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Abstract

The vision of realizing Internet of Things (IoT) pervasively connecting large number
of sensors and devices that can sense and communicate is particularly attractive in
today’s world offering a wide range of applications. The scaling of wireless sensor
network to thousands or millions of nodes is currently impractical if the energy required
for the operation of these sensors is supplied by the batteries. The batteries have
to be periodically recharged and replaced because of their limited storage capacities
and lifetimes. Energy harvesting presents a viable solution for easily powering these
sensor devices. The most common sources that can be harvested are light, vibration,
thermoelectric, and radio frequency (RF) energy. Scavenging ambient energy from
the available radio waves commonly referred as RF energy harvesting is one of the
most popular energy excavating method.

RF-powered devices have to extract energy from the received RF signals with
typically low power densities as the signal is attenuated because of the multipath
losses in the air owing to the large operating distance between the radiating source and
the sensor nodes. Although RF-to-DC conversion can be done with high efficiency at
large power levels, the conversion of low power RF signals to DC power remains very
inefficient due to the threshold voltage requirement of the rectifying devices, and the
losses due to the leakage of the stored energy making the amount of energy harvested
from RF sources often insufficient for powering wireless sensors.

This research is focused on the design of an integrated energy harvesting system
in CMOS technology. The main objective of the research is to improve the sensitivity

and RF-to-DC power conversion efficiency (PCE) of the RF rectifiers while providing
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a large output voltage from low received power levels. A hybrid forward and backward
threshold-voltage compensated rectifier circuit is proposed employing PMOS transistors
and "n” number of NMOS transistors for an n-level compensated multi-stage rectifier
eliminating the need for triple-well technology while compensating the threshold voltage
of all the rectifying transistors. The proposed hybrid rectifier circuit passively lowers
the threshold voltage of the rectifying devices and largely improves the sensitivity
of the rectifier circuit by increasing the level of compensation which improves the
forward conduction. However, reduction in the threshold voltage of the reverse biased
transistors leads to increased reverse leakage current degrading the rectifier’'s PCE. An
adaptive rectifier scheme is proposed to efficiently convert RF signals to DC voltages
utilizing minimum auxiliary PMOS transistors to control the threshold voltage of the
transistors in the main rectifier chain dynamically. The proposed circuit adaptively
reduces the threshold voltage of the forward biased transistors to increase the harvested
power and the output voltage, and increases the threshold voltage of the reverse biased
transistors to reduce the leakage current to prevent the loss of previously stored
energy. Design strategy to optimize the impedance matching circuit of an RF energy
harvester to maximize the harvested power for a range of received power levels with
known probability density distributions is presented. Optimization of the RF energy
harvesting circuit results in an increased harvested power and a large PCE for a
defined range of received power levels.

Prototypes of the conventional, hybrid, and adaptive rectifiers are designed and
fabricated in IBM’s 0.13 pm CMOS technology. Off-chip impedance matching circuits
are implemented on a customized printed circuit board (PCB). The proposed adaptive
threshold voltage compensated rectifier circuit achieves a maximum PCE of 32% at
an input power of -15 dBm (32 pW) with an output DC voltage of 3.2 V for a 1 M)
load. At a remarkably low input power of -21.6 dBm (6.9 xW) for a 1 MQ load, the
proposed hybrid rectifier circuit produces an output voltage of 1 V and achieves a

maximum PCE of 22.6% at -16.8 dBm (20.9 ¢W) while delivering 2.2 V to the load.
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Chapter 1

Introduction

1.1 Motivation

Portable electronic devices such as laptops, tablets, smartphones, bluetooth devices,
wireless biomedical sense/aid devices, and wireless sensors are inseparable part of our
modern lives. Especially, wireless sensors are gaining popularity in home automation,
industrial monitoring, and control for complex plants, energy management, structural
health monitoring, biomedical sensing, radio frequency identifications among many
other applications because of the simplicity of deployment and low-maintenance
operation. The energy for powering today’s wireless devices comes from the energy
stored in disposable/rechargeable batteries with limited storage capacity and limited
lifetime. Using batteries as the source of energy impose several limitations including
the need for routine maintenance/charging of batteries, operation interruption, and
cost involved in replacing batteries specially those employed in harsh environments,
and challenges of scaling of battery-powered wireless sensors to millions of nodes.
While many efforts has been devoted in reducing power consumptions of the electronic
circuits to increase their battery life, recently the researchers have ventured to look
at the possibility of using energy harvesting to partially/fully supply the energy for
portable electronic devices.

There are different kinds of ambient energy available in the environment that
can be utilized for energy harvesting such as solar, vibrational, thermal, and radio
frequency (RF) energy. Solar power harvesters converts the incident sun light to
electrical power using the photovoltaic effect. Solar energy, although abundant in

sunny outdoor during daytime, it is not a reliable source of energy for wireless sensors
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station

Figure 1.1: RF powered sensor network.

typically deployed indoors that require continuous operation in day and night. The
power density for solar energy has a large variation from 100 mW /cm? in the outdoor
environment when the sun is bright to only 100 W /cm? in the indoor environment [1].
Typical solar cells has an efficiency of around 20% [2], [3]. There are other reported
works such as [4-6] using harvested solar energy for wireless sensor network (WSN)
applications. Vibrational energy harvesting converts the mechanical energy from
vibration to electrical energy. Piezoelectric effect is one of the several ways to convert
the vibrational energy to electrical energy. Vibrational energy harvesting system
using piezoelectric material has been developed in [7], [8]. Vibrational energy from
human motion can also be harvested [9]. The typical power density for vibrational
energy sources excited by machinery is in hundreds of microwatts range for every
cubic centimeter while in few microwatts range for every cubic centimeter in human-
caused vibration [1]. Thermoelectric energy harvesting can be used to harvest energy
from the thermal temperature difference between the junction to generate electrical

energy [10], [11]. Thermal energy can only be harvested if a temperature gradient



exists in the environment that the sensor is located, e.g. the sensor deployed for
monitoring the temperature of hot surfaces; this is not the case for many applications.
Applications of thermoelectric energy harvesting is limited due to the low conversion
efficiency and high cost [12].

RF energy harvesting is the process of capturing and converting the ambient RF
energy to usable electrical energy. Fig. 1.1 shows the RF powered sensor network
consisting of a centrally located source that is used for transmitting and receiving data
to/from the connected sensors. The same transceiver can be used to provide a reliable
source of energy for all wireless sensors within the expected range. The operation of
the sensor nodes in the WSN is usually event-driven i.e. data transmission is initiated
by the nodes only when a request is received from the central node. Several instance
of powering sensors using RF energy is presented in the literature. An integrated
battery-less RF powered wireless sensor network is implemented in [13] using an RF
energy harvester that generates 1.2 V DC output for a 1 M(2 load at an input power
of 13.2 pW. The CMOS based transceiver is made up of an RF energy harvesting
module comprising multistage rectifier and power management unit and an RF front
end to implement receive/transmit functionalities. A charge and burst approach is
used to allow accumulation of energy for data communication while also having a large
operating range. For a 4 W reader, an operating distance of 16.7 m is realized. Several
prototype implementation of sensor nodes powered by RF energy is also presented
in [14], [15]. RF-powered devices has several healthcare and medical applications such
as wireless body area network (WBAN) which is a network of wearable body sensors.
RF energy can be used to operate the biomedical sensors in WBAN. An ultra-low
power sensor architecture for battery-free biomedical applications in 130 nm CMOS
process is described in [16]. The sensor consumes a current of 23 pA at 2.2 V while
operating at a distance of 6 m from the source. A biomedical sensor operating in
GSM 900 and GSM 1800 band is presented in [17]. The sensor nodes in the proposed
WBAN can perpetually operate if the RF received power is at least 100 uW. RF
energy can also be used in wireless environmental monitoring network. An RF-powered
wireless, fully integrated CMOS temperature sensor is described in [18] that harvests
RF energy from a 450 MHz input signal and communicates at 2.3 GHz to the source

station. The sensor has a stand-by current of only 5 pA. Self-powered integrated



wireless temperature sensor is also implemented in [19]. The RF-powered transponder
with temperature sensor harvests energy in the 860 — 960 MHz band in [19] with
sensor resolution under 1°C in the range from -10°C to 80°C.

