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ABSTRACT

The development of energy harvesting gained much attention in previous decades. This paper reviews the latest
research progress on developing the AC-DC rectifier circuits based on Complementary Metal-Oxide Semiconductor
(CMOS) for radio frequency (RF) energy harvesting. The various topologies of AC-DC rectifier circuits were reviewed in
term of circuit design, technology and performance. The performances criteria such as input power, frequency, output
power and efficiency are discussed in details. The overall performances are compared and the best topology of AC-DC
rectifier circuit is identified for the future RF energy harvesting system.
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INTRODUCTION

Moving towards a non-stop technologies
invention eras, human has gained a lot of benefit in daily
life, which are related to their routine work. The increment
demand of wireless application gadgets for examples-
mobile phones and computers, has shown the important of
wireless application in whole world. Alas, the rapid usage
of these devices however required the devices to be
continuously supplied by battery in order to maintain
powering up the device’s operating system [1].

Without a doubt, the batteries have a limited life
time and hazardous chemicals concern to safety matters.
With this, the idea to harvest the energy from the other
sources gains attention in worldwide study. The
independent sources such as solar, kinetic, vibration, wind,
thermal and radio frequency lies around us and can be
used as new power sources [2, 3]. Amongst all, the radio
frequency (RF) is available and easily found at any places
and at any time. RF is an electrical oscillation, with a
frequency ranging about from 3 kHz to 300GHz and
carrying an alternating current [4-7]. Therefore, by using
this concept, the devices such as mobile phones can be
used for calling, texting, surfing internet and downloading
media while self- charging the battery at same time.

The RF energy harvesting system from RF signal
has several level of processing steps. When the system
receives the RF signal, which in form of alternating
current (AC) as an input and thru the processes the signal
is rectified to generate a direct current (DC) voltage
output. The ideal RF energy harvesting system should
have same power output with the power input for 100%
efficiency [7]. However in actual life, this condition could
not be found as there will be loss in the processes.
Therefore, the goal of the study now is to review the best
topology with a maximum efficiency so that the collected
RF signal would not be wasted. The other parameters such
as frequency range, input power, output voltage and others
also should be stressed in the system.

Circuit topology

Below are several circuit topologies for
harvesting RF signal, namely Cross-coupled charge pump,
CMOS rectifier, passive multi-stage rectifier and Dickson
charge pump.

The first topology is Cross-coupled charge pump.
It contains a charge pump, also known as a voltage
multiplier is a circuit that converts an AC or DC voltage to
a stable DC output voltage. You et al. [8] proposed a RF-
DC converter that consists of cross-coupled rectifier based
on MOSFET and a cross-coupled charge pump. Figure-1
shows a block diagram of proposed converter.
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Figure-1. RF-DC converter block diagram [8].

The charge pump uses a switching frequency of
25MHz generated by clock generator. The voltage supply
for charge pump comes from the rectifier. However a
single-stage rectifier is not enough to operate whole
charge pump. Therefore the circuit is designed by using N-
stage cross-coupled rectifier. Besides, instead using a
typical Dickson’s charge pump, cross-coupled charge
pump is used since it has higher efficiency due to cross-
compensation of threshold voltage. The proposed RF-to-
DC converter obtains output voltage of 2.05 V at an RF
input power of -6 dBm with 100 kQ load resistance.
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The second topology is CMOS Rectifier. The
rectifier proposed by Lin et al [9] discussed the
importance of the optimization of charge pump. Figure-2
shows the block diagram of the test for the circuit to
generate a DC supply so the LED can be lighted up.
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Figure-2. Block diagram for energy harvesting system [9].

The threshold voltage, Vth can be reduced by
replace the conventional Schottky diode with the diode-
connected MOSFETs. The native MOSFET have about 50
to 80 mV threshold voltage, much lower than regular
NMOS device. Therefore the efficiency of the system
would be optimized. But the native MOSFET have a
disadvantage where it has a leakage current that cannot be
found in other devices. In order to overcome this problem,
and to gain larger ouput voltage, a 5-stage CMOS rectifier
circuit is proposed, with optimal MOSFET channel width.

