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Due to the limitations of battery life and capacity, power supply has been the
bottleneck for scaling of a wireless sensor network in thousands or millions
of nodes. Radio frequency energy harvester (RFEH) is a promising solution
to power up sensors and wireless devices due to increasing accessibility of
RF energy sources, better silicon integration of the harvester circuit and
compatibility with wireless networks. One of the significant limitations of
RF energy harvester is low power efficiency rectifier where the main
function of the micropower rectifier is to convert radio frequency (RF)
energy into direct current (DC) energy. To achieve higher power conversion
energy (PCE), this paper presents a five-stage charge pump rectifier, with
implementation of diode-connected metal-oxide-semiconductor (MOS)
transistors and an auxiliary circuit to produce compensation voltage to the
charge pump to achieve higher efficiency over a wide input range. This work
is designed and implemented using 130 nm complementary metal-oxide-
semiconductor (CMOS) technology and achieved a wide input power range

of 15 dBm with efficiency higher than 20%; and at -21 dBm sensitivity for
1V output is achieved while driving 1 MQ load at 920 MHz.
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1. INTRODUCTION

The fast-growing use of radio-frequency identification (RFID) and wireless sensor networks
(WSNSs) brings a lot of demand to develop high-performance power supply generation for these types of
applications [1], [2]. Also, due to the high usage of portable devices, availability of the electromagnetic field
density is increasing, and it could provide an excellent energy source to radio frequency (RF) energy
harvester. Radio frequency energy harvesting (RFEH) technique has more advantages compared to batteries,
for example it has an unlimited lifetime, and it can operate at any time as long as a minimum RF power is
available [3]-[5]. Additional benefits of the RFEH system is the possibility of combining it with solar energy
harvesting or any other harvesting technologies [6], [7] to improve its power conversion energy (PCE) in the
energy harvest system.

RF power transfer can be divided into two categories, near field which is also known as wireless
power transfer (WPT), and far-field [8]. The near field works with higher power density at lower frequency
[9] and; mostly used in wireless battery charging [10] and biomedical applications [8]. In far-field, the
transmission distance is far and the power received by the antenna can be predicted using Friis transmission
expression [11]. The general issues of the RFEH system are the limited power that can be received by a
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rectenna [12] and low PCE at low input power [13], [14]. Apart from those, matching network losses [15]
and reflection losses in the impedance matching network [16] also influence the overall PCE of a RFEH
system. As the RF energy is not constant in the ambient due to distances, it is also crucial to design a RFEH
system that can operate efficiently in a wide range of input power [17]. A micropower rectifier plays an
important role in the RFEH system. The performance of the rectifier depends on the threshold voltage in the
forward bias region and its leakage current in the reverse bias region [1], [18]. The implementation of RFEH
system is characterized by sensitivity and power conversion efficiency (PCE) parameters that strongly
dependent on leakage current and threshold voltage of the diode-connected transistors [17].

Dickson charge pumps are widely used in RF energy harvesting devices due to their coalition
capabilities and compared to the Cockcroft-Walton rectifier, the Dickson rectifier has a relatively large
storage capacity and higher power conversion energy (PCE) [19]. However, increasing the number of stages
of this type of rectifier does not necessarily increase the output efficiency [20] and the performance of
Dickson rectifiers is strongly dependent on the threshold voltage, V;; of the semiconductors [21]. Earlier
researchers have proposed several solutions to improve its efficiency at low input power, by presenting
different circuit techniques for example, Yaou et al. [18], the authors utilize transistors with zero threshold
voltage while [22] uses the Schottky diodes to achieve a higher sensitivity value. However, the issue with
these methods is the need to have a particular device specification to achieve the lowest threshold voltage,
which raises the cost of the chip fabrication [1].