Reliability and cost are the key elements that differentiate RF energy harvesting
from other sources. As the reliability for continuous operation of sensors is of paramount
importance for any sensor networks, it is essential to make sure that enough energy can
be harvested for each sensor at any location and any time within the operating range
of the system. Use of dedicated RF sources in addition to the other RF energy sources
available in most indoor and outdoor environments such as television (TV)/radio,
cellular network, Wi-Fi, and Bluetooth signals among others that can supplement the
harvested energy therefore increases the likelihood of availability of ambient energy for
RF-powered wireless sensors. The cost of wireless sensors using energy harvesting from
other source of energy is higher than those using RF energy source. The reason is that
the energy harvesting from other sources require power conversion modules that are
not fully compatible with integrated circuits (standard CMOS process) that are used in
low-cost wireless sensors. This adds to the overall cost of the system as no integrated
solution can be developed. In contrast, RF energy harvesting systems can be easily
integrated with the rest of wireless sensor (sensor circuitry and wireless transmitter)

on a single chip and the existing antenna can be time shared for harvesting RF energy.

1.2 RF Energy Harvesting

RF energy harvesting is capturing the energy available from the environment
and converting it into usable electrical energy. RF energy harvesting technology
is extensively used in passive radio frequency identification (RFID) tags where an
RFID reader powers up the tags in its range. The common operating frequencies of
the passive RFID system are 125 kHz (low frequency), 13.56 MHz (high frequency),
869/915 MHz and 2.45 GHz (ultra-high frequencies (UHF)) [20], [21].

The power required to activate the RFID tags is generated by the near-field
(inductive) coupling or far-field (electromagnetic field) coupling between the reader
and the tag. Near-field coupling consisting of inductive coupling delivers electrical

energy between the coils tuned to resonate at the same frequency. The power strength
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Figure 1.2: Prominent available ambient RF sources in frequency spectrum.

of the signal at the receiving coil depends on the distance between the coils and
degrades drastically (60 dB per decade of the distance in free-space) which limits the
power transfer with distance [22]. Besides, near-field coupling requires alignment of
the coils at both transmitting and the receiving end. On the other hand, far-field
coupling provides a larger communication distance than the near-field coupling at
the cost of a complicated receiver system in the RFID tag. The power strength of
the signal in far-field coupling is attenuated by 20 dB per decade of the distance in
free-space [22].

Near-field coupled RFID systems are used in applications such as ID card reader
and health-care monitoring devices. Near-field technology can be used to wirelessly
supply power to sensors [23] or power bionic implants [24], [25]. The operating range
for the near-field coupling is typically few centimeters [22]. The operating range of
passive RFID system using far-field coupling is typically in few meters [26]. Unlike
RFID tags and biomedical implants, other devices require noticeably more energy to
operate demanding RF energy system capable of harvesting higher amounts of energy
compared to those available today [27].

Far-field RF energy harvesting can be used to harvest energy from ambient RF
sources such as TV signals, cellular transmission, and AM/FM radio transmission or
dedicated RF sources. Fig. 1.2 shows the available ambient RF sources that can be
utilized for energy harvesting. The radiation power levels measurement in the 50 - 900
MHz in downtown Atlanta, GA, USA was carried out in [28]. The measurements
showed peaks in the indicated frequency bands of Fig. 1.2. High radiation level was
observed in the FM band of 88 - 108 MHz. Significant radiation levels were also



| Frequency | Center frequency |

433.05 - 434.79 MHz 433.92 MHz
902 - 928 MHz 915 MHz
2.4 -2.5 GHz 2.45 GHz

Table 1.1: ISM frequency bands in UHF spectrum.

observed in the UHF band of 500 - 700 MHz. Measurement of peak power density was
carried out in the GSM-900/1800 band in Austria, Germany, and Hungary and the
peak power density was measured for the wireless local area network (WLAN) band
in indoor environment in Eindhoven University of Technology in [29]. The measured
power density level for the WLAN band is significantly less than that in the GSM
band.

A dedicated RF source can be used for RF energy harvesting applications. For RF
energy harvesting with dedicated RF transmitter, the power that can be transmitted
by an RF power source is limited by the regulation standards specified by Federal
Communication Commission (FCC) [30]. Unlike the FM, TV, GSM signals which
operate in the licensed bands where transmission of signal is not permitted without
a license there are parts of the frequency spectrum reserved internationally for the
industrial, scientific, and medical purposes which are often referred as the ISM bands.
RF signal transmission in the ISM band does not need a license but needs to meet
strict regulations on the operating frequencies, output power and other things as
defined by the International Telecommunication Union Radio-communication Sector
(ITU-R) [31]. There are three ISM bands present in the UHF spectrum as shown in
Table 1.1.

The power available for RF energy harvesting depends on path loss of the radiated
RF signal in free-space which is given by the Friis equation [32]

4HD)2 (1)

where D is the distance from the source, A is the wavelength of the transmitted signal
and L, is the free-space path loss in dB. The available power at the sensor nodes
decreases by 1/D? which is a free-space path loss of 6 dB of the RF signal for every

doubling of distance from the source station. Fig. 1.3 shows the free-space path loss in
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Figure 1.3: Free-space path loss as function of distance for different operating frequen-
cies.

dB scale with increasing distance for frequencies of 915 MHz and 2.45 GHz which are
the center frequencies of the 902 — 928 MHz and 2.4 - 2.5 GHz ISM bands, respectively.
The free-space path loss at a distance of 10 m is 51.6 dB and at a distance of 20 m is
57.6 dB as seen in Fig. 1.3. Thus, the free-space path loss increases by 6 dB when
the distance is doubled from 10 m to 20 m. The dependence of path loss on the
wavelength of the transmitted signal is shown in (1.1). The path loss increases by f?,
where f is the frequency of the transmitted signal. The path loss at a distance of 10 m
from the source is 60.2 dB for a transmitter operating at 2.45 GHz. In US/Canada,
the maximum permissible limit for the transmitted power is 4 W (36 dBm) in the
902 — 928 MHz ISM band [30]. The received power is generally expressed in terms of
dBm i.e. decibels of the measured power referenced in terms of 1 mW. The advantage
of using dBm rather than the absolute power is convenience in expressing a range of

power levels.

