffer is very small for the charge mode, the
current consumption of COMP1 can be as low as tens of nano-ampere. By setting the
aspect ratio ofM4 andM5 larger thanM6 andM7, respectively, a hysteresis voltage can
be generated between the input Vin+ and Vin−. The schematic of the high-performance
comparator COMP2 is shown in Fig. 8b, and the classical two-stage structure is applied
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to the presented design to get a wide bandwidth. A logic circuit with positive feedback
is used in the COMP2 to accelerate the output change. By increasing the bias current,
a high gain (more than 60dB) can be obtained easily and consequently the gain error
of COMP2 can be neglected in the burst mode.

In the proposed voltage sensor, the voltage divider is made up of a strong-inversion
diode-connected transistor string. Asmentioned above, reducing the current consump-
tion should be taken into account carefully in the voltage divider design. In [11],
the current consumption of the divider is reduced by increasing the number of
diode-connected MOSFETs in the string and making these transistors operate in the
subthreshold region. However, the subthreshold current of a MOSFET varies expo-
nentially with the threshold voltage VTH, as illustrated in Eq. (2). Unfortunately, the
threshold voltage VTH of aMOSFET in standard CMOS technology is greatly affected
by the variations in the process and the temperature. On the contrary, the threshold
voltage VTH has a negligible effect on the saturation current of the MOSFET. There-
fore, we can reduce the number of MOSFETs in the diode-connected transistor string
to ensure these transistors all operate in the saturation region, and extend the channel
length of the MOSFETs to reduce the current consumption in this design example.
The leakage current of a MOSFET in the non-saturation region is very small, and thus
the current consumption of the transistor string operating in the non-saturation region
can be neglected.

The comparator in the voltage limiter COMP3 is the same as COMP1, while the
hysteresis voltage is slightly larger than that of COMP1. When the voltage of Vbuffer
reaches Vlimiter (2.05V), COMP3 will turn on the switch M9 and bypass the extra
current from Cbuffer to ground, thus preventing the PMU from high voltage damage.
A strong-inversion diode-connected transistor string is made up of M5–M8 as shown
in Fig. 4 and plays the same role as the divider in the voltage sensor.

3.3.2 Cap-Less LDO

To provide a stable DC voltage output and reduce the application costs, a capacitor-less
LDO is applied to the presented PMU to achieve DC–DC conversion, of which the
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schematic is shown in Fig. 9. The proposed cap-less LDO is based on three gain stages
with a damping-factor-control (DFC) compensation [5]. Thanks to the low threshold
voltage in the 65-nm CMOS process, the transistors of the differential input pair, M2–
M3, can work with a gate voltage as low as 0.55 V (about Vref/2). Current source M6,
diode-connected transistor M7 and capacitor C1 constitute the DFC compensation
stage. Transistors M8, M9 and M10 convert the single-ended current coming from the
output of the first stage into a differential voltage signal. A current mirror consisting of
M11–M12 and transistors M13–M14 amplify the differential signal and then convert it
into a single-ended voltage, while also performing the second gain stage.M15 provides
the third-stage gain to power the overall output load. With 10mA output current and
0.25 V dropout voltage, the simulated voltage regulator has a quiescent current of only
14µA.

As a final remark, it should be mentioned that the leakage current of M15 can
additionally be taken into account in the design of the regulator if a large load current
(>5 mA) is required. The large leakage current will lead to an efficiency decrease of
the rectifier and the input sensitivity deterioration of the harvesting system. However,
this is not really necessary for the proposed design example, as the maximum 10-mA
output current meets most wireless sensor network node (WSNN) applications.

4 Simulation Results

The proposed ultra-low-power integratedRF energy harvesting system is implemented
and simulated with the SMIC 65-nm standard CMOS process. The layout of the
proposed RF energy harvesting system is shown in Fig. 10. The area costs of the
whole chip and the core circuit are about 0.54 × 0.44 mm2 and 0.35 × 0.25 mm2,
respectively. The RF rectifier is surrounded by guard rings to isolate it from adjacent
cells. The ground of the RF rectifier is separated as a single pad (RF ground as shown in
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Fig. 10 Layout of the proposed RF energy harvesting system

Fig. 11 Rectifier simulation results ( f = 915MHz, single-tone CW input). a Output DC voltage versus
available input power, b PCE versus available input power

Fig. 10) and is not connectedwith the ground of other circuits. The parasitic parameters
of the system are extracted to the post-layout simulation for more accurate results.