Modified charge pumps are another circuit design; that are widely used as RF rectifier [19] as it has
high capability to enhance and rectify signal amplitudes by utilizing a stack of diode-connected transistors as
rectifying devices. Several techniques have been proposed to achieve the high-efficiency rectifier by
proposing new diode-connected configuration or varying the gate-source voltages known as compensation
voltage which can be achieved by implementing an auxiliary circuit. For example, in Nakamoto et al. [23]
and Li et al. [24], authors proposed passive auxiliary circuits to provide compensation voltage, however the
main limitation of their design in multi-stage implementation, is the area consumption. This is due to large
capacitance and resistance values are used, and it suffers from high parasitic capacitance and leakage current.
On the other hand, in Papotto et al. [11] and Hameed and Moez [25], authors proposed active auxiliary
circuits by connecting the gate terminals to the nodes in chain that produce higher overdrive voltage.
However, these techniques suffer inversion loss and high leakage current during the reverse biased operation.
Hameed and Moez [26] an adaptive connection is proposed to reduce the leakage current and inversion loss.
The main degradation of these techniques is that the compensation voltage cannot be adjusted and highly
depends on input power. As the gate terminals are connected to particular nodes of chain, therefore they are
regularly failed to deliver a high PCE over a wide input power range.

In this paper, we propose RF rectifier using modified Dickson charge pump with an auxiliary circuit
to provide threshold voltage compensation to the rectifier to deliver PCE higher than 20% over a wide input
power range using 130 nm CMOS process. The paper is arranged as shown in; Section 2 details out the
reverse bulk diode connection transistor to minimize the leakage current in the reverse bias region; Section 3,
details out the optimization of compensation voltage and in section 4, explains the proposed rectifier
structure; section 5, the experimental results, and the discussion and finally section 6, the conclusion of the
design.

2. PROPOSED REVERSE DIODE CONNECTED TRANSISTORS

A diode connected p-channel metal-oxide semiconductor (PMOS) or n-channel metal-oxide
semiconductor (NMQS) transistor is the central part of most CMOS rectifiers [14]. Figure 1 represents
different types of diode connected transistor. Figure 1(a) demonstrates that by connecting the bulk to the
source terminals and gate to the drain terminals, the transistor will act as a diode [1]. In this conventional
diode, the voltage difference between the source and bulk is zero, Vg = 0. According to (1), the threshold
voltage V;;, will be reduced to the intrinsic threshold voltage V,;,. However, (2) shows, reduction of V,, will
increase the leakage current exponentially, which will drop the overall efficiency of the CMOS rectifier
design. Direct implementation of conventional diode in rectifier circuit has shown good performance in the
subthreshold and forward bias regions; however, its efficiency dramatically drops in the reverse bias region
due to high leakage current [27].

Vin = Vino + k1 (\/ s + Vsp — \/E) + k,Vsp (1)

Where ¢, is the surface potential, k; and k, are dependent on channel doping.
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Where k is the Boltzmann constant, x is the effective mobility, n is the subthreshold slope factor.

To increase efficiency of the rectifier, threshold voltage in forward-bias region and leakage current
in reverse-bias region should be minimized in the rectifier [1]. This can be achieved by connecting the bulk
to its drain terminals as shown in Figure 1(b). With this connection, when the proposed diode connected
NMOS is in the forward operating region, then Vs < Vg therefore Vi < 0, according to (1) the V, will be
lower than the conventional diode. In reverse bias region, the Vg > V; therefore Vsg > 0, which increases the
threshold voltage. As previously discussed in (2), higher V., will reduce the leakage current. This diode
connection will be used in the design of the rectifier in this paper.
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Figure 1. Diode connected transistor (a) conventional diode and (b) proposed diode connected

3. OPTIMIZATION OF THE COMPENSATION VOLTAGE

Compensation voltage is applied between the gate and source terminals of a transistor to reduce its
threshold voltage and ultimately enhance the RFEH performance. Figure 2 shows a single-stage charge pump
with an ideal direct current (DC) voltage source that acts as a compensation voltage. At low input power, the
transistor will be in the subthreshold region [17] and the input power and output voltage can be expressed as
in (3) and (4) [28].

