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Abstract The voltage multiplier (VM) circuit is a cascade

arrangement designed from a series of rectifiers to obtain high

DC output voltage. In this classical approach, the DC voltage

which is getting generated in the present stage contributes to

the next stage. This phenomenon is recurring at every stage

resulting into higher DC output voltage than previous. The

proposed signaling scheme enables the use of the rectifiedDC

voltage/stage in a classical way alongwith the involvement of

instantaneous input RF voltage. As a result, higher output DC

voltage and improved power conversion efficiency (PCE)will

be achieved as compared to a conventional VM circuit sig-

naling scheme. The conventionalVMcircuit used in thiswork

was designed by stacked series arrangement of three standard

differential drive rectifiers. Similarly, the proposedVMcircuit

was formed by implementing proposed signaling scheme into

the conventional VM circuit. These architectures were

implemented in a standard 0.18 lm CMOS technology The

measurements were done by using input RF signal frequency

of 433 MHz for resistive load values of 30, 100 KX, and
1 MX respectively. The measured results show that the pro-

posed VM scheme has 22–32 % better power conversion

efficiency than the conventional VM scheme.

Keywords CMOS implementation � RF energy

harvesting � Voltage multiplier circuit � Power conversion
efficiency � Differential drive rectifier � RF-to-DC
converter � Rectifier

1 Introduction

The use of RF energy harvesting is widely spreading in

wireless sensor nodes and radio frequency identification

(RFID) applications [1]. AnRF-to-DC converter or rectifier is

one of the primary key components which is present in a

harvesting unit. It is used to convert the received RF energy

into a DC voltage to power up the associated system [2].

Various architectures are available in literature to implement

the RF-to-DC converter or rectifier. The most common

method is the use of Schottky diode, as it offers low forward

voltage and high switching speed [3, 4]. But the requirement

of additionalmanufacturing steps limits itsON-chip usage.As

an alternative to Schottky diodes, complementarymetal oxide

semiconductor (CMOS) transistors are used since it offers

ease in bulk manufacturing. But, the performance of a CMOS

based rectifier gets limited by the threshold voltage (Vth) of

metal oxide semiconductor field effect transistor (MOSFET)

used in implementation. In order to overcome this limitation

two approaches are suggested in literature.

First is the device based approach, where special tran-

sistors like zero-Vth transistors [5] are used in designing

the rectifier circuit.

In the second method, threshold voltage influence in

MOSFET has been reduced by the use of circuit based

arrangements. This approach is broadly classified into three

parts; internal Vth cancellation (IVC), external Vth can-

cellation (EVC) and self Vth cancellation (SVC) based

schemes. In the internal Vth cancellation scheme, threshold

voltage has been reduced by the use of an additional

CMOS circuit, which is powered up by using the rectified

DC voltage [6]. While in the external Vth cancellation

approach, the threshold voltage effect in MOSFET is

reduced by the use of additional DC sources [7]. Finally in

self Vth cancellation scheme, threshold voltage of
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transistors has been reduced by utilizing positive feedback

mechanism [8].

In general, a DCvoltage level attended by the rectifier is not

sufficiently high (\3 Vth). Thus to obtain higher DC voltage

level, the multistage rectifier implementation has been adop-

ted. This implementation is often known as the voltage mul-

tiplier (VM) circuit in literature. Most of the VM circuits are

based on the classicalDickson’s charge pump topology [9, 10].

The performance of the multistage rectifier is affected more

due to the threshold voltage of the transistor as compared to a

single stage rectifier. In [11], various architectures for the

voltage multiplier circuit have been proposed, which are

suitable for a low input power levels. Similarly, the use of

capacitor-bootstrapped transistors have been proposed in [12],

to overcome the thresholdvoltage influence in the rectifier.The

implementation by using cross-coupled rectifier proposed in

[13], which offers improved power efficiency and reduction in

loss due to the threshold voltage in a voltage multiplier circuit.

The RF-to-DC module which has used in this work for the

implementation of voltage multiplier arrangement (Fig. 1)

was selected from [14]. The rectifier circuit arrangement

proposed in [14] is the cross-coupled bridge configuration and

also known as differential drive rectifier.

It was suggested in the work that due to the differential

drive active gate bias mechanism, the rectifier is capable of

achieving low ON-resistance and small reverse leakage dur-

ing the forward and the reverse conduction modes respec-

tively. The measurement results of a three stage voltage

multiplier were also presented in [14]. The measured perfor-

mance has exhibited the peak power conversion efficiency of

65 % at a resistive load of 30 KX for an input RF power level

of-6 dBm at 953 MHz RF frequency.

