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Abstract 
 

     The “Internet of Things” (IoT) promises to extend internet connectivity to billions of devices. A large number of 

these devices, such as wireless sensors, that will be wirelessly connected to the internet will not have a wired 

connection to the electricity grid relying on the energy stored in the batteries to power themselves.  The battery 

power source is a bottleneck for the scaling of a wireless sensor network to thousands or millions of nodes due to 

its lifetime and capacity limitations. Energy harvesting presents a viable solution for powering at least some wireless 

sensors and devices. Ambient sources of energy such as solar, vibrational, thermal and radio frequency (RF) can be 

harvested and utilized. RF energy harvesting is one of the most popular energy scavenging methods because of its 

ever-expanding availability, integration capability, and compatibility with wireless networks. The major limitation 

of harvesting RF energy is the limited amount of the energy that can be scavenged due to the path loss, rapid 

attenuation of signals over distance, the low power efficiency of RF-DC converters, and the limited maximum 

allowed transmitted signal strength as restricted the regulations. To build a wireless sensor entirely powered by 

harvested RF energy, it is crucial to enhance the efficiency of RF rectifiers and to minimize the power consumption 

of the sensor circuitry and wireless transmitter that are required to transmit the sensed data to a reader.  

 In this Ph.D. work, we addressed sensor challenges by designing a highly efficient RF energy harvester and an 

ultra-low-power wireless temperature solely powered by RF energy harvesting. 

    In this dissertation, we first describe a wide input range, 4-stage threshold voltage compensated RF-to-DC power 

converter, designed to efficiently convert RF signals to dc voltages by applying an optimum compensation voltage 

produced by subthreshold auxiliary transistors. The proposed optimally compensated rectifiers achieve higher 

efficiency over a wider input power range compared to other threshold voltage compensation circuits, where the 

level of the compensation is limited by the circuit structure and varies with input power. This proposed compensation 

technique can be applied to a rectifier chain with a relatively small number of stages. Designed and implemented in 

130-nm CMOS technology, the proposed rectifier exhibits a measured PCE of above 20% over the 8.5-dB input 

power range while driving a 1-MΩ load resistor at 896-MHz.  

    To prove the feasibility that a wireless sensor can be entirely powered by RF energy harvesting, a fully integrated 

RF-powered temperature sensor with non-intermittent operation is presented. The proposed sensor is powered up 
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wirelessly from a 915-MHz incident signal using a power-efficient RF energy harvester, uses a subthreshold ring 

oscillator that produces a highly temperature-dependent oscillation frequency acting as a temperature-to-frequency 

converter, and finally transfers the frequency-modulated signal to an external reader using back scattering. The 

power management circuits are eliminated in the designed sensor to arrive at a minimalistic design. For proper 

operation, a novel voltage regulator is developed that produces a relatively constant output voltage as the supply 

voltage of the ring oscillator for a large range of harvested input energy but allows the output voltage to change as 

a function of the temperature for the added temperature sensitivity of the overall sensor. The power consumption of 

the proposed sensor is only 1.05 µW at room temperature, which enables continuous operation of the sensor from 

an incident energy of −16 dBm. Fabricated in IBM’s 130-nm CMOS technology, the proposed sensor occupies a 

die area of 0.23 mm2. 
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CHAPTER 1 

Introduction 
 

 

1.1 Motivation 
      

     The “Internet of Things” (IoT), which is the extension of internet connectivity into a large 

number of devices and sensors, is becoming an increasingly important topic and particularly 

attractive in today’s world due to the wide range of applications that it offers. The energy for 

powering most of the available wireless sensors and devices comes from the energy stored in 

batteries. The battery power source is a bottleneck for the scaling of a wireless sensor network 

to thousands or millions of nodes due to its lifetime and performance limitations. Using batteries 

as the source of energy for powering wireless sensors imposes several other limitations such as 

the required routine maintenance/charging of batteries, operation interruption, and the cost 
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involved in replacing batteries. It is essential to look for alternative ways to power monitoring 

wireless sensors. Recent progress in the development of energy harvesting systems has opened 

the door to using ambient energy as an alternative to the energy stored in capacity-limited 

batteries for powering low-power wireless sensors and devices [1].  

1.2 Block Diagram of Energy Harvesting Wireless Sensors 
 

     The general structure of a typical energy-harvesting wireless sensor is shown in Fig. 1.1 [2]. 

A converter produces a dc voltage by scavenging one or more available sources of ambient 

energy. The harvested signal energy is stored in energy storage devices, such as a battery or a 

capacitor. A power management unit (PMU) monitors the collected power and voltage level, and 

when enough energy accumulates, the whole system turns ON to activate the sensor circuitry. 

The data collected by the sensor is transferred to the outside through a transmitter and an antenna. 

 

 

 

 

Fig. 1.1. General block diagram of energy-harvesting wireless sensor [2]. 

  

 



3 

 

 

1.3 Ambient Energies Utilizing for Energy Harvesting 

Systems 
 

     Ambient energies such as solar, vibrational, thermal and radio frequency (RF) can be 

harvested and utilized as the source of energy. 

• Solar energy is an affordable and clean energy source that is utilized for powering up some 

self-powered sensors [3]-[5]. Solar energy has a high power density of 100 mW/cm2 in the 

outdoor environment during the daytime when the sun is bright [6]. Generally, solar energy 

harvesting is more appropriate in bright and sunny outdoor environments. Due to the 

limitations of solar energy harvesting systems during the night and in some indoor 

environments, it is not a reliable source of energy for wireless sensors typically set up 

indoors that require uninterrupted operation over an entire day.  

• Piezoelectric materials can convert mechanical vibration into electrical energy with very 

simple structure [7], thus ambient mechanical vibration can be used to power low power 

electronic devices [8]-[10]. However, real applications of the vibration-based energy 

harvesters are still limited because of four main issues [11]: First, it is necessary to develop 

a high coupling coefficient piezoelectric material to enhance the performance of 

piezoelectric energy harvesters. Second, energy harvesters should be able to survive harsh 

vibrations and shocks. Third, the output power of piezoelectric effect-based power 

generators has a large dynamic range when irregular motions, such as human motions, are 

utilized as the driving force. Finally, the obtained electrical energy from vibrations is usually 

very small. Typical output power density values of usual piezoelectric materials are around 

250 µW/cm3. 

• Thermoelectric energy is widely utilized to harvest energy from the temperature gradient 

that exists at the location of wireless electronic devices [12]-[13]. The thermoelectric 

material generates a temperature gradient when a voltage is applied to it. In general, a 

thermoelectric generator generates an energy density of about 20–60 µW/cm3 when it uses 



4 

 

the human body as the thermal source at a room temperature of 18°-25°C [2],[14]. 

Thermoelectric devices only can operate continuously when there is a temperature gradient 

across them, which is not the case for many applications. The thermoelectric energy-

harvesting devices are typically heavy and have a relatively large volume.  

• Another ambient energy that can be harvested is radio frequency energy. RF energy can be 

generated from radio transmitters around the world. The available RF energy sources keep 

increasing due to the growth in wireless communication and broadcasting infrastructure, 

such as television/radio broadcast stations, public telecommunication services (e.g., GSM, 

WLAN frequencies) and cellular networks. In comparison to the other source of energies, 

RF energy has a relatively lower energy density of around 0.2 nW/cm2–1 µW/cm2 [2], [15]. 

RF-energy harvesting systems can operate at any time of the day if the minimum RF ambient 

power is available. RF energy- harvesting technologies could be useful for powering up the 

electronic devices located in hard-to-access areas such as harsh environments or implantable 

devices [16]-[17], environment monitoring in smart cities [18] and industrial manufacturing 

[19]. Another advantage of RF energy harvesting system is the possibility of integration with 

different types of antennas and other harvesting technologies, such as solar cells [20]-[21]. 

 

1.4  RF Energy Harvesting 
 

     Among all the aforementioned sources of energies, RF energy harvesting is one of the most 

popular energy scavenging methods because of its ever-expanding availability, integration capability, 

and compatibility to the wireless networks. 

     1.4.1  Near-field and far-field RF energy harvesting 

 

     RF energy harvesting based on the RF power transferring method can be divided into two types: 

near-field and far-field. In near-field RF energy harvesting, which is also called wireless power 

transfer (WPT), RF power transfers through magnetic or inductive coupling [22]-[26]. In comparison 

to far-field, the RF frequency of the near-field is usually lower with higher power density. Near-field 
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coupled RFID systems are mostly used in biomedical applications [22]-[25] and wireless battery 

charging [26]. On the other hand, far-field RF energy involves harvesting RF energy through a 

receiving antenna where the RF energy scavenged could be from ambient signals such as TV signals, 

cellular transmissions, and AM/FM radio transmissions or dedicated RF sources. 

     1.4.2  Frequency bands for RF energy harvesting  

 

     Based on a survey in London, U.K., the most useful ambient RF energy harvesting sources are 

digital TV (DTV), GSM900, GSM1800, 3G, and Wi-Fi [15]. Table 1.1 shows the RF power density 

in London, United Kingdom [2], [15] for the mentioned frequency bands. In this table, SBA is the 

representation for banded RF power density. The SBA is calculated by summing all the spectral peaks 

across the band. Also, in this table, the base-transmit band (BTx) and the mobile-transmit band (MTx) 

are separated. 

 

Table 1.1. RF power density in London, U.K. [27]. 

Band Freq. (MHz) Average SBA 

(nW/cm2) 

Maximum SBA 

(nW/cm2) 

DTV 470~610 0.89 460 

GSM900 (MTx) 880~915 0.45 39 

GSM900 (BTx) 925~960 36 1930 

GSM1800 (MTx) 1710~1785 0.5 20 

GSM1800 (BTx) 1805~1880 84 6390 

3G (MTx) 1920~1980 0.46 66 

3G (BTx) 2110~2170 12 240 

Wi-Fi 2400~2500 0.18 6 
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     Unlike DTV, GSM, 3G and Wi-Fi, which operates in licensed bands, some unlicensed 

portions of the frequency spectrum are set aside intentionally for Industrial, Scientific, and 

Medical (ISM) purposes which are often referred as the ISM bands. Although ISM bands are 

unlicensed bands, RF signal transmission in the ISM bands still needs to meet strict regulations 

on the operating frequency and output power. These regulations are defined by the International 

Telecommunication Union Radio-communication Sector (ITU-R) [28].  The ISM band 

frequency allocations are shown in Table 1.2. 

 

Table 1.2 ISM band frequency allocations.  

Frequency Range Center 

Frequency 

Bandwidth 

6.765 MHz-6.795 MHz 6.78 MHz 30 kHz 

13.553 MHz-13.567 MHz 13.56 MHz 14 kHz 

26.957 MHz-27.283 MHz 27.12 MHz 326 kHz 

40.66 MHz-40.7 MHz 40.68 MHz 40 kHz 

433.05 MHz-434.79 MHz 433.92 MHz 1.74 MHz 

902 MHz-928 MHz 915 MHz 26 MHz 

2.4 GHz-2.5 GHz 2.45 GHz 100 MHz 

5.725 GHz-5.875 GHz 5.8 GHz 150 MHz 

24 GHz-24.25 GHz 24.125 GHz 250 MHz 

61 GHz-61.5 GHz 61.25 GHz 500 MHz 

122 GHz-123 GHz 122.5 GHz 1 GHz 

244 GHz-246 GHz 245 GHz 2 GHz 
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     1.4.3  Energy harvesting systems and wireless sensors 

     Recently the combination of power-efficient energy harvesting systems with low-power 

CMOS sensory systems has extended the applications of CMOS sensors to wireless 

environmental or healthcare monitoring, especially thermal monitoring to monitor system 

reliability and performance as a function of temperature variation [29]-[34]. A biomedical sensor 

operating in the GSM 900 and GSM 1800 bands is presented in [35]. An RF-powered wireless 

environmental monitoring sensor for monitoring the temperature is presented in [30]. This 

temperature sensor harvests energy from a 450-MHz input signal and communicates at 2.4 GHz 

to the source station.  

A radio frequency (RF) energy harvester consists of an RF-to-DC rectifier that produces a dc 

supply source by scavenging the electromagnetic energy either transmitted by a dedicated 

transmitting antenna or by other transmitters, such as television/radio stations or cellular base 

stations [36]. The harvested RF signal is sufficient for powering up a variety of low-power 

wireless portable electronic sensors and devices for many applications [37].   

    1.4.4  Available power for RF energy harvesting systems  

     The power received (PR) at the antenna that is the available power for energy harvesting can 

be calculated based on Friss free space transmission [38]: 

 

                                                                   𝑃𝑅 = 𝑃𝑇𝐺𝑅

𝜆2

(4𝜋𝑑)2
,                                                               (1.1) 

 

where PT is the transmitted RF power, GR is the gain of the receiving antenna, λ is the wavelength 

of the transmitted signal (λ~1/f) and d is the distance of the system from the transmitted RF 

source. The available power (PR) decreases by 1/f2 and 1/d2, where f is the frequency of the 

transmitted signal.   Fig. 1.2 shows the free space path loss in dB scale versus distance for the 

two ISM band center frequencies of 915 MHz and 2.45 GHz. The free space path loss at distances 

of 10 m and 20 m for the ISM band frequency of 915 MHz are 51.6 dB and 57.6 dB respectively. 
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Thus, the free space pass loss increases by 6 dB when the distance (d) is doubled. For a 

transmitter operating at 2.45 GHz, the path loss at distances of 10 m and 20 m are 60.2 and 66.2 

dB, respectively. Based on the regulations in US/ Canada, the maximum power that can be 

transmitted in the 902-928 MHz ISM band is 4 W (36 dBm) [39]. As discussed, the free space 

path loss at a distance of 10 m for the frequency of 915 MHz are 51.6 dB. Thus, the maximum 

received power at a distance of 10 m is less than 27 uW. Due to some environmental effects, 

such as multi-path fading, the received power is even less than this amount. 

     1.4.5  Block diagram of an RF energy harvesting system 

Fig. 1.3 shows the block diagram of an RF energy harvesting system and Fig. 1.4 shows the 

power flow of the RF energy harvesting system [40].  An antenna captures the incoming RF 

signal from the RF source. The received signal propagates into the input matching network. The 

impedance matching circuit maximizes the power transfer from the antenna to the rectifier. The 

rectifier converts the RF signal from the input matching network to a dc voltage. The rectifier 

 

 

  Fig. 1.2. Free space path loss versus distance for two different operating frequencies. 
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should be optimized to operate at low input power with good efficiency. The harvested power is 

finally used to charge the battery/capacitor. The overall efficiency of the system is defined as  

 

                                                  ɳ𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑃𝑜𝑢𝑡𝑝𝑢𝑡,𝑑𝑐

𝑃𝑖𝑛𝑝𝑢𝑡,𝑅𝐹
= ɳ𝐼𝑀𝑁 × ɳ𝑅𝑒𝑐𝑡 ,                                               (1.2) 

 

where ɳsystem is the overall efficiency of the system and ɳIMN and ɳRect are the efficiency of input 

matching network and rectifier, respectively. The performance of the system is mainly evaluated 

 

 

Fig. 1.3. Block diagram of RF energy harvesting system. 

 

 

Fig. 1.4 Power flow of an RF energy harvesting system [40]. 
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by its overall efficiency and its sensitivity, which is the lowest input power level for starting the 

scavenging process. 

1.4.6  Limitations of RF energy harvesting systems and wirelessly 

powered sensors 

    The major limitation of harvesting RF energy is the limited amount of the energy that can be 

scavenged from wireless sources because of the limited signal strength at the input of the energy 

harvester and low efficiency of rectifiers at low input powers. As discussed, the received signal 

strength, as mentioned, is limited due to the path loss, which is the rapid attenuation of signal 

over distance (Preceived~1/d2) [38], and the limited maximum allowed transmitted signal strength 

restricted by the regulatory bodies [39]. The low voltage levels at the input of the RF energy 

harvesters, even boosted by the matching network, are not high enough to produce the required 

large overdrive voltages for the transistors/diodes used as rectifying devices to exhibit low 

conduction losses. Thus the power conversion efficiency (PCE), which is defined as the ratio of 

input power to the output power, of rectifiers at low input powers is low.  

Therefore, to build a wireless sensor entirely powered by harvested RF energy, it is crucial to 

enhance the PCE of RF rectifiers and to minimize the power consumption of the sensor circuitry 

and wireless transmitter that are required to transmit the sensed data to an external reader.  