Vm
Vo =nVrln ]OI<L"VT) — (3)
(conttesrnsvexe( g )
P =1 (C tepr(n — 1DVF exp (M)ﬂ +1 ) ]1(7‘1/77) @
i m oxteff T nr L L JO(XTmT)

According to (3), by increasing the value of V; for a fixed load, increment in the output voltage can
be obtained however, in (4) it shown that it also increases the input power P;,.

()

in

PCE = (5)
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Therefore, increasing the 1, value does not necessarily increase the PCE and it is essential to obtain
the optimum value of V, to achieve the peak PCE. This can be obtained by finding the root of SPCE/0Vx=0
and thus the maximum compensation voltage can be expressed as (6) [17].

nvr exp(%) o
| =nVrln .
Xmax Coxtteff(n—1)VE exp(—%)% RL

According to (6) illustrates that the maximum compensation voltage is in the function of the output load R, ,
transistor size (W/L), and transistor characteristics such as V.

4. PROPOSED CHARGE PUMP RECTIFIER

The charge pump with optimal compensating voltage and the number of stages optimised is seen in
Figure 3. Figure 3(a) shows the 5-stage charge pump with 10 constant DC sources, V, as compensation
voltage. PMOS diode connected transistor has lower leakage current compared to the NMOS therefore the
PMOS charge pump is being used, with aid of ideal compensation for each PMOS, the relationship between
the transistor sizing, optimal compensation voltage, and the number of stages to achieve a wide range of
input power to gain the PCE above 20% will be investigated. Earlier, it is shown in (6) that the optimum
compensation voltage is also dependent on the output load, R, and in this work, the load is set to be 1 M.

Figure 3(b) shows the comparison result of the PCE between charge pumps with different
compensation voltage values and the number of stages where the Pj, is set to -10 dBm and frequency at
920 MHz. The result shows that the 5-stage charge pump with ideal compensation voltage ranging from
0.3 V to 0.4 V achieves the highest efficiency among the other combinations. Figure 4 shows the
compensating voltage and tranistors' size justification. Figure 4(a) also shows that the PCE varies non-
linearly with the applied compensation voltage value where it can be seen that the PCE value dropped after
achieving 0.35 V of V.
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Figure 3. Charge pump (a) optimization of the number of stages and (b) schematic

Next, the transistor size and the number of stages are varied while the ideal compensation voltage is
set to 0.35 V, input power to -15 dBm, and frequency at 920 MHz. Figure 4(b) shows that increasing the
number of stages does not necessarily improve efficiency. The 5-stage charge pump with transistors’ size of
WI/L of 78 shows the highest efficiency compared to the others. Next, an auxiliary circuit will be designed
using the proposed diode-connected transistors and it will replace the ideal voltage source for the
compensation voltage (V) from the previous section to obtain the approximate value of the compensation
voltage without the needs for an external DC source. Figure 5 shows the proposed enhanced rectifier circuit
where all the bulk terminals are connected to the drain terminals. Transistors M; to M;, and coupling
capacitors C, to Co form the main charge pump chain. In order to reduce the ON resistance of the transistor,
the V4 of all PMOS in the charge pump are connected to the lower potential voltage than the drain voltage.

The lower potential voltage for every single gate in the main charge pump chain is generated by an
auxiliary circuit which is a voltage divider circuit. The pack of diode-connected NMOS
transistors Ny;_7, Ng1_11, N¢1—11, Np1—13 » Ng1—13, Np1_15 and Ng,_;5 which form the high impedance
paths for the auxiliary circuits act as voltage dividers delivering the compensation voltage to the main chain
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transistors’ gates of M,_qo. Sizing of the PMOS, P,_, are needed in order to achieve the optimized
compensation voltage value, which is approximately about 0.3 to 0.4V that previously measured. The size of
all NMOS in the high impedance tail should have the smallest width in order to reduce leakage current to the
ground. For the gates of M,, M,, Mcand Mg, their drain terminals are connected to the drain terminals of
Py, P,, P, and P, respectively which is part of the auxiliary circuits that produce the compensation voltage
value.