Here in this work, the VM arrangement proposed in [14]

has been modified by attaching a storage capacitor after

each stage and is designated as the conventional VM cir-

cuit. This architecture is present ON-chip for the compar-

ison purpose.

In this work, a signaling scheme is proposed to be used

in forming multistage rectifier. It has been found by the

measurement that the voltage multiplier circuit, which was

designed by using the proposed signaling scheme has

shown an improved performance over the voltage multi-

plier circuit that was formed by using conventional cas-

cading method. The paper is organized as follows: the

voltage multiplying action of the conventional VM circuit

has been discussed in Sect. 2. The proposed signaling

scheme is presented in Sect. 3. The results have been dis-

cussed in the Sect. 4 and the conclusions are in Sect. 5.

2 Architecture of the conventional voltage
multiplier circuit circuit

The N-stage conventional VM circuit based on [14] is

shown in Fig. 1. The circuit is modified by connecting a

storage capacitor (Cs) per stage. The storage capacitor is

responsible to minimize the ripple voltage of the rectified

DC output.

The working principle of the conventional VM circuit is

explained by using a conceptual diagram shown in Fig. 2.

In the figure, �Vp are the peak input RF signal amplitudes,

Vdn and Vdp represents the voltage drop across nMOSFET

and pMOSFET respectively, Cp is the pumping capacitor,

Vdcx represents the rectified DC voltage per stage of the

VM circuit where x ¼ 1; 2; . . .; ðN � 1Þ , and Cs is the

storage capacitor.

Cp

P1N1

P2N2

Cp

Vdc1

Cs

Vdc2

(X)

RF(+)ve

RF(−)ve

VDCconv

CL RL

Ist Stage IInd Stage N th Stage

Fig. 1 Conventional method to

form voltage multiplier

Cp

Cp

(A)

(B)

(C)

Vdcx Cs

−Vp

+Vp

+Vdn− +Vdp−

Fig. 2 Conceptual circuit diagram of the Nth stage of the voltage

multiplier circuit
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It should be noted that the analysis of charge transfer in a

typical rectifier is quite complex as explained in [15] for a

complete RF input cycle. This complexity is due to different

operation regions of the transistors used in the rectifier

design. Hence, to develop a simple working model two

assumptions have been made. First, the RF signal amplitude

is greater than the threshold voltage (Vth) of the transistor.

Second, the lossless transfer of electronic charge will occur

during charging and discharging cycles of the capacitor.

When the positive-RF signal amplitude will appear at

terminal (B) (Fig. 2) nMOSFET will turn ON and hence, the

rectifier will enter into the charging phase as shown in Fig. 3.

By applying Kirchhoff’s Voltage Law (KVL) in the

charging path (Fig. 3a),

�Vp ¼ Vcp � Vdn þ Vdcx ð1Þ

The peak voltage ðVcpÞ developed across the capacitor Cp

during the charging phase will be,

Vcp ¼ �Vp þ Vdn � Vdcx ð2Þ

Similarly, when a negative-RF voltage signal will appear at

the terminal (B), pMOSFET will turn ON and hence, the

rectifier will enter into the discharging phase (Fig. 3b). In

this phase, charges stored in Cp will be transferred to Cs

without any loss. By applying KVL in the discharging path,

Vp ¼ Vcp þ VL þ Vdp ð3Þ

and substituting (2) in (3),

Vp ¼ �Vp þ Vdn � Vdcx þ VL þ Vdp ð4Þ

rearranging (4) will result as,

VL ¼ 2 � Vp þ Vdcx � Vdn þ Vdp

� �
ð5Þ

The condition Vdcx = 0 signifies the charging/discharging

operation of the Ist stage. Hence, the rectified DC voltage

(Vdc1) from Ist stage will be obtained by substituting this

condition in (5),

Vdc1 ¼ VL ¼ 2 � Vp � Vdn þ Vdp

� �
ð6Þ

The voltage Vdc1 will act as a DC source for second stage.