The simulation performances of the proposed 10-stage order-2 compensation RF
rectifier are shown in Fig. 11; this circuit is simulated with a single-tone continuous-
wave (CW) 50� input source at the nominal frequency of 915MHz. Figure 11a
shows the output DC voltage of the rectifier as a function of the available input
power for different load resistances ranging from 0.5 to 5 M�. The modified RF
rectifier exhibits a quite low input power threshold and is able to supply a 1.68-
V output voltage with a 5 M� resistive load when the available input power is as
low as −21.4 dBm (7.24µW). When loaded with a 1 M� resistance, the circuit
can deliver the nominal output voltage of 1.05V with an available input power of
−18 dBm (16µW). The power conversion efficiency (PCE) of the rectifier is reported
in Fig. 11b as a function of the available input power for different load resistances.
Under nominal conditions (1.05V output on a 1 M� load), the circuit attains a PCE
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Fig. 12 Bandgap reference simulation results. a Simulated voltage of the reference versus temperature in
different corners, b distribution of the reference voltage, c transient simulation results of the bandgap with
1.6V supply voltage

about of 6.9%. With a 1 M� load, the maximum PCE is about 12% at −15.2dBm
RF input power and the performance of the rectifier exceeds the previous works in a
standard CMOS process.

Figure 12a plots the simulation voltages of the proposed bandgap reference as a
function of temperature from −40 to 125 ◦C in different process corners. The average
temperature coefficient (TC) is about 33 ppm/◦C thanks to the technique of curvature
compensation as explained in Sect. 2. In order to evaluate the robustness to process
variations, Monte Carlo SPICE simulations were performed on the bandgap reference.
The results for 100 runs are depicted in Fig. 12b. The coefficient of variation (=σ/μ,
where σ andμ are the standard deviation and the mean value) in the simulation results
is 0.54%. The coefficients of variation are very small as the proposed circuit is based
not on the threshold voltage of MOSFETs, but on the bandgap voltage of the silicon.
As shown in Fig. 12c, with a 1.6-V supply voltage, the output of the bandgap is about
1.1V in different process corners. Due to the low current consumption, the setup time
of the bandgap is about 400µs and is much less than the charging time of the off-chip
holding capacitor.

Figure 13a plots the output currents of the proposed nano-ampere current source as
a function of temperature from−40 to 125 ◦C in different process corners. The output
current is proportional to the absolute temperature, and the slope is almost the same
(about 0.014 nA/◦C) in each corner. The Monte Carlo simulation results for 100 runs
are shown in Fig. 13b. The coefficient of variation for the output current is 11.52%.
Although the relative change is large with process variations, it has little influence on
the harvester system because the absolute value of the output current is very small.
Figure 13c shows the transient simulation results of the current source with a 1.6-V
supply voltage in different corners. The overshoot during start-up is very small, and
the deviation from the different corners is less than ±5.8%.

As shown in Fig. 14a, the hysteresis voltage of COMP1 is nearly 70mV. It is
worth mentioning that this hysteresis voltage will be amplified by the divider. So the
hysteresis voltage of Vhigh is about 100mV, when the typical value of Vhigh is set as
1.6V. To reduce the current consumption in charge mode, the current of COMP1 is
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Fig. 13 Nano-ampere current source simulation results. a Output current versus temperature in different
corners, b distribution of the output current, c transient simulation results of the current source with a 1.6-V
supply voltage

Fig. 14 aTransient response of COMP1, bMonte Carlo simulation result for hysteresis voltage of COMP1,
c transient response of COMP2, d Monte Carlo simulation result for the offset voltage of COMP2

just 16nA. Figure 14b presents theMonte Carlo simulation results for 100 runs for the
hysteresis voltage of COMP1. Themean value (μ) of the hysteresis voltage is 68.5mV
with the standard deviation (σ ) of 2.7mV. Even with 3σ variation, the possible spread
of the hysteresis voltage in COMP1 is sufficiently small, and so it has a negligible
influence on the performance of the energy harvester. COMP2 is used to detect the
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Fig. 15 a Load transient response of the proposed LDO, b line regulation simulation of the proposed LDO

low threshold voltage on the holding capacitor without the hysteresis voltage, and its
performance can be seen in Fig. 14c. Due to the high gain of the two-stage structure,
the gain error of COMP2 can be neglected. The offset voltage is the dominant factor
in the accuracy of the comparator COMP2. To investigate the effect that this offset
voltage has on the harvester, Fig. 14d presents 100 Monte Carlo simulation results for
the offset voltage of COMP2. As shown in Fig. 14d, the offset voltage of COMP2 is
only about 9.5 mV (3σ). When setting Vlow to 1.25V, it can be calculated that Vlow
has a change of ±10.8 mV due to the offset voltage of COMP2 and this change is
very small compared with the previous work [12,13]. The current bias of COMP2 is
set to 3µA to meet the requirements of the high output slew rate and the large load
capacitor.