In order to suppress high-frequency noise at the gate of M,, M,, M, and Mg the bypass capacitors of
CB,_, are connected to the gates respectively. The drain voltage of M5, Mz and M, which are alternating
provide the compensation voltage to their gates. The DC levels of the discharge voltages M5, Mg and M., are
transferred to lower potential voltages without reducing their alternating current (AC) coefficient by
adjusting the small DC block capacitors CD, ,CD, and CD5, respectively which disable the AC components
to charged DC drains of Py, P; and Ps, respectively. The final stage of the proposed rectifier My and M;, are
uncompensated in order to reduce the leakage current, and the number of auxiliary transistors. As the input
power is not sufficient to power up the auxiliary voltage divider in the first stage the first transistor is
replaced by an NMOS, M;and its gate terminal is linked to the higher potential voltage than the drain
terminal that is connected to the ground. The drain terminal of the N4, will provide the compensation voltage
for M,.
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Figure 4. Optimization of (a) the size of transistors and (b) the compensation voltage.
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Figure 5. The proposed rectifier circuits

5. SIMULATION AND ANALYSIS OF THE PROPOSED RECTIFIER

This work is designed in standard 0.13um CMOQOS technology with eight layers of metallization and
simulated using Cadence. The simulation is performed by using a L-type matching network, at the frequency
of 920 MHz. The transistor size of the main path, NMOS (M;) and PMOS (M,_,,) are set to
8 um/0.13 yumand 10 um/0.13 um respectively and the stack of diode-connected NMOS transistors
N41-¢15 and voltage driver transistors PMOS (P,_g) are set to 1 um/0.5 um. The coupling capacitors C;_q
and bypass capacitors of CB;_, and CD, _5 are set to 3pF, 2pF and 1pF, respectively.

Indonesian J Elec Eng & Comp Sci, Vol. 27, No. 1, July 2022: 28-36



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 33

Figure 6 depicts the design layout as well as the resulting compensation. Figures 6(a) shows the
generated compensation voltage at each transistor in main path of charge pump when taking 1 MQ load. The
average generated compensation voltages at, -5 dBm, -10 dBm, -15 dBm, and -20 dBm input powers are
325.6 mV, 305.6 mV, 295 mV, and 273.4 mV. As the input power level increases from -20 to -5 dBm at
1 MQ load, the compensation voltage barely varies by 52.2 mV. Figure 6(b) shows the generated
compensation voltage for different loads while the input power is set to -15 dBm. The average generated
compensation voltage for 1 MQ, 500 kQ, and 300 kQ are 295 mV, 270.6 mV, and 264.5 mV. As the load
raises from 300 kQ to 1 MQ at -15 dBm, the compensation voltage barely varies by 30.5 mV, which means
that when the proposed rectifier is connected to a variety of loads or input power, a nearly consistent
compensating voltage is created, which is almost in the optimum compensation voltage range (0.3 V to
0.4 V). Figure 6(c) shows the layout of the proposed rectifier with an area of 0.087 mm?.
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Figure 6. Generated compensation voltage (a) input powers, (b) loads, and (c) layout of proposed
rectifier circuit

Simulation is carried out with input power ranging from -23 dBm to 0 dBm using three different
loads, 1 MQ, 500 KQ and 300 KQ. During the simulation, the transistor breakdown voltage is monitored not
to exceed 10 V and in order to avoid latch up from occurring especially at the final stages of the charge
pump, the V,, is monitored to be lower than 0.5 V, which is the threshold voltage, V;, of the transistor.
Although the input power of 0 dBm is difficult to achieve in real application, circuit block to cap the
maximum bulk voltage may need to be developed but it is not the focus of the current work.

Post-layout simulation results for the proposed rectifier are shown in Figure 7. The output voltage of
the proposed rectifer is shown in Figure 7(a) for various loads. This work for 1 MQ, 500 kQ, and 300 kQ
loads is simulated up to -5 dBm, -2 dBm, and 0 dBm input power, respectively, to assure transistor and
capacitor durability and voltage breakdown (10 V). The 1 V sensitivity of this work are -21 dBm, -18 dBm,
and -16 dBm for 1 MQ, 500 kQ, and 300 kQ loads, respectively.

