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Abstract — The reverse leakage current in the rectifier is a key
challenge in the design of RF energy harvesting (RF-EH) systems,
especially in harvesting modulated RF signals from WLAN band.
In this paper, we propose a dual-band energy harvesting system
operating at GSM-900 (900 MHz) and WLAN (2.4 GHz) bands.
To harvest the RF energy from the WLAN band more efficiently,
an event-triggered 1:2 parallel-series switched-capacitor (SC)
converter is proposed to reduce the reverse leakage current.
Meanwhile, this SC converter can provide an output voltage
bootstrapping function while maintaining an ultra-low-power
consumption down to 28 nW by asynchronous control. The power
management unit (PMU) with the rectifier is fully integrated
in a CMOS 130-nm process. Measurement results have shown
the PMU can boost up the output voltage by 1.73× with an
input voltage as low as 0.2 V. When harvesting the modulated
waveform, the RF-EH system output ripple is decreased by 6×,
and reverse leakage current reduction is over 2500× compared
to the direct connection condition.

Keywords — Asynchronous control, bootstrapping, power
management, RF energy harvesting, leakage reduction, switched
capacitor converter, WLAN

I. INTRODUCTION

Radio frequency energy harvesting (RF-EH) technology

is a promising technology for Internet-of-Things (IoT)

applications [1]. However, one challenge of RF energy

harvesting is the limited RF-to-DC efficiency, especially for

the low input RF power range. To improve the efficiency in

the low input power range, low threshold devices or threshold

compensated topologies are commonly adopted to reduce the

forward voltage loss while sacrificing the diode reverse current

clamping abilities [2], [3]. To further improve its efficiency, the

input RF waveform optimized for wireless power transfer has

been studied recently [4], [5]. It is found that the amplitude

modulated waveform can improve the rectifier efficiency when

the waveform is near its peak value. However, when the

waveform stays in the valley region, the undesired diode

reverse leakage will discharge the energy-storage capacitor

loading, which causes the output voltage drop and degrades the

overall performance. A larger capacitor would be required to

limit this undesired voltage drop. What’s worse, if the input RF

power is weak or even zero periodically, the output voltage of

the rectifier will decrease abruptly due to this leakage current.

To solve this issue, in the conventional RF-EH based battery
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Fig. 1. (a) Conventional RF-EH PMU and (b) our proposed RF-EH PMU.

charging systems as shown in Fig. 1(a), a switch controlled by

the power management unit (PMU) is inserted to reduce the

reverse leakage current. However, the power consumption of

PMU is high as micro-watts [6], [7] and it needs to monitor

the direction of current flow continuously. In this paper, a

novel switched-capacitor (SC) converter is proposed at the

output of the rectifier as shown in Fig. 1(b). This converter

can boost up the output voltage of the RF-EH system for

better energy storage. More importantly, it blocks the leakage

current from the main battery to the rectifier. To keep the

control power overhead to a minimum level, an asynchronous

control scheme is proposed to replace power-hungry clocking

elements. As a result, the voltage conversion efficiency is

significantly improved in such low-frequency operations with

minimized switching loss and minimized consumed power.

When the RF power is weak or zero, the PMU automatically

stays in the idle mode until the RF power is high enough.

Our proposed RF-EH system operates at GSM-900 (900
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MHz) and WLAN (2.4 GHz) bands. As shown in Fig. 1(b), a

dual-port structure is adopted so that one antenna port harvests

RF energy from WLAN and the other antenna port harvests

RF energy from GSM-900. Particularly, the RF waveform from

WLAN is highly related to user behaviors with high PAPR,

which will cause current leakage and degraded performance.

Therefore, we propose a novel PMU architecture with output

voltage bootstrapping and reverse leakage current reduction

function to efficiently harvest the WLAN RF energy.

This paper is organized as follows: Section II discusses

the design details of the proposed power management system.

Section III shows the measurement results and literature

comparison. Section IV concludes the whole work.

II. DESIGN OF THE PROPOSED RF-EH SYSTEM

The RF-EH system includes rectifiers with an off-chip

matching network and an SC converter PMU. The rectifier

topology is a two-stage Dickson rectifier employing native

transistors [8]. The typical threshold voltage is simulated

as 125 mV. As shown in Fig. 1(b), the PMU supply VDD

is powered up by another rectifier optimized for GSM-900

band. The PMU input VIN is connected to the output of

Fig. 4. Die micrograph and measurement test-bench photograph.