In this work, we will address both issues. First, a new RF-DC converter with high efficiency 

over a wide input power range is proposed. Second, an ultra-low-power, RF-powered wireless 

temperature sensor with the continuous operation is presented. 

 

1.5 Thesis Organization 
 

The thesis is organized as follows: 

Chapter 1 presents the motivation for using RF energy harvesting in sensing applications. This 

chapter also presents the major limitations of harvesting RF energy for wireless sensing and 
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briefly mentions possible solutions to building a wireless sensor entirely powered by RF-DC 

rectifiers. 

Chapter 2 presents the issues in the design of rectifiers at low power levels and provides 

background on existing threshold voltage compensation techniques for rectifier circuits and their 

limitations. This chapter also describes some of the existing RF-powered wireless sensors in 

detail to provide the background necessary to understand the proposed sensor architecture. 

Chapter 3 presents the proposed optimally threshold voltage compensated rectifier circuit. In 

this design, we first explore what would be an optimum compensation voltage to provide high a 

PCE over a large input power range. We derive mathematically and verify with circuit simulation 

the optimum amount of compensation that maximizes the PCE. Then as a proof of concept, an 

area-efficient, wide input range, 4-stage, single-ended, RF-to-DC converter is designed to apply 

the optimum compensation voltage to the transistors. The desired threshold voltage 

compensation, which remains relatively constant over a wide input power range, is produced by 

a simple yet effective structure that avoids using complex auxiliary circuitry, baluns, or external 

components. As the proposed threshold voltage compensation can be applied to rectifiers with a 

relatively low number of stages and provide the optimum compensation voltage for each gate for 

a wide input power range, this design can provide higher PCE and output voltage for the wider 

input power range in comparison to previously reported structures. The proposed rectifier is 

designed and implemented in standard 130-nm CMOS technology in three possible ways. 

Further, measurement results are shown to depict the performance of the proposed rectifiers at 

different input power and load conditions. The performance of the proposed circuits is compared 

in this chapter with the recent state-of-the-art works. 

Chapter 4 presents the proposed self-powered wireless temperature sensor with ultra-low 

power consumption and high temperature sensitivity. To achieve a minimalistic design for an 

RF-powered wireless sensor with ultra-low-power consumption, we have taken the following 

initiatives. First, to reduce the power consumption and chip area, we combined the sensor 

circuitry and oscillator part by using a subthreshold ring oscillator temperature sensor both for 
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sensing the temperature and modulating the wireless signal. This produces a temperature-

dependent frequency-modulated signal that can be transmitted to the reader. However, as the 

oscillation frequency of the subthreshold ring oscillator varies not only as a function of the 

temperature but also as a function of supply voltage (VDD), to produce an oscillation frequency 

that is independent of variation in supply voltage caused by varying incoming signal power, a 

very low-power subthreshold voltage regulator with embedded voltage reference is designed that 

produces a supply voltage that is relatively constant over a wide range of input voltages but varies 

with temperature resulting in added sensitivity of the temperature sensor circuit. Second, to 

reduce the overall sensor power consumption and complexity, we eliminated the power 

management circuitry that is required for wake-up sensing and transmission operation 

(intermittent operation). To achieve this goal, the desired sensor is designed with such low power 

consumption that is less than the total harvested power for continuous operation.   

The dissertation concludes in Chapter 5 with a summary of major contributions and future 

work. 
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CHAPTER 2 
 

Literature Review  

 

In an RF energy harvesting system, an antenna (or coil) collects the incident RF signal from 

the dedicated wireless power transmitter or ambient electromagnetic energy. A matching 

network is required to enable maximum power transfer from the antenna to the RF-DC power 

converter. The RF-DC converter converts the incident RF power to a dc voltage. The dc voltage 

is stored in an energy storage component (battery or capacitor) that acts as a dc supply voltage 

for powering the wireless sensors or devices. The performance of the rectifier unit can be 

evaluated based on its PCE, which is defined as the ratio of the power delivered to the load to 

the input power, and on its sensitivity, which is the lowest input power level that is sufficient for 

starting the scavenging process. 
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To be able to power up a wireless sensor with an energy harvesting system, one strategy is to 

allow the RF harvester to store enough energy in an on-board battery or capacitor and then wake 

up the sensor and transmitter circuitry for a limited time. This requires the implementation of an 

active power management system that cycles between standby/charging mode and active mode 

[30]-[34], [41]. When enough energy accumulates during standby mode, the whole system turns 

ON in active mode. These structures need a power management unit or a mode selector to 

monitor the storage power and select between these two modes. However, these power 

management units increase the complexity of the circuit and consume additional power. 

Furthermore, the toggling between charge and active modes means that these circuits do not work 

continuously as no data is measured or transmitted in their standby mode. If the circuit to be  

powered by the RF energy harvester consumes less power than the total harvested power, the 

sensor can operate continuously.  This removes the need for a power management unit and also 

significantly decreases the complexity and size of the device. For this reason, we aimed to 

increase the efficiency of the RF-DC converters and decrease the power consumption of circuits 

that are going to be powered up by these rectifiers.  

This chapter is divided into two sections. The first section describes the fundamentals of RF 

energy harvesting systems and existing threshold voltage reduction techniques for increasing the 

PCE of rectifiers providing the background for the proposed RF-DC converter in Chapter 3. The 

second section describes the existing RF-powered wireless sensors in detail, providing the 

background necessary to understand the proposed sensor architecture in Chapter 4. 

2.1 Rectifiers for RF Energy Harvesting Systems 
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Rectifiers for RF energy harvesting systems are mostly based on either the Cockcroft-Walton 

multiplier structure [42], [43] or the Dickson multiplier structure [44]. The Cockcroft-Walton 

multiplier is shown in Fig. 2.1. In this multiplier, the series capacitors act as a dc block and 

provide the dc shift for the subsequent stages. To increase the number of stages to ensure efficient 

operation, the coupling capacitor has to be much larger than the parasitic capacitance of the 

diodes. In the Dickson multiplier as shown in Fig. 2.2, each stage in the circuit receives a similar 

input power level.  

Dickson charge pumps are extensively used as RF-to-DC converters because of their integration 

capability. Also, compared with Cockcroft-Walton multiplier, the Dickson rectifier, even with a 

relatively high value of parasitic capacitance, has efficient multiplication. In on-chip 

implementations of the Dickson multiplier, diode-connected transistors are used instead of 

diodes, as shown in Fig. 2.2 (b).  

For a multistage rectifier topology in Fig. 2.2 with N+1 diodes, the output voltage Vout can be  

expressed as [44] 

 

                                                  𝑉𝑜𝑢𝑡 = 𝑁 (
𝐶

𝐶 + 𝐶𝑝𝑎𝑟
𝑉𝑖𝑛 − 𝑉𝑡ℎ −

𝐼𝑜
𝑓𝐶

) − 𝑉𝑡ℎ ,                               (2.1) 

 

where C is the coupling capacitor, Cpar is the total parasitic capacitance at each node, Vin is the 

 

 

 

Fig. 2.1. Cockcroft-Walton voltage multiplier. 
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amplitude of the input AC signal, Vth is the threshold voltage of the rectifying devices, f is the 

frequency of the input AC signal, and Io is the load current. As shown in Equation (2.1), the 

threshold voltage of the rectifying devices degrades the output voltage. The performance 

parameters of Dickson-based rectifiers, such as PCE, and the sensitivity are both strongly dictated 

by the Vth of the rectifying devices.  

Several works have been reported on the compensation of the threshold voltages of the rectifying 

devices either by employing technology solutions or based on proper compensation circuits [45]-

[64]. 

 

 

  
(a) 

 

 

(b) 
 

Fig. 2.2. (a) Dickson charge pump, (b) transistor-level implementation of the Dickson charge pump. 
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2.1.1  Technology-based compensation methods 

Some technology-based solutions that has been reported in previous works include using 

Schottky diodes with an intrinsic low threshold voltage [46]-[48], using backward tunnel diodes 

[49], using zero threshold voltage transistors in a CMOS process [50], and using floating gate 

transistors requiring additional programming phase [51]. Rectifiers constructed with technology-

based approaches have good performance, but they have higher production cost and cannot be 

integrated with other analogue/digital circuit blocks on a single standard CMOS substrate. Thus, 

circuit-level compensation techniques are preferable.  

2.1.2  Circuit techniques compensation methods 

Several works have been reported to compensate the threshold voltage using circuit techniques 

[45], [52]-[64]. In [45] threshold voltage compensation is performed by supplying a bias offset 

using an external battery between gate-source nodes of each transistor, as shown in Fig. 2.3. 

However, this method of compensation is not passive and requires external power sources. The 

work in [52] utilizes an internal Vth cancellation circuit by holding the threshold voltage of a 

diode-connected transistor in a capacitor and using this stored threshold voltage for 

compensation at the gate-drain of the MOS transistors, as shown in Fig. 2.4. For multi-stage 

implementations, this technique needs a large silicon area as large resistance and capacitance 

values are used, and it suffers from substantial parasitic capacitance to substrate resulting in high 

 

 
 

Fig. 2.3. Compensation of a Dickson rectifier by using secondary battery [45]. 

 

 

 

 
 

Fig. 2.4. Compensation of a Dickson rectifier by using secondary battery [45]. 
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leakage current.  In [53] a chain of external resistors is used to provide appropriate compensation 

voltages for transistors in a rectifying chain as shown in Fig. 2.5. 

 
 

 

 

 

Fig. 2.5. Capacitive and resistive network for providing compensation voltage [53]. 

 

 

 

 

 

 

 

 

 

    Fig. 2.4. Internal passive threshold voltage compensation [52]. 

 

 

 

 

 

 

    Fig. 2.5. Internal passive threshold voltage compensation [52]. 

 

 



19 

 

To limit the leakage current in the resistive pass, large resistors are needed resulting in 

relatively large silicon area in on-chip implementations. Body biasing techniques are used in 

[54]-[55] to adaptively adjust the threshold voltage of the rectifying devices. The body biasing 

technique proposed in [54] is shown in Fig. 2.6. In this technique, PMOS transistors are operating 

with a dynamic threshold voltage which improves efficiency. In the structure that is proposed in 

[55] and shown in Fig. 2.7, the bulk of MP1, by the aid of auxiliary PMOS transistors, always 

tracks the higher value of the source and drain voltages at different states of input RF voltage.  

Another method of improving the performance of rectifiers is the gate-boosting technique [56]. 

In this technique, the input voltage of the rectifier is amplified to improve the performance. 

Cross-coupling schemes, shown in Fig. 2.8, can be used to reduce the reverse leakage current 

during the reverse bias [57], [58]. In Fig. 2.8, when VX is negative (MN1 is forward biased), the 

gate voltage of MN1 (VY) is positive, thus the effective threshold voltage of MN1 and its ON-

resistance are decreased. On the other hand, when VX is positive and MN1 is reverse-biased, its 

gate voltage (VY) is negative, which corresponds to smaller reverse leakage current. In [59] 

 

 

Fig. 2.6. Body biasing technique for differential-drive cross-coupled rectifier [54]. 

 

 
 

 

 

 

 

Fig. 2.7. Body biasing technique for differential-drive cross-coupled rectifier [54]. 
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tunable matching network consisting of a 7-bit binary-weighted capacitor bank for a differential 

drive rectifier is proposed to adaptively adjust the input matching network for each output voltage 

and load. Differential drive rectifiers need a PCB balun or a differential antenna.  

The threshold voltage compensation techniques in [60]-[61] change the gate-source voltage of 

the transistors in the Dickson chain, to reduce the ON resistance of these rectifying devices to 

lower the conduction loss and improve the rectifier PCE, by connecting the gate terminals of the 

transistors to the nodes in the chain that produce higher overdrive voltages, as shown in Fig. 2.9 

and Fig. 2.10. In [60] for individual body biasing of the NMOS transistors, triple-well NMOS 

transistors are used. In [61] to eliminate the need to use triple-well transistors, PMOS transistors 

are used as the rectifying devices. In low-power regimes, the technique can be further improved 

by adaptively connecting the gate terminals to suitable nodes that reduce the leakage current, 

minimizing the inversion loss when the transistors are reverse-biased [62], as shown in Fig. 2.11. 

 The change of the gate-source voltage from a diode-connected configuration is considered to 

be a form of threshold voltage compensation as the transistor behaves similarly to the case when 

 

 

Fig. 2.7. Body biasing technique proposed in [55]. 

 

 
 

 

 

 

 

Fig. 2.8. Body biasing technique proposed in [55]. 
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its threshold voltage is changed by the same amount in the opposite direction. The major 

limitation of these techniques is that the compensation voltage cannot be optimally adjusted as 

the gate terminals are connected to the specific nodes of the chain. Furthermore, the 

compensation varies dramatically with the input power and input voltage levels. As a result, the 

existing compensation techniques often fail to produce a high PCE over a large input power 

range. In Chapter 3, we first explore what would be an optimum compensation voltage to provide 

a high PCE over a large input power range. We derive mathematically and verify with circuit 

simulation the optimum amount of compensation that maximizes the PCE. Then as a proof of 

concept, an area-efficient, wide-input-range, 4-stage, single-ended, RF-to-DC converter is 

designed to apply the optimum compensation voltage to the transistors. 

2.2 Existing RF-Powered Wireless Sensors 
 

     As mentioned in the previous chapter, the emerging application of wireless sensor networks 

continues to drive the need for ultra-low power system design. There are several reports of RF-

powered wireless sensors [29]-[34], [65]-[68]. In [30], as shown in Fig. 2.12, a wireless 

 

 

Fig. 2. 8. Cross-coupled differential drive CMOS rectifier [57], [58]. 

 

 
 

 

 

 

 

Fig. 2.9. Cross-coupled differential drive CMOS rectifier [57], [58]. 
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temperature sensor is presented that utilizes a half-wave rectifier producing a dc supply voltage 

for the other system blocks. A mode selector circuit, which is based on a hysteresis comparator, 

decides whether the system is in standby mode or active mode. When the circuit is in active 

mode, a bootstrapped voltage source temperature sensor generates a complementary to absolute 

temperature (CTAT) voltage. The CTAT voltage sets the voltage control on MOS varactors of a 

cross-coupled oscillator to modulate the output frequency with changes in ambient temperature. 

The sensed data is then transmitted by a class AB power amplifier. In [67], an RF identification 

(RFID) sensor for human body temperature monitoring is presented. In this paper, a differential 

 

 

  Fig. 2. 9. Level-2 forward-compensated NMOS transistors [60]. 

 

 

 

Fig. 2. 10. Level-2 forward and backward compensated NMOS transistors [61]. 

 

 
 

 

 

 

 

  Fig. 2.10. Level-2 forward-compensated NMOS transistors [60]. 



23 

 

voltage multiplier with Schottky diodes is implemented to provide the required energy for the 

other blocks. Two voltage regulators are implemented. One of them supplies a regulated voltage 

to the digital core and the other one supplies a regulated voltage to the analog part. The digital 

core controls the communication flow with the reader. In this paper, a bootstrapped current 

 

 

 

  Fig. 2.11. Adaptive threshold voltage compensation technique [62]. 

 

 

 

 

 

  Fig. 2.13. Adaptive threshold voltage compensation technique [62]. 

 

 

 

  Fig. 2.12. Block diagram of the wireless temperature sensor proposed in [30]. 
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source generates a temperature-dependent supply current. This temperature-dependent current 

provides the supply current for a ring oscillator. As far as the supply current of the ring oscillator 

varies with temperature, the output frequency varies with temperature in a proportional way. A 

15-bit binary counter counts the number of pulses delivered by the oscillator in a fixed time 

interval. In [34] as shown in Fig. 2.13, an RF-powered temperature sensor for biomedical 

applications is presented. A mode selector monitors the supply voltage and enables the other 

blocks when the rectifier collects enough energy in charging mode. A voltage regulator is used 

in this system to provide a stable supply voltage. A threshold-based current reference generator 

is employed as a temperature sensor in this work. A current-starved ring oscillator modulates the 

output frequency based on the temperature-dependent current of the sensor. Data is sent back to  

outside through the current-starved ring oscillator and a back-scattering switch.  

     Another wireless sensor for telemetry applications is proposed in [68] and shown in Fig. 2.14. 