Thus, voltage developed across Cp during charging phase

will be obtained by substituting (6) in (2)

Vcp ¼ �3 � Vp þ 2 � Vdn þ Vdp ð7Þ

The rectified DC-output voltage from the second stage after

discharging phase will be,

Vdc2 ¼ 4 � Vp � 2 � ðVdn þ VdpÞ ð8Þ

By referring (5) and (7), and using the principle of recur-

sion, the DC-output voltage after Nth stage of the con-

ventional VM will be,

VDCconv ¼ 2N � Vp|fflfflffl{zfflfflffl}
a

�N � ðVdn þ VdpÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
b

ð9Þ

Three observations can be obtained from the equation (9);

first, the presence of the multiplying factor of 2 indicates

that the differential drive rectifier is the voltage doubler

architecture. Second, part (a) in (9) is the ideal DC output

voltage from the voltage multiplier. Finally, part (b) is the

total voltage loss that occurs in pMOSFET and nMOSFET

due to the threshold voltage. It can be noticed that the loss

will increase with the increase in the number of stages (N).

Part (b) is one of the main reasons that, restricts the

number of stages in the VM circuit [11].

3 Proposed cascading scheme

In the literature two approaches have been suggested in

order to eliminate or reduce part (b) of equation (9). First,

the use of zero-Vth transistors [5, 16] but this will increase

power conversion efficiency at a cost of high reverse/OFF-

state leakage current. Second approach is the use of aux-

iliary voltage source to compensate part (b), which is as

shown follows,

Vdc ¼ 2N � Vp � N � ðVdn þ VdpÞ þ Vaux ð10Þ

where Vaux is the auxiliary voltage source that can be

obtained either externally [7] or internally [16].

Figure 4 shows the schematic of the proposed signaling

scheme to develop the auxiliary voltage Vaux by using the

input RF signal. In this architecture (Fig. 4) two simple

modifications have been implemented in the conventional

VM circuit (Fig. 1). First, the storage capacitor (Cs) has

been split into two capacitors ðCs1;Cs2Þ with a capacitance

value of Cs/2 to maintain equal layout area. This arrange-

ment is possible due to the differential architecture of the

rectifier, as only an opposite pair of transistors are active

i.e. P1 and N2 in first half cycle where as P2 and N1 in other

half cycle (Fig. 1). Second, one terminal of the capacitor

+Vdn− Cp

+Vdcx−

(C)

(A)
−Vp

(a)

+Vdp−

+Vp

Cp

Cs

VL

(b)

Fig. 3 a Charging and b discharging phase of the single stage

differential drive rectifier
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(Cs1;Cs2;) has been connected to complementary RF signal

line. As a result, during discharging phase, the comple-

mentary input RF signal will also contribute in the devel-

opment of an additional DC voltage.

The charging and discharging phase of the first stage is

shown in Fig. 5. The voltage across pumping capacitor (Cp)

during the charging phase will be given by,

Vcp ¼ �Vp þ Vdn ð11Þ

Similarly, by applying KVL in the discharging path

(Fig. 5b) will result in,

Vp ¼ Vcp þ Vdp þ Vcs1 � Vp ð12Þ

Voltage (VCs1) generated across the smoothing capacitor

(Cs1) during the discharging phase can be obtained by

substituting (11) in (12),

Vcs1 ¼ 3 � Vp � ðVdn þ VdpÞ ð13Þ

In the proposed circuit the charging and discharging phase

from the second stage (Fig. 6) will be different from the

first stage, since now Cs1 is also contributing in pumping

the charges. By applying KVL in the charging path

(Fig. 6a) of the second stage, it is obtained that,

�Vp ¼ Vcp � Vdn þ Vcs1 þ Vp ð14Þ

The voltage generated across Cp during the charging

phase at the second stage can be obtained by substituting

(14) in (13). It will result as,

Vcp ¼ �5 � Vp þ Vdn þ ðVdn þ VdpÞ ð15Þ

Similarly, the voltage developed across Cs1 during the

discharging phase can be obtained by substituting (15) in

(16). The resultant equation for this voltage (Vcs1) is shown

in (17).

