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Abstract This work presents a two-stage voltage multi-

plier (VM) useful in RF energy harvesting based applica-

tions. The proposed circuit is based on the conventional

differential drive rectifier, in which the input RF signal has

been level shifted using a simple arrangement. This signal

is then used to drive the next stage, which has been formed

by using gate cross-coupled transistors. As a result, the

load driving capability of the proposed architecture

increases. The load in this work has been emulated in terms

of a parallel RC circuit. The architecture has been imple-

mented using standard 0.18 lm CMOS technology. The

measurements of the two-stage conventional VM (CVM)

and proposed VM circuits were performed at ISM fre-

quencies 13.56, 433, 915 MHz and 2.4 GHz for RL of

values 1, 5, 10, 3 and 100 KX with a fixed value of CL

equal to 20 pF. The performance evaluation has been done

in terms of the power conversion efficiency (PCE) and

average output DC voltage. The measured results show an

improvement in PCE of 5% (minimum) for 13.56, 433 and

915 MHz frequencies, and up to 2% improvement for a

frequency value of 2.4 GHz at the targeted load condition

of 5 KXjj20 pF, when compared with the measured results

of the CVM circuit.

Keywords Energy harvesting � Rectifiers � ISM
frequencies � RF to DC converter � Voltage multiplier

1 Introduction

RF-energy harvesting is considered as an enabling tech-

nology for wireless sensor nodes used in applications based

on the Internet of Things (IoT). It is useful where battery

replacement is highly impractical either due to a large

number of nodes or due to an inaccessible location of a

node. Some of the examples where RF-energy harvesting is

widely used are radio identification systems (RFID), bio-

medical implants, structural-monitoring and home

automation [1–3]. As the name indicates, in RF energy

harvesting, the energy required for the working of a system

is extracted from the propagating radio waves. The device

which converts the received RF into an usable DC power is

commonly known as the rectifier [4]. This rectified energy

is generally stored in a capacitor or rechargeable battery by

the use of a power management unit [5]. In an RF energy

harvesting based system, the usage of industrial, scientific

and medical (ISM) frequencies is the most convenient.

However, in the ISM band, the maximum effective iso-

tropic radiated power (EIRP) permitted by the regulatory

bodies is only 36 dBm (4 W) [6] which, restricts the cov-

erage area and therefore a high RF sensitivity is desirable

in the rectifier. This RF sensitivity is defined as the mini-

mum incident RF power that is required by the rectifier to

obtain a usable DC power [7].

In the literature, various rectifier architectures have been

proposed that primarily utilize the Schottky diode. This

preference for selecting the Schottky diode is mainly due to

its low forward voltage and very high switching speed

[8, 9]. However, owing to the ease of its fabrication pro-

cess, the Complementary Metal Oxide Semiconductor

(CMOS) technology is currently most widely used for on-

chip implementation [10].
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One of the commonly known limitations in CMOS-

based implementations is the threshold voltage (Vth) of the

Metal Oxide Field Effect Transistor (MOSFET) which, is

the minimum gate-to-source voltage required by a tran-

sistor for the conduction [11]. Practically, an RF harvester

is implemented through a multi-stage rectifier which is

commonly known as a Voltage Multiplier (VM). In prac-

tice, the increased number of stages in VM architecture

results in a decrease in RF sensitivity, which is mainly

controlled by the threshold voltage of the switching tran-

sistors [12].

To overcome this issue, various threshold cancellation

schemes have been proposed in the literature that are either

technology-based [13] or circuit-based solutions [14].

The differential drive rectifier [15, 16] is a widely used

rectifier architecture due to its ability to achieve the active

threshold voltage cancellation of the switching transistors

and, hence, results in higher power conversion efficiency.

Various architectures, that are based on the differential

rectifier, have been proposed in the literature [17, 18].

The proposed architecture is a two-stage voltage mul-

tiplier circuit, based on the differential drive rectifier and

also is an extension of the works published in [19, 20].