P
Pr.apm = 10 log,, (%) (1.2)
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Figure 1.4: Block diagram of RF energy harvesting system.

where Pg gy, is the received power in dBm and Py is the power received in watts.
The free-space path loss at a distance of 10 m is 51.6 dB and the maximum permitted
power level according to the FCC regulation for the ISM band is 36 dBm. Thus, the
maximum received power at a distance of 10 m is less than 28 uW. In free-space, the
power density drops with 1/D? resulting in a received power level of 6.76 yW and
1.7 W at distances of 20 m and 40 m, respectively. The path loss of the radiated
RF signals behave differently in different environment [33]. With multipath fading,
the path loss of the radiated RF signal from the RF power source to the harvester

increases requiring the RF energy harvesting system to be highly sensitive.

1.3 Block Diagram of RF Energy Harvesting Sys-
tems

The block diagram of an RF energy harvesting system is shown in Fig. 1.4. An
antenna receives the incoming RF signals from the RF source. The strength of the
received signal is quite weak and decreases rapidly (a 6 dB decrease in free-space
for each doubling of distance) with increasing distance between the RF source and
the antenna. An impedance matching circuit maximizes the power transfer from the
receiving antenna to the rectifier. The impedance matching circuit consisting of a high

quality factor (@) resonator provides passive amplification of the input voltage [34].



The RF-DC power conversion circuit consisting of multistage rectifier converts the
RF signal to a DC voltage. The rectification circuit should be optimized to operate
at low input voltage and low input power levels to achieve high sensitivity. The
individual rectifier units are arranged in cascade to increase the overall output voltage.
The cascade-system is referred as voltage multiplier. With increase in the number
of stages, the output voltage of the rectifier increases. However, as the number of
stages increases the PCE is reduced as larger number of transistor dissipates more
power. Too few of stages leads to low output voltage even if the PCE is high. Thus,
the RF-DC power conversion circuit is designed to provide a large PCE at low power
levels while obtaining the required output DC voltage. The harvested power is then

finally used to charge the battery/capacitor or operate low power devices.

1.4 Thesis Organization

The dissertation is organized as follows:

Chapter 1 presents the motivation for using RF energy harvesting in sensing
applications or for powering portable low power electronic devices. This chapter
provides a background of the available energy harvesting methods and their limitations
in sensing and low power applications. The prominent available RF sources in the
frequency spectrum and the path loss in free-space is investigated to determine the
available power levels at the input of the RF energy harvester. The block diagram of
the overall RF energy harvesting system is also presented in this chapter.

Chapter 2 presents a background of the rectifier circuits used for the RF-to-
DC power conversion and the issues in the design of rectifier at low power levels.
Reducing the threshold voltage is an effective way of improving the performance of
the rectifier circuit at low power levels. This chapter provides a thorough literature
review on the different threshold voltage reduction techniques using both technology-
based approaches and circuit-based approaches. The different techniques with their
advantages and limitations are explained in detail in this chapter.

Chapter 3 presents the proposed hybrid forward and backward threshold voltage
compensated rectifier for RF energy harvesting. The proposed hybrid circuit uses

standard PMOS transistors in all the stages except for the first few stages where



the PMOS transistors are back-compensated and NMOS transistors are forward-
compensated. This allows individual body biasing eliminating the need for expensive
triple n-well technology in the previously reported forward-compensation schemes,
since the body of PMOS transistors can be individually biased within their own
n-wells. The threshold voltages of all transistors are compensated in the proposed
hybrid scheme as opposed to the conventional topology where the last stages are left
uncompensated or weakly compensated. Design strategies are developed to enhance the
output DC voltage and to optimize the PCE of the proposed threshold-compensated
rectifier. Two different rectifier circuits; one optimized to provide high PCE and the
other to produce a large output DC voltage from extremely low input power levels, are
designed and fabricated in IBM’s 0.13 pm CMOS technology. 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 with the
recent state-of-the-art works is compared in this chapter.

Chapter 4 presents the proposed adaptive threshold voltage compensated rectifier
for RF energy harvesting. The trade-off between the threshold-compensation and
leakage current is investigated and an adaptive rectifier circuit is proposed to dynami-
cally control the threshold voltage and the leakage current of the transistors in the
main rectification chain. The proposed adaptive threshold-compensation technique
reduces the threshold voltage of the transistor when they are forward biased and
increases the threshold voltage when reverse biased reducing the leakage current. The
auxiliary chain controlling the threshold voltage and the leakage current is designed
using minimum number of transistors so that no significant additional power losses
are introduced. Two different adaptive rectifier circuits; one using diode-connected
transistors and the other using solid-wired connection in the auxiliary chain for adap-
tively controlling the transistors in the main rectifier chain are designed and fabricated
in IBM’s 0.13 pym CMOS technology. The performance of the adaptive schemes is
measured under different load conditions and for a wide range of input power levels. In
addition, the proposed adaptive scheme is compared with the recent state-of-art works
which uses circuit-based or technology-based techniques to improve the performance
of RF energy harvester.

Chapter 5 presents a systematic design methodology for impedance matching
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circuits of an RF energy harvesting system. Background on the previous impedance
matching techniques for RF energy harvesting is described in this chapter. The RF
rectifier is modeled based on the large signal at the input and the input impedance is
simulated under different input conditions. For variable input power levels, a matching
network selection strategy is proposed that provides the highest harvested power
and maximizes the PCE compared to other matching circuits for a defined range of
input power levels with known probability density distributions. Off-chip impedance
matching circuits are implemented onto a customized PCB based on the selection
procedure and the overall performance of the RF energy harvester is measured.

The dissertation concludes in Chapter 6 with a summary of major contributions

and future work.
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Chapter 2

Fundamental of RF Energy
Harvesting

In an RF energy harvesting system, an antenna receives the incident RF signal,
an impedance matching circuit maximizes the power transfer from the antenna to
the power converter, and a RF-DC power conversion circuit converts the incident RF
power to DC output power. The output DC power is stored in an energy storage
component (battery or capacitor) or can be used to directly power the wireless sensors.
The power conversion unit consisting of a multistage rectifier is a key component in
RF energy harvesting systems. It converts the incoming weak RF signal into a DC
voltage. The performance of the rectifier unit can be evaluated based on its PCE
which is the ratio of power delivered to the load to the input power, sensitivity i.e.
the minimum input power required for production of a DC voltage at the output, and

finally output DC voltage levels.

2.1 Rectifier for RF Energy Harvesting System

A cascade of rectifier unit referred as a voltage multiplier generates an output
voltage higher than its input voltage. A Cockcroft-Walton multiplier also referred
as Villard multiplier [35] or Greinacher multiplier [36] can be used to achieve the
voltage multiplication as shown in Fig. 2.1 [37]. The Cockroft-Walton multiplier
consists of cascade of rectifier unit consisting of diodes and coupling capacitors to
couple the charge from the clock through the diodes. The multiplier operates by

transferring the charge along the diode chain as the coupling capacitors are successively
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Figure 2.2: Dickson voltage multiplier.

charged and discharged during each phase of the clock cycle. However, with increase
in the number of stages, the coupling capacitor C has to be much larger than the
parasitic capacitance of the diodes to have an efficient voltage multiplication. In
order to overcome this limitation, Dickson voltage multiplier can be used as shown
in Fig. 2.2 [38]. It operates in a similar manner to the Cockroft-Walton multiplier
with the input coupled through the capacitor in parallel instead of a series connection.
Efficient multiplication is realized by Dickson multiplier even with relatively high
value of parasitic capacitance compared with the Cockroft-Walton multiplier. The
circuit implementation of the multistage rectifier for RF energy harvesting is generally
based on the Dickson topology since it is most suitable for integrated low power
applications [34], [39], [40].