2.4 GHz rectifier. The PMU output VO is connected to a

capacitor loading that serves as a battery to store the harvested

energy. The PMU can also be self-powered up in a single-port

system with single band operations. In this case, the PMU is

configured as a 1:1 SC converter by simply connecting the VDD

to the VO directly in the self-sustain mode. Nevertheless, the

dual-band operations can make full advantage of the ambient

RF power from different bands, and the dual-port structure

can achieve optimization for each band separately. The PMU

is powered up by the harvested GSM-900 power through the

other port. And because this PMU only consumes power in

nano-watts, this harvested power from GSM-900 band can be

used to power up the IoT sensor loading simultaneously.

A. Asynchronous 1:2 Parallel-Series SC Converter.

Fig. 2 shows the working principles of the 1:2

parallel-series SC converter PMU. In conventional designs,

the switches are driven by the clock signals which requires

dynamic power in the level of μW. To accommodate with

the RF-EH scenarios, a novel asynchronous SC converter is

proposed. An nA-biased (through an ultra-low-power band-gap

reference (BGR) [9]) comparator continuously monitors the

voltage of the capacitor bank. Its output VCK invokes the

internal finite-state-machine (FSM). Firstly, in phase-iA, the

switch SA1 connects the bank capacitor CA to the rectifier and

the voltage of CA is monitored by the comparator through the

switch SA_S. The rectifier will charge up the internal 0.5 nF

capacitor CA to the internal reference voltage VREF (0.5×VDD).

And then in phase-iB, another capacitor CB is charged up

successively. When both capacitors are fully charged up to

VREF, the system moves to the release phase. CA and CB are

connected in series to boost up the output voltage. In the steady

stage, the final output voltage is ideally 2×VREF. The switches

SA1, SB1 and SB3 between the rectifier and the battery will not

be turned on simultaneously. Therefore, the leakage current

from the battery to the rectifier is significantly reduced. The

VREF can be replaced with other voltage reference, and the

internal voltage divider is adopted here to make sure the final

output voltage can not exceed VDD for voltage protection.

B. Event-triggered PMU Finite-State-Machine (FSM)

The FSM of the PMU system is illustrated in Fig. 3.

Notice the modular design of the SC topology, which means

that if a higher conversion ratio is required, the system could
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Fig. 5. Cold start-up results under AM modulated power. (with a 10-MΩ probe)
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Fig. 6. (a) RF-DC PCE and (b) S11 measurement with simulation results.

be expanded to 1:n configuration for higher output voltage.

In the release phase, the energy stored in the capacitor is

delivered to the output. After the charge is released, the system

is back to the idle phase for the next trigger signal. The PMU

self-oscillating frequency is dependent on the low modulation

frequency (1 kHz in this work) of the input RF waveform

because the output of the RF-DC rectifier is changed abruptly

along with the dynamic input power. In this approach, if the

ambient RF power is too weak or suddenly disappears, the

system can maintain in the idle phase and the connection

between rectifier and the loading is cut-off to avoid reserve

leakage current. The system can process the charge delivery

once the capacitor voltage exceeds VREF again.

III. MEASUREMENT RESULTS

The PMU with rectifier is fabricated in CMOS 130-nm

process and the matching network is designed with

discrete components. Fig. 4 shows the chip micrograph

(1.1mm×1.1mm) with the test bench. To imitate the modulated

waveform, a 2.4 GHz amplitude modulation (AM) waveform

at 1 kHz is injected from the RF signal generator for simplicity.

In the dual-port PMU with WLAN rectifier measurement, an

external DC power supply is used as the PMU supply voltage

to characterize the system performance under different VDD

before the final integration.

Fig. 5 shows the transient output waveform of three

different cases under the same input power, including the

dual-port system (VDD fed separately), single-port system

(VDD fed by the output VBAT), and the direct connection

(rectifier connected to VBAT directly without the SC converter).

The ripple reduction of our purposed system is 6× compared to

the direct connection under the same 22 nF loading capacitor.