These extensions are in terms of additional results and

circuit topology. The issue of threshold voltage in the

voltage multiplier circuit [16] has been addressed by

deriving a DC voltage from the input RF signal and using it

as the DC biasing voltage for switching transistors. As a

result, it exhibits higher RF sensitivity and power conver-

sion efficiency when compared with a two-stage conven-

tional voltage multiplier circuit.

The paper is organized as follows. Section 2 provides an

overview of the conventional differential drive rectifier and

introduces the proposed solution with the implementation

details. The measured performances of the conventional

and proposed voltage multipliers are discussed in Sect. 4

and conclusions are drawn in Section V.

2 Voltage multiplier circuits

2.1 Conventional voltage multiplier

The conventional voltage multiplier circuit, formed by

cascading two differential-drive rectifiers, is shown in

Fig. 1. In the circuit, N and P are the N-type MOSFET

(NMOSFET) and P-type MOSFET (PMOSFET) based

switching transistors, CP is the fly-capacitor, CL and RL

represent the load capacitor and resistor respectively.

It has been mentioned in [16] that due to the develop-

ment of a common mode DC voltage in the circuit, a low

ON-resistance during the forward conduction mode and

small leakage current during the reverse conduction mode

has been attained. Due to these characteristics the archi-

tecture is widely used for RF energy harvesting. A rectifier

is a highly non-linear circuit and hence, to obtain a detailed

mathematical description of the circuit, a careful modeling

in each region of MOSFET operation is required [21].

Therefore, in this work, to obtain a first order mathematical

description of the circuit the following assumptions were

made:

1. The peak amplitude of the applied RF signal is greater

than the threshold voltage of the switching transistors.

Fig. 1 Conventional differential drive rectifier based two-stage

voltage multiplier circuit

Fig. 2 Conceptual working diagram of stage-I

Fig. 3 Equivalent circuits for the a charging and b Discharging

phases of stage-I
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2. The only source of losses in the system is the drain-

source voltage drop across the switching transistors.

The differential drive rectifier is a full-wave topology that

is formed by using two voltage doublers. Thus, using the

aforementioned assumptions the conceptual diagram of

stage-I (see Fig. 1) can be represented in terms of the

voltage doubler as :

Consider that when applying a single tone continuous

RF wave (see Fig. 2) in the circuit, a negative peak

amplitude -Vp and a positive peak amplitude þVp appears

at nodes (A) and (B) respectively.

As a result, the voltage doubler enters in the charging

phase (see Fig. 3a) and thus, applying Kirchoff’s voltage

law (KVL) in the charging path, results in:

Vcp ¼ �Vp þ Vdn ð1Þ

where Vcp is the voltage developed across capacitor Cp and

Vdn is the voltage drop across NMOSFET N11. Since, the

capacitor is assumed to be ideal, therefore the charge

equivalent to the voltage Vcp will only be transferred to the

next stage during the discharging phase. The discharging

phase will start when the polarity of the input signal reverts

as shown in Fig. 3b. Thus, by applying KVL in the dis-

charging path:

Vx ¼ 2Vp � ðVdn þ VdpÞ ð2Þ

where Vx is the DC voltage that appears after the first stage.

It can be seen in (2), that the loss (Vdn;Vdp) across the

transistors is one of the causes of the reduced deliverable

DC voltage Vx.

When the voltage multiplier architecture is formed, the

voltage Vx acts as the DC voltage source for the next stage.

