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Abstract
Rectifiers are an integral part of power harvesting systems. In this paper, the literature on RF power rectifiers is surveyed,

starting from the well-known voltage doubler. Effects of using low turn-on voltage devices on forward and reverse losses,

and therefore, on conversion efficiency, is discussed. Samples of rectifiers with external devices, such as Schottky diodes

are presented. Idea of external Vth cancellation through a rechargeable battery, self Vth cancellation, and floating gate

transistors with charge injection onto the gates are demonstrated. Then, standard bridge rectifier and its modified versions,

including Vth cancellation technique, are explained. Using low voltage devices in other technologies, such as silicon on

sapphire and silicon on isolator are also discussed. After literature survey, the bridge rectifier is studied in detail, to extract

guidelines for efficiency enhancement. Bridge rectifier has high PCE, because the transistors have a dynamic bias that

lowers their forward and reverse losses, simultaneously. Then, the effect of transistor threshold voltages on the bridge

rectifier performance is investigated. We propose to shift peak region in the efficiency curve to a desired output voltage,

based on which, two modified rectifiers are introduced. A single stage modified bridge rectifier is proposed with 3.3 V

transistors, that achieves efficiency of around 80% at 0.9 V output. Then, a two stage modified bridge rectifier is proposed,

that uses a combination of 1.8 and 3.3 V transistors to remove the need to source-bulk connection in NMOS transistors

(that requires triple-well CMOS technology). Simulations predict around 80% efficiency at 1.7 V output.

Keywords UHF RFID � Rectifier survey � Power extraction � Wireless power transfer � Bridge rectifier � Standard digital

CMOS

1 Introduction

Very low cost fully passive UHF RF power extraction

systems are desired for several applications such as Radio

Frequency IDentification (RFID), wireless sensor net-

works, Internet of Things (IoT), wireless power transfer for

biomedical implants, etc. Among these applications,

especially the applications of RFID technology are exten-

ded from simple ones, such as monitoring and management

systems for buildings, through more sophisticated ones,

such as open-air events or logistics [1]. All of those are

wireless sensing applications, and need ultra-low power IC

design, long system reading range, and small tag size [2].

One of the major goals of today research efforts is the

improvement of the operating range, which is desired for

many RFID applications, such as supply chain manage-

ment, intelligent transportation systems, etc. [3, 4]. This

improvement requires better antenna design and/or using
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higher performance circuits, which can happen in the

design of the reader and/or tags.

In the design of tag, based on the tag application, active

or passive tags can be used. In applications where reading

range is a priority and higher cost can be tolerated, active

tags are used, which can offer high reading ranges. Active

tags need external battery that provides the supply voltage.

So, there is no need to extract power from the input signal.

However, because of their battery, the final product would

have a larger size and higher weight, and would need

battery replacement over time, that leads to a higher total

system cost.

On the other hand, passive tags have less operating

range compared to active ones. However, they are designed

without a battery, and therefore can be built in small sizes,

and much lower prices in case of mass production. In

passive tags, power is extracted from the reader transmitted

RF signals [3]. To overcome the problem of short operating

range, passive tags are usually used at high frequencies,

such as Ultra High Frequency (UHF) band of 900 MHz,

which is available worldwide. Other bands are also avail-

able for shorter ranges, including Low Frequency (LF)

band of 125 kHz and High Frequency (HF) band of

13.56 MHz. Operating in the UHF band results in antenna

length reduction and small size tag design.

In a RF power extraction system, rectifier, or the RF-to-

DC circuit, is the main building block, which converts the

incoming RF signal power into a suitable DC voltage. This

voltage is used to supply the succeeding blocks, including

analog front end circuits such as modulator and demodu-

lator, and analog and digital baseband circuits. Investiga-

tion into the efficient design of the rectifier circuit is the

focus of this paper. Output DC voltage and Power Con-

version Efficiency (PCE) are two main specifications of a

rectifier, which are used for evaluation and performance

comparison among different rectifier architectures.

As a passive tag obtains its power from the incoming

reader RF carrier signal, and not from a battery, designing

simple and power-efficient circuits, compatible with such

small powers, is rather a complicated issue. To achieve a

low power design, many researches are focused on power-

hungry blocks such as modulator [4] and demodulator [5]

blocks. Some others have investigated the use of different

technologies, such as silicon on sapphire (SOS) [6], organic

thin film transistor (OTFT) [7], and silicon on isolator

(SOI) [8]. Using some technologies other than the digital

CMOS, and also taking advantage of external components,

such as Schottky diodes could be helpful in the design of

high efficiency rectifiers, by providing low threshold volt-

age transistors or low voltage drop diodes. However, using

those technologies or external components are not suit-

able for low cost applications. Therefore, power efficient

circuit design techniques in digital CMOS technology are

usually considered for the tag implementation.