In this sensor, a CMOS RF-to-DC converter generates the dc signal from the input 900-MHz RF 

signal. A mode selector monitors the generated dc signal and keeps the system in standby mode 

when the supply voltage is lower than 1.5 V.  An injection-locked LC oscillator that is locked to 

a fraction of input signal, generates the clock for the system and the RF carrier. A 5-bit ADC 

 

 
 

  Fig. 2.13. Block diagram of the wireless temperature sensor proposed in [34]. 

 

 

 
 

  Fig. 2.14. Block diagram of the wireless temperature sensor proposed in [34]. 
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digitalized the sensor data and the remaining 3 bits are programmed from outside as the ID tag. 

A BPSK modulator modulates the transmit data with the carrier of 900 MHz. Finally, a class-B 

power amplifier (PA) transmits the modulated data to the outside world. 

     A 2.45 GHz wireless temperature sensor is proposed in [69] and shown in 2.15. In this 

wireless sensor, a temperature sensor measures the temperature, then the temperature value 

represents itself in the duty cycle of a pulse width modulation (PWM) signal. This PWM signal 

 

 

Fig. 2.14. Block diagram of the wireless sensor proposed in [68]. 

 

 

 

 

 

Fig. 2.16. Block diagram of the wireless sensor proposed in [68]. 

 

 

 

 
 

Fig. 2.15. Block diagram of the sensor proposed in [69]. 

 

 

 
 

Fig. 2.15. Block diagram of the sensor proposed in [69]. 
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switches a cross-coupled LC VCO by the duty cycle that is proportional to temperature. This 

temperature-dependent ON and OFF switching generates an OOK modulated RF output. The 

total power consumption of this wireless sensor is 7.75 mW. 

     A battery-less temperature sensor node for RF-powered wireless sensor networks is presented 

in [65] and shown in Fig. 2.16. In this sensor, the energy of a 2.45-GHz electromagnetic (EM) 

signal is harvested and the generated dc signal is stored in an external capacitor. A power 

management unit monitors the voltage across the storage capacitor and, accordingly, regulates 

the internal power supply of the sensor. An ultra-low-power temperature to digital sensor 

measures the temperature and delivers 8-bit temperature data to the modulator. The modulator’s 

output controls a voltage-controlled oscillator (VCO) via a digital-to-analog converter (DAC). 

The output of the oscillator finally is a 4-FSK signal that is transmitted by an antenna.  During 

the active mode, the power consumption of this sensor is 88 uW. 

     An electromagnetic energy harvesting system for a bulk acoustic wave (BAW) based wireless  

sensor node is presented in [31] and shown in Fig. 2.17. This system converts RF power to dc 

 

 
 

Fig. 2.16. Block diagram of the battery-less temperature sensor proposed in [65]. 

 

 

 

 
 

Fig. 2.17. Block diagram of the battery-less temperature sensor proposed in [65]. 
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power to supply the other system blocks. The harvested energy is stored in a storage capacitor. 

 

 

 

Fig. 2.17. An electromagnetic energy harvesting system for a (bulk acoustic wave) BAW based wireless sensor node  

presented in [31]. 

 

 

 

 

Fig. 2.19. An electromagnetic energy harvesting system for a (bulk acoustic wave) BAW based wireless sensor node  

presented in [31]. 

 
 

 

Fig. 2.18. Active wireless SAW temperature sensor powered by vibration proposed in [91]. 
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When enough energy is accumulating in the storage capacitor, the sensor and a control unit are 

powered. The sensor data is converted into digital data and the BAW based transmitter will 

transmit the data. The BAW resonator will reduce the startup time of the transmitter which 

reduces the energy that is needed for one transmission cycle. 

    An active wireless temperature sensor powered by vibration is proposed in [91] and shown in 

Fig. 2.18. In this temperature sensor, a piezoelectric energy harvester (PEH) generates the AC 

signal form vibration. After the rectifier rectifies the AC signal, the buck-boost converter 

synthesizes the input impedance to maximize the energy extraction. The LDO regulates the 

output energy to provide a stable power source for the remaining circuit blocks. A SAW resonator 

is fabricated off-chip for both sensing the temperature and serving as the resonator tank, with a 

high Q, for the RF oscillator. The output frequency of the oscillator is proportional to the 

temperature that is transmitted through an antenna. 

     A wirelessly powered implantable IC for monitoring the local temperature is presented in [70] 

and shown in Fig. 2.19. In this design, the IC is powered with a 13.56-MHz inductive link and 

the temperature is monitored by a thermistor-type sensor. In this design, a voltage reference and 

 
 

 

Fig. 2.19. The block diagram of the implantable sensor readout chip proposed in [70]. 
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a voltage regulator both exist, and two supply voltages are generated for analog and digital circuit 

blocks. A 9-bit readout circuit digitizes the resistance of the thermistor-type sensor and the data 

is loading on a 16-bit successive approximation register (SAR). Finally, the data packets are 

transmitted using an LC oscillator. 

As discussed above, most of the existing RF-powered wireless sensors use power management 

systems to activate the sensor circuitry when enough energy is accumulated during the standby 

mode. Also, most of the reported RF-powered wireless temperature sensors have a voltage sensor 

to generate a temperature-dependent voltage/current and a temperature-independent oscillator to 

modulate either the output frequency or a pulse width based on the measured sensor temperature, 

thus requiring two essential blocks for sensing and wireless transmission. Cross-coupled LC tank 

oscillators are often used to produce a temperature-independent voltage-independent oscillation 

frequency, but these kinds of oscillators consume s relatively large current to be able to provide 

the oscillation conditions [30], [65]. Another method of generating temperature-independent and 

voltage-independent oscillation is to use low-power oscillators, such as current-starved ring 

oscillators that modulate the output frequency based on the temperature-dependent current of the 

sensor [34], [67]. However, these kinds of oscillators are voltage-dependent, thus a voltage 

regulator is needed. In this case, the added power consumption of the voltage regulator must be 

considered. 

To achieve a minimalistic design for an RF-powered wireless sensor with ultra-low-power 

consumption, as will be explained in Chapter 4 in detail, we have taken the following initiatives. 

First, to reduce the power consumption and chip area, we have combined the sensor circuitry and 

oscillator by using a subthreshold ring oscillator temperature sensor both for sensing the 

temperature and modulating the wireless signal. This will produce a temperature-dependent 

frequency-modulated signal that can be transmitted to the reader. However, the oscillation 

frequency of the subthreshold ring oscillator varies not only as a function of the temperature but 

also as a function of the supply voltage (VDD). To producing an oscillation frequency that is 

independent of variations in the supply voltage caused by variations in the incoming signal 
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power, a very low-power subthreshold voltage regulator with embedded voltage reference is 

designed that produces a supply voltage that is relatively constant over a wide range of input 

voltages but that varies with temperature resulting in added sensitivity in the temperature sensor 

circuit. Second, to reduce the overall sensor power consumption and complexity, we have 

eliminated the power management circuitry that is required for waking up sensing and 

transmission operation. To achieve this goal, the desired sensor has been designed with such low 

power consumption that is less than the total harvested power that is required for continuous 

operation.   
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CHAPTER 3 
 

RF Energy Harvester with High Efficiency over Wide 

Input Power Range 
 

 

In the previous chapter, the challenges involved in the design of a high-efficiency rectifier with 

low-level input RF signals, namely the threshold voltage requirement of the rectifying devices, 

were discussed. As mentioned in the previous chapter, the major limitation of the previous 

compensation techniques is that the compensation voltage cannot be optimally adjusted. 

Furthermore, the compensation varies dramatically with the input power and input voltage levels. 

As a result, the existing compensation techniques often fail to produce a sufficiently high PCE 

over a large input power range.  

As it is not possible to predict accurately the amount of energy harvester received input power 

in practical scenarios as it is determined by the output power level of the power source, the 
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distance from the power source, and the existence of obstacles such as walls in between the power 

source and energy harvester, all of which depend on the environment in which the energy 

harvester will be deployed. As a result, the RF energy harvesters exhibiting a high efficiency 

over a narrow input power range often fail to scavenge the maximum possible energy that can 

be harvested. To increase the range of the operation and the range of wireless powering, it is 

critical to enhancing the PCE of RF rectifiers for the widest possible input power range, 

especially at low input power levels. 

In this chapter, we first explore what would be an optimum compensation voltage to provide a 

high PCE over a large input power range as, in practical applications, RF energy harvesters must 

be able to scavenge RF energy with the highest possible efficiency over large input power ranges 

as the distance from the power source may change dramatically. We derive mathematically and 

verify with circuit simulation the optimum amount of compensation that maximizes the PCE. 

Then as a proof of concept, an area-efficient, wide-input-range, 4-stage, single-ended, RF-to-DC 

converter is designed to apply the optimum compensation voltage to the transistors. The desired 

threshold voltage compensation, that remains relatively constant for a wide input power range, 

is produced by a simple yet effective structure that avoids using complex auxiliary circuitry, 

baluns, or external components. As the proposed threshold voltage compensation can be applied 

to rectifiers with a relatively small number of stages and provide the optimum compensation 

voltage for each gate for the wide input power range, this design can provide higher PCE and 

output voltage for the wider input power range in comparison to previously reported structures. 

The proposed rectifier is designed and implemented in standard 130-nm CMOS technology in 

three possible ways and the results are compared.  

This chapter is organized as follows: In Section 3.1, we obtain the optimum compensation 

voltage for maximum efficiency through both mathematical modelling and simulation. Section 

3.2 describes the proposed self-compensated circuit; Section 3.3 reports the measurement results; 

and finally, Section 3.4 is the conclusion. 
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3.1 Optimum Compensation Voltage and Number of Stages 
 

Assuming the compensation voltage can be produced as desired, finding the optimum 

compensation voltage to achieve the maximum PCE for modified Dickson charge pump rectifiers 

is the first logical step toward the development of threshold-voltage compensated rectifiers. In 

this section, we want to find the optimum compensation voltage to achieve the maximum PCE 

for a modified Dickson charge pump rectifier. Fig. 3.1 (a) shows a single transistor in a rectifier 

chain with an ideal voltage source producing the compensation voltage and Fig. 3.1 (b) shows 

the input and output voltage waveforms for this single compensated transistor. In the time 

interval [t1/T, π- t1/T] the transistor is forward biased but in [π- t1/T, 2π+ t1/T] the transistor is 

reverse-biased. The goal is to find the optimum compensation voltage for the one transistor 

rectifier. In this work, we will find the optimum compensation voltage based on two models. The 

 

 

 

Fig. 3.1. (a) Schematic of threshold-compensated, single-transistor rectifier. (b) input and output voltage waveforms of a 

single-transistor rectifier.  
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first model assumes that at low input powers and low input voltages, the transistors operate in 

the subthreshold region in both the forward bias and reverse bias regions. The second model is 

valid for all operating regions.  

3.1.1 First mathematical model 

 

At low input powers and low input voltages, the transistors are in the subthreshold region in 

both the forward bias and reverse bias regions. In this case the output voltage for the one-

transistor rectifier of Fig. 3.1 can be expressed as [71]:  

 

                                                   𝑉𝑜𝑢𝑡1 = 𝑚𝑉𝑇 ln

(
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𝑚𝑉𝑇 )

+ 1

)

 
 
 
 

,                                           (3.1) 

 

where ILoad is a function of the output voltage and output load, and can be expressed as 

 

                                                                         𝐼𝐿𝑜𝑎𝑑 =
𝑉𝑜𝑢𝑡1

𝑅𝐿
,                                                                   (3.2) 

 

Va is the input voltage amplitude, I0 is the zero-order modified Bessel function of the first kind 

and is expressed as  

 

                                                               𝐼0(𝑥) =
1

𝜋
∫ 𝑒𝑥 cos(𝜃)𝑑𝜃 

𝜋

0

,                                                         (3.3) 
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and 

                                                               𝐼𝑆 = µ𝑒𝑓𝑓𝐶𝑜𝑥(𝑚 − 1)(𝑉𝑇)2𝑒
−

𝑉𝑡ℎ
𝑚𝑉𝑇 ,                                         (3.4) 

 

where μeff is the effective mobility of the carriers in the channel, Cox is the gate oxide capacitance 

per unit area, m is the subthreshold slope factor and VT is the thermal voltage. Solving (3.1) for 

Vout1 gives us: 
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      (3.5)    

 

where W is the Lambert function, also called the product logarithm, which is the inverse function 

of 

                                                                       𝑓(𝑊) = 𝑊𝑒𝑊 .                                                                   (3.6) 

 

For this single-stage rectifier, the power that is drawn from the input voltage source is 

calculated as [71]: 

                                             𝑃𝑖𝑛 = (𝐼𝐿𝑜𝑎𝑑 + 𝐼𝑆
𝑊

𝐿
𝑒

𝑉𝐶𝑜𝑚𝑝

𝑚𝑉𝑇 )𝑉𝑎

𝐼1 (
𝑉𝑎

𝑚𝑉𝑇
)

𝐼0 (
𝑉𝑎

𝑚𝑉𝑇
)
     ,                                      (3.7) 

where ILoad, I0 and IS are given in (3.2), (3.3) and (3.4), respectively, and I1 is the first-order Bessel 

function which is expressed as: 
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                                                                      𝐼1(𝑥) =
1

𝜋
∫ 𝑒𝑥 cos(𝜃) cos(𝜃) 𝑑𝜃 

𝜋

0

,                                    (3.8) 

Equation (3.1) shows that by increasing the compensation voltage, VComp, the output voltage can 

be increased for a fixed load resulting in larger output power. However, (3.7) shows that the 

increased VComp enhances the recovered input power, Pin, clearly indicating that the PCE does not 

necessarily increase with the compensating voltage. Thus, it is imperative to find the optimum 

VComp to provide the highest PCE. The overall PCE is defined as  
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  .                                                  (3.9) 

 

To find the optimum VComp, the derivative with respect to VComp is taken from (3.9): 
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where A, B, and C in (3.10) are expressed as follows:  
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and 

                                                                 𝐶 =
𝐼1 (

𝑉𝑎

𝑚𝑉𝑇
)
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.                                                                   (3.13) 

 

To find the optimum VComp for having the maximum PCE at a given input voltage level (Va), 

𝛛PCE/𝛛VComp should be equated to zero. Finding the root of 𝛛PCE/𝛛VComp=0, the optimum 

compensation voltage, (VComp)OPT, that produces the highest PCE can be calculated as 

 

                                (𝑉𝐶𝑜𝑚𝑝)
𝑂𝑃𝑇

=  𝑚𝑉𝑇 ln (
𝑚𝑉𝑇𝑒

𝑉𝑡ℎ
𝑚𝑉𝑇

µ𝑒𝑓𝑓𝐶𝑜𝑥(𝑚 − 1)(𝑉𝑇)2 𝑊
𝐿 𝑅𝐿

) .                      (3.14) 

 

From (3.14) it can be seen that the optimum VComp is a function of the transistor characteristics 

(µeff, Cox, m, VT and Vth), the size of transistor (W/L), and the output load (RL). While this model 

provides a closed-form equation for calculation of the compensation voltage, it is only valid for 

scenarios where the transistors remain in the subthreshold region. To find the optimum 

compensation voltage for the case where transistor operation exits the subthreshold region, a 

second model is developed in the following section. 

3.1.2 Second mathematical model 

 

For developing the second model we start with the efficiency equation calculated in [72]: 

 

                                                                       ƞ𝑟𝑒𝑐𝑡 =
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
=

𝐼𝐿𝑜𝑎𝑑 . 𝑉𝑜𝑢𝑡1

2𝑃𝑀1 + 𝐼𝐿𝑜𝑎𝑑 . 𝑉𝑜𝑢𝑡1
.                                         (3.15) 
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In the above expression, PM1 is the power dissipated by M1 and Iload is the load current which can 

be calculated as:  

 

               𝑃𝑀1 =
1

2
𝐼𝑃 . (𝑉𝑎 −

𝑉𝑜𝑢𝑡1

2
) .

𝛥𝑡𝑓

𝑇
+

1

2
𝐼𝑅 . (𝑉𝑎 +

𝑉𝑜𝑢𝑡1

2
) . (1 −

𝛥𝑡𝑓

𝑇
) ,                                     (3.16) 

 

 

                              𝐼𝐿𝑜𝑎𝑑 =
𝑉𝑜𝑢𝑡1

𝑅𝐿
≌

1

2
.
𝛥𝑡𝑓

𝑇
. 𝐼𝑃 −

2

𝜋
. (1 −

𝛥𝑡𝑓

𝑇
) . 𝐼𝑅 .                                                     (3.17) 

 

where Δtf/T is the conduction angle, IP and IR are the peaks of the instantaneous currents at the 

middle of the forward and the reverse conduction phases, respectively, which are given in [72]. 