Thus, equivalent circuits for charging and discharging

phases for the second stage can be modeled as:

By applying the KVL first for the charging phase and

then for the discharging phase (Fig. 4) will result in:

Vout ¼ 4Vp � 2ðVdn þ VdpÞ ð3Þ

Fig. 4 caption equivalent circuits for the a Charging and b Discharg-

ing phases for stage-II
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Fig. 5 Simulation results of conventional differential drive rectifier

based two-stage voltage multiplier circuit

Fig. 6 Proposed two-stage

voltage multiplier circuit
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To verify the first order expressions derived above of

the circuit, simulations were done using the Spectre

simulator in the Cadence environment using standard

0.18 lm CMOS technology. In these simulations, a

single tone continuous wave RF signal of ISM

433 MHz frequency with peak amplitude of 500 mV

was used with 5 KXjj20 pF as a load. The simula-

tion results of the conventional voltage multiplier are

shown in Fig. 5 where it can be seen that the voltage

signal of node a1 has been shifted by � 150 mV. This

DC shift is basically the voltage developed across the fly

capacitor Cp during the charging phase [see Fig. 3a and

Eq. (1)]. After the discharging phase of the first stage,

the rectified DC output voltage Vx with a value of

300 mV was obtained. As mentioned earlier (see

Fig. 4a), Vx acts as a DC source for the next stage. Thus,

the DC-level of the voltage signal at node-a2 is higher

than the voltage signal at node-a1. Finally, after the

discharging phase of the second stage, an output DC

voltage level of 350 mV has been achieved across the

load.

Thus, it can be concluded from the simulation results

that to get an acceptable level of the output DC voltage i.e

= 3Vth under the given load condition, a high amplitude

input RF signal would be required.

However, as mentioned earlier, a limit on the maximum

transmitted power level has been set by the regulatory

bodies [6]; therefore the use of this solution is restricted. As

a result, in the literature, various alternate solutions have

been proposed such as the use of a zero Vth MOSFET [22],

pre-charging of the gate terminal during switching [23] etc.

To date, none of these methods have been tested for heavy

load conditions. Therefore, the proposed work is targeted

towards the development of a multistage rectifier or VM

with higher driving capability at the smaller received RF

amplitude.

Fig. 7 Discharging path of gate cross-coupled switch
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Fig. 8 Simulation results of proposed rectifier
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Fig. 9 Output DC voltage at

a width = 10 lm
b width = 100 lm

Table 1 Simulation environment to determine device dimensions

S.

no.

Parameter Value

1 Load 5 kXjj 20 pF

2 Input signal Single tone continuous wave RF

signal of 500 mV (peak amplitude)

3 Frequency 13.56 MHz, 433 MHz, 915 MHz,

2.4 GHz

4 Reference

performance metric

Output DC voltage, power

conversion efficiency
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2.2 Proposed voltage multiplier

In the proposed work (Fig. 6), two strategies have been

simultaneously used for reducing the losses in the rectifier.

The first is a reduction in the number of switching tran-

sistors in the rectifying chain. Therefore, the voltage dou-

bler has been realized using a gate cross-coupled switching

arrangement; which, is widely used in oscillators, clock-

doublers, comparators etc., [11].

The second strategy is to shift the incoming RF signal by

the DC level generated from stage-I. When this DC-shifted

RF signal is fed to the gate cross-coupled switches, the

switching action becomes effective. However, these

improvements are only for heavy load-conditions i.e.

RL � 10KX. To understand this phenomenon, consider the

discharging path shown in Fig. 7 for one of the gate cross-

coupled switches.

Referring to the simulation results of the proposed rec-

tifier for a 500 mV peak RF input amplitude of frequency

ISM 433 MHz for a load value of 5 KXjj20 pF, the DC

voltage level at the node b2 is 700 mV (see Fig. 8). Thus

ideally, the voltage swing at the node b2 ranges from 1.2 V

to 200 mV and similarly from 200 mV to 1.2 V at the gate-

terminal of the transistor during one cycle of the incoming

RF signal. As a result, the transistor works in a linear

region during the discharging mode and is completely

switched OFF during the charging mode if load (RLjjCL)

with a low time constant, i.e. heavy load conditions

(5 KXjj20 pF), is used. On the contrary, if the time con-

stant is high, i.e. light load conditions, then the operating

conditions of the transistor will tend towards the cut-off

region. This phenomenon occurs because of the develop-

ment of effective gate-source voltage due to the incoming

DC-biased RF signal and the stored output DC voltage for

the switching transistor.