In this paper, first, a literature survey is presented on the

most important rectifier circuits and topologies. The cir-

cuits start with the well-known voltage doubler, and are

improved in several steps, until they reach to the recog-

nized bridge rectifier, and the enhancements that are done

on this type of rectifier. Then, the bridge rectifier is studied

in detail, to extract guidelines for efficiency enhancement

in the bridge rectifier. We propose to shift peak region in

the efficiency curve versus output voltage to a desired

output voltage, by changing voltage threshold of the tran-

sistors. Such a voltage shift makes the rectifier suitable for

supplying the tag circuits, which require a higher supply

voltage for proper operation. Two modified rectifiers are

then introduced, that are designed in 0.18 lm CMOS

technology. In the first design, we propose to use 3.3 V

transistors instead of 1.8 V ones. As a result, an efficiency

of around 80% is achieved at 0.9 V output DC voltage,

which is enough for supplying the tag digital circuits. To

further increase the optimum output voltage, a two-stage

rectifier is also proposed in this paper, in which, around

80% efficiency is achieved at 1.7 V output voltage. Such a

voltage is suitable for supplying analog and RF circuits.

The rest of the paper is organized as follows. In Sect. 2,

a background is provided for the contents of the paper.

Section 3 provides a comprehensive review on the previous

work on rectifiers, followed by a detailed simulation and

analysis of the well-known bridge rectifier, in Sect. 4. In

Sect. 5, the modified rectifiers with transistor threshold

adjustment to improve efficiency and reduce fabrication

costs, and also their simulation results are presented.

Finally, conclusions are drawn in Sect. 6.

2 Background

Part of the background required for this paper is presented

in this section, which includes an explanation about the

digital CMOS technology, followed by description of an

RF power extraction system.

2.1 Standard digital CMOS technology

In the standard digital CMOS technology, neither the

option of Metal–Insulator–Metal (MIM) capacitor, nor the

option of triple well is available. The MIM capacitor option

allows to have passive capacitors that ideally have no

noise. Also, their capacitance remains constant across their

operating voltage range, which could be much higher than

voltage range of MOS capacitors. Therefore, they are

suitable for RF and precise analog applications. However,

their density is much less than that of MOS capacitors. On
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the other hand, the triple well option adds a deep N-well

layer to the fabrication process, which makes possible to

have P-wells inside N-wells. Isolated NMOS transistors

can be built inside these P-wells, and are allowed to have

body-source connection; therefore, body effect is removed.

Also, the threshold voltage is not increased due to the VSB

voltage. These two options, MIM capacitor and triple well,

would be available in CMOS technology at extra fabrica-

tion costs.

2.2 Structure of an RF power extraction system

A complete RF power extraction system is shown in

Fig. 1(a). The antenna receives the RF signal. Maximum

power is transferred to the system by the matching circuit,

and then, the rectifier extracts a DC voltage from the

received RF signal.

In the resonance frequency, i.e., the frequency that the

antenna is designed to work in, imaginary part of the

antenna impedance can be approximately neglected [10].

Also, the ohmic resistance of the antenna is negligible.

Therefore, the antenna is modeled as an open circuit

voltage source, VRF, in series with the radiation resistance,

RR, as shown in Fig. 1(b). In order to achieve maximum

efficiency, the antenna impedance should be matched to the

tag input impedance. This is performed by an LC matching

circuit [11]. Also, an adaptive matching can be used where

the tag input impedance changes during the circuit opera-

tion [12].

Rectifier is the most important building block of an RF

power extraction system. This circuit supplies the required

DC power for the rest of internal circuits of the tag. The

power that reaches the tag internal circuits is given by

PTag ¼ gRectifierPavailable. Here, Pavailable is the available

power at the tag input and gRectifier is the rectifier efficiency.
Therefore, to increase the reading range, one should pro-

vide a good matching between antenna and the tag, to

increase Pavailable, and also design a high efficiency rectifier

to improve gRectifier.
Rectifiers are nonlinear and their input impedance is

changed instantaneously by the input voltage and output

current. Therefore, it is difficult to analyze them in time

domain. Also, presenting a changeless circuit model for

their input impedance is not possible [13]. However, using

a matching circuit between the antenna and the tag, higher

order harmonics of the input impedance are eliminated and

fundamental frequency impedance approximation becomes

reasonable [11]. In the steady state, the input impedance

can be assumed constant, which is modeled by a resistance

in parallel with a capacitance.

3 Previous work on rectifiers

In this section, conventional structures for the rectifiers are

presented, followed by modifications introduced in the

previous work. The structures start with voltage doubler

and reach to the bridge rectifier and its modified versions.

3.1 Voltage doubler

A voltage doubler is the simplest form of a rectifier, which

charges capacitors from the AC input voltage and transfers

the charges to the output in such a way that ideally twice

the maximum input voltage is produced at the output. Two

Fig. 1 a A complete RF power

extraction system [9],

b equivalent circuit of the

antenna at the resonance

frequency
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well-known rectifiers, namely Dickson and Cockcroft–

Walton, are derived from the voltage doubler rectifier.