In [72] it is assumed that for the compensation, the gate of each transistor is connected to the 

output of the subsequent transistor but for finding the optimum compensation voltage, we are 

assuming that an ideal voltage source is producing the compensation voltage as shown in Fig. 

3.1 (a) and  IP and IR have been modified accordingly. 

For finding the optimum compensation voltage, the above set of equations should be solved. PM1 

and Vout1 are calculated as the function of compensation voltage and are substituted in (3.15) then 

the compensation voltage is calculated that maximizes ƞrect in (3.15).  

To verify the validity of the first and second model, Fig. 3.2 (a) compares the optimum 

compensating voltages obtained using both models and with Cadence simulation of the one-

transistor rectifier shown in Fig. 3.1 for two different loads and a fixed input sinusoidal voltage 

source with an amplitude of 200 mV. It can be seen that there is a good agreement between the 

simulation results and the derivations. Vth, µeffCox, and m are estimated from simulations of an 

NMOS transistor in 130-nm CMOS. 

Fig. 3.2 (a) shows that by increasing the size of the transistor (W/L) and load resistance (RL), the 

optimum compensation voltage for having the maximum PCE, (VComp)OPT, is decreasing. Fig. 3.2 
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(b) compares the optimum compensation voltage versus the load resistance for two different 

transistors sizes. This figure shows also that by increasing the load resistance and the size of the 

transistor, the optimum compensation voltage is decreased. Based on (3.14), the optimum 

compensation voltage should not be a function of input voltage amplitude (Va) if the transistors 

are in subthreshold region but the second model can predict the optimum compensation voltage 

dependency to input voltage amplitude. Fig. 3.2 (c) and Fig. 3.2 (d) compare the optimum 

 
 

(a)                                                                                                                              (b) 

 
 

(c)                                                                                                                              (d) 

 

Fig. 3.2.  Optimum compensation voltage for having maximum PCE versus (a) size of transistor (W/L) for different 

load resistances and fixed input voltage amplitude of 200 mV, (b) load resistance (RL) for different size of transistor 

and fixed input voltage amplitude of 200 mV, (c) input voltage amplitude for different size of transistor (W/L) and 

fixed load resistance of 1MΩ, (d) input voltage amplitude for different load resistances and fixed W/L of 20. 
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compensation voltage versus the input voltage amplitude for two different load resistances and 

two different transistor sizes, respectively, using both models and simulations. These figures 

show that, based on simulation results and Model II, by increasing the input voltage amplitude 

the optimum compensation voltage is slightly decreased. Fig. 3.2 shows that both models and 

simulation results are in good agreement. The first model can give us a closed-form equation for 

optimum compensation voltage, but this model cannot predict the dependency of optimum 

compensation voltage to input voltage amplitude. The second model is valid for all operating 

regions and can predict the dependency of optimum compensation voltage to input voltage 

amplitude, but it should be solved numerically using mathematical software. Utilizing these two 

models the optimum compensation voltage can be calculated with good accuracy. 

     After deriving the optimum compensation voltage for the one-transistor rectifier 

mathematically, the next step is to explore what would be an optimum compensation level for a 

multi-stage rectifier to produce the highest possible PCE over the largest input power range 

through simulation.  

 
 

Fig. 3.3.  Simulated circuit for finding the optimum compensation voltage and the optimum number of stages. 
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For this reason, an ideal compensation voltage source is applied between the gate and drain of 

the transistors of the main rectification chain, as shown in Fig. 3.3.  

     The PCE performance of 4-stage conventional rectifiers with NMOS and PMOS are 

compared in Fig. 3.4. The width of the transistors and matching network for both configurations 

are optimized for the highest efficiency. As can be seen in Fig. 3.4, the PCE of the rectifier with 

PMOS transistors is much higher for low power regimes. Although NMOS transistors have 

higher mobility, rectifiers with PMOS transistors are preferred and have higher efficiency. In 

multi-stage rectifiers, using PMOS transistors prevents increasing the threshold voltage of the 

later stages because of the body effect. Triple-well NMOS transistors also have the option of 

body biasing but these kind of transistors are not available in all technologies.  As a result, to 

eliminate the need for triple-well NMOS transistors, which would give the option of body 

biasing, PMOS transistors are chosen as the rectifying devices in all stages except for the first 

transistor.   

      Fig. 3.5 (a) shows the PCE versus the compensation voltage for different numbers of stages 

when the output load is 1 MΩ and Fig. 3.5 (b) shows the PCE versus the input power for the 4-

 

 

Fig. 3.4. Power conversion efficiency of 4-stage conventional Dickson rectifier constructed with PMOS and NMOS 

transistors.  
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stage rectifier when the output load is 1 MΩ and the width of PMOS transistors is 10 um. For 

each number of stages, the matching network and size of transistors are optimized to provide the 

highest PCE.  

     The effect of the number of stages on the rectifier efficiency is discussed in [73] where it is 

shown that as the number of stages increases, the passive amplification of matching network 

reduces as the rectifier’s input resistance decreases also because, after some point, adding more 

 
                                                                                                                                                                             

                                                  (a)                                                                                                                   (b) 

 

 
                                                                

                                                                (c)                                                                                                                        (d) 

Fig. 3.5.  RF rectifier’s power conversion efficiency, (a) as a function of compensation voltage for different 

number of stages, (b) as a function of input power for different compensation voltages. The optimum 

compensation voltage for three different loads for 4-stage rectifier, (c) as a function of transistor width, (d) as 

a function of input power. 
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stages no longer increases the output voltage. The simulation results show that the optimum 

number of stages to produce the highest PCE over the input power range of -23 to -5 dBm is 

about 4 to 6. 

      Based on Fig. 3.5 (a), a 5-stage rectifier has about 4% higher efficiency than a 4-stage 

rectifier, but it occupies about 20% more silicon area. Thus, we choose the 4-stage rectifier. The 

optimum PMOS width for a 4-stage rectifier is 10 um while the minimum length of 120 nm is 

used. In this case, based on Fig. 3.5 (b), the simulation results of the 4-stage rectifier also are in 

good agreement with the results of optimum compensation voltage that is derived with a 

mathematical model for the one-transistor rectifier. Fig. 3.5 (c) shows the optimum compensation 

voltage for a 4-stage rectifier versus the width of transistors for three different loads. Based on 

Fig. 3.5(c) for a 4-stage rectifier the optimum compensation voltage decreases by increasing the 

size of the transistor and output load. This confirms the results that were obtained by 

mathematical models. Fig. 3.5(d) shows the optimum compensation voltage for a 4-stage rectifier 

versus the input power level for three different loads. For an optimum width of 10 um for three 

different loads and input power levels of between -23 to -10 dBm, the optimum compensation 

voltage is varying from 200 mV to 250 mV. Thus, we choose the 4-stage rectifier with a 

compensation voltage of around 200 mV. Although it is theoretically possible to synthesize the 

desired compensation voltage for each input power level using a complex control system 

including ADCs and DACs, the power consumption of such system is likely more than the extra 

power scavenged by the enhancement of PCE especially at low power levels. In the next section, 

we introduce an ultra-low-power compensation technique applied to a 4-stage rectifier that can 

produce the desired compensation voltage as close as possible for all the transistors in the 

rectification chain for different input power levels in a small silicon area. 

3.2 Proposed Self Threshold-Voltage Compensation Scheme 
 

For a self-compensated rectifier, the compensation voltage must be produced by a minimalistic 

auxiliary circuit that consumes the least possible power. In this work, a single auxiliary transistor 
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operating in the subthreshold region is employed in conjunction with each transistor of the main 

chain to produce desired the sub-Vth gate-source compensation voltage. The drain-source current 

of this transistor is limited by placing a high impedance on its path to ground, as shown in Fig. 

3.6(a), to ensure that the transistor will operate in the subthreshold region and produce a VGS that 

is less than Vth. The leakage current through M1 and VGS of the sub-threshold transistor has the 

following relation [74]: 

 
 

(a) 

 

(b) 

Fig. 3.6. (a) Employed auxiliary transistor for producing the desired compensation voltage. (b) Gate-source voltage 

drop as the function of leakage current. 
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(a) 

 
 

 

 
 
 

(b) 
 

 

 
 

(c) 
 

 

Fig. 3.7.  Proposed single-ended self-compensated RF energy harvester using three implementations for the high 

impedance path, (a) Implementation I, (b) Implementation II (V1) and (V2), (c) Implementation III. 
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                𝐼𝐷,𝑠𝑢𝑏 = 𝜇𝑒𝑓𝑓𝐶𝑜𝑥
𝑊

𝐿
(𝑚 − 1) (

𝑘𝑇

𝑞
)
2
𝑒

𝑉𝐺𝑆−𝑉𝑡ℎ
𝑚𝑘𝑇/𝑞 (1 − 𝑒

−𝑉𝐷𝑆
𝑘𝑇/𝑞 ),                  (3.18)   

 

   where  

                                                            𝑉𝐺𝑆 = 𝑉𝐷𝑆.                                                     (3.19) 

 

     A VGS of around desired compensation voltage can be produced by properly sizing the 

auxiliary transistor (W/L) and leakage current through M1 (ID,sub) that can be controlled through 

high impedance path to ground. Fig. 3.6 (b) is a plot of Equation (3.18) and shows that a small 

leakage current through M1 (in the range of a few nano-Amperes) can produce the desired 

compensation voltage. Also, it is good to notice based on Eqn (3.18), that Ileakage is an exponential 

function of VGS and that the variation of the produced VGS for a wide range of leakage current is 

limited. For example, if the leakage current changes from 1.5 nA to 11 nA, the VGS will remain 

within the 180 mV-250 mV range. Therefore, we will use this property to introduce a 

compensation technique producing the desired compensation voltage that is relatively immune 

to the variations of rectifier’s input voltage.  

A very high impedance path is needed to limit the leakage current. A high impedance path to 

ground can be created by an OFF transistor or stack of diode-connected transistors or even by 

floating the drain terminal of the diode-connected transistor. The designed rectifier with three 

possible implementations of the high impedance path is shown in Fig. 3.7.  

In the first implementation (Implementation I shown in Fig. 3.7 (a)), the drain of each transistor 

is connected to the PMOS diode-connected transistor where its drain is floating. In this case, the 

drain-source current of the auxiliary transistor will be determined by the sum of the leakage 

current connected to the floating node, which is mostly dominated by the leakage current of the 

transistor in the main rectifier path.  

    In the second implementation (Implementation II shown in Fig. 3.7 (b)), the high impedance 

path is created by a stack of diode-connected transistors, where the number of stacked diode-
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connected transistors limits the transistor currents to the subthreshold levels that produce the 

compensation voltage. 

In the third implementation (Implementation III shown in Fig. 3.7 (c)), the high impedance 

path is created by an OFF transistor (an NMOS transistor with grounded gate) where the 

subthreshold current of the NMOS will pass through an auxiliary OFF transistor producing the 

compensation voltage. 

In Fig. 3.7, transistors M1-8 and coupling capacitors C1-7 comprise the main rectification chain. 

To eliminate the need for triple-well NMOS transistors, PMOS transistors are chosen as the 

rectifying devices in all stages except for the first transistor. Transistors MA0, MB0, MC0, MD0, and 

ME0 are the auxiliary transistors that provide the compensation voltage for the gates of M1-6. In 

Implementation I (Fig. 3.7 (a)), the gate terminals of these auxiliary transistors are floating.    MB1-

Bn1, MC1-Cn2, MD1-Dn3, and ME1-En4 are the stacked diode-connected transistors in  Implementation 

II (Fig. 3.7 (b)) that create a high impedance pass to ground. n1, n2, n3, and n4 are the numbers 

of stacked diode-connected transistors in branches B, C, D, and E, respectively. In 

Implementation II (V1), n1, n2, n3, and n4 have values 11, 11, 14, and 14 and in implementation 

II (V2), n1, n2, n3, and n4 are 7, 7, 10, and 10, respectively. In the next section, it is explained 

how these numbers can be selected. MBoff, MCoff, MDoff, and MEoff are OFF transistors in 

Implementation III (Fig. 3.7 (c)). 

 

Fig. 3.8. A half stage of the proposed rectifier (Implementation I) 
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For the gates of M2, M4, and M6 note that their drain voltages are dc (not connected to RFIN), and 

the compensation voltage is provided by connecting them to the drains of MA0, MC0, and ME0, 

respectively. CB1-4 suppresses the high-frequency signal leakage at the gates of M1-2, M4, and M6. 

For providing the compensation voltage for the gates of M3 and M5 so that their drain voltage is 

ac (connected to RFIN via the decoupling capacitors), the dc level of the drain voltages of M3 and 

M5 is shifted to lower voltages without attenuation of their ac component by delivering the ac 

component to the dc-shifted drains of MB0 and MD0 through the small dc block capacitors of 

CD1,2. By connecting the gate of NMOS transistor of M1 to the last transistor of the voltage 

divider (MA7) connected to its adjacent PMOS transistor (M2), a higher voltage for the gate of 

M1 with respect to its drain for compensation is provided. The last stage of this designed rectifier 

is left uncompensated to decrease the leakage. It is good to mention that the use of extra 

transistors does not always degrade the PCE because the extremely small amounts of power 

consumed by auxiliary transistors can be overcompensated by efficiency enhancement of the 

main rectifier branch, which is the case for our design.  

     The size of compensation transistor can be found by writing KCL equation at the gates of 

transistors MA0-E0 and equating subthreshold leakage current flowing through MA0-E0 to the sum 

of gate leakage tunnelling current flowing through M1-6 and MA0-E0 and the subthreshold current 

flowing through the high impedance path [75]. For the design guideline some calculations for 

finding the size of compensation transistor for Implementation I are done in the following text. 

The following equations can be expanded for the other implementations. 

Fig. 3.8 shows a half stage of the proposed rectifier (Implementation I). Writing KCL at the node 

X connecting the gates of two transistors gives us 

                                                             𝐼𝑠𝑢𝑏 = 𝐼𝐺1 + 𝐼𝐺2                                                  (3.20) 

where Isub is the subthreshold current that is flowing from transistor MA, and IG1 and IG2 are the 

tunneling gate leakage currents flowing through MA and MP1, respectively.  
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(a) 

 
(b) 

 

 
(c) 

 

Fig. 3.9.  (a) Generated compensation voltage for each transistor at different input power levels for implementation 

I, (b) Compensation voltage versus input power for all implementations, (c) Generated compensation voltage for 

each transistor at different output loads for Implementation I. 
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The subthreshold current for the diode-connected transistor of MA is given in Equation (3.18) and 

(3.19).  

The gate leakage current can be expressed as [75]: 

 

                                                    𝐼𝐺 = 𝐴. (
𝑉𝐺𝑆

𝑡𝑜𝑥
)

2

. (𝑊. 𝐿)𝑒
−𝐵.

𝑡𝑜𝑥
𝑉𝑔𝑠

.𝛼
 ,                                 (3.21) 

where  

                        𝐴 =
𝑞3

8𝜋ℎ𝛷𝑏

  ,   𝐵 =
8𝜋√2𝑚𝑜𝑥𝛷𝑏

3/2

3ℎ𝑞
  ,    𝐶 = (

𝑉𝐺𝑆

𝑡𝑜𝑥

)
2

                               (3.22) 

 

where tox is the gate oxide thickness, α is a parameter that ranges from 1 to 0.1 (a typical value 

is 0.22867) and that is dependent on the voltage drop across the oxide, h is the Plank’s constant, 

𝛷𝑏 is the barrier height for electrons/holes in the conduction/valence band (for electron it is 3.1 

eV, for the hole it is 4.5 eV ), and mox is the effective mass of electron/hole. The gate leakage 

 
 

Fig. 3.10. Generated compensation voltage for each gate of the proposed rectifier in [62] for different input power 

levels. 
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current is proportional to the size of transistors and assuming that MP is much larger than MA. 