To increase rectifier’'s PCE, the energy losses introduced by the non-zero ON
resistances of the rectifying devices must be reduced. To increase sensitivity and
output voltage levels, rectifying devices are required to operate with a minimum
threshold voltage. The performance parameters of the power harvester are strongly

affected by the threshold voltage of the rectifying devices. The input power level at the
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rectifier has to produce voltages that exceeds the threshold voltage of rectifying device
to turn on the rectifier unit in the RF-DC power conversion circuit. The minimum
power is referred to as the power-up threshold of the system [41], [42]. In terms of
voltage level, a minimum input voltage is required for correct circuit operation and
the voltage lies in the dead zone of the rectifier when the input voltage lies below the
level [38] [39].

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

V,ut can be expressed as

C I,
Vg =N [———— Vv, — _ _ 2.1
t <C+C@T Viu fc) Vrn (2.1)

where (' is the coupling capacitance, C,,, is the parasitic capacitance, V;, is the
amplitude of the AC signal, Vyy is the threshold voltage of the transistor, f is the
operating frequency and I, is the load current. With increase in the number of stages,
the output voltage increases. An increased output current degrades the output voltage.
The threshold voltage Vg of the rectifying device is the critical parameter degrading
the output voltage as seen in (2.1).

The dead zone of the rectifier is the input voltage levels until V,,,; > 0 expressed as

C I,
N(———v, — — - .
<0+C@f%"&H fO) Vi >0

At the point V,,; > 0, the circuit starts operating. The input voltage satisfying the
condition is expressed as

C+Chw N+1
Vin P
>< c N

L,
e

)wﬂ+ (2.2)

The major factor determining the dead zone is the threshold voltage (Vry) of the
rectifying device. Reducing the threshold voltage is an effective way of reducing the

dead zone and improving the performance of the rectifier at low power levels.

2.2 Threshold Voltage Reduction Techniques

As discussed, the performance of an RF energy harvesting system is significantly
affected by the threshold voltage of the rectifying device, the voltage that is required

to turn on the semiconductor devices used as rectifying devices. A rectifying device
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Frequency Rectifying device Reference
869 MHz Silicon-Titanium Schottky diodes, 0.5 pym [44]
900 MHz Cobalt-Salicide-Silicon Schottky diodes, 0.18 pm [45]
900 MHz Skyworks SMS-7630 Silicon Schottky diodes [46]
915 MHz | Avago HSMS-2822 and HSMS-2852 Schottky diodes [35]
900 MHz Low Vrp transistors, 0.25 ym [47]
920 MHz Low Vpp transistors, 0.18 um [48]
900 MHz Low Vrp transistors, 0.35 ym [49]
900 MHz Floating gate transistor, 0.25 pum [34]

Table 2.1: State-of-the-art UHF energy harvesters using technology-based approaches
to reduce threshold voltage of rectifying device.

with lower threshold voltage enables the operation of RF-DC power converter at
low input power levels significantly reducing the dead zone of the rectifiers [39], [43]
and increasing the output voltage level for the same input power. There are several
techniques for reducing the threshold voltage that can be grouped into technology-

based or circuit-based techniques. These are explained briefly in the following sections.

2.2.1 Threshold Voltage Reduction using Technology-Based
Techniques

The threshold voltage of the device can be reduced using different technology-based
approaches for the devices such as silicon-on-sapphire (SOS) process [50], schottky
diodes such as the silicon-titanium schottky diodes [44], cobalt-salicide-silicon schottky
diodes [45], Skyworks SMS diodes [46], Avago HSMS diodes [35], special low-threshold-
voltage transistors in CMOS process [47], [48], [49] or floating gate transistors which
store a pre-charged voltage at the gate to lower the threshold voltage [34]. Table 2.1
shows the state-of-the-art UHF rectifiers using technology-based approaches to reduce

the threshold voltage of the rectifying device.
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Figure 2.3: Floating gate transistor using PMOS [34].

Schottky diodes are widely used in rectifiers due to their small series resistance,
small junction capacitance and low turn-on voltage [22]. However, they are unavailable
in standard CMOS technologies [49]. Low threshold voltage transistors compatible with
CMOS process can be used for rectification as it offers near-zero threshold voltage [48].
Silicon-on-sapphire technology offers low threshold voltage CMOS transistors and
presents low parasitic capacitance compared to a standard CMOS process [50]. Another
technology-based approach that can be used to reduce the threshold voltage is floating
gate technique to program the threshold voltage of the MOS diodes to a lower value.
A floating gate transistor M is shown in Fig. 2.3. The gate of the transistor M; and
the MOS capacitor C); formed by connecting the source, drain and bulk terminal
together creates a capacitive structure and forms a high impedance node to trap
charges in the floating gate. The charge in the floating gate is injected by applying a
high voltage to the control terminal which causes the electrons to be trapped at the
oxide-body interface. The trapped charges reduces the effective threshold voltage of
the transistor. However, the technique is not cost effective since the threshold voltage
of each of the rectifying device needs to be adjusted. Also, the trapped charges will
be gradually released over time, bringing back the threshold voltage to its original
value. Therefore, the floating gate technique is not reliable for long-term operation.

The drawback of using technology-based approaches is additional fabrication steps
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Figure 2.4: Unit cell of rectifier with threshold voltage compensation [51].

that increases the production cost and prevents integration of RF energy harvester in

mainstream Complementary Metal-Oxide-Silicon Integrated Circuits (CMOS ICs).

2.2.2 Threshold Voltage Reduction using Circuit-Based Tech-
niques

An alternative to using specialized semiconductor technologies are circuit-based
approaches to enhance the performance of RF energy harvesters. These circuit
techniques can be classified into active and passive techniques. Active techniques
require an external power source/secondary battery and are generally used in active
sensors or active RFID [52]. A threshold compensator using active technique is
suggested in [51] consisting of a secondary battery Vpp to generate a biasing voltage
as shown in Fig. 2.4. The compensating biasing voltage V, is applied to each of
the rectifying device using a V, distribution network which reduces the threshold
voltage of the individual rectifying devices. The need for an external battery leads
to an increased cost and maintenance making it unsuitable for long-term RF energy
harvesting applications. Passive techniques does not require an additional source
of energy unlike the active one, but may require additional circuits to generate the
compensating threshold voltage.

Passive circuits such as an auxiliary rectification chain is used in [53] to generate the
threshold-compensating voltage applied as a gate-source potential which reduces the

threshold voltage of the rectifying transistors. Fig. 2.5 shows the auxiliary rectification
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Figure 2.5: Auxiliary rectification chain to generate compensating threshold voltage
for main chain [53].

chain that generates the threshold voltage compensation for the transistors in the
main rectification chain. The auxiliary chain requires additional power and occupies
a large area. A capacitive and resistive network is implemented off-chip in [54] to
generate the compensating threshold voltage. The output DC voltage is used as a
reference voltage and a ladder network generates the compensating voltages for the
different stages as shown in Fig. 2.6. Additional power dissipation is introduced due
to the ladder network. Also, with increase in the number of stages of the rectifier, the
number of resistors and capacitors in the ladder network increases. This increases the
total area occupation when implemented on-chip. A threshold voltage cancellation
circuit is used in [55] where the compensating voltage is generated passively and stored
in the capacitor C,. that is applied at the gate-source terminal of the MOS rectifying
device as shown in Fig. 2.7. Large resistor and capacitor values are required for the
circuit which occupies a large area on the chip.