The structure of a voltage doubler is shown in Fig. 2 and

is composed of a clamp circuit, C1 and D1, and an envelope

detector, D2 and C2. In the negative half cycle of the input

voltage, the input capacitance C1 is charged by the diode

D1 to Vpeak - VD(ON) in the shown direction, and in the

positive half cycle, the capacitance C2 is charged to 2

(Vpeak - VD(ON)) by diode D2.

The conventional CMOS doubler circuits use diode

connected transistors as diodes. The turn-on voltage of

diode connected transistors are almost equal to the tran-

sistor threshold voltage. Thus, only if the input signal is

larger than the threshold voltage of transistors, the doubler

works well. Therefore, using this simple structure with

diode connected transistors would have low power effi-

ciency, and therefore, is not suitable for high efficiency

rectifiers.

Using low turn-on voltage devices, as the rectifying

elements, is the simplest method to increase efficiency.

However, this efficiency increment will be limited by

reverse leakage current, since, decreasing the turn-on

voltage leads to more reverse leakage current and conse-

quently higher power consumption. Moreover, this method

needs more fabrication process steps, which leads to more

cost.

Implementing the rectifier in newer CMOS technologies

takes advantage of the lower threshold voltage of the

devices, while the digital and analog blocks also take

advantage of lower voltage and lower power operation.

However, these advantages come at the higher cost of

technology. In [15], a rectifier (with bridge topology, as

will be explained in Sect. 3.2) is presented, which is

implemented in 0.13 lm CMOS technology and achieves a

peak efficiency of 60%.

Using external devices with low turn-on voltage is a

conventional technique. Reference [16] utilizes a 2-stage

Dickson rectifier implemented by Schottky diodes. The

rectifier is realized on a PCB with FR4 substrate using a

photolithographic process, and other blocks are realized in

0.18 lm CMOS technology. This converter operates in

866.5 MHz and provides a sensitivity (i.e., minimum

detectable RF power) of - 26 dBm. Another rectifier is

reported in [17], which operates in the HF band and con-

sists of a 4-stage Dickson rectifier with Schottky diodes. A

sensitivity of - 19 dBm is achieved, as a result of using

those external devices. The next blocks are fabricated in

0.35 lm CMOS technology, including a voltage monitor

that holds the output voltage in the range of 1.8–2.4 V.

Using external devices, while may increase the sensitivity

and the reading range, does not result in a fully integrated

solution, and therefore, causes the implementation cost to

increase.

For fully integrated rectifiers, external VTH cancelation is

an idea that decreases the transistor threshold voltage with

use of a switched capacitor circuit, as shown in Fig. 3. M1

and M2 are diode connected transistors in the voltage dou-

bler. The two capacitors, Cb1 and Cb2, in their gate terminals

are then used as a battery to eliminate the threshold voltage

effect. The voltage of these capacitors will be built up and

made stable by a voltage distributer, which is a switched-

capacitor circuit. This circuit, in turn, is supplied by a

rechargeable battery. After the rectifier is setup, i.e., reaches

the steady state and starts its normal rectification process, the

battery is re-charged for the next start up process of the

rectifier. Herein, battery increases the power efficiency and

therefore reading range, however, results in increase in the

weight, volume, and cost of the tag, and at the same time

reduction in the useful life of the device. A six-stage rectifier

using this idea is presented in [18].

Self (i.e., internal) VTH cancelation is another method

that decreases threshold voltage using the DC voltage

produced by the rectifier circuit itself [19, 20]. The general

implementation method is shown in Fig. 4. The gate of

NMOS transistor is connected to a higher voltage and the

Fig. 2 Conventional voltage doubler [14] Fig. 3 External VTH cancelation [18]
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gate of PMOS transistor is connected to a lower voltage,

and therefore, part of the threshold voltage effect is can-

celled. This is performed by connecting PMOS gate to the

ground node, and NMOS gate to the DC output node. By

turning on the circuit, over time, some amount of voltage is

built up in the output and the effect of the threshold volt-

ages is gradually reduced. This circuit does not require an

external power supply and can be completely implemented

in a standard low cost digital CMOS technology. However,

as it just decreases the forward loss, not the reverse loss,

the power efficiency improvement is limited.

To separately adjust threshold voltage of each transistor,

floating gate transistors are used in [9]. The threshold

voltage is adjusted after fabrication, using charge injection

onto the floating gate. A voltage doubler using this tech-

nique is shown in Fig. 5. In this figure, VDCin is the DC

output of the previous stage, when this circuit is used in a

multi-stage rectifier to achieve a higher output voltage. In

this technique, the optimum threshold voltage for each

stage is first calculated, and then, adjusted by a long and

costly process, after fabrication. Two methods are proposed

for charge injection. Firstly, via Fowler–Nordheim tun-

neling, when the rectifier is not operating, and secondly, by

injecting a relatively large sinusoidal signal to the rectifier

input, at any time. The first method is faster, but the

amount of charge is harder to control. Using the floating

gate transistors, a 36-stage rectifier is designed in [9] and

fabricated in 0.25 lm CMOS technology. By programming

the tag with the best operating voltage of each stage, the

rectifying elements work as near zero threshold voltage

elements. As a result, a high sensitivity of - 22.6 dBm is

achieved. Also, a maximum power efficiency of 60% at

1 V DC output voltage is reported.

Using ultra-low voltage diodes in SOI technology is

another efficient way in rectifier design. In this structure,

shown in Fig. 6, two low threshold voltage SOI transistors

are connected to each other in such a way that the turn-on

voltage of this diode is equal to threshold voltage of each

transistor. Therefore, the forward loss is lower than that of

a standard MOS transistor [14].