Figure 7(b) represents the efficiency of the proposed rectifier where the maximum efficiency of
39.9%, 38.97%, and 38.5% can be achieved at -9 dBm, -5 dBm, and -3 dBm for 1 M, 500 KQ and 300 KQ
loads, respectively. In general, we can observe from the graph that using higher load will result in shifting the
peak efficiency to the lower input power. The PCE with above 20% for 1 MQ, 500 K(, and 300 KQ ranging
about 15 dBm (-19 dBm to -5 dBm), 14 dBm (-15 dBm to -2 dBm), and 12 dBm (-11 dBm to 0 dBm)
respectively. The efficiency of 1 MQ, 500 KQ, and 300 KQ at the sensitivity voltage level of 1 V are 13.9%,
13.5%, and 13%.

Table 1 reviews the performance comparison between the proposed rectifier and other works. The
proposed rectifier has an efficiency of above 20% for a wide range of input power from —19 dBm to —5 dBm,
higher than [17], [26], [29]-[33] for 1 MQ load. In this design, optimum number of stages is used to achieve
the highest PCE range and in [17], the author proposed 4 stages rectifier design, but the PCE above 20%
range of input is just 8 dBm, which is half of this work’s achievement. The area consumption of this work is
2.2, 16.6, and 2.9 times lower than [11], [26], and [30], respectively. Stoopman et al. [29] got around 2 dBm
greater sensitivity than this work by employing extra needs such as differential antenna and triple nwell
transistors. Peak efficacy in [33] is strongly correlated with output load, and as output load increases, peak
efficacy decreases. However, this work provides a large PCE dynamic range exceeding 20% with a nearly
consistent peak efficiency for diverse loads.
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Table 1. Performance summary and comparison
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Figure 7. Post-layout simulation of proposed rectifier (a) output voltage and (b) PCE

6. CONCLUSION

A rectifier based on the modified Dickson charge pump with an auxiliary circuit to provide the
compensation voltage has been successfully designed using 130 nm CMOS process. The RF rectifier can
operate with high efficiency for input power range of 15 dBm without any additional requirements such as
control loop and triple-well transistors. By implementing the proposed diode connected metal-oxide-
semiconductor field-effect transistor (MOSFETS), the leakage current is reduced and hence improved its
efficiency. The proposed rectifier obtained sensitivity of 1 V at -21 dBm for 1 MQ load, which is the lowest
input power to feed the output system. It also achieved 39.9% efficiency at -9 dBm and 15 dBm input power
range with PCE above 20% for 1 MQ load.

REFERENCES

[1] M. R. Shokrani, M. Khoddam, M. N. B. Hamidon, N. A. Kamsani, F. Z. Rokhani, and S. B. Shafie, “An RF energy harvester
system using UHF micropower CMOS rectifier based on a diode connected CMOS transistor,” The Scientific World Journal, vol.
2014, pp. 1-11, 2014, doi: 10.1155/2014/963709.

[2] R. Guo, Q. Wen, Z. Jin, and H. Zhang, “An efficient and secure certificateless authentication protocol for healthcare system on
wireless medical sensor networks,” The Scientific World Journal, vol. 2013, pp. 1-7, 2013, doi: 10.1155/2013/761240.

Indonesian J Elec Eng & Comp Sci, Vol. 27, No. 1, July 2022: 28-36



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 35

[3]

[4]

[5]

[6]

[7]
(8]

[°]

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. G. Kogias, E. T. Michailidis, G. Tuna, and V. C. Gungor, “Realizing the wireless technology in internet of things (IoT),” in
Emerging Wireless Communication and Network Technologies: Principle, Paradigm and Performance, Singapore: Springer
Singapore, 2018, pp. 173-192, doi: 10.1007/978-981-13-0396-8_10.

S. Meninger, J. O. Mur-Miranda, R. Amirtharajah, A. P. Chandrakasan, and J. H. Lang, “Vibration-to-electric energy
conversion,” |IEEE Transactions on Very Large Scale Integration (VLSI) Systems, vol. 9, no. 1, pp. 64-76, Feb. 2001, doi:
10.1109/92.920820.