2.3 Device sizing

In the literature, it can be noticed that the rectifier consists

of only two components which are a MOSFET and

capacitor. If the architectures are based on classical

0 20 40 60 80 100 120 140 160 180 200
0

10

20

30

40

50

60

70

Width of MOSFET(µm)

P
C
E
(%

)

f =13.56MHz
f = 433MHz
f =915MHz
f =2.4GHz

Fig. 10 Simulated power conversion efficiency at different transistor

widths for Cp, Cx = 20 pF

Table 3 Performance comparison with state-of-the-art rectifiers

Ref. CMOS

tech (nm)

Operating

frequency (MHz)

No.of stages

and topology

Max.PCE (%) at Pin

(dBm)

Load

condition (RL)

[26] 65 13.56 1 (differential) 94.6 þ17y 1 KX

[27] 350 13.56 1 (differential) 91.4 þ21y 0.5 KX

[28] 180 433 1 (differential) 65.3 -15.2 50 KX

[29] 180 433 Multi-stage (single ended) 34 -7 50 KX

[7] 180 915 3 (differential) 28.8 -9 100 KX

[30] 130 915 16 (single ended) 22.6 -16.8 1 MX

[31] 180 2.4 3 (differential) 47 8.9 2 KX

[32] Discrete 2.4 4 (single ended) 43 16 12 KX

This work 180 13.56 2 (differential) 65.5 -10 5 KX

This work 180 433 2 (differential) 43 -9 5 KX

This work 180 915 2 (differential) 31 -8 5 KX

This work 180 2.4 2 (differential) 16 -4 5 KX

y Calculated from the statistics provided in the work

Table 2 Device sizes used in implementation of proposed rectifier

S. no. Transistors Size

1 PMOSFET 4�30 lm/0.18 lm

2 NMOSFET 4�30lm/0.18 lm

3 Fly-capacitor 4�5 pF
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Dickson topology [24], then either the PMOSFETs or

NMOSFETs are used for switching and the capacitors for

the pumping actions. On the contrary, if the rectifier is

based on differential architecture then both PMOSFET and

NMOSFET of the same aspect ratio are used to perform the

switching action. Thus, it is noteworthy that for both design

approaches the design variables are always two because

only two components are being used.

In this work, to determine the device dimensions, a

simulation based strategy was used. These simulations

were done using the Spectre simulator in the Cadence

environment with standard 0.18 lm CMOS technology for

the simulation-environment listed in Table 1. Firstly, the

transient simulations were performed by varying the size of

the pumping capacitors (Cp and Cx) for different transistors

widths. The simulation results for the minimum length

(0.18 lm) transistors (PMOSFET, NMOSFET) for the

width equal to 10 and 100 lm are shown in Fig. 9a, b. The

performance of the rectifier was evaluated by using the

maximum DC output voltage for the given RF signal

amplitude. This is because it is an essential condition to

obtain minimum acceptable DC amplitude level (�3Vth)

across the load. It can be observed from Fig. 9 that any

value of the capacitor which is greater than 10 pF can be

selected for the given operating frequencies irrespective of

transistor width. Hence, the value of the pumping capaci-

tors was selected as 20 pF (Table 1).

To determine the transistor size for the second stage, the

power conversion efficiency was selected as the perfor-

mance metric. The simulation results are shown in Fig. 10

where it can be observed that to obtain a moderate value of

PCE for the given operating frequencies (except 2.4 GHz),

the width of the transistors should be selected between 100

and 150 lm.

The final device dimensions used in the proposed

implementation are mentioned in Table 2.

3 Measurement results

The proposed architecture was fabricated using a stan-

dard 0.18 lm CMOS technology. The microphotograph of

the design is shown in Fig. 11. The total implementation

area of the architecture is 0.137mm2. A Printed Circuit

Board (PCB), with a standard FR4 substrate that is used in

the measurements, was milled in the laboratory (Fig. 12).