The difference between this SOI diode and a diode

connected transistor is in the reverse bias mode. When a

normal diode connected transistor is in reverse bias, the

drain and source terminals are changed, so, the gate is

connected to source, i.e. VGS equals zero. Therefore, there

is a leakage current. In reverse bias of the ultra-low power

diode in Fig. 6, the sources of both NMOS and PMOS

transistors fall on the middle node, and this node voltage is

almost the average of the diode terminals voltages.

Therefore, by increasing the reverse bias voltage, the VGS

of NMOS transistor becomes more negative and the reverse

leakage current is decreased. Thus, the reverse loss is

reduced. This structure, proposed in [14], is the only

voltage doubler that decreases the forward loss and the

reverse loss, simultaneously. However, this circuit is not

cost efficient, as it uses a costly technology. It should be

noted that such a circuit is not useful for CMOS technol-

ogy, since standard CMOS suffers from forward loss,

which is not improved by this technique.

In any of the above rectifiers, several stages can be used

in series to increase the output DC voltage. As a result, the

output voltages are added to each other. Furthermore, in

some applications, the voltage doubler circuit or other

rectifiers can be used with sub-threshold currents. In a

recent publication, sub-threshold operation of the Dickson

rectifier is investigated and a model is proposed for pre-

diction of the circuit behavior [22].

3.2 Cross coupled bridge rectifier

Changing the structure of the rectifier is another way to

increase power efficiency. Cross coupled bridge rectifier, or

Fig. 4 Self VTH cancelation [21]

CG1 CG2CC CS

M1 M2

RFin

VDCoutVDCin

Fig. 5 A voltage doubler with

floating gate transistors [9]
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bridge rectifier in short, is the most power efficient one, as

it decreases forward and reverse losses, simultaneously,

similar to the SOI ultra-low power diode. This rectifier was

primarily used for rectifying low frequency signals, until

2007 that Facen and Boni [23] showed that it could be used

also for rectifying UHF signals. The circuit is shown in

Fig. 7. The principle of operation is similar to an H-Bridge

rectifier. In the positive cycle of input, M1 and M4 are ON

and the other two transistors are OFF, and in the negative

cycle of input, the opposite is true. As a result, Vout would

be positive. This circuit will be discussed in detail, in

Sect. 4. For proper operation of the bridge rectifier, a dif-

ferential input larger than sum of the threshold voltages,

i.e., Vth-NMOS ? |Vth-PMOS|, is needed. To solve this prob-

lem, all techniques explained above for reducing or

removing Vth effects can be utilized here, as well. Some

samples of previous work on bridge rectifiers are explained

in the following.

One solution is fabricating the bridge rectifier circuit in

silicon-on-sapphire (SOS) technology. In this technology,

intrinsic near zero threshold voltage devices are available.

Designing a rectifier with such devices results in activating

the rectifier, even with near zero RF input voltages. An

example of such a rectifier circuit is shown in Fig. 8 [24].

An important issue of using near zero Vth devices in the

bridge rectifier is leakage of current from output capacitor

back to the input, when the input is changing polarity.

Also, when RF inputs achieve a common positive DC bias,

there would be a leakage current. According to Fig. 8, four

transistors are added between cross coupled NMOS and

PMOS transistors. These transistors would block the

leakage current, and as a result, the efficiency is improved.

However, this rectifier circuit is not cost effective, as it uses

a costly technology, and it cannot be integrated with other

digital/analog circuits that are easily implemented in a

standard digital CMOS technology.

Another solution is to use newer CMOS technologies, at

the expense of higher cost of implementation. In [15], a

reconfigurable topology for the rectifier with 2 or 4 stages

is proposed, in which, using a switch network and a control

signal in the rectifier architecture, two bridge rectifiers are

connected in series or in parallel, and as a result, output DC

voltage is increased. Also, a smart voltage regulator is used

to keep the converter output voltage constant at the refer-

ence voltage. Implemented in 0.13 lm CMOS technology

and operating at 868 MHz, a peak efficiency of 60% is

achieved. Also, the reconfigurable structure of the rectifier

and lower voltage threshold of 0.13 lm CMOS devices

resulted in a good sensitivity of - 17 dBm.

Another improvement on the bridge rectifier is biasing

the gate of the cross coupled transistors, as shown in Fig. 9

[25]. As a result, the effect of threshold voltages is reduced.