Y. J. Kim, H. S. Bhamra, J. Joseph, and P. P. Irazoqui, “An ultra-low-power RF energy-harvesting transceiver for multiple-node
sensor application,” IEEE Transactions on Circuits and Systems I1: Express Briefs, vol. 62, no. 11, pp. 1028-1032, Nov. 2015,
doi: 10.1109/TCSI1.2015.2456511.

A. Collado and A. Georgiadis, “Conformal hybrid solar and electromagnetic (EM) energy harvesting rectenna,” IEEE
Transactions on Circuits and Systems |: Regular Papers, vol. 60, no. 8, pp. 2225-2234, Aug. 2013, doi:
10.1109/TCSI.2013.2239154.

M. Danesh and J. R. Long, “Photovoltaic antennas for autonomous wireless systems,” IEEE Transactions on Circuits and Systems
I1: Express Briefs, vol. 58, no. 12, pp. 807-811, Dec. 2011, doi: 10.1109/TCSI1.2011.2173975.

Y. Luand W. H. Ki, “A 13.56 MHz CMOS active rectifier with switched-offset and compensated biasing for biomedical wireless
power transfer systems, ” [EEE Transactions on Biomedical Circuits and Systems, vol. 8, no. 3, pp. 334-344, Jun. 2014, doi:
10.1109/TBCAS.2013.2270177.

L. Cheng, W. H. Ki, and T. S. Yim, “A 13.56 MHz On/Off delay-compensated fully-integrated active rectifier for biomedical
wireless power transfer systems,” in Proceedings of the Asia and South Pacific Design Automation Conference, ASP-DAC, Jan.
2017, pp. 31-32, doi: 10.1109/ASPDAC.2017.7858287.

R. L. Rosa et al., “An over-the-distance wireless battery charger based on RF energy harvesting,” in SMACD 2017 - 14th
International Conference on Synthesis, Modeling, Analysis and Simulation Methods and Applications to Circuit Design, Jun.
2017, pp. 1-4, doi: 10.1109/SMACD.2017.7981575.

G. Papotto, F. Carrara, and G. Palmisano, “A 90-nm CMOS threshold-compensated RF energy harvester,” IEEE Journal of Solid-
State Circuits, vol. 46, no. 9, pp. 1985-1997, Sep. 2011, doi: 10.1109/JSSC.2011.2157010.

W. Jiang and H. D. Schotten, “Deep learning for fading channel prediction,” IEEE Open Journal of the Communications Society,
vol. 1, pp. 320-332, 2020, doi: 10.1109/0JCOMS.2020.2982513.

H. Jabbar, Y. S. Song, and T. T. Jeong, “RF energy harvesting system and circuits for charging of mobile devices,” IEEE
Transactions on Consumer Electronics, vol. 56, no. 1, pp. 247-253, Feb. 2010, doi: 10.1109/TCE.2010.5439152.

H. Xu and M. Ortmanns, “Wide-band wide-input efficiency-enhanced CMOS rectifier with self temperature and process
compensation,” in IEEE - 2011 Semiconductor Conference Dresden: Technology, Design, Packaging, Simulation and Test, SCD
2011 - International Conference, Workshop and Table-Top Exhibition, Sep. 2011, pp. 1-4, doi: 10.1109/SCD.2011.6068721.

Y. S. Chen and C. W. Chiu, “Insertion loss characterization of impedance matching networks for low-power rectennas,” IEEE
Transactions on Components, Packaging and Manufacturing Technology, vol. 8, no. 9, pp. 1632-1641, Sep. 2018, doi:
10.1109/TCPMT.2018.2864183.

E. N. Gilbert, “Impedance matching with lossy components,” IEEE Transactions on Circuits and Systems, vol. 22, no. 2, pp. 96—
100, Feb. 1975, doi: 10.1109/TCS.1975.1084016.