The length of the RF signal feed lines used in the PCBs

were determined by using the Agilent ADS simulator. The

packaged-IC was soldered directly onto the PCB as shown

in the figure in order to minimize the parasitic effects

during the measurements. The Agilent 8722ES network

analyzer was used to measure the single port S-parameters

by using the port extension feature. To obtain the differ-

ential input impedance value, the measured S-parameters

were converted into the mixed mode S-parameters by using

a Matlab program. In the next step, the Agilent ADS

simulator was used to determine the discrete component

values required to design the matching network for the

Fig. 11 Microphotograph of proposed voltage multiplier circuit

Fig. 12 Printed circuit board

Fig. 13 Block diagram of measurement setup
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Fig. 14 Measured output DC voltage of a Conventional rectifier

(CVM) b Proposed rectifier and (PVM) c their difference (D) and
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PVM@RL = 100 kX, o D@RL = 100 kX
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circuit at ISM 13.56, 433, 915 MHz and 2.4 GHz

frequencies.

The block diagram of the measurement setup is shown

in Fig. 13 where the single tone continuous wave RF signal

was provided by the signal generator R&HSMIQ06B. This

signal was split into the differential signal using a 2-way-

180�, DC to 4200 MHz, 50 X balun [25]. This differential

signal was fed into the device under test (DUT) and the

rectified DC output values were measured using the mul-

timeter HP34401A.

The performance of the rectifier was characterized in

terms of the power conversion efficiency (PCE) and max-

imum DC output voltage. The parameter power conversion

efficiency [16] is defined as:

PCEð%Þ ¼ 100 � Pout
Pin

¼
V2
out

RL

Psð1� jS2dd11j � jScd11j2Þ
ð4Þ

where Pout and Pin are the output-power and input-power

respectively, and Vout is the output DC voltage measured

across the load resistor RL. The input power to the rectifier

was calculated by using the mixed mode S-parameters [16].

Hence in (4), Ps is the source power, Sdd11 is the differ-

ential-to-differential and Scd11 is the differential-to-com-

mon mode reflection coefficients, respectively. The

measured output DC voltage and the power conversion

efficiency for different resistive loads at different fre-

quencies of the conventional two-stage voltage multiplier

(CVM) and the proposed voltage multiplier (PVM) are

shown in Figs. 14 and 15 respectively. A comparison of

the performance of the present work with the state-of-the-

art work on rectifier designing is presented in Table 3.

The following observations can be derived from the

measured results:

– Proposed rectifier offers a minimum improvement of

300 mV in the output DC voltages for heavy load

conditions i.e. RL � 30KX.
– Under light load condition i.e. RL ¼ 100KX, the output

DC voltages from the proposed rectifier are less than

those of the conventional rectifier.

– Power conversion efficiency under heavy load condi-

tions is at-least 5 % higher compared with the

conventional rectifier for ISM frequencies of value

13.56, 433 and 915 MHz.

– Measured performance at ISM 2.4 GHz frequency is

poor because the device dimensions used in imple-

mentation were not appropriate for this frequency (see

Fig. 10).

– The measured performance decreases with increasing

operating frequency because of the increase in losses

induced by the PCB tracks, bonding wires, type of

package and associated discrete components.

4 Conclusion

This work proposed a strategy for improving the driving

capability of the voltage multiplier circuit used in RF

energy harvesting. The proposed topology has been

experimentally evaluated for various ISM frequencies at

different load conditions. When compared with the con-

ventional voltage multiplier the proposed solution requires

additional capacitors which inherently increases the overall

area. The proposed rectifier arrangement offers a moderate

power conversion efficiency for heavy load conditions that

makes it suitable for various RF energy harvesting based

applications.
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Fig. 15 Measured power conversion efficiency of a Conventional

rectifier (CVM) b Proposed rectifier and their (PVM) c difference (D)
at various ISM frequencies for different load conditions, d CVM@RL