Vp ¼ Vcp þ Vdp þ Vcs � Vp ð16Þ

Vcs1 ¼ 7 � Vp � 2 � ðVdn þ VdpÞ ð17Þ

Hence, referring to (13), (17) and using the principle of

recursion analysis, the voltage, which will appear across

Cs1 at the start of the charging phase of Nth stage will be

given by,

Vcs1 ¼ ð4N � 1Þ � Vp � N � ðVdn þ VdpÞ ð18Þ

The conceptual diagrams shown in Fig. 6 for charging and

discharging phases are also applicable to Nth stage. Hence,

by applying KVL in the charging path and using (18), the

voltage developed across Cp will be given as,

Vp ¼ �2 � Vp � ð4N � 1Þ � Vp þ 2N � ðVdn þ VdpÞ þ Vdn

ð19Þ

Finally, the output DC voltage of the proposed voltage

multiplier arrangement will be obtained by applying KVL

in the discharging path and using (19) as,

VDCProp
¼ ð4N þ 2Þ � Vp � N � ðVdn þ VdpÞ ð20Þ

Cp

P1N1

P2N2

Cp

RF(+)ve

RF(−)ve

VDCprop

CL RL

Ist Stage IInd Stage N th Stage

Cs1 Cs2

X1

X2

Fig. 4 Proposed cascade

arrangement method to form

voltage multiplier
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Cp
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−Vp

Cs1

(B)
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Fig. 5 a Charging and b discharging phase of first stage of proposed

arrangement

Cp+Vdn−
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Fig. 6 a Charging and b discharging phase of the second stage of

proposed arrangement
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The plot for an ideal DC voltage from the conventional and

proposed voltage multipliers by using (9) and (20)

respectively is shown in Fig. 7. In this plot equation (9) is

marked as Cideal and Pideal respectively. These plots are

made for peak input voltage Vp = 0.5 V, with the voltage

loss of (Vdn, Vdp) = 0.3 V. It should be noted that this

voltage loss across transistors has been estimated from the

transient simulations. Similarly, the simulated values of

output DC voltages obtained from the various number of

stages of the proposed and the conventional voltage

multipliers are shown as Psim and Csim respectively for

capacitive load of 5 pF. These transient simulations were

done in the Cadence environment using Spectre simulator.

It can be observed in Fig. 7 that the simulated beha-

viours trend of voltage multipliers is in agreement with the

ideal equations (9) and (20).

4 Measurement results

The proposed and the conventional VM circuits were

fabricated in standard 0.18 lm CMOS technology. The

micrographes of the designs are shown in Fig. 8. The

layout area of each circuit is 250 lm � 350 lm. In the

implementations, the body terminal of the transistors was

tied to the source terminal to avoid body effect and the

gate-oxide stress from gate to bulk. The dimensions of the

CMOS components used in the architecture are listed at

Table 1. These dimensions were determined by using

simulation based approach. The simulations were done by

using the Cadence Spectre simulator. The transient and the

harmonic balance analysis were used in finalizing the

device sizes.

4.1 Measurement setup

A printed circuit boards (PCB) (Fig. 9) with standard FR4

substrate, which have been used in the measurements were

milled in the laboratory. The length of the RF signal feed

line used in the PCB was determined using the Agilent

2 3 4 5 6
0

2

4

6

8

Number of stages (N)

O
u
tp

u
t
D
C

vo
lt
ag

e
(V

)
Pideal Psim Cideal Csim

Fig. 7 Ideal and simulated plots of conventional (Cideal and Csim) and

proposed (Pideal and Psim) voltage multiplier circuits

Fig. 8 Micrograph of a conventional and b proposed voltage

multiplier circuit

Table 1 Device dimensions of the CMOS components

S. No. Device Size

1 pMOSFET 2 9 20/0.2 lm

2 nMOSFET 2 9 20/0.2 lm

3 Cp 5 pF

4 Cs 1 pF

Fig. 9 Printed circuit board used in the measurement
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ADS simulator. The ICs were directly soldered on the

board to minimize parasitic effects during measurements.

The single port S-parameters were measured using the port

extension feature of Agilent 8722ES network analyzer.

These S-parameters were converted into mixed mode

S-parameters by using the Matlab program in order to

determine the input impedance of the rectifiers. Later, these

impedance values were used in the Agilent ADS simulator

to determine the discrete component’s values required to

design the matching network for each of the rectifier. It

should be noted that, the matching networks were designed

individually for each rectifier only for the resistive load of

30 KX. The load characterization of the rectifiers were

done without changing matching networks.

The block diagram of the measurement setup is shown

in Fig. 10. The input RF signal of frequency 433 MHz was

provided by R&H SMIQ06B signal generator and split into

R&H
SMIQ06B

Power Splitter
2 Way-180

50 to 1000 MHz
DUT

Multimeter
HP34401A

Fig. 10 Block diagram of the measurement setup
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Fig. 11 The measured output

DC voltage values and

percentage increase in output

DC voltage values for the

various input RF power level at

different resistive load values
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the differential signal using the 50 X balun [17]. This

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

and the rectified DC output values were measured using

multimeter HP34401A.