The rectifier circuit consisting of NMOS transistors with grounded body terminal

leads to an increase in the threshold voltage with the number of stages due to the
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Figure 2.6: Capacitive and resistive network to provide compensating threshold
voltage [54].
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Figure 2.7: Internal passive threshold voltage reduction circuit [55].
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Figure 2.8: Controlling body terminal of PMOS transistor using additional circuit [58].

body effect [56]. This degrades the efficiency of the rectifier circuit. The effective
threshold voltage Vry is given by (2.3) based on the BSIM4 model [57].

Vrny = Vrno +7 (\/ Os — Vs — \/@) (2.3)

where Vi is the effective threshold voltage of NMOS transistor, Vg is the threshold
voltage at zero substrate bias, v is the body-bias coefficient, Vj, is the body-source
potential and ¢, is the surface potential. With increase in the number of stages
in the rectifier, the source terminal voltage for the rectifying transistor increases.
For a body-grounded NMOS transistor, this increases the V;, potential resulting in
an increase in Vpy. The increase in the threshold voltage of the rectifying device
degrades the performance of the rectifier especially at low power levels. Triple-well
NMOS transistors can be used to provide individual body biasing [39]. Also, the body
terminal of the transistors can be dynamically controlled using additional circuit [58]
or floating well devices [59]. This can minimize the undesired body effect. Fig. 2.8
shows a diode-connected half-wave rectifier circuit consisting of transistor M; with
auxiliary transistors My and M3 to control the body terminal. When the input voltage
Vin is larger than the output voltage V,,;, transistor M, is switched ON connecting
the body terminal of M; to V}, which is at a highest potential. When V,,; is larger
than Vj,, transistor M3 is switched ON, connecting the body terminal of M; to V.
Thus, the additional circuit ensures that the body terminal of the PMOS transistor is
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Figure 2.9: Conventional diode-connected Dickson multiplier using NMOS transistors.
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Figure 2.10: Forward-compensated NMOS transistors [39].

always connected to the highest potential. Floating well technique which is transistors
with their body terminal floating are used in [59] to eliminate the body effect. These
body techniques generates undesirable substrate current and increases the parasitic
capacitance at each node reducing the efficiency.

Authors in [39], [43] introduced a self-compensation scheme based on Dickson
topology [38]. A conventional Dickson multiplier referred as ”charge pump” in the
digital domain consists of diode-connected NMOS transistors as shown in Fig. 2.9. The
Dickson multiplier with diode-connected transistors is commonly used for integrated
applications. Several rectifier stages are cascaded to increase the overall output
voltage. The Dickson multiplier of Fig. 2.9 is modified for low power energy harvesting
applications by grounding the ¢, (out of phase) clock terminal and applying the input
signal at the ¢; terminal [60]. The compensating voltage is provided by connecting

the gate terminal to later stages as shown in Fig. 2.10. The diode-connected NMOS
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transistors with triple-well are used to provide individual body biasing and to reduce
the variation of threshold voltage between different rectifier stages. However, the triple-
well NMOS transistors are not always compatible with other circuits [61]. Additional
parasitic capacitance is introduced due to the well structure which increases the losses
at each node. Also, all the NMOS transistors are not threshold-compensated in
Fig. 2.10 since dummy NMOS transistors which are uncompensated are required for

later stages causing additional power losses.

2.3 Summary

In this chapter an overview on the RF energy harvesting system is provided.
Different rectifier topologies suitable for voltage multiplication is investigated and
Dickson multiplier is found the most suitable for low power RF energy harvesting
applications. Issues in the rectifier design at low power level is studied and it was
concluded that the reduction in the threshold voltage of the rectifying device is an
effective way of improving the sensitivity of the rectifier. Subsequently, threshold
voltage reduction techniques using both technology- and circuit-based approaches were
discussed comparing the previous state-of-the-art works. Specialized semiconductor
technologies can be used to reduce the threshold voltage of the rectifying device. As
an alternative to semiconductor approaches, active circuit technique requiring an
external /secondary battery or passive techniques which may need additional circuit
can be used to reduce the threshold voltage.

The proposed techniques for reducing the threshold voltage of the rectifying
device and the design of different rectifier circuits suitable for RF energy harvesting

applications is explained in the next chapter.
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Chapter 3

Hybrid Forward and Backward
Threshold-Compensated Rectifier
for RF Energy Harvesting

In previous chapters, challenges involved in the design of a rectifier to convert the
incoming weak RF signals to DC voltage, namely the threshold voltage requirement of
the rectifying device and the performance of the rectifier under low power conditions
were discussed. In this chapter, a hybrid forward and backward threshold voltage
compensated rectifier for RF energy harvesting applications is presented. The proposed
hybrid rectifier enables threshold voltage compensation for all stages as opposed to
all NMOS implementation where the last stages are left uncompensated or weakly
compensated. The proposed circuit uses standard PMOS transistors in all stages
except for the first few stages to allow individual body biasing, therefore eliminating
the need for triple-well technology in the previously reported forward-compensation
schemes. Two different multistage rectifier; one optimized to provide high PCE and
the other to produce a large output DC voltage harvested from extremely low input
power levels, are designed and fabricated in IBM’s 0.13 pm CMOS technology. Design
strategies are developed to enhance the output DC voltage and to optimize the PCE

of threshold voltage compensated voltage multiplier.

3.1 Rectifier for RF Energy Harvesting

The rectifier block, also referred as RF-to-DC power conversion circuit, converts

the RF signal to a DC voltage. It is necessary to design a rectifier to operate at
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Figure 3.1: (a) Half-wave rectifier and (b) full-wave rectifier using diode.

low input power levels while providing high PCE. Typically, several rectifier units
are cascaded to increase the overall output voltage, referred collectively as a voltage

multiplier.

3.1.1 Rectifier Circuit

A half-wave rectifier is the most basic unit for the RF-DC power conversion circuit.
In half-wave rectifiers, the rectifying device is conducting for half of the cycle, passing
the input voltage to the output. However, the output voltage is lower than the
input by the amount of voltage drop needed for turning ON the rectifying device.
The half-wave rectification can be implemented using diodes as shown in Fig. 3.1(a).
The voltage drop across the device depends on the threshold voltage of the diode
since Vout = Vamp - |V, where V,,; is the output voltage, Vm, is the input voltage
amplitude for an AC signal and Vg is the threshold voltage of the device. Fig. 3.1(b)
shows the voltage doubler unit which is a cascade of two half-wave rectifiers. The
voltage doubler rectifies the AC input in both the positive and negative cycles.