Thus IG2 will be larger than IG1 so that we can ignore IG1. Thus, we can simplify the equation to 

                                                                     𝐼𝑠𝑢𝑏 = 𝐼𝐺2 .                                                           (3.23) 

 

    Substituting (3.18), (3.21) and (3.22) in (3.23) gives us: 
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  .                                           (3.24) 

 

The above equation can be solved mathematically to find the size of transistor MA (W/L) for the 

desired compensation voltage ((𝑉𝐺𝑆)𝑀𝐴
).  This will require solving a complex equation to find 

the size of the compensation transistor to produce the desired compensation. Alternatively, one 

can find the size of compensation transistor by parametric simulation of the circuit to obtain the 

desired outcome. Finally, it can be concluded that by fine-tuning the ratio of the two transistors, 

one can produce a compensation voltage very close to the calculated optimum compensated 

voltage. Fig. 3.9(a) depicts the simulated compensation voltage created for each transistor at 

different input power levels for Implementation I when deriving a 1MΩ load. Fig. 3.9(b) shows 

the compensation voltage versus the input power for all the implementations when they are 

connected to a 1 MΩ load. It can be seen that by applying this technique for each power level 

almost constant compensation voltage is created for all transistors. The compensation voltage 

only changes by 50 mV as the input power level increase from -23 to -10 dBm. Fig. 3.9(c) shows 

the generated compensation voltage for each transistor when they are connected to different 

output loads for Implementation I at an input power of -15 dBm. This figure shows that an almost 

constant compensation voltage is generated when the circuit is connected to different loads.  
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For comparison, the proposed 12-stage (24-transistor) rectifier in [62] was simulated and its 

generated compensation voltage for each gate for 3-input power when the rectifier is connected 

to a 1 MΩ load is shown in Fig. 3.10. This figure shows that for input power level from -20 to -

10 dBm, the generated compensation voltage increases from 150 mV to 360 mV (more than 200 

mV increase). Fig. 3.9 shows that for the proposed work, for the same input power levels and the 

same load resistance the generated compensation voltage varies from 150 mV to 220 mV (70 

mV increase). By comparing Fig. 3.9 and Fig. 3.10, it is obvious that the generated compensation 

voltage in the proposed structure has a lower dependency on input power level. It should be 

considered that the proposed work, besides from generating almost stable compensation voltage, 

consumes small chip area and has high power conversion efficiency as will be shown in the next 

section. 

In the designed circuit, higher input voltages and higher output loads generate higher 

compensation voltages for each transistor. This is because of the fact that for higher input 

voltages and higher output loads, the output voltage and voltage at each node of the rectifier is 

higher, thus the leakage current from each auxiliary branch is higher that will generate a higher  

 
 

Fig. 3.11.  Die microphotograph of the fabricated chip. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.12.  PCE and VOUT as the function of input power for a) 1 MΩ, b) 500 KΩ and c) 300 KΩ loads, without 

considering the loss of the matching network. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Fig. 3.13.  PCE and VOUT as the function of input power for a) 1 MΩ, b) 500 KΩ and c) 300 KΩ loads, with 

considering the loss of the matching network. 
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compensation voltage. In the proposed design there is a trade-off between the amount of 

generated compensation voltage and the loss of power in the auxiliary branches, thus the amount 

of compensation voltage should be optimized considering the power consumed by the auxiliary 

branches.   

3.3 Experimental Results 
 

Three implementations of the proposed RF-CD power converter were designed and fabricated 

in a 130-nm CMOS process with eight layers of metallization. Fig. 3.11 shows the 

microphotograph of the fabricated chip. Each implementation occupies a small core area of 0.053 

mm2 (without the charging capacitor, matching network, and test load). The die is packaged in a 

36-pin QFN package. The chip is soldered onto a 2-layer FR-4 PCB board and tested with Agilent 

8648D RF signal generator. The output dc voltage is obtained with an oscilloscope or a digital 

multimeter. As discussed in the previous section, the matching network is more for voltage 

boosting rather than power matching. Three main factors affect overall PCE, namely: (a) 

matching losses, (b) reflection losses between matching network and rectifier, and (c) efficiency 

of the rectifier. The proposed work covers and focuses on the rectifier efficiency; however, the 

performance of the entire system is limited by the quality factors of inductors, capacitors, and 

loss of other passive elements in the matching network. 

According to this, high-Q external components are exploited for impedance matching to limit 

the loss of performance due to the loss in the matching network. This limits our proposed circuit 

to a narrower application range where high PCEs are required and the use of high-Q SMDs is 

possible. For our test high-Q discrete inductor from COILCRAFT-1812SMS series with a quality 

factor of more than 100 and discrete capacitor from AVX-Accu-P series with a quality factor of 

more than 200 at the operation frequency were chosen for the matching network to minimize the 

power loss.  The performance of different implementations of the designed rectifier is compared 

in this section. 
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3.3.1 Performance measurement 

 

The measured PCE for all three implementations are compared in Fig. 3.12 (a), (b) and (c) 

show the PCE and VOUT for all three implementations for three different loads of 1 MΩ, 500 kΩ, 

and 300 kΩ excluding loss of matching network. Fig. 3.13(a), (b) and (c) show the same 

information including loss of the matching network. 

  
(a) 

 
(b) 

Fig. 3.14. Measured 10-90% charging time for different implementations (a) versus Pin for RL=1 MΩ and 

CL=47 nF, (b) versus RL for Pin= -20 dBm and CL=47 nF. 
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 As discussed in the previous section, Implementation II is designed in two versions, V1 and 

V2. V2 has fewer stacked diode-connected transistors thus these diode-connected transistors sink 

much more current in comparison to V1, resulting in the degradation of PCE and the output 

voltage drop. At high input power levels, all implementations except Implementation II (V2) 

produce high output dc voltages that necessitate the use of a voltage limiter to guarantee reliable 

operation of subsequent circuits that are going to be powered by these structures. With the 1 MΩ 

  
                                                                           

                                                                (a)                                                                                                                      (b) 

  
 

                                                          (c)                                                                                                                (d) 
 

 Fig. 3. 15. Simulation of normalized PCE with typical NMOS and PMOS Vth variation for (a) Implementation 

I, (b) Implementation II (V1), (c) Implementation II (V2) and (d) Implementation III with applied input power 

of -15 dBm.  
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load, the Implementation I and Implementation II (V1) are measured up to the -11 dBm input 

power level to ensure the reliable operation of the system and voltage breakdown of transistors 

and capacitors. At the same load, Implementation II (V2) is measured up to -7 dBm input power 

because as explained before this structure will have a reliable operation up to higher input 

voltages. 

Implementation III is just measured up to -13 dBm because the breakdown voltage of the high 

voltage OFF transistors used in this structure is 3.2 V. Thus, for reliable operation of these OFF 

 
 

(a)                                                                                                                      (b) 

 
                                                                      

                                                           (c)                                                                                                                     (d) 
 

   

Fig. 3.16 Simulation of PCE versus NMOS and PMOS threshold voltage variation for (a) Implementation 

I, (b) Implementation II (V1), (c) Implementation II (V2) and (d) Implementation III with applied input 

power of -15 dBm and connected output load of 1MΩ.  
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transistors, this implementation is not suitable for high input powers without a voltage limiter at 

its output. For the same reasons with the 500 KΩ load, Implementation I, Implementation II (V1), 

Implementation II (V2) and implementation III are measured up to -9 dBm, -9 dBm, -5 dBm, and 

-11 dBm, respectively, and with 300 kΩ load these implementations are measured up to -7 dBm, 

-7 dBm, -3 dBm and -9 dBm, respectively.    

Measurement results including and excluding losses of matching network for all implementations 

show that the loss of matching networks reduces the PCE by about 10% at low input powers and 

by about 7% at higher input powers. As discussed, the loss in passives components, such as 

inductors, capacitors and transmission lines with limited quality factors, degrades the rectifier’s 

performance. The loss in passive components affects PCE more at low input powers as it 

constitutes a higher portion of the total power. The PCE varies only by about 2% for all the 

implementations with different loads and input power levels. 

 
 

Fig. 3.17.  Simulation of output voltage versus input power for different process corners of Implementation I 

when the rectifier is connected to 1 MΩ load. 
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At almost all input power levels, Implementation I and Implementation II (V1) have better 

performance than the two other implementations. That is mostly due to the higher leakage current 

that is flowing through the auxiliary transistors in Implementation II (V2) and Implementation 

III. On average the measurement results including loss of matching network shows that this 

proposed structure has PCEs of more than 20% at input powers of more than -19.5 dBm for a 1 

MΩ load. Including the loss of the matching network, the proposed structure shows PCEs of 23% 

and 39% at -19 dBm and -15 dBm input power levels for 1 MΩ for all implementations and 

Table 3.1. Performance summary of the proposed rectifier and comparison with other works 

 This 

work 

Inc. MN 

loss 

This 

work 

Exc. 

MN loss 

TCAS I 

ʼ15  

[62] 

JSSC ʼ14  

[59] 

JSSC ʼ11  

[60] 

TCAS II ʼ17  

[64] 

JSSC’17 

[76] 
MWCL’17 

[77] 

Techno-

logy 

130 nm 130 nm 130 nm 90 nm 90 nm 65 nm 180 nm 180 nm 

Frequency 896 MHz 896 

MHz 

915 MHz 868 MHz 915 MHz 900 MHz 402 MHz 433 MHz 

Effective 

area 

0.053 

mm2 

0.053 

mm2 

0.25 mm2 0.029 mm2 0.19 mm2 0.048 mm2 1.44 mm2 0.15 mm2 

No. of 

stages 

4 4 12 5 17 5 3 4 

 

Additional 

requireme

nts 

 

 

 

- 

 

 

- 

 

 

- 

Differential 

antenna, 

Control 

loop, 

Triple-well 

 

 

 

Triple-

well 

 

Differential 

antenna, 

Adaptive 

control 

circuit 

 

 

Control 

Loop 

 

 

Multi-Vth 

technology 

Matching 

network 

Off chip - Off chip Off chip*** On chip Off chip -**** Off chip 

 

Peak PCE 

& 

different 

input 

powers 

Peak: 

43% 

@-

11dBm 

Peak: 

51% 

@-

11dBm 

Peak: 

32% 

@-

15dBm 

Peak: 24% 

@-21dBm 

Peak: 

11% @ 

-

18.83dB

m 

Peak:36.5% 

@-10dBm 

Peak:31.9% 

@-1dBm 

Peak:34% 

@-7dBm 

39%@ 

-15 dBm 

42.5%@ 

-15 dBm 

18%@ 

-10 dBm* 

10%@ 

-11 dBm* 

3.5%@ 

-10 dBm* 

20%@ 

-5 dBm 

20% @ 

 -11 dBm* 

20% @  

-14 dBm* 

23%@ 

-19 dBm 

30%@ 

-19 dBm 

18%@ 

-19 dBm* 

18%@ 

-15 dBm* 

9%@ 

-15 dBm* 

20%@ 

-16 dBm 

30% @  

-5 dBm* 

30% @  

-10 dBm* 
Load (RL) 1MΩ 1MΩ 1MΩ 1MΩ 1MΩ 147kΩ 30kΩ 100kΩ 

Voltage 

Sensitivity

: 1 V for 

RL 

 

-20.5 

dBm 

 

-22 dBm 

 

-20.5 

dBm 

 

-23 dBm 

 

-17.5 

dBm* 

 

-16 dBm 

-12 dBm 

@RL=1MΩ, 

VREC=1.38V 

-19 dBm 

@RL=∞ 

High-PCE 

Range** 
8.5 dB 10.5 dB 7.5 dB 8 dB* N.A. 11 dB 10 dB 10 dB* 

 

* Estimated from the figure.  

** PCE >20%. 

*** With on-chip capacitor tuning. 

**** Not mentioned in the paper.  
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producing 1.7 V and 3.5 V at the output, respectively. As the load resistance decreases, the peak 

conversion efficiency curve shifts to the right. Except for implementation II (V2), the PCE 

increases with input power levels for all other Implementations. The sensitivity of the RF-dc 

power converter for obtaining an output voltage of 1 V with a 1 MΩ load for all implementations 

is around -20.5 dBm. Fig. 3.14(a) and (b), show the measured 10-90% charging time versus (a) 

input power with RL=1 MΩ, and (b) RL with Pin= -20 dBm for all the implementations when 

rectifiers are connected to CL of 47 nF. The Implementations I and III have higher charging time 

because in these two Implementations the auxiliary branches see higher impedance path to 

ground and take more time for building up the compensation voltage. 

The effect of process corners is mostly on the threshold voltage of transistors. Fig. 3. 15 and Fig. 

3.16 show the normalized PCE and PCE respectively for all implementations with typical NMOS 

and PMOS transistors with ±50 mV threshold voltage variation when a -15 dBm input power is 

applied to the rectifier. These two figures show that Implementation II (V2) and Implementation 

III are more process-dependent and has ±10% PCE variation with threshold voltage variation. 

Implementations I and II (V1) are more robust in comparison to the two other implementations. 

     Fig. 3.17 shows the simulation of output voltage versus input power for different process 

corners of Implementation I when the rectifier is connected to a 1-MΩ load. 

     There is a trade-off between the power consumption of auxiliary circuits, the amount of 

generated compensation voltage and the charging time. By increasing the current of auxiliary 

transistors, the produced compensation voltage will be higher (very close to the desired 

compensation voltage) but because the power consumption of auxiliary transistors, the PCE will 

not necessarily increase. Thus, there is a trade-off between the power consumption of auxiliary 

circuits and the amount of produced compensation voltage. Another trade-off exists between the 

charging time and power consumption of auxiliary branches (produced compensation voltage). 

By increasing the power consumption of auxiliary branches, the charging time is smaller. 

Implementation II (V1) and (V2) has a smaller charging time but, as explained, the PCE is 

slightly smaller at lower input powers and the PCE of Implementation II (V2) drops rapidly at 
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higher input powers. These two implementations require a large number of transistors and 

consume a slightly larger area, which can in fact be negligible. Implementation III has long 

charging time and is suitable for up to a certain value of input power. Implementation I exhibits 

higher PCE at low and high input powers than other three implementations while consuming the 

smallest area and it has a simple and robust structure at the cost of the highest charging time of 

all. In comparison with the other implementations, we selected Implementation I because of its 

simplicity, good efficiency, robustness to process variations, and high voltage sensitivity. 

3.3.2 Comparison with previous works 

 

Table 3.1 summarizes the performance parameters of the proposed rectifiers (data from 

Implementation I including and excluding loss of matching network) and compares them with 

the published state-of-the-art works. Apart from not requiring a PCB balun or differential antenna 

or special transistors in the CMOS process and a large number of stages, this work shows superior 

performance to other reported works as it shows higher PCE at low input powers. Connected to 

a 1 MΩ output load and including the loss of the matching network, at input power levels of -19 

dBm, -15 dBm and -11 dBm, this work has the PCE of 23%, 39%, and 43%, respectively, that is 

among the highest in comparison to other works. This work has a PCE of above 20% for an input 

power range of -19.5 dBm to -11 dBm, higher than in [62] and [59]. The RF-DC power converters 

in [64], [76] and [77] achieve a greater high PCE range in comparison to this work at higher input 

powers and smaller loads with additional requirements as generally the PCE increases with input 

power. 

Charging time is increasing with number of stages [59]. As in this work, we used a minimum 

number of stages, Implementation I with the highest charging time has better performance in 

comparison to [60] and [62], which have a large number of stages. With the same load resistor 

and capacitor, [60] has charging time of 143 ms at -18 dBm that is about two times of charging 

time of Implementation I at the same input power. Our measurement results for [62] shows that 

this work for the same loading condition has a charging time of 150 ms at -18 dBm. 
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3.4 Conclusion 
 

A highly power-efficient RF-to-DC power converter for energy harvesting systems is proposed 

by applying an optimum compensation voltage. The optimum compensation voltage, calculated 

mathematically and verified with simulation, is generated by auxiliary transistors operating in 

the subthreshold region. Three different implementations of the rectifiers, which utilize different 

auxiliary circuits to generate the desired optimum compensation voltage, have been designed and 

fabricated in 130-nm CMOS technology. The proposed technique can provide almost constant 

compensation voltage for all input powers and output loads. The proposed rectifier achieves the 

maximum PCE of 43% at -11 dBm of input power when driving a 1 MΩ load. The measured 

PCE remains above 20% for an input power range of more than 8.5 dB. The proposed circuit 

exhibits a sensitivity of -20.5 dBm to generate 1 V across a 1-MΩ load while consuming a 

relatively small silicon area of 0.053 mm2. 
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CHAPTER 4 
 

RF-Powered Wireless Temperature Sensor 
 

In this chapter, an ultra-low-power, RF-powered wireless temperature sensor that is capable of 

continuous operation is presented. The sensor is developed to monitor the temperature inside a 

high-pressure high-temperature chamber to eliminate the costly bulkhead connection to such a 

chamber. To power the wireless sensor solely by harvested RF energy, a minimalistic design 

approach is adopted to minimize the number of sensor’s building blocks that are required to 

harvest the RF energy, sense the temperature, and transmit the sensor data wirelessly to an 

external reader. Also, each building block consumes the minimum power that is needed to 

adequately perform its function. One approach for reducing the power consumption is the use of 
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subthreshold circuits, which are becoming increasingly popular in low-power, low-voltage 

designs [78]. Subthreshold operation can be achieved by scaling down the power supply below 

the threshold voltage [79]-[80]. A ring oscillator operating in the subthreshold region is used for 

temperature sensing not only because of its low power consumption, but also because its 

oscillation frequency varies exponentially with temperature [81]. To power up the ring oscillator 

from harvested RF energy, a new supply voltage regulator is designed that produces an output 

voltage which remains relatively constant for a large input voltage range but changes as a 

function of temperature, adding to the temperature sensitivity of the ring oscillator and improving 

the exponential behavior of the oscillator’s output frequency as a function of temperature. In 

order to use a single antenna (coil) for both energy harvesting and wireless data transmission to 

avoid the use of duplexers, a backscattering technique is employed that reflects back a significant 

portion of the incoming RF energy with a frequency that is the function of the sensed 

temperature.   