4.2 Measurement results

In the measurement, the load conditions were emulated

using the surface mount resistors of values 30, 100 KX
and 1 MX The measured output DC voltages for both

architectures are shown in Fig. 11. The percentage

increase in the output DC voltage after implementing

proposed scheme are also shown in Fig. 11. It can be

noticed in Fig. 11 that the proposed VM is capable of

generating higher DC voltage values compared with the

conventional architecture. These improvements in out-

put DC voltages are approximately in the range of 100

to 500 mV depending on input power level and load

condition. The measured output DC voltage values

obtained from the proposed VM circuit were not as

high as expected in the first order theoretical analysis

(20) and (9).
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Fig. 12 The measured power

conversion efficiency (PCE) and

the percentage increase in PCE

values for the various input RF

power level at different resistive

load values
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To further improve the performance of the proposed

rectifier following guidelines are suggested. These guide-

lines were determined by performing a schematic-level,

simulations-based optimization of the proposed three stage

voltage multiplier. These simulations were performed by

considering following constraints to maximize PCE.

Following conclusions were resulted from the simulations,

1. SelectW3 [W2 [W1 but this increment should not be

more than 25 % per stage.

2. Select pumping capacitor (Cp) of same size i.e. Cp1 ¼
Cp2 ¼ Cp3; but with large value of capacitance as it

will decide the size of storage capacitors.

3. Select Cs1 [Cs2 [Cs3 and the value of storage

capacitor (Cs) should be small (� 1=30) as compared

to pumping capacitor (Cp).

The performance of both of these architectures were also

measured in terms of power conversion efficiency (PCE)

which is expressed as follows,

PCEð%Þ ¼ 100 � Pout

Pin

ð22Þ

where Pout is the output DC power given by,

Pout ¼
V2
dc

RL

ð23Þ

While the input power Pin was selected from [8],

Pin ¼ Ps � 1� jSdd11j2 � jScd11j2
h i

ð24Þ

where Ps is the RF power level after balun, Sdd11 and Scd11
are the mixed mode differential-to-differential and differ-

ential-to-common mode reflection coefficients

respectively.

The measured PCE plots and the corresponding per-

centage increase in PCE over the conventional architecture

are shown in Fig. 12. It can be observed that the proposed

method is capable of improving the performance of the

conventional cascading arrangement. The percentage

increase in the power conversion efficiency performance is

22–32 %. These values can be further improved by

applying the modifications suggested above.

It can also be noticed from Fig. 12, that the numerical

values of the measured power conversion efficiencies for

both of the architectures are less compared with the power

conversion efficiency values reported in [14]. One of the

primary reasons for these reductions were the difference in

the measurement setup used. The authors from [14] used

probing and the mixed mode S-parameters were obtained

directly from the fully differential Agilent PNA-X vector

analyser.

In this work, the DUT was soldered on the PCB

(Fig. 9) and a single ended S-parameters were first mea-

sured using the Agilent 8722ES network analyzer. These

S-parameters were then converted into the mixed mode

S-parameters using a Matlab program, which are listed in

Table 2.

5 Conclusion

In this work a signalling scheme was proposed which is

capable of increase performance of the conventional VM

circuit. The implementation of the proposed scheme was

done in the three stage conventional voltage multiplier

circuit. The effectiveness of this scheme was verified by

measurements for different resistive load values. The

measured results show that the output DC voltage and

the power conversion efficiency of the conventional

voltage multiplier circuit has been improved after

implementing proposed scheme in it. The design strategy

is suggested to further improve the performance of the

proposed architecture. It is noted that, the proposed

scheme is also suitable for other existing differential

rectifier architectures which are used in the application

of RF energy harvesting. Based on measured statistics

the proposed VM architecture is useful for high prox-

imity RFID applications such as logistic tags, smart

cards and healthcare.
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PCEð%Þ ¼ f

W1;2;3 Width of transistors of Stage� I; II; and III

Cp1;p2;p3 Sizes of pumping capacitors used in Stage � I; II; and III

Cs1;s2;s3 Sizes of storage capacitors used in Stage � I; II; and III

8
<

:
ð21Þ

Table 2 Mixed mode parameters

Architecture jSdd11j jScd11j

Conventional VM 0.3745 0.0263

Proposed VM 0.3929 0.0247
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