However, this circuit needs a battery or another external

energy source for initial charge of capacitors, to prepare

VOS voltages in the gates.

Fig. 6 The ultra-low voltage

diode in SOI technology [14]

Fig. 7 Cross coupled bridge rectifier, or bridge rectifier, in short

Fig. 8 The modified bridge rectifier circuit in SOS technology [24]
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3.3 Summary

In this section, a number of important published designs in

RFID energy harvesting was investigated and the effect of

the devices threshold voltage on their performance was

discussed. Table 1 provides a comparison between the

presented ideas, their pros and cons, and also a perfor-

mance summary of the abovementioned references.

4 Analysis of the bridge rectifier operation

Bridge rectifier is the most conventional circuit topology,

due to its high efficiency. In this section, this structure is

discussed in detail. The circuit was previously shown in

Fig. 7. When a differential RF input signal larger than

device threshold voltages is applied to bridge rectifier, one

pair of transistors, a NMOS and a PMOS, turns on, and the

other pair turns off. In the next half cycle, the opposite

happens. This operation results in rectification of the input

signal, and produces a DC voltage at the output port. Also,

a DC voltage would also appear at the RF input port, that is

almost half the output voltage in the steady state [24, 26],

as shown in Fig. 10.

Part of the power entered into the rectifier appears as the

power loss, Ploss, and the remaining part appears at the

output, as Pout. There are two sources of losses in the bridge

rectifier, including forward loss of transistors channel

resistance, RON, and reverse loss of the leakage current,

ILEAK. High efficiency of bridge rectifier is the result of

biasing the gates of transistors dynamically, so that their

forward and reverse losses are reduced, at the same time.

Part of the bias is a DC voltage, through which, the

threshold voltage is partially cancelled out. The other part

is a variable or an AC voltage that comes from the input RF

signal, and reduces RON in the positive and ILEAK in the

negative input half-cycles [21]. The abovementioned DC

part has different sources for NMOS and PMOS transistors.

For the NMOS transistors, the VDC_N voltage comes from

the DC voltage developed at RF input port with respect to

ground, and for the PMOS transistors, the VDC_P voltage

originates from the DC voltage difference between input

and output ports, as shown in Fig. 10. Therefore, we can

write VDC_N ? |VDC_P| = VDC_OUT.

Maximum efficiency is achieved at an optimum DC bias

for each transistor, which is related to its threshold voltage.

Below that optimum voltage, forward loss because of high

channel resistance, and above that level, reverse loss due to

high leakage current become dominant. Since this DC bias

voltage is a portion of the output DC voltage, maximum

efficiency is achieved at a specific output voltage. This is

shown in Fig. 11. Such a concept is presented in more

detail in a thesis from our research group [27]. According

to the simulation results shown in this figure, from the

single stage bridge rectifier designed in 0.18 lm CMOS

technology, an optimum output voltage of only 0.65 V is

achieved. However, this low voltage is not enough for

supplying the tag circuits. In fact, it is required that max-

imum efficiency to occur at a higher VDC_OUT. In the next

section, we play with the transistor threshold voltages, to

achieve the required performance, in the bridge rectifier.

5 Investigating threshold voltage effect
on bridge rectifier performance

In this section, we investigate the effect of transistors

threshold voltages on the bridge rectifier performance, by

designing two modified rectifier circuits, with different

threshold voltage devices.

The first modified rectifier, shown in Fig. 12(a), has the

conventional structure of Fig. 7, but with 3.3 V transistors.

These transistors are available in the standard 0.18 lm
CMOS technology at no extra cost. The 3.3 V transistors

are chosen because of their higher threshold voltages. As a

result, their optimum DC biases are higher, and therefore,

the maximum efficiency occurs at a higher output voltage,

while the efficiency is not compromised. In fact, we can

shift the peak region in the efficiency diagram to a higher

output voltage by changing the devices threshold voltages.

Simulations show that the threshold voltage for 3.3 V

PMOS transistors are around 0.65 V. Therefore, by

changing the threshold voltages from 0.45 V for 1.8 V

PMOS transistors to 0.65 V for 3.3 V PMOS transistors, it

is expected that the optimum VDC_out is also increased by

0.2 V or so. Therefore, this single stage rectifier can be

used to supply digital circuits and low voltage analog cir-

cuits [28].

Fig. 9 Biasing the transistors of bridge rectifier to reduce the effect of

Vth [25]
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Also, in this output DC voltage, we can use 1.8 V

NMOS capacitor, as CL. Because of using a MOS capac-

itor, the area and cost of the rectifier becomes significantly

lower than the designs with MIM capacitors [21, 24]. We

are allowed to use MOS capacitor for CS, because the DC

voltage is high enough, and on the other hand, the capacitor

does not need to be linear [26].