Rastmanesh and El-Masry [10] said that a Vth
cancellation technique with an active MOS diode
improves the efficiency but the circuit needs a large input
voltage that is not available in RF range [11][12]. The
threshold compensation technique provides a low power
RF harvest but the efficiency reduces due to leakage
current in the circuit [13]. This topology however has a
solution on both problems, by using an active Vth
cancellation with dynamic biasing and a leakage current
reduction circuit. Figure-3 shows the proposed one stage
rectifier circuit.
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Figure-3. One stage proposed rectifier [10].

The full circuit proposed actually have 3 stages,
where each stage consists of three PMOS, one NMOS and
three capacitors as can be seen in Figure-3. By using this
3-stage CMOS rectifier, the output voltage can be
optimized.

The third topology is Passive Multi-Stage
Rectifier. Hamid and Moez [14] proposed a RF-DC
converter based on passive threshold self-compensated
topology. The system is designed to rectify the AC input
voltage so the power efficiency can be optimized. Figure-4
below show the proposed back-compensated charge
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Figure-4. Passive multi-stage PMOS topology [14].

A voltage multiplier circuit consists of multiple
PMOS transistors in cascade where this circuit reduces the
threshold voltage, Vth hence increase the output voltage
and efficiency. This multi-stage rectifier eliminates the
need of deep nwell technology.

The fourth topology is Dickson Charge Pump.
This topology proposed by Ibrahim et al. [15], uses a
Dickson charge pump-based rectifier with a three stages
circuit. Figure-5 shows the circuit where each stage
consists of two transistors, a coupling capacitor and a
multiplying capacitor.

Figure-5. 3-stage RF-DC circuit [15].

An RC filter is used in the output stage. voltage
from circuits will go through RF filter before going out as
a DC voltage. The capacitance values per stage is
optimized at -20 dBm input power for frequency of 953
MHz. The proposed rectifier obtains higher efficiency of
94.04 % at -10 dBm input power.

Summary

Table-1 shows the performance comparison of all
five topologies that have been discussed. Cross-coupled
charge pump topology has good efficiency but required
higher input power to produce an average output voltage.
In contrast, 5-stage CMOS rectifier produced high output
voltage; however the efficiency is quite low. Passive
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multi-stage rectifier and Vth cancellation could not help to

i@

produce by this topology may be not sufficient to power

get high output voltage and efficiency. However, 3-stage
Dickson charge pump is the best topology to obtain high
efficiency at low output voltage. The low output voltage

up the system.

Table-1. Performance comparison of AC-DC rectifier.

Reference [8] [2] [10] [14] [15]

Technology 0.13-pm 0.18-pm 0.90-pm 0.13-pm 0.65-pm

(CMOS)

Topology Cross-coupl S-stage Vth Passive 3-stage
ed charge CMOS cancellation | multi-stage Dickson

pump rectifier rectifier charge pump

Load (k£2) 100 150 100 1000 12.5

Input Power (dBm) -6 -10 -14.3 -16.1 -10

Frequency (MHz) 900 900 920 915 700-2400

OutputVoltage (V) 2.05 2.6 1.12 2z 0.5

3 0,
e 63 46.43 54.5 11.4 94.04

CONCLUSIONS

A review of AC-DC rectifier circuits for radio
frequency (RF) energy harvesting in CMOS technology
has been discussed. Based on the previous worked, various
topology of AC-DC rectifier have been proposed to obtain
high output power and high efficiency. From the
comparisons of each topology, it is found that Dickson
charge pump topology can produce the highest RF
harvesting efficiency with one downside of low output
voltage. In the other hand, the cross-coupled charge pump
is the best topology in order to obtain high output voltage
with high efficiency for AC-DC rectifier design. However,
further study is required in order to minimize the input
power so that the circuit can receive and rectified more RF
signal.

ACKNOWLEDGEMENTS

The authors wish to express their appreciation to
the support and contributions from FRGS grant (9003-
00387) that enabled the production of this article.