When the RF power is off, the falling time compared to

Voltage boost-up Voltage protection

1.73x 
(86.7%)

1.52x 
(75.9%)

1.44x 
(71.9%)

1.35x 
(67.9%)
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(77.7%)
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(71.4%)
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(62.2%)
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Fig. 7. (a) RF-EH and (b) SC converter performance. (with a 10-MΩ probe)

Table 1. Literature review and comparison.

Work
TMTT-19

[6]
JSSC-19

[2]
IMS-17

[7]
This work

Process Discrete 65 nm 180 nm 130 nm
Frequency 2.45 GHz 2.45 GHz 400 MHz 2.4 GHz
Rectifier 2%@ 2%@ 10%@ 4%@

sensitivity −20 dBm −17 dBm −13 dBm −20 dBm
Rectifier 38%@ 48.3%@ 59% 20%@

peak PCE 13 dBm −3 dBm @ −8 dBm −4 dBm
PMU type Switched-L Switched-L SC Asyn. SC
Achieved 1.3 NA <1 1.73

voltage gain (step-down)
PMU NA >−19 −12 to >−20

working range dBm −1 dBm dBm
PMU >47 μW* >1 μW 35 μW* 28 -

consumed power 405 nW
PMU integration No No Yes Yes
Start-up voltage NA 0.38 V 1.2 V 0.2 V

PMU VDD >3.0 V NA >1.2 V 0.3-1.0 V
RF-EH 0-14 V >2.2 V 1.2 V 0.4-1.2 V
VOUT (w/o PMU) (w PMU) (regulated) (w SC)

the generic topology, is 200× and 75× respectively. To

characterize the reverse leakage current reduction performance,

a constant current source is used to represent the average

leakage current. The equivalent average leakage current is

3 nA and 65 nA respectively compared to 7.5 μA in the

direct connection, which is reduced by 2500× and 115×. The

error introduced by the 10 MΩ probe is also included in the

calculation. The rise time is measured as 36 ms (30×) and 13

ms (11×) compared to its leakage reduction performance.

Fig. 6 shows the RF-DC rectifier power conversion

efficiency (PCE) performance under 2.4 GHz. The rectifier

working range is from −20 dBm to −2 dBm with a sensitivity

point at −20 dBm for 4% PCE and peak PCE of 20% at −4

dBm. When the input power is larger than −4 dBm, the PCE
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drops down because the 1.2 V Electrostatic discharge (ESD)

voltage clamps the output voltage at 1.2 V for protection. Our

design is better in a low power range than other designs even

using a more advanced process. The measured S11 result [Fig.

6(b)] matches with the simulation as well. The S11 simulation

model includes the rectifier linear model, transmission line and

package model.

Fig. 7 shows the WLAN RF-EH system output voltage

under capacitor loading with and without the SC converter.

The maximum voltage boost gain is measured as 1.73× even

in very low input voltage around 0.2 V at the minimum input

power −20 dBm (86.7% compared to the ideal conversion

gain). When input power is higher than −13 dBm, the system

is in voltage protection mode because of the ESD protection.

And the SC converter protects the battery from overcharge in

this mode. The system total power consumption is measured

from 28 nW to 405 nW with VDD from 0.3 to 1.0 V, which

includes all the circuit blocks.

Compared to other designs listed in Table 1, our RF-EH

system can provide better performance especially in the low

input power range with a fully integrated and low-cost solution.

Our proposed SC converter achieves the minimum power

consumption down to 28 nW. Its capability of blocking the

reverse leakage current and meanwhile, boosting up the output

voltage is experimentally verified. Compared to the other PMU

that requires larger power consumption, the proposed design

can extend its working range to the minimum input power as

−20 dBm with an rectifier output of 0.2 V.

IV. CONCLUSION

In this work, a dual-band RF-EH system is presented.

Particularly, to harvest the RF energy from 2.4 GHz WLAN

band more efficiently, a novel asynchronous SC converter

is proposed to perform output voltage bootstrapping and

reverse leakage current reduction. The whole system can be

self-started up when the input power is larger than −20 dBm

with the minimum power consumption 28 nW. Our future work

is to achieve co-design the PMU with the multi-port antenna.
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