P. Saffari, A. Basaligheh, and K. Moez, “An RF-to-DC rectifier with high efficiency over wide input power range for RF energy
harvesting applications,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 66, no. 12, pp. 4862-4875, Dec.
2019, doi: 10.1109/TCSI.2019.2931485.

Y. Yao, J. Wu, Y. Shi, and F. F. Dai, “A fully integrated 900-MHz passive RFID transponder front end with novel zero-threshold
RF-DC rectifier,” IEEE Transactions on Industrial Electronics, vol. 56, no. 7, pp. 2317-2325, Jul. 2009, doi:
10.1109/T1E.2008.2010180.

J. F. Dickson, “On-chip high-voltage generation in MNOS integrated circuits using an improved voltage multiplier technique,”
IEEE Journal of Solid-State Circuits, vol. 11, no. 3, pp. 374-378, Jun. 1976, doi: 10.1109/JSSC.1976.1050739.

Y. Lu et al.,, “A wide input range dual-path CMOS rectifier for RF energy harvesting,” IEEE Transactions on Circuits and
Systems I1: Express Briefs, vol. 64, no. 2, pp. 166-170, Feb. 2017, doi: 10.1109/TCSI11.2016.2554778.

T. Umeda, H. Yoshida, S. Sekine, Y. Fujita, T. Suzuki, and S. Otaka, “A 950-MHz rectifier circuit for sensor network tags with
10-m distance,” IEEE Journal of Solid-State Circuits, vol. 41, no. 1, pp. 35-41, Jan. 2006, doi: 10.1109/JSSC.2005.858620.

U. Karthaus and M. Fischer, “Fully integrated passive UHF RFID transponder IC with 16.7-u W minimum RF input power,”
IEEE Journal of Solid-State Circuits, vol. 38, no. 10, pp. 1602—-1608, Oct. 2003, doi: 10.1109/JSSC.2003.817249.

H. Nakamoto et al., “A passive UHF RF identification CMOS tag IC using ferroelectric RAM in 0.35-um technology,” IEEE
Journal of Solid-State Circuits, vol. 42, no. 1, pp. 101-109, Jan. 2007, doi: 10.1109/JSSC.2006.886523.

B. Li, X. Shao, N. Shahshahan, N. Goldsman, T. Salter, and G. M. Metze, “An antenna co-design dual Band RF energy
harvester,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 60, no. 12, pp. 3256-3266, Dec. 2013, doi:
10.1109/TCS1.2013.2264712.

Z. Hameed and K. Moez, “Hybrid forward and backward threshold-compensated RF-DC power converter for RF energy
harvesting,” IEEE Journal on Emerging and Selected Topics in Circuits and Systems, vol. 4, no. 3, pp. 335-343, Sep. 2014, doi:
10.1109/JETCAS.2014.2337211.

Z. Hameed and K. Moez, “A 3.2 v -15 dBm adaptive threshold-voltage compensated RF energy harvester in 130 nm CMOS,”
IEEE Transactions on Circuits and Systems |: Regular Papers, vol. 62, no. 4, pp. 948-956, Apr. 2015, doi:
10.1109/TCS1.2015.2413153.

A. Ashry, K. Sharaf, and M. Ibrahim, “A simple and accurate model for RFID rectifier, ” I[EEE Systems Journal, vol. 2, no. 4, pp.
520-524, Dec. 2008, doi: 10.1109/JSYST.2008.2009206.

A. A. R. Haeri, M. G. Karkani, M. Sharifkhani, M. Kamarei, and A. F. Ahmady, “Analysis and design of power harvesting
circuits for ultra-low power applications,” IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 64, no. 2, pp. 471—
479, Feb. 2017, doi: 10.1109/TCS1.2016.2609144.

M. Stoopman, S. Keyrouz, H. J. Visser, K. Philips, and W. A. Serdijn, “Co-design of a CMOS rectifier and small loop antenna for
highly sensitive RF energy harvesters,” |IEEE Journal of Solid-State Circuits, vol. 49, no. 3, pp. 622-634, Mar. 2014, doi:
10.1109/JSSC.2014.2302793.