The wireless sensor presented in this paper is designed and implemented in standard 130-nm 

CMOS technology. The chapter is organized as follows: Section 4.1 describes the proposed 
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Fig. 4. 1.  Block diagram of proposed RF-powered wireless sensor. 
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system architecture where building blocks of the system are explained in the subsections; Section 

04.2 reports the measurement results; finally, Section 4.3 is the conclusion.  

4.1 Proposed RF-Powered Wireless Sensor 
 

A block diagram of the proposed RF-powered wireless sensor is presented in Fig. 4.1. An 

antenna (or coil) collects the incident RF signal from the dedicated wireless power transmitter or 

ambient electromagnetic energy. A matching network is required to enable maximum power 

transfer from the antenna to the RF-DC power converter. The high-efficiency RF-DC converter 

converts the incident RF power to a dc voltage. The dc voltage is stored in an external large 

capacitor Cc, which acts as a dc supply voltage for powering the other circuitries in the system. 

A voltage limiter is placed directly after the rectifier output to limit the voltage to the highest 

supply voltage supported by this technology, which is 1.5 V for IBM’s 130-nm CMOS 

technology, to avoid voltage breakdown of the transistors. As the output voltage of the RF-to-

 

Fig. 4.2. Power conversion efficiency of 10-stage conventional Dickson rectifier constructed with PMOS and triple-

well NMOS transistors.  
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DC rectifier varies with the amount of received RF energy and the power consumption of the 

circuitry powered by the rectifier, a voltage regulator is needed to produce a stable output voltage 

for biasing the rest of the system in the subthreshold region. The proposed voltage regulator is 

designed in a way to produce a stable output voltage for a wide range of input voltages generated 

by variable received RF energy, but it allows the output voltage to increase with temperature so 

that it can be used to increase the temperature sensitivity of the sensor. The next block is the ring 

oscillator temperature sensor. The ring oscillator is biased in the subthreshold region and has a 

high dependency on temperature [81]. By biasing the ring oscillator in the subthreshold region, 

not only is the power consumption is reduced substantially, but also the oscillation frequency of 

the ring oscillator becomes a stronger function of the temperature compared to a regular ring 

oscillator. Upon a change in temperature, both the output voltage of the regulator and the ring 
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Fig. 4.3.  Block diagram of the RF-DC converter. 
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oscillator frequency sensitivity yield a combined shift of the characteristic frequency in the same 

direction.      

A level shifter is attached to the output of the ring oscillator. Biasing the ring oscillator at 

subthreshold results in a low output amplitude, which is not able to actuate the ON-OFF back 

scattering switch.  A simple level shifter is used to shift the output of the ring oscillator to the 

VDD (output of the rectifier) without altering the frequency. 

The level shifter output is applied to the back-scattering switch. When the output of the level 

shifter is high, the back-scattering switch is ON and it is conducting current. Its low ON 

resistance (Zin ~ 0) creates a strong mismatch at the output of the antenna causing most of the 

signal power to reflect back to the reader. When the back-scattering switch is OFF as the input 

impedance of the rectifier is matched to the output impedance of the antenna, so little power will 

be reflected by the antenna.  As the output frequency of the ring oscillator is a function of the 

sensed temperature, the ON-OFF switching frequency of the back-scattering switch can be 

detected by an external reader by observing the reflected signal strengths on the transmitting 

antenna can be used for sensing the temperature sensed by the wireless sensor. 

M1
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R1
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M3

 

 

Fig. 4.4.  Voltage limiter schematic 
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4.1.1 RF to DC converter 

 

    The RF-to-DC power converter extracts the required dc power for powering up the rest of the 

system. The sensitivity and PCE of the rectifier are the most important factors that could affect 

the operating range of the sensor and required minimum power transmission from the antenna.  

Both PMOS and NMOS transistors can be used in the design of the multi-stage Dickson rectifier. 

The advantage of PMOS in comparison to NMOS is that PMOS’s bulk can be connected to its 

source. This prevents increasing the threshold voltage of later stages because of the body effect 

[61]. The body of triple-well NMOS transistors can be biased individually as well but triple-well 

NMOS transistors are not available in all technologies and because of higher leakage they do not 

necessarily have higher efficiency. To compare the performance of the rectifiers constructed with 

PMOS and triple-well NMOS transistors, two 10-stage rectifiers were designed using these two 

types of transistors. The sizes of the both PMOS and deep N-well NMOS transistors and 

matching network were optimized to have the best efficiency. The simulated power conversion 

efficiency of these two rectifiers versus the input power when the rectifiers connected to a 1-MΩ 

load, are shown in Fig. 4.2.  As it can be seen in this figure, the PMOS rectifier outperforms the 

triple-well NMOS rectifier for input power levels above -15 dBm while showing very similar 

efficiencies for input power levels below -15 dBm.  

As a result in this chapter, a PMOS 10-stage rectifier with conventional Dickson topology [44] 

is designed to provide an 800-mV output voltage at room temperature from minimum input 

incident power of -16 dBm that is required for proper operation of the downstream voltage 

regulator.  

A block diagram of the complete rectifier along with the schematic of a single stage is given in 

Fig. 4.3. The coupling capacitors C1 and C2 in this design are chosen as 4 pF.  

4.1.2 Voltage limiter 
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For IBM’s 130-nm CMOS process, the maximum allowed supply voltage for avoiding 

breakdown is 1.5 V. The voltage limiter is designed to sink a large current when the input voltage 

exceeds 1.5 V. The designed voltage limiter is shown in Fig. 4.4. When the output voltage of the 

rectifier exceeds 1.5 V, current starts to flow from resistor R2, makes the gate voltage of PMOS 

transistor M2 low enough to turn it on and this, in turn, switches the NMOS transistor M1 on 
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Fig. 4.5.  (a) Designed voltage regulator with embedded voltage reference, (b) Behavioral drawing of VGS-

MNT, R1IREF and VOUT_Reg. 
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which diverts most of the current [82]. Therefore, the dc voltage output produced by the rectifier 

is limited to a maximum of 1.5 V and this guarantees the reliable operation of the system.  

4.1.3 Voltage regulator and voltage reference  

 

As the output voltage of the RF-to-DC rectifier varies with the amount of received RF energy 

and power consumption of the circuitry powered by the rectifier, a voltage regulator is needed to 

produce a stable output voltage for biasing the rest of the system in the subthreshold region. As 

will be discussed in the next section, the temperature sensor used in our design is a ring oscillator 

whose output frequency is a strong function of its supply voltage. Therefore, variations of output 

voltage produced by the rectifier cannot be neglected. It is important to note that most regulators 

are designed in a way to stabilize the output voltage versus a varying input voltage and ambient 

temperature changes [78], [83]-[84]. Our voltage regulator is designed to stabilize the voltage 

against the input voltage variation, but not against temperature variation. The regulator’s output 

voltage varies with temperature in the same direction as the frequency of the ring oscillator. As 

the temperature goes up, the output voltage of the regulator also increases. The output voltage of 

the regulator is used to power the next stage, which is the ring oscillator temperature sensor. The 

temperature-dependency of the regulator’s output voltage not only increases the sensitivity of 

the sensor but also helps to produce a purely exponential relation between the frequency and 

temperature of the ring oscillator as will be further discussed in Section 4.1.4.  

In [83], the authors presented a sub-1 V voltage regulator with an embedded voltage reference. 

In [83], a reference current is produced that is independent of the MOSFETs' characteristics and 

supply voltage. In our design, because of the channel length modulation effect in the CMOS 

process that we use to implement of the sensor, the voltage reference presented in [78] with minor 

modifications is used instead of the current reference implemented in [83] to achieve a less 

dependent output voltage than the one produced by [83]. The designed voltage regulator with an 

embedded voltage reference is shown in Fig. 4.5 (a). 

All of the transistors except MPS are designed to operate in the subthreshold region to ensure 
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low power consumption. To find the relation between the regulator’s output voltage and 

temperature, we start by writing the transistor current in the subthreshold region, iD,Sub,  as [74] 

 

2( 1)( ) exp( ( )) (1 exp( )),
,

W qVk T qeff DSBi C m V V
D sub eff OX GS thL q mk T k T

eff B B

= −  −  − −       (4.1) 

 

where μeff is the effective mobility of carriers in the channel, Cox is the gate oxide capacitance per 

unit area, Weff and Leff are the effective channel width and length of transistor respectively, m is 

the subthreshold slope factor, and kB is Boltzmann constant that is temperature independent, ,and 

VDS is the drain-source voltage of the transistor. For VDS≫kBT/q, Equation (4.1) simplifies to 

 

                    2( 1)( ) exp( ( )),
,

W k T qeff Bi C m V V
D sub eff OX GS thL q mk Teff B

= −  −                (4.2) 

 

where the temperature-dependency of the carrier mobility and threshold voltage can be described 

by the following relations [85]:  

                         
1.5

0
0

T
eff T

 
 
 
 
 

−

=  and   ( ),
00

V V T T
Vth th

th
= + −                                      (4.3) 

where VTH0 and μ0 are the threshold voltage and carrier mobility at T=T0
° K, and αVTH is the 

threshold voltage coefficient that is negative. 

Writing KVL for the loop created by the gate-source terminal of transistors M1, M2 and M3, we 

can find that VGS2=VGS1+VGS3. Knowing that these transistors are biased in the subthreshold 

region and using the I1 is mirrored to I2 by a factor of α (I2=αI1), the drain current of M1 can be 

calculated as  
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1

Vk T
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 = − −     
 
 

,                                                 (4.4) 

where A=(W/L)1(W/L)2/(W/L)3 and ΔVth=Vth1+Vth3-Vth2 [78].  

The output voltage of the regulator (VOUT-Reg) is equal to VGS_MNT+R1IREF based on KVL at the 

regulator output. IREF is proportional to I1 that is determined by the voltage reference part. Thus 
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Fig. 4.6.  (a) Schematic of the temperature sensor ring oscillator. (b) ln (Freq) versus temperature (Analytical 

results)  
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VOUT-Reg= VGS_MNT+K.R1.I1, where K is independent of temperature and it is proportional to the 

sizes of transistors M7, M9, M11-15, and MNT. From (4.2) VGS_MNT can be expressed as 

                         
.

ln .
_ _

k T A KBV V V m
GS MNT th MNT th Wq

L MNT

 
 
 = − +
  
  
  

                             (4.5) 

Vth_MNT is complementary to absolute temperature (CTAT) but –ΔVth and the last term in (4.5) is 

proportional to absolute temperature (PTAT). By the proper sizing of transistors, coefficient A.K 

will be large enough that VGS_MNT has a PTAT coefficient. As all the terms in (4.5) are linearly 

dependent on temperature, VGS_MNT linearly increases with temperature. The other term in 

VOUT_Reg expression is K.R1.I1 which has a PTAT coefficient as well but is not linearly 

proportional to temperature because of nonlinear relation of I1 and temperature (proven in 

Equation (4.4)) although resistor R1 has a linear dependency on temperature. Therefore VOUT-Reg 

is PTAT as it is the sum of two terms, VGS_MNT and K.R1.I1, with PTAT coefficients. The 

temperature dependencies of VGS_MNT, K.R1.I1, and VOUT_Reg are shown in Fig. 4.5 (b). As will be 

discussed in section 4.1.4, the ring oscillator’s output frequency versus temperature is not 

completely exponential with a supply voltage (VOUT_Reg) that is linearly increasing with 

temperature. By adding the nonlinear term of K.R1.I1 in VOUT_Reg, VOUT_Reg is designed to become 

such a nonlinear function of temperature to produce an exponential relation between the ring 

oscillator frequency and temperature when its supply voltage connected to the output of the 

devised voltage regulator. 

The output voltage of the designed regulator is 165 mV at room temperature. The low output 

voltage of the voltage regulator guarantees the subthreshold operation of the ring oscillator 

temperature sensor.  

4.1.4 Temperature sensor 

 

    A ring oscillator biased in the subthreshold region has a high sensitivity to temperature and 
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consumes limited power [81]. The current of a transistor biased in the subthreshold region is 

exponentially dependent on the temperature, thus ring oscillators operating in the subthreshold 

region can be used to construct a temperature sensor with high sensitivity [81]. Hence as the 

temperature increases, the frequency of the ring oscillator increases as delays of the loop inverters 

decrease.  

In this sensor, frequency increases both with increasing temperature and power supply voltage. 

The oscillation frequency (Freq) of a ring oscillator is inversely proportional to the time delay 

(td) of the inverter which in turn is proportional to the average ON current of the inverter (iD) and 

inversely proportional  to the total output capacitance of each stage (Co) and the output voltage 

swing of ring oscillator (VH-VL) as described by the following equation  [81]: 

 

                                                        1

( )

i
DFreq

t C V Vo H Ld

= 
−

.                                          (4.6) 

 

In our design, the inverters are working in the subthreshold region, where iD in the subthreshold 

region is given by (4.2). 

The temperature coefficient of iD can be expressed as 
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Based on (4.3), μeff and threshold voltage Vth are temperature-dependent and determine TCC [81], 

[86]. Both Vth and μeff are inversely proportional to temperature, but the variation of Vth is 

dominant. By increasing the temperature, μeff attenuates the current but Vth intensifies the current. 
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Since the effect of Vth is dominant, the total change in current increases by increasing the 

temperature. Equation (4.7) clearly shows that the TCC of the transistor’s current in the 

subthreshold region is a function of the gate-source voltage (VGS). As the transistor’s current is 

an exponential function of VGS, the transistor’s current exponentially increases with VGS.  On the 

other hand, as it can be seen in Equation (4.6), the oscillation frequency is reduced by increasing 

the output voltage swing (or VGS). However, the exponential dependence on VGS dominates 

resulting in increased oscillation frequency with increasing VGS. Therefore, if the gate-source 

voltage proportionally increases with temperature, td is further reduced, and the frequency of the 

ring oscillator is further increased with temperature compared to the case where the gate-source 

voltage is kept constant with temperature. Consequently, the sensitivity of the oscillation 

frequency of the ring oscillator will increase if the supply voltage itself is an increasing function 

of temperature. 