The diodes can be implemented in CMOS technology by connecting the drain
and the gate terminal of the MOS transistor together such that the transistor is
always in saturation region in forward bias condition. Fig. 3.2(a) shows the half-wave
rectifier circuit and Fig. 3.2(b) shows the full wave rectifier circuit implemented using
diode-connected NMOS transistors in CMOS technology. Diode-connected NMOS or
PMOS transistors can be used as rectifying devices. Fig. 3.3(a) shows the half-wave

rectifier circuit and Fig. 3.3(b) shows the full-wave rectifier circuit implemented using
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Figure 3.2: (a) Half-wave rectifier and (b) full-wave rectifier using diode-connected
NMOS transistors.
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Figure 3.3: (a) Half-wave rectifier and (b) full-wave rectifier using diode-connected
PMOS transistors.

diode-connected PMOS transistors. The half-wave and the full-wave rectifier circuits

are analyzed in the next sub-sections.

3.1.2 Analysis of Half~-Wave Rectification Circuit

Half-wave rectifier circuit can be implemented using diodes as shown in Fig. 3.1(a),
using diode-connected NMOS transistors as shown in Fig. 3.2(a) or using diode-
connected PMOS transistors as shown in Fig. 3.3(a). In the half-wave rectifiers, the
rectifying device is conducting for one-half of the cycle passing the input voltage to
the output. However, the output voltage is lower than the input by the amount of
voltage drop needed to turn ON the rectifying device.

Consider a PMOS based half wave rectifier unit as shown in Fig. 3.3(a). Suppose,
Vin is & constant voltage source with a value Vpp (Vpp > |Vrpl|). The transistor M,

is always in saturation [27]. The output voltage can be derived as follows: Assuming

25



Ip is the current passing through the transistor, I is the output current drawn by
the load

d‘/out
Ip=C Io. 3.1
D 1 + 1o (3.1)
Putting the value for Ip
1 W dVou
5/1’pComf(VDD — Vour — [Vrp|)? = C4 L+ Io.

Integrating the equation

(1 Cou W) J — AVt + Ip.dt
2 pC1 (Vop = Vour = |Vrpl)?  Ci(Vop — Vouwr — |Virpl)?

and hence
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Vout at t = 0 is assumed zero. Thus,

|Vout |t

‘/Out = VDD - |VTP| 1 O W 1 IO t

I} + -
/p C L VDD — ’VTP| Cl(VDD out |VTP|)
(3.2)

As t — oo and V., — Vpp — |Virp|, the overdrive voltage of the transistor becomes
negligible reducing the current available for charging. The voltage at the output is
largely affected by the |Vrp| value of the transistor as seen in (3.2). Suppose, V;,
is not a constant voltage source but a time varying sinusoidal signal applied to the
PMOS based half-wave rectifier unit in Fig. 3.3(a). In such a case, the actual charge
transfer then will be much more complicated as the transistor operates in different
regions in one cycle. Other conditions such as reverse leakage current, threshold

voltage variations has to be considered in the calculation of the output voltage.

3.1.3 Analysis of Full-Wave Rectification Circuit

The full-wave rectification circuit is also referred as voltage doubler. The voltage
doubler is used as a building block in the power harvester design. In the voltage
doubler, each of the transistors conducts only during one-half of the input cycle.

Fig. 3.4 shows the transient analysis of the PMOS voltage doubler circuit in Fig. 3.3(b)
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Figure 3.4: (a) Input voltage, (b) voltage at node-1, (c) steady state voltage across
capacitor C, (d) steady state output voltage, (e) voltage across capacitor C, and (f)
output voltage’s transient response of PMOS voltage doubler for different loads.
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for different load resistances and capacitances at an operating frequency of 915 MHz.
During the negative half-cycle of the input shown in Fig. 3.4(a), transistor Mp;
conducts and charge the capacitor C';. The signal at node-1 is clamped by the voltage
across the capacitor as seen in Fig. 3.4(b). As shown in Fig. 3.4(c), the steady state
voltage across capacitor Cy is Vgpp — |Vrpi|, where Vi, is the amplitude of the input
signal and Vp; is the threshold voltage of transistor Mp;. In the positive half-cycle,
transistor Mpy conducts and the output voltage V,,; can be expressed as 2V, -
\Vrpi| - |Vrpal|, where Vips is the threshold voltage of transistor Mpy. The steady
state output voltage for the PMOS voltage doubler circuit is shown in Fig. 3.4(d). The
output voltage is twice the voltage at node-1. The maximum possible voltage is twice
the RF signal’s amplitude only when the threshold voltage of the transistors is equal
to zero. The transient voltages at node-1 and at the output is shown in Fig. 3.4(e) and
Fig. 3.4(f), respectively. The ripples at the output for Ry = 1 MQ and C, = 1 pF is
less due to the high RC time constant compared to an R; = 10 k2 and C;, = 0.5 pF.

The operation of the voltage doubler circuit can be further understood by the
transient analysis in Fig. 3.5. There are three regions of operation of the circuit. It is

described as follows:

Subthreshold region [t;,t5] and [t3, 4]

This region extends from V;, = 0 to V;,, = |Vp|, where V, is the input voltage.

The current in this region is an exponential function of the input voltage.

W
Iy sus = Iso - f . eWVasl=IVrp)/mVr (1 _ e—\vds\/nVT) . (1 + )\wb|‘/;ls|> (3_3)
where I ., is subthreshold drain current, Igo is reverse saturation current, V, is
gate-source bias, Vy, is drain-source bias, Vi is thermal voltage, Ay, is subthreshold
region channel length modulation and 7 is subthreshold region swing parameter. As
seen from the transient simulation, in the subthreshold region the output current is

very small while the input voltage is close to zero and increases with V;,.

Inversion region [t ¢3]

The inversion region extends from V;,, = |Vpp| to Vi, = Vi, The current in this

region is a square function of the input voltage. In the inversion region, the output
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Figure 3.5: Transient analysis of output current and input voltage of PMOS voltage
doubler.

current reaches its peak value when Vj,, = Vip.

1 W
Id — _,upCom . f :

5 (IVas| = [Vrr|)® (3.4)

where I; is drain current, p, is PMOS mobility and C,, is oxide capacitance.
Leakage region [t4, t5]

Finally, the leakage region extends from V;,, = 0 to the next V;, = 0 in the negative
half-cycle. The current that flows through transistor Mps during this time interval is
referred as reverse leakage current. Ideally the output current in the leakage region

should be zero.

W
Tijear = Iso - T (1 — e Vasl/mVey (1 4 Xy | Vi) (3.5)

In the leakage region, the source and the drain terminals are interchanged resulting in

Vys = 0. The leakage current depends on the reverse saturation current which depends
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Figure 3.6: Conventional diode-connected Dickson multiplier using PMOS transistors.

on the mobility, channel doping and is relatively less for a PMOS device compared to
an NMOS one. Another consideration is W/L (aspect ratio) and for higher aspect
ratios, a greater leakage is expected.

Thus, the actual charge transfer mechanism is only for a short duration while other
parameters such as subthreshold and reverse leakage currents have to be considered

for the rest of the cycle.

3.1.4 Multistage Voltage Doubler

Several voltage doubler can be cascaded to increase the overall output voltage.
In the digital domain, these voltage multipliers are referred as charge pump that
generates a voltage higher than the supply voltage [38], [62]. The Dickson multiplier
with diode-connected transistors is commonly used for integrated application [60].
The Dickson multiplier of Fig. 2.9 is modified for RF energy harvesting applications
by connecting the ¢, clock terminal to ground and applying the input signal at the ¢,
terminal.