Figure 15a presents the load transient response of the proposed cap-less LDO under
the condition of 1.25V input voltage. The proposed LDO can output 1V DC voltage
with a maximum 10-mA current. The simulation was performed at the minimum
dropout voltage 250mV and the output current (rise/fall time = 1µs) varied from 0
to 100µA, then to 10mA and back again to 5mA. As expected, the output voltage
fluctuated when the load current changed. As shown in Fig. 15a, the output variation of
the proposed LDO is no more than 20mV with the current change in 1µs. Figure 15b
shows the simulation result of the line regulation of the LDO with a 10-mA load. The
output voltage changes about 12mV when the input voltage changed from 1.25 to
1.6V and the line regulation is about 1.2%.

Figure 16 plots the current consumption of the proposed PMU with the voltage
changing on the holding capacitor in the chargemode. The PMU exhibits an extremely
low current consumption of 97nA at 1.6V of Vbuffer during the charge mode. This low
current consumption reduces the load effect of the PMU and improves the charging
rate of the harvester.

As the off-chip holding capacitor is very large and the frequency of the input RF
signal is also very high, co-simulating both the PMU and rectifier using SPICE tools is
very difficult. An equivalent current source model is used in the simulation to replace
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Fig. 16 PMU current consumption versus Vbuffer during the charge mode

Fig. 17 Simulation results of the proposed RF energy harvester

the rectifier. To prove that the proposed PMU can work at ultra-low input power, the
current source is set as 150nA. The simulation results of the proposed RF energy
harvester in the normal charge and burst mode are shown in Fig. 17.

A 4.7-µF storage capacitor was used for simulation. This capacitor results in a
charging time of about 30 s under minimum input power and provides an operating
time of 170µs when the system outputs 1V DC voltage with 10-mA load current.
To accelerate the simulation, the initial voltage of the off-chip storage capacitor is
set as 1.25V, and the maximum simulation step is set as 1µs. To obtain long system
operating time and a large load current, a large off-chip holding capacitor is needed.
In the proposed harvester system, the voltage across the storage capacitor Cbuffer is
restricted between Vhigh (1.6 V) and Vlow (1.25 V), as shown in Fig. 17a. The control
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Table 1 Current consumption of the proposed PMU

Block Current consumption

Charge mode (nA) Burst mode (µA)

COMP1 and divider 28 –

Bandgap reference 28 –

PTAT current source 16 –

Leakage current of power MOSFET 25 –

COMP2 – 3

Voltage limiter – 3

Voltage regulator – 14

Total 97 20

signal VEN of the LDO is in the high level in the burst mode, and it follows the supply
voltage Vbuffer, as shown in Fig. 17b. Figure 17c plots the output voltage of the LDO,
which is a stable DC 1V in the burst mode. As shown in the simulation results of the
rectifier above, the proposed rectifier can output 1.68V with 5M� load at −21.4dBm
RF input, which means that the maximum current consumption in charge mode can
be up to 336nA. We provide the current margin of about 240nA (=336–97nA) to
take into account the variations in the process and temperature. The nominal current
consumptions of the PMU building blocks are summarized in Table 1.

TheRF energy harvester performance is summarized and comparedwith previously
published state-of-the-art works in Table 2. The proposed RF energy harvester system
exhibits an excellent sensitivity of −21.4dBm due to both the extremely low charge-
mode current consumption (97nA) and the reduced input power threshold achieved
by the adopted complementary self-compensated rectifier.

5 Conclusion

This paper proposed a 915-MHz RF energy harvester system based on SMIC
65-nm standard CMOS process. The circuit includes an improved multistage self-
compensated rectifier and an ultra-low-power PMU. It exploits the threshold voltage
compensation and low charge-mode current consumption techniques to reduce the
input sensitivity as low as −21.4dBm. Moreover, comparators with different perfor-
mance characteristics are used in different modes to achieve accurate control on the
voltage across the holding capacitorwithout increasing the power consumption.Due to
the low-power voltage regulator with DFC compensation, the proposed harvester can
output 1 V DC voltage and 10mA current for other portable or battery-less devices.
By reducing the number and extending the channel length of the diode-connected
transistors in the divider, a good robustness to process variations and a wide operating
temperature range are achieved. The disclosed technical details can provide valuable
guidelines for the power-aware circuit design and can be exploited for the implemen-
tation of future RF-powered wireless sensor networks.
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