   The output of the regulator plays the role of a power supply for the temperature sensor. As 

discussed in the last part, the regulator is designed in a way that its output voltage is directly 

proportional to temperature. Thus as the temperature increases, the frequency increases because 

of two factors: first, increasing the power supply as the regulator produces an output voltage that 

increases with the temperature, and second, an inherent property of a subthreshold region 

oscillator that its output frequency increases by temperature. Thus this structure has an enhanced 

sensitivity to temperature. The schematic of the ring oscillator temperature sensor is shown in 

Fig. 4.6 (a). In the ring oscillator the output of inverters in each stage swings between the supply 

voltage (in our case VOUT_Reg) and GND periodically. The output of each inverter is connected to 

the gate of NMOS of the next inverter thus the VGS of the NMOS transistors in ring oscillator 

structure also varies periodically from VOUT_Reg to GND. While the relation between the output 

frequency of the subthreshold ring oscillator with constant supply voltage is examined in [87], 

here we need to find the behavior of the output frequency with respect to the temperature for a 

ring oscillator with variable supply voltage. Assuming that the supply voltage linearity increases 

with temperature, the gate-source voltage of the transistor can be written as: 
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                             .
_Re _Re 0

_Re
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VGS OUT g OUT g
OUT g

= = +                          (4.8) 

 

By substituting (4.3) and (4.8) in (4.2), iD,sub can be rewritten as    

          

                                              0.5 2exp( ( )),
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i T T
D sub T


 = +                                       (4.9) 
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and 
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Fig. 4. 7.  Level shifter and buffer. 
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As explained the output swing of the ring oscillator is equal to VOUT_Reg. Thus (4.6) can be rewritten 

as  

                                                             
,

,

_Re

i
D sub

Freq
C Vo OUT g

                                                        (4.13) 

where iD,sub, and VOUT_Reg are given in (4.9) and (4.8), respectively. Taking the natural logarithm 

(ln) of both sides in (4.13) gives us 

 

                               
1 2 3ln( ) ln( ) ln( )

1 22
ln( ) ln( ).

_Re 0
_Re

Freq T
T

C V To VOUT g
OUT g

 
 



= + + +

− − +

                      (4.14) 

For selected values of (μeffCoxWeff/Leff=688.2 μA/V2, m=1.4, CO=354 fF, Vth0=476 mV, αVth=-0.8 

mV/°C, T0=0 °C, VOUT_Reg0=140 mV, αVOUT_Reg=0.957 mV/°C), ln (Freq) is plotted in Fig. 4.6 (b) 

based on (4.14). μeffCoxWeff/Leff, m, CO, Vth0, αVth are estimated from simulations of NMOS 

transistor in 130-nm CMOS and VOUT_Reg0 and αVOUT_Reg are approximated from the linear fitting 

of measurement results of the voltage regulator. 

As can be seen in Fig. 4.6 (b), the R2 correlation between the linear fit and the calculated ln (Freq) 

for a linear-varying VOUT_Reg is 0.9959 for the temperature range of -10 °C to 100 °C, and is 0.9976 

for the temperature range of 10 °C to 100 °C. As discussed in Section 4.1.3, we intentionally 

made the voltage regulator nonlinear to make the logarithm of ring oscillator’s output frequency 

more linear.  The ln(Freq) versus temperature characteristic for the designed voltage regulator is 

depicted in Fig. 4.6 (b) where VOUT_Reg is the same as the measurement output voltage of the 

regulator as shown in Fig. 4.11.  The R2 correlation, in this case, has improved to 0.9983 for the 

temperature range of -10 °C to 100 °C and to 0.9991 for the temperature range of 10 °C to 100 

°C. Therefore, the designed voltage regulator’s output voltage helps make the behavior of ln 

(Freq) of ring oscillator a more linear function of temperature. Comparing the correlation factors 
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of the oscillator’s output frequency for the fixed, the linear, and the designed supply voltage is 

shown in Fig. 4.6(b).  It can be concluded that the designed voltage regulator not only increases 

the sensitivity, it also improves the exponential behavior of the oscillator’s output frequency as 

a function of the temperature. As such, we can apply a two-point calibration on the logarithm of 

frequency to calibrate the proposed sensor. 

4.1.5 Level shifter and buffer 

 

    As the ring oscillator temperature sensor is biased in the subthreshold region, the peak output 

voltage amplitude is not sufficient to be able to turn on the back-scattering switch. The level 

shifter shifts the output voltage of the ring oscillator to the highest available dc voltage in the 

circuit, which is VDD, the output voltage of the RF-DC converter. For low power consumption 

and high temperature sensitivity, the output voltage of the regulator is designed to be 165 mV. 

Thus a level shifter that is very sensitive to low voltages is required to be able to sense very low 

voltage variations properly and shift it up to VDD. The level shifter that is used in this circuit is 
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Fig. 4.8. Chip microphotograph. 
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based on [88]. Fig. 4. 7 shows the schematic of the level shifter. After the level shifter, a one-

stage buffer is used to isolate the level shifter from the backscattering switch. The level shifter 

and buffer do not change the frequency of the temperature sensor. The output frequency of the 

level shifter and buffer is the same as the frequency of the ring oscillator.  

4.1.6 Backscattering 

 

Backscattering is performed by an NMOS switch, responsible for sending the information to 

the reader. The output of the buffer is applied to the backscattering switch turning ON the 

backscattering switch when the output of the buffer is high and turning it OFF when the output 

of the buffer is low. By switching between ON-OFF, the input impedance is changed. When the 

switch is OFF, the input is matched as Zin=50 Ω, and there is no reflection. When the switch is 

ON, it is conducting current and Zin is mismatched.  Therefore, a significant portion of the 

incident signal is reflected back to the reader. The reflected signal strength will change 

periodically with a frequency that is equal to the frequency of the buffer output driven by the 

temperature sensing ring oscillator. As the sensed data is transmitted by a backscattered signal 

produced by modulating the incident signal, at no time can the operation the RF power source be 

turned off. If there is no RF power source at any given time, no signal will be backscattered to 

the reader and no erroneous temperature reading will occur due to the interruption in wireless 

powering.  

4.1.7 Matching network 

 

Impedance matching circuit is crucial for optimizing the performance of the RF energy 

harvesting system. An impedance matching circuit is required to maximize power transfer 

between the source and the circuit when the backscattering switch is OFF. The impedances of 

the source and the load are matched at the desired operating frequency such that the impedances 

are complex conjugates of each other. 
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(a) 
 

 
 

(b) 

 

 
 

(c) 

Fig. 4.9. (a) Measured output voltage of RF-DC converter and voltage regulator versus time for Cc of 1 

uF, (b) measured output voltage of RF-DC converter and voltage regulator versus time for Cc of 100 

pF, and (c) simulated PCE with and without dynamic operation of switch with 1 MΩ load and measured 

PCE when the harvester is loaded with wireless sensor during the dynamic operation of the switch.  
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To allow maximum power transfer, the input impedance of the circuit should be matched to 50 

ohms. An off-chip L-section impedance input matching network is implemented on a printed 

circuit board using off-chip components. This matching network consists of a parallel inductor 

with a series capacitor. A discrete inductor from MURATA-LQW18AN series with a quality 

factor of more than 80 and discrete capacitor from AVX-Accu-P series with a quality factor of 

more than 200 were chosen for the matching network to minimize the insertion loss and 

maximize the sensitivity. 

 

4.2 Experimental Results 
 

 Fig. 4.8 shows the chip microphotograph of the fabricated wireless sensor, occupying a small 

core area of 0.23 mm2 (without the charging capacitor and matching network) implemented using 

IBM’s 130-nm process with eight layers of metallization. Electrostatic discharge (ESD) 

protection is used on all pads. The die is packaged in a 36-pin QFN package. The chip was 

 

 

 

Fig. 4.10.  Limiter’s simulated current consumption across the corners. 
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soldered onto a 2-layer FR-4 PCB board and was tested with an Agilent 8648D signal generator 

in the 902-928 MHz industrial, scientific and medical (ISM) band.  

 

 

 

Fig. 4.11.  Measured output voltage of voltage regulator as a function of RF-DC converter’s (VDD) output 

at room temperature. 

 

 

 

Fig. 4.12.  Measured temperature dependence of the regulated voltage for different supply voltages. 
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4.2.1 Testing of individual building blocks 

 

Before testing the overall sensor performance, each individual block was tested to ensure its 

functionality and show adequate performance as detailed below. 

The RF-to-DC converter was tested by connecting an off-chip capacitor to the output as the 

energy storage component. Fig. 4.9(a) and Fig. 4.9(b) show the measured output voltage of the 

rectifier and voltage regulator at room temperature when RF-to-DC converter is driven with a -

16 dBm input power and is loaded with the other circuits of the wireless sensor with storage  

 
 

(a) 

 

 
 

(b) 

Fig. 4. 13. (a) Measurement setup for direct powering. (b) Measurement setup for wireless powering. 
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(b) 

 

 
(c) 

Fig. 4.14.  Measurement results of the reflected signal for chip 1 at (a) at 35°C the output frequency is 2.4 

kHz, (b) at 52°C the output frequency is 8.82 kHz and (c) at 70°C the output frequency is 26.47 kHz. 

 

 



86 

 

capacitors of 1 μF and 100 pF.  The comparison between Fig. 4.9 (a) and  Fig. 4.9 (b) shows that 

when the capacitor is 1 uF, the rise time of the RF-DC converter is 320 ms but with lower ripples. 

When the storage capacitor is reduced by a factor of 10 to 100 pF, the rise time of RF-DC 

converter is reduced by a factor of 10 to 33 ms as well but the ripples are increased as expected. 

As the output of RF-DC is regulated by the voltage regulator, these ripples are suppressed by the 

voltage regulator, as shown in Fig. 4.9(b). Therefore the sensor can work with a wide range of 

the storage capacitor (tested 100 pF- 1 uF) as long as the ripple caused by small capacitors can 

be filtered by the regulator and the long rise time caused by large capacitors can meet the sensor’s 

required wake-up time specifications. Fig. 4.9(c) shows the simulated PCE with and without the 

activated switch when the rectifier is connected to 1 MΩ load and the estimated measured PCE 

of the designed RF-to-DC converter when is loaded with wireless sensor and activated 

backscattering switch. The simulated power conversion efficiency of the rectifier is 17.63% 

when the input power of -16 dBm is applied directly to the rectifier and the rectifier is connected 

to 1MΩ load and the backscattering switch is not activated. The estimated measured PCE of the 

designed RF-to- DC converter when is loaded with wireless sensor and activated backscattering 

switch at the input power of -16 dBm is 7.67%. 

To increase the scavenged power, the proposed system can be designed with much lower 

backscattering duty cycle than the current 50%, allowing the RF-to-DC converter to harvest RF 

energy for most of the duty cycle while backscattering a signal with same frequency modulation. 

In order to verify the functionality of the voltage limiter in simulation, the supply voltage of 

the voltage limiter is swept between 0 and 1.5 V, while the current dissipated in the voltage 

limiter is monitored. The simulated data is available in Fig. 4.10. It can be seen from the 

simulation results that after a voltage, voltage limiter sinks tens of milliamps to amps and that 

will protect other parts. The dependency of the voltage limiter to process variations is not an 

issue. The desired operation voltage of the designed temperature sensor network is around 800 

mV.  For different process corners, as can be seen in Fig. 4.10, the rail voltage will be limited to 

1.1 V for the fast-fast (FF) corner to 1.4 V for the slow-slow (SS) corner. This is well within the 

reliable operation voltage range of CMOS technology used in the design of voltages less than 
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1.5 V in 130-nm CMOS. As part of the system, the functionality of the voltage limiter is verified 

by monitoring the output voltage of the RF-to-DC converter that did not exceed 1.2 V by 

increasing the input power range. To test the voltage regulator the voltage on the charging 

capacitor was swept between 0 to 1.2 V for different temperatures from -10 °C to 100 °C, while 

the output voltage of the voltage regulator was being measured by a digital multimeter. The 

measured data is available in Fig. 4.11 and Fig. 4.12. It can be seen from the measurements that 

for each single temperature output voltage of the regulator is stable by the variation of the input 

voltage. As temperature increases the voltage regulator’s output voltage increases. 

4.2.2 Testing of Overall Sensor 

 

 The measurement setup for direct and wireless powering is shown in Fig. 4.13. 

To verify the proper operation of the sensor, we first started by connecting the input power 

directly to the RF power generator through a 50-Ω coaxial cable and then monitoring the input  

 
 

Fig. 4.15.  Measurement of reflected signal frequency versus temperature sweep before calibration for three 

different chips. 
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Fig. 4.16.  Measurement of reflected signal frequency versus temperature sweep after calibration for three 

different chips. 

 

 
 

Fig. 4.17. Measured temperature errors for three chips after two-point calibration at 20 °C and 80 °C. 
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terminal voltage. The backscattering switch turns on/off with the output frequency of the ring 

oscillator that is indicative of the sensed temperature. To measure the temperature sensitivity, the 

device was put in the temperature chamber. The sensor is powered up directly with the signal 

generator and output waveform is obtained with the oscilloscope.  The resolution of the 

temperature chamber was 0.1 °C over a temperature range of -10 °C to 100 °C.  

Fig. 4.14 shows the reflected voltage waveform of chip 1 for 35 °C, 52 °C and 70 °C when the 

sensor is powered directly with -16 dBm input power. The reflected voltage waveforms show 

that as the temperature goes up from 35°C to 70°C, the frequency goes up from 2.4 kHz to 26.47 

kHz. The measured output reflected signal frequency in response to temperature change for three 

samples is shown in Fig. 4.15. 

As expected, the process variation causes that backscattered frequency for one of the three chips 

to be significantly different from the other two, further emphasizing the need for calibration. As 

can be seen in Fig. 4.15 and discussed in Section 4.1.4 the reflected signal frequency versus 

 
 

Fig. 4.18. Sensitivity improvement of proposed work in comparison with using the fixed supply voltage for 

the ring oscillator temperature sensor. 
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temperature has logarithmic behavior. The data can be linearized by calculating the signal 

response as 10E. The logarithm of reflected signal frequency versus temperature has linear 

behavior, thus two-point calibration can be done in the receiver part for the logarithm of the 

reflected signal frequency with respect to temperature. Therefore, a two-point calibration 

between the results in Fig. 4.15 is adopted at 20 °C and 80 °C in the receiver part. The reflected 

signal frequency after calibration and the measured inaccuracy, which represents differences 

from the fitted lines, are shown in Fig. 4.16 and Fig. 4.17, respectively. Within the range of 10 

°C to 100 °C the temperature error is -2.6 to 1.3 °C after two-point calibration. Multipoint or 

nonlinear function fitting can improve precision, but the complexity will be increased. It can be 

seen that frequency is varying exponentially with temperature thus in high temperatures the 

sensitivity is higher. 

The inaccuracy at low temperatures is because of the following reasons: 

• The two-point calibration performed to remove any inaccuracy at 20 oC and 80 oC. For 

temperatures that are far from these two points, and especially those that fall outside the 

range, the inaccuracy increases. 

• Based on the result shown in Fig. 4.6, the R2 correlation factor for the linear fitting of 

ln(Freq) is worse for the temperature range of -10 °C to 100 °C than that for the 

temperature range of 10 °C to 100 °C  indicating a further deviation from the linear fit, 

and thus the resulting inaccuracy based on two-point logarithmic calibration. 

• The PCE of the rectifier is worse at lower temperatures because of higher Vth at low 

temperatures (shown in equation (4.3)). 

From the calibrated data of Fig. 4.16, it can be seen that between the temperature range of  -10 

°C to -9 °C the frequency changes from 5.321 kHz to 5.559 kHz that is equal to sensitivity of 238 

Hz/°C. From 26 ° to 27 °C the frequency changes from 26.57 kHz to 27.784 kHz that gives us the 

sensitivity of 1.214 kHz/°C. From 90 °C to 91 °C the sensitivity is 21.172 kHz/°C and the 

maximum sensitivity is between 99 °C to 100 °C that is 31.648 kHz/°C. The higher sensitivity of 

the sensor for high temperatures makes it suitable for harsh environment monitoring. The 
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sensitivity (Hz/°C) is calculated based on the linear fitting of the measured results taken with 

temperature step sizes of 5 °C and 10 °C. To highlight the advantage of the proposed work, we 

can calculate the sensitivity improvement of the oscillation frequency to the temperature when 

using a supply voltage that varies proportionally with temperature in comparison to using a fixed 

supply voltage as follows: 

 

∆t=666.66 µS 1/∆t=1.5 kHz 

 

 

Fig. 4.19.  Measurement results of the reflected signal at room temperature with wireless powering for chip 1. 
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Fig. 4.20. Representation of the output signal in time domain and frequency domain. 
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Sensitivity Improvement (%) = 

( , ( )) ( , )var
                 100,

( , )

sens T V T sens T V
fixed

sens T V
fixed

−


                                  (4.15) 

where  Vvar(T) is equal to temperature-increasing VOUT-Reg at a temperature of T °C and Vfixed is a 

fixed voltage, and the sensitivity function sens(T,V) is defined as                                   

            ( , ( )) ( , ( ))
( , ( )) ,

Freq T T V T T Freq T V T
sens T V T

T
+ + −

=


                          (4.16) 

where Freq(T,V(T)) is the output frequency of ring oscillator at a temperature of T °C when it is 

powered by a voltage of V. The sensitivity improvement is plotted in Fig. 4.18 once based on the 

above analysis using Equation (4.15) and another time based on the circuit simulation results.   