Y. S. Luo and S. L. Liu, “A voltage multiplier with adaptive threshold voltage compensation,” IEEE Journal of Solid-State
Circuits, vol. 52, no. 8, pp. 2208-2214, Aug. 2017, doi: 10.1109/JSSC.2017.2693228.

Z. Wu, Y. Zhao, Y. Sun, H. Min, and N. Yan, “A self-bias rectifier with 27.6% PCE at -30dBm for RF energy harvesting,” in
Proceedings - IEEE International Symposium on Circuits and Systems, May 2021, vol. 2021-May, pp. 1-5, doi:
10.1109/ISCAS51556.2021.9401611.

A 1V -21dBm threshold voltage compensated rectifier for radio frequency ... (Seyed Arash Zareianjahromi)



36

ISSN: 2502-4752

[32] D. Khan et al., “An efficient reconfigurable RF-DC converter with wide input power range for RF energy harvesting,” IEEE

Access, vol. 8, pp. 79310-79318, 2020, doi: 10.1109/ACCESS.2020.2990662.

[33] S.M. Noghabaei, R. L. Radin, Y. Savaria, and M. Sawan, “A high-sensitivity wide input-power-range ultra-low-power RF energy

harvester for IoT applications,” IEEE Transactions on Circuits and Systems |: Regular Papers, vol. 69, no. 1, pp. 440-451, Jan.
2022, doi: 10.1109/TCSI.2021.3099011.

BIOGRAPHIES OF AUTHORS

Seyed Arash Zareianjahromi ki P received his B.Eng (Honors). Electronics degree
from Multimedia University, Malaysia in 2017. His bachelor’s degree’s Final Year Project
was on the design of high speed and low power full adder and subtractors. His Master of
Science Work is titled “RF Energy Harvesting”. His research interests are Power Electronics,
Digital and Analog Integrated Circuit, and Digital Signal Processing. He can be contacted at
email: Arashzareian1369@yahoo.com.

Noor Ain Kamsani Bl P received a B.Eng degree in Electrical and Electronics
Engineering from Universiti Tenaga Nasional (2006) and the Ph.D. in Electronics Engineering
from the University of Glasgow (2011). She is currently an Associate Professor at Universti
Putra Malaysia. Her research interests are integrated circuit design and validation,
semicondutor device compact modelling and machine learning. She can be contacted at email:
nkamsani@upm.edu.my.

Fakhrul Zaman Rokhani © 4 P received a B.Eng degree in Electrical-Mechatronics
Engineering from Universiti Teknologi Malaysia in 2002 and the MSc and Ph.D. in Electrical
Engineering from the University of Minnesota (2008). He is currently an Associate Professor
at Universti Putra Malaysia. His research interests are intelligent computer and embedded
systems design, nanoelectronics VLSI design, green, low energy/power and fault tolerant
system/NOC, interconnect design and sensors for food quality. He can be contacted at email:
fzr@upm.edu.my.

Roslina Mohd Sidek Bl P received a B.Sc degree in Electrical and Electronics
Engineering from University of Washington DC and the MSc and Ph.D. in Electronics
Engineering from the University of Southampton. She is currently an Associate Professor at
Universti Putra Malaysia. Her research interests are integrated circuit design, semicondutor
devices and fabrication and nanoelectronics. She can be contacted at email:
roslinams@upm.edu.my.

Shaiful Jahari Hashim © B P received a B.Eng degree in Electrical and Electronics
Engineering from University of Birmingham, MEng from Universiti Kebangsaan Malaysia
and Ph.D. in Electrical Engineering from the University of Cardiff. He is currently a Professor
at Universti Putra Malaysia. His research interest is network security, communication systems,
and iot and big data applications. He can be contacted at email: sjh@upm.edu.my.

Indonesian J Elec Eng & Comp Sci, Vol. 27, No. 1, July 2022: 28-36


https://orcid.org/0000-0002-1227-5445
https://orcid.org/0000-0002-4091-9543
https://orcid.org/0000-0001-6449-8184
https://orcid.org/0000-0002-4810-1148
http://orcid.org/0000-0002-4436-897X