Fig. 3.6 shows the conventional Dickson multiplier with the PMOS voltage doubler
as a rectifier unit. The body terminal of the transistors is connected to source/drain
terminal as shown in Fig. 3.6 to further reduce the threshold voltage while the
transistors are conducting. For example, in the positive phase of the input cycle,
transistors My, M,,_1, and M, ; are conducting. The source of the transistors is at
a higher potential compared the body terminal. This reduces the threshold voltage
in the conducting region. At the same time, transistors M;, M3, and M,, are in the
reverse region (leakage operation). The gate-source and the body-source potential is

zero for these transistors. Thus, the threshold voltage of transistors Ms, M, 1, and
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Figure 3.7: PCE and DC voltage with number of stages for multistage Dickson
multiplier with load resistance of 100 kf2.

M, ;1 while they are conducting is lower than the threshold voltage of the transistors
My, M3, and M,, which are in the reverse region in the positive input phase. Similarly,
in the negative phase of the input cycle, transistors M;, M3, and M, which are
conducting have a lower threshold voltage than the transistors My, M,, 1, and M, ;.
To increase the output voltage of multi-stage rectifiers, the number of rectifier
stages must be increased accordingly. However, as the number of stages increases
the PCE is reduced as larger number of the transistors dissipates more power [63].
The output DC voltage and the PCE for the PMOS Dickson multi-stage rectifier
circuit in Fig. 3.6 with an input amplitude V,,,, of 350 mV and 500 mV as a function
of number of stages is shown in Fig. 3.7. As the number of stages in the rectifier
increases, the power losses increases, reducing the overall efficiency. Too few of stages,
leads to low output DC voltage even if the PCE is high. An input signal amplitude of
500 mV gives a larger output DC voltage and a higher PCE compared to an input
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multiplier.

signal amplitude of 350 mV for the same number of stages. To achieve a high DC
voltage, large transistors have to be used, leading to high leakage and parasitic losses
whereas smaller transistor size affects the charge transfer leading to low output DC
voltage [60], [63]. The strategy while designing the multi-stage rectifier circuit in
Fig. 3.6 is as follows: the individual stages of the voltage doubler can be cascaded to
increase the output voltage. As the number of stages increases, the output voltage
increases. With increase in the number of stages, the PCE decreases as seen in Fig. 3.7.
Hence the transistors as well as the coupling capacitors are scaled while increasing
the stages. The scaling is done to maintain the incremental voltage per stage and the
PCE is relatively constant with the increase in the number of stages. The PCE can be

maintained with proper device scaling while increasing the DC voltage for a constant
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Figure 3.9: Forward-compensated NMOS transistors [39)].

output power of 40 W as shown in Fig. 3.8. The PCE is almost constant to 33% and
does not degrade with the increase in the number of stages. The scaling of width of
the transistors and coupling capacitance with the stages results in impedance looking
into the rectifier to be unchanged so that the input power and thus the PCE remains
constant. Thus, designing a multistage rectifier requires selecting the number of stages,
width of the transistors to maximize PCE while obtaining the desired output voltage.
An optimum value of the number of stages, width of the transistors is selected to

maximize the PCE with a large output voltage.

3.2 Proposed Threshold Voltage Compensation Sc-
heme

A self threshold-compensation scheme using Dickson multiplier is described in [43]
and shown in Fig. 3.9. The gate of the transistor in this technique is connected
to the adjacent source of the transistor instead of the traditional diode-connected
structure, thus providing bias voltage equivalent to the incremental voltage across
each stage. A larger gate-source potential is provided for the NMOS transistors as a
result of such a gate connection which reduces the threshold voltage of the NMOS
transistors. Based on this technique, a forward-compensated scheme is implemented
in [39] where the bias voltage is increased by extending the gate length connection.

However, all the rectifying transistors are not threshold-compensated in this scheme
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Figure 3.11: Proposed level-1 hybrid forward- and back-compensated multiplier using
NMOS and PMOS transistors.

since uncompensated dummy NMOS transistors are required for later stages causing
additional power losses. In the forward-compensation scheme, the threshold voltage
of the diode-connected NMOS transistors increases with the stages due to the body
effect [56]. The body effect can be dynamically controlled using additional circuits [58]
but generates undesirable substrate current. Another alternative is using triple-well
process to individually bias the body terminal of NMOS transistors and reduce the
threshold voltage variation [39]. Additional parasitic capacitance is introduced due to
the well structure which increases the losses at each node.

In order to eliminate the need for triple-well processes and provide threshold-
compensation to all the rectifying transistors, we propose a hybrid threshold voltage
compensation technique as described below. PMOS transistors are used instead of
NMOS transistors as rectifying devices. As each PMOS transistor has its own n-well,
the body of PMOS transistor can be biased individually without the necessity of
a triple-well CMOS process. Unlike an NMOS transistor which requires a higher
potential at the gate terminal to offset the threshold voltage, a PMOS transistor
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Figure 3.12: Proposed level-3 hybrid forward- and back-compensated multiplier using
NMOS and PMOS transistors.

requires negative gate-source potential. Therefore, the threshold voltage of PMOS
transistors can be reduced by connecting the gate potential to the previous node rather
than later node. The proposed scheme as shown in Fig. 3.10 compensate the threshold
voltages of all PMOS transistors except the first one leading to an increased output
voltage. For an n-level compensation, for the proposed scheme, there will be "n” initial
PMOS transistors that will be uncompensated as seen from Fig. 3.10. To solve this
problem, ’'n” uncompensated PMOS transistors are replaced by NMOS transistors
with grounded body terminals as seen in Fig. 3.11. The scheme shown in Fig. 3.10
and Fig. 3.11 is level-1 compensation. The proposed hybrid scheme enables threshold
voltage compensation for all stages as opposed to all NMOS implementation where the
compensation will be significantly reduced for later stages. The compensation level
can be increased by connecting the gate terminal of PMOS to the source terminals of
the transistor of the previous stage rather than the source of its immediate neighbor.
The last transistor of the multiplier is intentionally left uncompensated to reduce the
leakage. Fig. 3.12 shows the proposed level-3 hybrid forward and back-compensated
multiplier. Increasing the level of compensation leads to reduction in the threshold
voltage which improves the forward conduction but also leads to increased reverse
leakage current degrading the rectifier’s PCE. Only odd level compensation is used as
it maximizes the source-gate potential of PMOS transistors due to the alternating
voltage phase with successive nodes.

Optimization of the number of stages of the rectifier, width of the transistors

and the level of compensation is essential to obtain a high PCE and a large output
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Figure 3.13: Contour plot of constant efficiency for input power versus level of
compensation.

DC voltage at low power levels. To find the optimum number of stages, width of
the transistors and the level of compensation, generating contour plots for maximum
efficiency is found to be an effective way of optimizing the design parameters. Fig. 3.13
shows the efficiency contour plots with different level of compensation and input power
levels. The contour plot shows the efficiency curves for integer number of stages,
level of compensation and width of the transistor. The hybrid threshold-compensated
multiplier is simulated for different level of compensation at different input power
levels. Maximum PCE at the lowest input power level is obtained when the level
of compensation is one. As the level of compensation increases, the reverse current
increases which causes additional power loss and degradation in efficiency. Hence level-
1 compensation gives the maximum efficiency while level-3 or higher is advantageous

in reducing the threshold voltage of the multistage rectifier circuit.