 

 

 
 

Fig. 4.21. Inaccuracy of the measured temperature induced by VDD variation for chip 1. 
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In analytical calculation, the sensitivity is calculated by substituting Equations (4.2), (4.3), (4.6) 

and (4.16) in (4.15) and using the selected values that are chosen for drawing Fig. 4.6 (b) and 

assuming that Vvar(T) is equal to  VOUT-Reg as shown in Fig. 4.12, Vfixed is equal to VOUT-Reg at -

10°C (133.9 mV) and ΔT is the steps of 1°C. Fig. 4.18 shows that the proposed strategy improves 

the sensitivity 45% at -10 °C and more than 500% at temperatures above 70 °C.   

    To verify the proper operation of the sensor with wireless powering, the sensor is powered up 

wirelessly by connecting the signal generator to the commercial RFID antenna. This antenna 

transmits power to the sensor. The second antenna that is connected to the sensor receives the 

transmitted power to power up the sensor. The sensed temperature is sent back to the first antenna 

using a frequency-modulated backscattering signal. Wireless testing of the chip is performed at 

room temperature while the device is placed 50 cm away from the transmission antenna with the 

minimum transmitted power of 10 dBm from the base station. Using Friss’ free space 

propagation formula [89], the power received by the RF-DC converter is calculated to be -15.66 

 
Temperature (°C) 

 

     *Temperature Sensor = Voltage regulator with embedded voltage reference + Ring oscillator temperature sensor. 

 

Fig. 4.22.  Measured power consumption versus temperature. 
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Table 4.1. Power and area breakdown of the proposed system 

 

 

Sensor Blocks 

Area (mm2) Power Consumption 

(μW) at Room 

temperature (27 °C) 

RF-DC Converter 0.14 - 

Voltage Limiter 0.0011 0.0976 

Voltage Regulator 0.01 0.94 

Ring Oscillator 0.016 0.001 

Level Shifter + Buffer 0.006 0.015 

Total System 0.23 1.05 

 

 
 

 
 

 

Fig. 4.23. RMS resolution versus conversion time at 27°C. 
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dBm. Fig. 4.19 shows the reflected waveform voltage for the chip 1 when the sensor is powered 

up wirelessly at room temperature.  

       A good thing that is noteworthy about the proposed wireless sensor is its required bandwidth. 

As can be seen in Fig. 4.14 and Fig. 4.19 that is also depicted in Fig. 4.20, the measured output 

signal can be mathematically represented as the multiplication of a sinusoidal signal with the 

frequency of 915 MHz and a rectangular signal made by the switching of backscattering switch 

 

Table 4.2. Performance summary of the proposed wireless temperature sensor and comparison 

with other works 

 Sensor J. 

2006 

[30] 

CICC ʼ11 

[90] 

TCAS I ʼ15 

[91] 

JSSC ʼ14[92] TCAS I 

ʼ13[93] 

This work 

Temperature 

Sensor 

CMOS BJT SAW 

resonator 

CMOS CMOS CMOS 

Circuit 

Technology 

0.25-μm 

CMOS 

0.18-μm 

CMOS 

0.18-μm/65-

nm CMOS 

0.18-μm 

CMOS 

65-nm 

CMOS 

0.13-μm 

CMOS 

Chip Area 1.2 mm2 1.2 mm2 0.112 mm2 

*** 

0.09mm2 0.008mm2 0.23 mm2 

Wirelessly 

Powered 

YES YES YES NO NO YES 

Incident Signal 

Frequency 

450 MHz 915 MHz - - - 915 MHz 

Wireless 

Sensitivity 

-12.3 dBm -5 dBm - - - -16 dBm 

Energy Source RF RF Vibration - - RF 

Temperature 

Range 

-40° C-40° 

C 

-35° C-105° 

C 

-40° C-120° 

C 

0-100°C 0-110°C 10° C-100° 

C 

Temperature 

Accuracy 

- -1.9° C ~ 2.3° 

C 

±0.6° C -1.4°C~1.5°C -1.5°C 

~1.5°C 

-2.6° C ~ 

1.3° C 

Active Power 

Consumption 

1.7 mW * 12.8 μW 61.5 μW 71 nW 500 μW 1.05 μW 

Resolution - 0.31°/LSB - 0.3°C 0.94°C 0.046°C 

Conversion time - 2ms - 30ms 0.00213ms 25ms 

Operation 

Distance 

18.3 m** - - - - 10.4 m**** 

Calibration - - - Two-Point One-Point Two-Point 

 

* Estimated from voltage and current consumption.  

**predicted operation distance with 7W incident power.  

*** Estimated area of two chips without including off-chip SAW resonator. 

**** predicted operation distance with 4W incident power. 
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as shown in Fig. 4.20. The frequency of the rectangular signal is temperature-dependent as 

depicted in Fig. 4.16. Based on the temperature and chip to chip variation the frequency of a 

rectangular wave is varying from 100 Hz to 500 kHz for the temperature range of -10 °C to 100 

°C.   

Sinusoidal wave multiplied by a rectangular wave in the time domain is equivalent to an impulse 

signal that is convoluted by a Sinc function in the frequency domain: 

𝛿(𝜔 − 𝜔0) ∗ 𝑆𝑖𝑛𝑐(𝜔𝑇) = 𝛿(𝜔 − 𝜔0) ∗
sin(𝜔𝑇)

𝜔𝑇
=

𝑆𝑖𝑛((𝜔 − 𝜔0)𝑇)

(𝜔 − 𝜔0)𝑇
.            (4.17) 

Here the Impulse signal (sinusoidal wave) determines the center frequency and Sinc function 

(rectangular wave) determines the bandwidth. ω0=2πf0 and f0 is the frequency of a sinusoidal 

wave (915 MHz) and T is one-fourth of the one period of the rectangular wave. As the frequency 

of the rectangular wave changes from 100 Hz to 500 kHz, T varies from 2.5 ms to 0.5 us.  

To find the bandwidth we should find that at which frequency, (4.17) reaches to its half for each 

T: 

For T=2.5 ms (100 Hz@-10 °C) → 

                                   
𝑆𝑖𝑛((2𝜋𝑓−2𝜋𝑓0)2.5 𝑚)

(2𝜋𝑓−2𝜋𝑓0)2.5 𝑚
=

1

2
 → 𝑓 = 915 𝑀𝐻𝑧 ± 758 𝐻𝑧,            (4.18) 

and 

For T=0.5us (500 kHz@100 °C) → 

                                          
𝑆𝑖𝑛((2𝜋𝑓−2𝜋𝑓0)0.5 𝑢𝑠)

(2𝜋𝑓−2𝜋𝑓0)0.5 𝑢𝑠
=

1

2
 → 𝑓 = 915 𝑀𝐻𝑧 ± 3.8 𝑀𝐻𝑧.  (4.19) 
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Thus it can be concluded from (4.18) and (4.19) that the required bandwidth is changing by 

temperature from 1.5 kHz at -10 °C to 7.6 MHz at 100 °C. Therefore, the required bandwidth 

can be accommodated well within the 915 MHz ISM band that is from 902 MHz to 928 MHz. 

     It can be seen in Fig. 4.11 that VOUT_Reg shifts by a few millivolts when VDD varies between 

0.7 V and 1.2 V. Fig. 4.21 shows the inaccuracy of the measured temperature induced by 

variations in the VDD. For temperatures below 60 °C, the inaccuracy due to VDD variation is below 

1 °C.  

Fig. 4.22 shows the total power consumption of the sensor and its building blocks as functions 

of the temperature. The voltage limiter, level shifter, and buffer, and temperature sensor (voltage 

regulator and oscillator) consume 9.2%, 1.4%, 89.4% of the total power at room temperature of 

27 °C, respectively, and 11.1%, 13%, 75.9% of the total power at 100 °C, respectively.  The total 

power consumption of the sensor at room temperature is about 1.05 uW and it increases to 3.35 

uW at 100 °C. Table 4.1 summarizes the room-temperature power consumptions and the chip 

areas of each block of the entire system. 

The RMS resolution of the proposed sensor is plotted in Fig. 4.23. After 25 ms of conversion 

time, a resolution of 0.046 °C is obtained at 27 °C. Because of the exponential frequency-

temperature relation in the proposed temperature sensor, this system exhibits good resolution as 

other non-ideal noise exhibits linear behavior [87]. 

The maximum operation distance can be calculated by Friss’s free space propagation formula: 

 

                                            𝑃𝑟𝑥 = 𝑃𝑡𝑥𝐺𝑡𝑥𝐺𝑟𝑥 (
𝑐

4𝜋𝐷𝑟𝑓0
)

2

,                                             (4.20)  

 

where Prx is the power that should be available at input port that based on our measurement 

results for the sensor to be powered up, it needs to receive at least -16 dBm of power at its input 

port. Ptx is the transmitted power that the maximum allowable transmitted power at 915 MHz 
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ISM band (f0) is 4 W (36.02 dBm). Gtx and Grx are the gain of transmitter and receiver antenna 

respectively. Assuming that all the used antennas are isotropic antennas (0-dBi gain). By 

substituting Prx, Ptx, f0, Gtx, and Grx in (4.20) the operation distance (Dr) can be found. Based on 

the calculations the designed circuit is predicted to work in the maximum range of 10.4m with a 

4-W base transmit power.  

A summary of overall sensor specifications and comparison with other state-of-art wireless 

temperature sensors are given in Table 4.2 including three sensors [30], [90] and [91] that are 

wirelessly powered and two sensors [92] and [93] without wireless powering. Among the 

wirelessly-powered sensors, our proposed sensor achieves the lowest chip area except for [91] 

that uses an off-chip temperature sensor. The proposed sensor requires the minimum amount of 

power (-16 dBm) to operate among all reported wirelessly power sensors. The power 

consumption is also the lowest among the reported works except for [92] that is a sensor without 

RF energy harvester, regulator, and backscattering switch. Finally, the proposed sensor achieves 

the highest resolution among the reported sensors while it’s slightly higher inaccuracy is caused 

by extra temperature sensitivity and slight variations of voltages supplied by the regulator at high 

temperatures. 

4.3 Conclusion  
 

In this section, we reported the design and implementation of an RF-powered wireless 

temperature sensor that can operate non-intermittently, backscattering the sensed temperature to 

an external reader. To achieve a minimalistic design to minimize the power consumption and 

cost, a sub-threshold ring oscillator is used to both senses the temperature and produce a 

frequency-modulated backscattered signal for wireless transmission. For the sensor to operate 

properly, a novel voltage regulator is developed that produces a relatively constant output voltage 

as the supply voltage of the ring oscillator for a large range of harvested input energy but allow 

the output voltage to change as a function of the temperature for the added temperature sensitivity 

of the overall sensor. Fabricated in IBM’s 130-nm CMOS process, the measured power 
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consumption of the entire sensor system is 1.05 µW at room temperature.  The sensor was tested 

between -10 ° to 100 °C exhibiting a minimum sensitivity of 238 Hz/°C at -10 °C and a maximum 

sensitivity of 31.648 kHz/°C at 100 °C. The maximum wireless operation range is measured to 

be 50 cm when it is powered using a commercial RFID tag antenna with a transmitted power of 

10 dBm that can be extended even further with high gain antennas and higher input power. The 

predicted temperature error is -2.6 to 1.3 °C using a two-point calibration within the range of 10 

°C to 100 °C.  The temperature sensor exhibits a resolution of 0.046 °C (RMS) with a conversion 

time of 25 ms at 27 °C. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE RESEARCH 
 

5.1 Conclusions 
 

RF energy harvesting is becoming a viable solution for powering wireless IoT sensors, 

eliminating the need for batteries and avoiding associated storage and lifetime limitations. 

However, the conversion of weak RF signals to dc remains very inefficient due to the non-zero 

threshold voltage of the rectifying devices. To design a self-powered wireless sensor solely 

powered by an RF-DC converter, the efficiency of the RF-DC converter should be increased, and 

the power consumption of the wireless sensor should be decreased. In this Ph.D. work, we 

addressed both challenges by designing a highly efficient RF energy harvester and an ultra-low-

power wireless temperature solely powered by RF energy harvesting. 

After covering the basics, applications, and limitations of RF energy harvesting systems in 

Chapter 1 and reviewing the state-of-the-art RF-to-DC converters and wirelessly powered 

sensors in Chapter 2, the main challenges in the design of highly efficient RF-to-DC and 

wirelessly powered systems are investigated. A highly power-efficient RF-to-DC power 
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converter for energy harvesting systems is proposed in Chapter 3 by applying an optimum 

compensation voltage. In Chapter 4, an RF-powered wireless temperature sensor is designed and 

implemented that can operate continuously. 

In Chapter 3, a highly power-efficient and area-efficient RF-to-DC power converter for energy 

harvesting systems is proposed by applying an optimum compensation voltage. The optimum 

compensation voltage, which is calculated mathematically with two models and verified with 

simulation, is generated by auxiliary transistors operating in the subthreshold region. Three 

different implementations of the rectifiers utilizing different auxiliary circuits to generate the 

desired optimum compensation voltage have been designed and fabricated in 130-nm CMOS 

technology. The proposed technique can provide almost constant compensation voltage for all 

input powers and output loads. The proposed rectifier achieves the maximum PCE of 43% at -

11 dBm of input power when driving a 1-MΩ load. The measured PCE remains above 20% for 

an input power range of more than 8.5 dB. The proposed circuit exhibits a sensitivity of -20.5 

dBm to generate 1 V across a 1 MΩ load while consuming a small silicon area of 0.053 mm2. 

In Chapter 4, we reported the design and implementation of an RF-powered wireless 

temperature sensor that can operate non-intermittently. This wireless sensor uses backscattering 

to return the sensed temperature to an external reader. To achieve a minimalistic design to 

minimize the power consumption and cost, a sub-threshold ring oscillator is used to both sense 

the temperature and produce a frequency-modulated backscattered signal for wireless 

transmission. For the sensor to operate properly, a novel voltage regulator is developed that 

produces a relatively constant output voltage as the supply voltage of the ring oscillator for a 

large range of harvested input energy, but to also allow the output voltage to change as a function 

of the temperature for the added temperature sensitivity of the overall sensor. Fabricated in 

IBM’s 130-nm CMOS process, the measured power consumption of the entire sensor system is 

1.05 µW at room temperature.  The sensor was tested between -10 °C to 100 °C exhibiting a 

minimum sensitivity of 238 Hz/°C at -10 °C and a maximum sensitivity of 31.648 kHz/°C at 

100°C. The maximum wireless operation range is measured to be 50 cm when it is powered using 

a commercial RFID tag antenna with a transmitted power of 10 dBm that can be extended even 

further with high gain antennas and higher input power. The predicted temperature error is -2.6 
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to 1.3 °C using a two-point calibration within the range of 10 °C to 100 °C.  The temperature 

sensor exhibits a resolution of 0.046 °C (RMS) with a conversion time of 25 ms at 27 °C. 

The work presented in this discussion proves the feasibility of powering wireless sensors using 

RF energy harvesting paving the way for the development of self-powered IoT sensors in the 

future. 

 

5.2  Future Work 
 

As discussed, the proper design of matching networks is critical for obtaining maximum PCE 

for RF energy harvesters as the matching network not only facilitates the transfer of the power 

from antenna/coil to the rectifier, but it also boosts the input voltage of the rectifier to overcome 

the threshold voltage of the rectifying devices. In future work, we plan to continue work on 

optimum matching network for RF energy harvesting systems and propose a systematic design 

methodology for designing impedance matching circuits of RF energy harvesters that maximize 

the harvested energy.  In other work, we plan to apply the proposed optimal threshold voltage 

compensation scheme to design a high-efficiency 4T-cell rectifier. Harvesting energy from 

different frequency bands is also viable in the future. The output power can be increased by 

harvesting energy from multiple frequency bands at the same time. One of the negative aspects 

of microstrip antennas and high-Q matching networks is their intrinsic narrow bandwidth. Due 

to these detrimental features, we are planning to design a triple-band or four-band microstrip 

antenna and matching network with a relatively narrow bandwidth at each band to harvest energy 

from different frequency bands.  

 

5.3  Related Publications 
 

     The following is a summary of major contributions from this work:   
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