= 5 kX, e PVM@RL = 5 kX, f D@RL = 5 kX, g, CVM@RL = 10 kX, h

PVM@RL = 10 kX, i D@RL = 10 kX, j CVM@RL = 30 kX, k
PVM@RL = 30 kX, l D@RL = 30 kX, m CVM@RL = 100 kX, n
PVM@RL = 100 kX, o D@RL = 100 kX

Analog Integr Circ Sig Process (2017) 92:343–353 351

123



Acknowledgements This work is funded by the TEKES Project

Dnro 3246/31/2014 of the Tekes—the Finnish Funding Agency for

Innovation.

References

1. Lu, X., Wang, P., Niyato, D., Kim, D. I., & Han, Z. (2015).

Wireless networks with RF energy harvesting: A contemporary

survey. IEEE Communications Surveys and Tutorials, 17(2),

757–789.

2. Visser, H. J., & Vullers, R. J. M. (2013). RF energy harvesting

and transport for wireless sensor network applications: Principles

and requirements. Proceedings of the IEEE, 101(6), 1410–1423.

3. Fricke, K., Wang, Z., & Sobot, R. (2014). In-vitro RF charac-

terization of implantable telemetry system. Analog Integrated

Circuit and Signal Processing, 81(3), 635–644.

4. Abouzied,M.A.,&Snchez-Sinencio, E. (2015). Low-input power-

level CMOS RF energy-harvesting front end. IEEE Transactions

on Microwave Theory and Techniques, 63(11), 3794–3805.

5. Salomaa, J., Pulkkinen, M., & Halonen, K. (2016). A microwatt

switched-capacitor voltage doubler-based voltage regulator for

ultra-low power energy harvesting systems. Analog Integrated

Circuits and Signal Processing, 88(2), 347–358.

6. Federal Communications Commission (FCC). Rules and regu-

lations in US code of federal regulations, title 47, chapter 1. On-

line available at http://wireless.fcc.gov/index.htm.

7. Chang, Y., Chouhan, S. S., & Halonen, K. (2017). A scheme to

improve PCE of differential-drive CMOS rectifier for low RF

input power. Analog Integrated Circuits and Signal Processing,

90(1), 113–124.

8. Chen, L.-Y., Mao, L.-H., & Huang, X.-Z. (2011). Design and

analysis of a low power passive UHF RFID transponder IC.

Analog Integrated Circuits and Signal Processing, 66(1), 61–66.

9. Arrawatia, M., Baghini, M. S., & Kumar, G. (2015). Differential

microstrip antenna for RF energy harvesting. IEEE Transactions

on Antennas and Propagation, 63(4), 1581–1588.

10. Hashim, A. M., Mustafa, F., Rahman, S. F. A., & Rahman, A.

R. A. (2015). Dual-functional on-chip Al/GaAs/GaAs schottky

diode for RF power detection and low-power rectenna applica-

tions. Sensors Basel Switzerland, 11(8), 8127–8142.

11. Baker, R. J. (2005). CMOS circuit design, layout and simulation,

2/e. New York: IEEE Press Wiley Inter Science.

12. Xu, H., & Ortmanns, M. (2011). A temperature and process

compensated ultralow-voltage rectifier in standard threshold

cmos for energy-harvesting applications. IEEE Transactions on

Circuits and Systems II: Express Briefs, 58(12), 812–816.

13. Theilmann, P. T., Presti, C. D., Kelly, D. J., & Asbeck, P. M.

(2012). A lW complementary bridge rectifier with near zero turn-

on voltage in SOS CMOS for wireless power supplies. IEEE

Transactions on Circuits and Systems I: Regular Papers, 59(9),

2111.

14. Nakamoto, H., Yamazaki, D., Yamamoto, T., Kurata, H.,

Yamada, S., & Mukaida, K. (2007). A passive UHF RF identi-

fication CMOS tag IC using ferroelectric RAM in 0.35lm tech-

nology. IEEE Journal of Solid-State Circuits, 42(1), 101.