However, a rectifier with higher threshold voltage

devices needs higher amplitude of input signal to work

properly in the low available powers. This can be done by a

proper matching circuit, if the input shunt resistance of the

rectifier is high enough [21]. Figure 12(b), (c) show the

simulation results of the proposed single-stage rectifier, for

the transistor sizes given in Table 2. The procedure of

transistor sizing is explained later in this section. As seen in

this figure, maximum PCE of 81% is achieved, when

VDC_OUT is around 0.9 V. Fortunately, this voltage is suf-

ficient for supplying the digital circuits. It would also be

sufficient for the analog circuits, if low voltage design

techniques are used in their design [26]. The input impe-

dance measured by simulations at the typical frequency of

953 MHz is 502–j2414 X, equivalent to a parallel resis-

tance and capacitance of 12.1 kX and 66.3 fF, respectively.

In order to further increase the optimum DC output

voltage, multi-stage structures should be utilized, in which

similar stages are connected in series [21, 28]. If the multi-

stage bridge rectifier is optimally designed, each stage

produces a DC voltage which is related to its maximum

efficiency. The multi-stage structure, however, suffers from

using coupling capacitor, CC, which is used at the point of

connection to the input RF signal. This capacitor reduces

the input signal applied to the second stage by a factor of

CC/(CC ? CP); where CP is the parasitic capacitance of the

second stage input [28]. Therefore, a lower AC part would

be available for the dynamic bias, and therefore, results in

efficiency drop. On the other hand, NMOS in the second

stage would have a bulk-source voltage, due to output DC

voltage of the first stage, which results in increase of their

Vth voltage. As a result, the balanced operation of the

bridge is degraded.

Figure 13 is the solution that we propose for such issues.

First stage is the same as before, however, in the second

stage, 1.8 V NMOS transistors with grounded bodies are

used instead of 3.3 V ones, with connected body-source,

which require triple well option to be available in the

CMOS technology. Such an option is not available in

digital CMOS and is only available at extra cost. 1.8 V

grounded body NMOS, due to having a VSB of - 0.9 V

would have a Vth of 0.63 V, which is close to Vth of 0.65 V

for 3.3 V transistors with body-source connections. As the

threshold voltages are close to those of the first stage, a

relative matching between the two stages are also achieved.

This method is more cost efficient than using triple-well

option with separate NMOS body connections [21] or other

special technologies, such as silicon on sapphire [24].

Since the input DC voltage of the two stages are not

equal, their optimum working points occur at different

amplitudes of the input signal, which is not an optimal

situation. We take advantage of the capacitive division of

the input signal, caused by CC, to compensate the resulted

mismatch. This means that CC in the second stage should

be chosen such that the stages operate in their optimum

working points, simultaneously, for the same amplitude of

the input signal. This is possible, because the optimum

amplitude for the second stage is lower than that of the first

stage.

Simulations show that the first stage achieves the max-

imum efficiency at 12.5 dBm or 56 lW input power.

Considering input resistance of 12.1 kX, this is equal to a

1.15 V RF amplitude, using PIN ¼ V2
IN

2R
. Now, to find the

optimum amplitude, or equivalently, the optimum capaci-

tance value for CC, a 1.15 V input amplitude is applied

through the MOS capacitance CC to the second stage, and

Fig. 10 Simulated waveforms of the nodes for bridge rectifier of

Fig. 7

Fig. 11 PCE versus VDC_OUT [21], and normalized loss of transistors
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the CC value is swept, until the maximum efficiency point

is reached. Simulations show that a collection of 50 parallel

MOS capacitors with 5 lm
0:5 lm sizes, which in total generate

around 1.25 pF capacitance, gives the maximum effi-

ciency. This capacitor is used to couple the input signal to

the second stage, with the ratio of a ¼ CC

CCþCP
. Another

capacitor is also placed at the output of the first stage to

reduce ripple, which is a collection of 20 parallel MOS

capacitors with 5 lm
0:5 lm sizes, equivalent to a 450 fF

capacitance.

It is known that MOS capacitors are not a suit-

able choice for coupling capacitors in today’s technologies

with below 1 V supply voltages, where there is not enough

DC bias voltage (i.e., higher than the threshold voltage)

available, to keep the transistor in the strong inversion

region. However, we implement CC by MOS capacitors, as

enough DC voltage is produced across them, and as a

result, the MOS coupling capacitors are kept ON. This

choice leads to a low-area and therefore low-cost rectifier

design.

Figure 14 shows the simulation results for the second

stage, stand alone, and also the complete two stage recti-

fier. The maximum efficiency of around 80% is achieved at

1.7 V output voltage. It should be added here that both

rectifiers are simulated assuming an input waveform

amplitude of 1.15 V and RL of 19 and 40 kX, respectively,
for the single- and two-stage rectifiers.