REFERENCES

[1] D. Puccinelli and M. Haenggi. 2005. “Wireless
Sensor Networks: Applications and Challenges of
Ubiquitous Sensing”, IEEE Circuits and Systems
Magazines, Vol. 3, No. 3, pp. 19-29.

[2] L. Mateu and F. Moll. 2005. “Review of Energy
Harvesting Techniques and Applications for
Microelectronics”, SPE Trans, Vol. 5837, No.2, pp
359-373.

[3] S. Scorcioni, A. Bertacchini, L. Larcher, A. Ricciardi,
D. Dondi and P. Pavan. 2012. “RF to DC CMOS
Rectifier with High Efficiency Over a Wide Input
Power Range for RFID Applications,” IEEE
International Microwave Symposium Digest (MTT).

[4] F. Al-Dirini, M. Mohammed, M. Mohammed and F.
Shahroury. 2011. “A Novel Source-body Biasing
Technique for RF to DC Voltage Multipliers in
0.18um CMOS Technology,” 11" International
Conference on The Experience of Designing and
Application of CAD Systems in Microelectronics,
pp. 276-280.

[5] H. Sun, Y. Guo, He and Z. Zhong. 2012. “Design of
a High-Efficiency 2.45GHz Rectenna for  Low-
Input_power Energy Harvesting,” IEEE Antennas
and Wireless Propagation Letters, Vol. 11, pp. 929-
932.

[6] S.Ladan, N. Ghassemi, A. Ghiotto and K. Wu. 2013.
“Highly Efficient Compact Rectenna for Wireless
Energy Harvesting  Application,” Microwave
Magazine, IEEE, Vol. 14, No. 1, pp. 117-122.

[7] F. Mazzili, P. Thoppay, N. Johl and C. Dehollain.
2010. “Design Methology and Comparison of
Rectifiers for UHF-band RFIDs,” IEEE Radio
Frequency Intergrated Circuits Symposium (RFIC),
pp- 505-508.

[8] K. You, H. Kim, M. Kim and Y. Yang. 2011.
“900MHz CMOS RF-to-DC Converter Using a
Cross-Coupled  Charge  Pump for  Energy
Harvesting”, IEEE International Symposium on
Radio-Frequency Integration Technology, Beijing.

[9] G.C. Lin, M.W. Lee and Y.C. Hsu. 2012. “An AC-
DC Rectifier for RF Energy Harvesting System”,
Proceedings of APMC 2012, Kaohsiung, Taiwan.

[10] M. Rastmanesh and E. El-Masry. 2013. “A High
Efficiency 90-nm CMOS RF to DC Rectifier”, IEEE
International Midwest Symposium on Circuits and
Systems (MWSCAS).

8328



VOL. 10, NO. 18, OCTOBER 2015

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

=
©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

[11] K. Kotani and T. Ito. 2007. “High Efficiency CMOS
Rectifier Circuit With Self-Vth-Cancellation and
Power Regulation Functions for UHF RFIDs,” in
Proceedings of IEEE ASSCC.

[12] H. Raben, J. Borg and J. Johansson. 2012. “A Model
for MOS Diodes With Vth-Cancellation in RFID
Rectifiers,” IEEE Transactions on Circuits and
Systems.

[13] G. Papotto, F. Carrara and G. Palmisano. 2011. “A
90-nm CMOS Threshold-Compensated RF Energy
Harvester,” IEEE Journal of Solid-State Circuits,
Vol. 46, No. 9, pp. 1985-1997.

[14] Z. Hameed and K. Moez. 2013. “Fully-Integrated
Passive Threshold-Compensated PMOS Rectifier for
RF Energy Harvesting”, IEEE International Midwest
Symposium on Circuits and Systems (MWSCAS).

[15] K. Ibrahim, E.A. El Ghanam, M. Ali, L. Albasha and
N. Qaddoumi. 2013. “Efficiency Analysis of
Harvester Circuit” IEEE International Conference on
Electronics, Circuits and Systems (ICECS).

8329