15. Mandal, S., & Sarpeshkar, R. (2007). Low-power CMOS rectifier

design for RFID applications. IEEE Transactions on Circuits and

Systems I: Regular Papers, 54(6), 1177–1188.

16. Kotani, K., Sasaki, A., & Ito, T. (2009). High-Efficiency differ-

ential-drive CMOS rectifier for UHF RFIDs. IEEE Journal of

Solid-State Circuits, 44(11), 3011–3018.

17. Chouhan, S. S., & Halonen, K. (2015). A novel cascading

scheme to improve the performance of voltage multiplier circuits.

Analog Integrated Circuits and Signal Processing, 84(3),

373–381.

18. Haddad, P. A., Raskin, J. P., & Flandre, D. (2016). Automated

design of a 13.56 MHz corner-robust efficient differential drive

rectifier for 10 l a load. In IEEE international symposium on

circuits and systems (pp. 1822–1826). Montrial, QC, Canada.

19. Chouhan, S. S., & Halonen, K. (2016). Voltage multiplier

arrangement for heavy load conditions in RF energy harvesting.

In IEEE nordic circuits and systems conference (NORCAS) (pp.

1–5). Copenhagen.

20. Chouhan, S. S., Nurmi, M., & Halonen, K. (2016). Efficiency

enhanced voltage multiplier circuit for RF energy harvesting.

Microelectronics Journal, 48, 95–102.

21. Wong, S.-Y., & Chen, C. (2011). Power efficient multi-stage

CMOS rectifier design for UHF RFID tags. Integration VLSI

Journal, 44(3), 242–255.

22. Theilmann, P. T., Presti, C.D.,Kelly, D. J.,&Asbeck, P.M. (2012).

A lW complementary bridge rectifier with near zero turn-on

voltage in SOS CMOS for wireless power supplies. IEEE Trans-

actions on Circuits and Systems I: Regular Papers, 59(9), 2111.

23. Umeda, T., Yoshida, H., Sekine, S., Fujita, Y., Suzuki, T., &

Otaka, S. (2006). A 950-MHz rectifier circuit for sensor network

tags with 10-m distance. IEEE Journal of Solid-State Circuits,

41(1), 35–41.

24. Dickson, J. F. (1976). On-chip high-voltage generation in MNOS

integrated circuits using an improved voltage multiplier tech-

nique. IEEE Journal of Solid-State Circuits, 11(3), 374–378.

−20 −18 −16 −14 −12 −10 −8 −6 −4 −2 0
0

5

10

15

20

25

Pin(dBm)

P
C
E
(%

)

f =13.56MHz
f =433MHz
f =915MHz
f =2.4GHz

−20 −18 −16 −14 −12 −10 −8 −6 −4 −2 0
0

5

10

15

20

25

Pin (dBm)

P
C
E

(%
)

f =13.56MHz
f =433MHz
f =915MHz
f =2.4GHz

−20 −18 −16 −14 −12 −10 −8 −6 −4 −2 0
−10

−8

−6

−4

−2

0

2

4

6

Pin (dBm)

Δ
P
C
E
(%

)
(P

V
M

-C
V
M

) f =13.56MHz
f =433MHz
f =915MHz
f =2.4GHz

RL=100kΩ(m) CVM@ (n) PVM@RL=100kΩ (o) Δ@RL=100kΩ

Fig. 15 continued

352 Analog Integr Circ Sig Process (2017) 92:343–353

123

http://wireless.fcc.gov/index.htm


25. Data sheet for 2 way-180 �; 50X, DC to 4200 MHz Coaxial

power splitter/combiner from mini circuits. available on-line on

https://www.minicircuits.com/pdfs/ZFRSC-42?.pdf.