In the proposed rectifiers, the transistors are sized

according to the following. With increasing W/L ratio of

the transistors, both RON and ROFF of the transistors are

reduced, which means the forward loss reduces and reverse

loss increases. Therefore, for a given output load, there is

an optimum W/L sizing for transistors, for minimizing

losses and optimizing the power efficiency. As a rule of

thumb, according to [20], the sizing of PMOS transistors

are considered five times that of NMOS transistors, for

balanced operation of the circuit, as shown in Fig. 11. To

reduce input capacitate of the circuit, length of transistors

is considered as minimum, which is 0.35 lm for the 3.3 V

transistors. In fact, sizing of transistors impose a trade-off

between input capacitance of the rectifier circuit and its

efficiency. After maximizing efficiency, if the input

capacitance is too large, either the sizes can be scaled

down, or the ratio of PMOS to NMOS widths can be

reduced from 5 to 3. The finalized sizes of transistors in

both designs are shown in Table 2.

bFig. 12 a The proposed single-stage rectifier with 3.3 V transistors,

b, c simulation results for efficiency versus output voltage and input

power for the proposed circuit
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Table 3 summarizes the performance of the proposed

modified rectifiers and provides a comparison with some

related previous work.

6 Discussions

6.1 Investigating effects of layout parasitics
and PVT variations

In order to investigate the effect of layout parasitics, the

proposed rectifiers are laid out, as shown in Fig. 15(a), (b).

The single-stage rectifier with load capacitor occupies

28.2 lm 9 15 lm or 395 lm2, and the two-stage rectifier

including all capacitors occupies 54.1 lm 9 94.2 lm or

around 5100 lm2. Post layout simulation is performed to

achieve the curves for PCE versus Vout and PCE versus Pin.

In the circuit layout, it is tried to increase the number of

transistor fingers to reduce the gate resistance. Also, for

high current paths, including the gate of large transistors,

the widths are extended for higher current tolerance and

lower IR drop. It is also tried to draw the layout as sym-

metric as possible, to preserve the matching between

corresponding paths and elements. Since the layout size is

dominated by transistor and MOS capacitor sizes, it is not

tried to make the wiring compact, to allow for later layout

revisions.

The schematic and post layout simulations are per-

formed in the Cadence environment. The PCE versus Vout

and PCE versus Pin curves in schematics and post-layout

simulation results for the single-stage rectifier are shown in

Fig. 16(a), (b), respectively, and the same results for the

two-stage rectifier are shown in Fig. 16(c), (d). According

to Fig. 16, post layout and schematic simulations are close

to each other. For both circuits, there is a maximum of 3%

difference between the peak efficiencies.

To investigate the effect of process and temperature

corners, both circuits are simulated at two corners of {FF,

- 40�C} and {SS, 120�C} in addition to the typical case of

{TT, 25�C}. The results are shown in Fig. 17(a), (b) for the

single stage and two stage rectifiers, which respectively

show ± 0.15 and ± 0.2 V variations. In fact, having slow

devices means higher threshold voltages, that results in an

increase in the output voltage of rectifiers. Also, for the two

stage rectifier, each stage has around ± 0.1 V variation,

that results in a total of ± 0.2 V variation.

Table 2 Transistor sizing for

the proposed rectifiers
Rectifier Device L (lm) W (lm)

Single stage rectifier 3.3 V NMOS 0.35 3.592

3.3 V PMOS 0.35 3.5910

1.8 V MOS Cap (CS = 1.8 pF) 0.5 5980

Two-stage rectifier

First stage 3.3 V NMOS 0.35 3.592

3.3 V PMOS 0.35 3.5910

1.8 V MOS Cap (CS = 1.8 pF) 0.5 5980

Second stage 1.8 V NMOS 0.18 1.894

3.3 V PMOS 0.35 3.5912

1.8 V MOS Cap (CS = 1.8 pF) 0.5 5980

1.8 V MOS Cap (CC = 1.25 pF) 0.5 5950

Fig. 13 Schematic of the

proposed two-stage rectifier
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6.2 Device modeling effects

For analog and RF circuits that are not fabricated and tested

in practice, an important issue is the device modeling

accuracy and its effect on the circuit performance. In this

paper, we have used TSMC 0.18 lm digital CMOS tech-

nology with BSIM 3 version 3.2 models and the Spectre

simulator in Cadence design environment.

Fortunately, 0.18 lm CMOS technology is a mature

technology, in which, the UHF frequency of around 1 GHz

is not considered very high. Therefore, it is expected that

the transistor models be accurate at this medium frequency.

However, in case of any inaccuracy in the models, some

important aspects of the rectifier operation could be

affected that is investigated in the following.

Variations in the RON resistance and the threshold

voltage of the transistors show their effects at the charging

time of the output capacitor, which happens in one half

cycle of the input waveform. Variations of the ROFF

resistance and the threshold voltage show their effect at the

time of output capacitor discharge, that occurs at the other

half cycle of the input waveform. Any change in the par-

asitic capacitance values changes the MOS capacitor stor-

age elements, and therefore, the amount of stored energy

changes accordingly. Also, it changes the RC time con-

stants of the charging and discharging paths, and conse-

quently changes the number of input cycles required for the

output to be available for the tag circuits. There is also a

capacitor voltage division at the input of the second stage,

which has a lower chance of being affected, assuming the

voltage across the capacitors remain unchanged, since the

voltage division depends on the capacitor ratios, and not on

their absolute values.