26. Huang, C., Kawajiri, T., & Ishikuro, H. (2016). A near-optimum

13.56 MHz CMOS active rectifier with circuit-delay real-time

calibrations for high-current biomedical implants. IEEE Journal

of Solid-State Circuits, 51(8), 1797–1809.

27. Cheng, L., Ki, W.-H., Lu, Y., & Yim, T.-S. (2016). Adaptive on/

off delay compensated active rectifiers for wireless power transfer

systems. IEEE Journal of Solid-State Circuits, 51(3), 712–723.

28. Ouda, M., Khalil, W., & Salama, K. (2016). Self-biased differ-

ential rectifier with enhanced dynamic range for wireless pow-

ering. IEEE Transactions on Circuits and Systems II: Express

Briefs, 99, 1.

29. Gharehbaghi, K., Zorlu, O., Kocer, F. & Kulah, H. (2015). Auto-

calibrating threshold compensation technique for RF energy

harvesters. In IEEE RFIC symposium (pp. 179–182).

30. Hameed, Z., & Moez, K. (2014). 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, 4(3), 335–343.

31. Li, C. J., & Lee, T. C. (2014). 2.4-GHz High-efficiency adaptive

power. IEEE Transactions on Very Large Scale Integration

(VLSI) Systems, 22(2), 434–438.

32. Pham, B. L., & Pham, A. V. (2013). Triple bands antenna and

high efficiency rectifier design for RF energy harvesting at 900,

1900 and 2400 MHz. IEEE MTT-S international microwave

symposium digest (MTT) (pp. 1–3). WA: Seattle.

Shailesh Singh Chouhan re-

ceived D,Sc. (with distinction)

in electrical engineering from

Aalto University (formerly the

Helsinki University of Tech-

nology), Espoo, Finland in 2015

and M.E. degree in electronics

engineering from the Institute of

Engineering and Technology,

Devi Ahilya University, Indore,

India, in 2006. He is currently a

Postdoctoral Researcher with

the Department of Micro and

Nanosciences, Aalto University,

Espoo. His research interests

involve design of RF energy harvesting circuits, integrated tempera-

ture sensors and ADCs.

Kari Halonen received the

M.Sc. degree in electrical engi-

neering from the Helsinki

University of Technology, Fin-

land, in 1982, and the Ph.D.

degree in electrical engineering

from the Katholieke Universiteit

Leuven, Belgium, in 1987.

Since 1988 he has been with the

Electronic Circuit Design Lab-

oratory, Helsinki University of

Technology (since 2011 Aalto

University). From 1993 he has

been an associate professor, and

since 1997 a full professor at the

Faculty of Electrical Engineering and Telecommunications. He

became the Head of Electronic Circuit Design Laboratory in 1998 and

he was appointed as the Head of Department of Micro and Nano

Sciences, Aalto University, in 2007-2013. He specializes in CMOS

and BiCMOS analog and RF integrated circuits, particularly for

telecommunication and sensor applications. He is author or co-author

over 450 international and national conference and journal publica-

tions on analog and RF integrated circuits. Prof. Kari Halonen has

been an associate editor of IEEE Journal of Solid-State Circuits, and

an associate editor of IEEE Transactions on Circuits and Systems I, a

guest editor for IEEE Journal of Solid-State Circuits, and the Tech-

nical Program Committee Chairman for European Solid-State Circuits

Conference 2000 and 2011. He has been awarded the Beatrice Winner

Award in ISSCC Conference 2002. He has served as a TPC member

of ESSCIRC and ISSCC.

Analog Integr Circ Sig Process (2017) 92:343–353 353

123

https://www.minicircuits.com/pdfs/ZFRSC-42%2b.pdf

	A 0.18\upmum CMOS voltage multiplier arrangement for RF energy harvesting
	Abstract
	Introduction
	Voltage multiplier circuits
	Conventional voltage multiplier
	Proposed voltage multiplier
	Device sizing

	Measurement results
	Conclusion
	Acknowledgements
	References