6.3 Effects of target application on circuit
specifications

Since the RFID tags are used in many applications, the

circuit specifications would accordingly change based on

the application and top system requirements. Some of those

affected circuit specifications are explained in the

following.

First of all, the frequency band of operation changes the

antenna dimensions. It also changes the matching circuit

that provides matching between antenna and input impe-

dance of the rectifier, at the required band of operation.

On the other hand, the reading range or the maximum

distance between the reader and the tag, as the most

bFig. 14 Efficiency versus a output voltage and b input power for the

proposed two-stage rectifier, c efficiency versus output voltage for the

second stage, when simulated separately
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important feature of the tag, is determined by the specific

tag application. To increase the read range, lower threshold

devices or higher efficiencies are required.

Since the tag is integrated with other analog and digital

circuits of the tag, it should be implemented in the same

integration technology, that is usually a standard CMOS

technology.

The required output voltage also depends on the

requirement of the tag internal circuits. If a higher voltage

is required, the available solutions include: changing the

rectifier topology; changing the number of cascaded recti-

fier stages; and using a boost power converter.

In addition, the required output power also depends on

the requirement of the tag internal circuits. If the intended

rectifier cannot provide the required power, the solutions to

be considered include: changing the rectifier topology to

increase the rectifier efficiency; parallelizing a number of

rectennas (a rectenna is a pair of antenna and rectifier) in

order to increase the absorbed and harvested energy; using

a battery to assist powering the tag circuits; using a

rechargeable battery to charge up and store energy at the

times the tag circuits require less power (e.g., standby

time); and finally using harvesting circuits for other energy

sources.

7 Conclusions and future work

Rectifiers are the most important building blocks in the

structure of passive RFID tags and IoT, and their design is

faced with various challenges, such as threshold voltage of

the devices and large signal matching to the antenna, that

result in low power efficiencies, and therefore, reduced

reading range. In this paper, a comprehensive survey on

Fig. 15 Pictures of the layout

for the proposed circuits,

a single-stage rectifier with load

capacitor, b two-stage rectifier

with all capacitors
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high efficiency rectifiers was presented. First, the voltage

doubler was introduced. Effect of device threshold voltage

on the efficiency was discussed, and based on that, several

rectifiers including the ones with external Schottky diodes,

which have low threshold voltage, and also rectifiers

implemented in other technologies such as SOI, SOS, and

OTFT were discussed. Various techniques were surveyed

from the literature for reducing the Vth effect, including

external and internal Vth cancellation methods and using

floating gate transistors. Standard bridge rectifier as a high

efficiency rectifier was then investigated in detail, and

through simulations, the forward and reverse losses were

examined. It was proposed that changing Vth of devices

could shift the optimum output DC voltage to a higher

voltage, which is suitable for supplying analog and digital

circuits of the tag. Two modified bridge rectifiers, a one

stage and a two stage, were then proposed using the

mentioned threshold adjustment technique. The single

stage bridge rectifier was enhanced using 3.3 V transistors

and achieved efficiency of around 80% at 0.9 V output. In

the two stage rectifier a combination of 1.8 and 3.3 V

transistors and MOS capacitors were used, and a low cost

Fig. 16 The PCE curves in schematics and post-layout simulation results for a, b the single-stage rectifier, and c, d the two-stage rectifier
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design in digital CMOS technology with no extra tech-

nology option was achieved. Simulations predicted a high

efficiency of around 80% at 1.7 V output voltage. This

paper, not only presents a comprehensive literature survey

for the newcomers to the field of power extraction systems,

but also, through a step by step design approach, demon-

strates a method of efficiency enhancement in the con-

ventional circuit of the bridge rectifier.

As future work, further enhancement to the circuit is

suggested as follows. If all analog and digital circuits of the

tag is designed with 0.9 V supply, the single-stage rectifier

can be used, which is a simple rectifier circuit. Also, the

digital and analog circuits of the tag can be designed to

operate with two separate supplies. Therefore, in the pro-

posed two stage rectifier, the outputs of the first and second

stages can be used, respectively, for the digital and analog

circuits of the tag. As a result, the total power consumption

is reduced, as the power of digital circuits is reduced

according to P = CV2f. Another suggestion for the future

work is to design a combined rectifier, to increase the

reading range. The circuit includes two rectifiers. The first

one is a passive RF energy rectifier, without any external

energy source. It harvests some energy and stores it on a

capacitor. Such a rectifier may harvest energy from other

sources as well. The charged capacitor is later used as an

external source of energy for the second rectifier, which is

an active one, and therefore, has a high reading range. This

technique has been used in some previous publications.

The last suggestion is to co-design the rectifier and the

antenna. In the proposed rectifiers, the input resistance and

input capacitance of the two-stage rectifier is respectively

around half and double that of the single-stage, which is

reasonable, due to the parallel paths to the input port in the

two-stage rectifier. Therefore, the rectifier, the antenna, and

the matching circuit in between, could be designed

simultaneously, to have the best efficiency performance.
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