36



30

Width (um)
P

10 |

Number of Stages

Figure 3.14: Contour plot of constant efficiency for width versus number of stages for
level-1 compensation.

Fig. 3.14 shows the constant efficiency contour plot as a function of transistor
width and the number of stages for level-1 compensation. FEight-stage of doubler
design equivalent to 16-stage rectifier with transistor width of 13 pym and fifteen-
stage of doubler design equivalent to 30-stage rectifier with transistor width of 28
pm gives the highest efficiency contour. The former one is selected as less area is
occupied on the chip. The level-1 and level-3 compensated multi-stage rectifier are
referred as efficiency circuit and wvoltage circuit respectively. Similarly, for the voltage
circuit constant efficiency contour plot as a function of width and the number of
stages is plotted as shown in Fig. 3.15. Twelve-stage of doubler design equivalent
to 24-stage rectifier with transistor width of 8 pum is selected based on the plot. For
level-3 compensation, more number of body-grounded NMOS transistors is required
compared with the level-1. The reverse leakage loss is higher for level-3 compensation

due to the larger compensating voltage compared with the level-1 compensation and
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Figure 3.15: Contour plot of constant efficiency for width versus number of stages for
level-3 compensation.

hence the contour plots are different. For a constant width of the transistor when the
number of stages are increased, the efficiency initially increases and then degrades as
the number of stages is added due to the increased power loss with additional stages.
Also, for a constant number of stages with the increase in the width of the transistors,
the efficiency initially increases and then degrades due to the increased parasitic losses.
Increasing the level of compensation lowers the minimum input voltage requirement
whereas increasing the number of stages while lowering the width of the transistors

was based on the design strategy discussed earlier.
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Figure 3.16: Chip microphotograph of different rectifier circuits in 130 nm CMOS.

3.3 Experimental Results

Three rectifiers, named as efficiency, voltage, and I1-stage PMOS doubler are
designed and fabricated in a 0.13 pm 8-metal CMOS process. The microphotograph of
the fabricated chip is shown in Fig. 3.16. The active die areas for the efficiency circuit,
the voltage circuit and the 1-stage PMOS doubler test circuit are 190 ym x 810 pm,
190 pm x 1050 pm, and 160 pm x 70 pm, respectively. Metal stack option of 3-2-3 is
used consisting of 3-thin, 2-thick, and 3-RF metal layers. The coupling capacitance of
3 pF is realized using metal-insulator-metal (MIM) capacitor. Although metal-oxide-
semiconductor (MOS) capacitor provides higher capacitance density compared to MIM
capacitor, MIM capacitor is selected since they provide constant capacitance over a
broad input voltage range unlike MOS capacitor which has capacitance variations with

the input voltage condition. IBM generated metal layer fills is used in the design to
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Figure 3.17: Measured output DC voltage versus peak-to-peak input voltage.

satisfy the pattern density requirement. The pads are designed to be of minimum size
of 77 pm x 110 pm, and uses top metal layer to reduce the capacitance. The proposed
hybrid multiplier scheme consists of NMOS and PMOS transistors combination which
can result in a latchup condition. A latchup is a type of short circuit which can
happen between the highest and the lowest potential due to the parasitic PNPN
structure [64], [65]. Once the latchup is triggered, it can result in damage to the
IC due to high current [66]. Static charge into a transistor directly connected to a
pad can also result in latchup. There are certain latchup rules when taken care of
while designing that can minimize the risk such as guard-rings to collect the potential
carriers flowing in the substrate between the NMOS and the PMOS transistors [67].
Guard-rings are designed around the susceptible transistor to collect the potential
carriers flowing in the substrate that causes latchup. The guard-rings are contacted
and strapped with metal wherever possible. The packaged chip is wire-bonded onto
a customized PCB with FR4 substrate and tested with Agilent MXG-N5181 signal

generator at a frequency of 915 MHz using a single-tone sinusoidal signal. The receiver
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power is calculated by finding the average power at the input of the rectifier. The
performance of the designed efficiency and voltage circuit is measured for a range
of input power levels and is compared to a recent state-of-the-art work [39] in this
section.

Fig. 3.17 shows the measured output DC voltage as a function of peak-to-peak
input voltage. For a 1 M2 load, an input voltage of 170 mV results in 2.4 V and 2.8 V
for the efficiency and voltage circuit, respectively. The voltage multiplication ratio
(VMR) which is the ratio of DC voltage to the peak-to-peak input voltage is 14 and
17 for efficiency and voltage circuit respectively. A 220 mV signal results in 3.1 V
for the efficiency circuit and 4.0 V for the voltage circuit. Similarly for a 5 M2 load,
an output of 2.7 V (VMR = 16) for the efficiency circuit and 3.0 V (VMR = 18) for
the wvoltage circuit was measured at an input peak-to-peak voltage of 170 mV. Thus,
voltage circuit which has a higher level of compensation than the efficiency circuit has
a lower input voltage requirement.

Fig. 3.18, Fig. 3.20, and Fig. 3.22 shows the harvested power as a function of
received power. From the results it can be observed that at low received power levels
the harvested power has a higher dependence on load current. As seen in Fig. 3.18,
for a 1 MS2 load at received power levels around -30 dBm, the rate of decay in the
harvested power curve is higher than for the 5 M(2 load. The roll-off in the harvested
power for a 1 M2 load starts at about -20 dBm while the roll-off point for a 5 M¢2
load is approximately -30 dBm. As seen in Fig. 3.20, even for the voltage circuit, the
rate of decay in the harvested power curve is greater for a 1 MS) load compared to a
5 MS2 load. A lower load value has a higher current requirement. The performance
of both the circuits in terms of roll-off is similar for the same load value as seen in
Fig. 3.22. The designed efficiency and wvoltage circuit outperforms the circuit in [39]
especially at low received power levels. As seen in Fig. 3.18, a harvested power of
3.5 uW for a 1 MS2 load and a harvested power of 1 W for a 5 M2 load at a received
power of -17.5 dBm (17.7 uW) is supplied by the efficiency circuit. A harvested power
of 1.5 uW for a 1 MS2 load and an harvested power of 0.5 pW for a 5 M load at
a received power of -17.5 dBm (33.1 yW) is supplied by the voltage circuit, as seen
in Fig. 3.20. The efficiency circuit has a higher harvested power than the voltage

circuit under different load conditions. The measured curve is indicated by solid line.
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Figure 3.18: Harvested power versus received power for efficiency circuit with different
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Figure 3.19: PCE versus received power for efficiency circuit with different loads.
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Figure 3.21: PCE versus received power for voltage circuit with different loads.
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load.
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Figure 3.24: Harvested voltage versus received power with different loads for efficiency

circuit.

Figure 3.25: Harvested voltage versus received power with different loads for voltage

circuit.
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This Papotto- B. Li- Scorcioni- T. Le- Naka-
work 2011 [39] 2013 [54] | 2013 [68] | 2008 [34] | 2007 [55]
CMOS
130 nm 130 nm 130 nm 130 nm 250 nm 350 nm
technology
Frequency
915 915 900 868 900 860-960
(MHz)
Rectifier’s
area on chip 0.15 0.19 n.a 0.2 0.4 0.008(®
(mm?)
PCE at
. 22.6% 11% 9.1% 10% 9.2% 15%
RF input
@-16.8 dBm | @-18.8 dBm | @-19.3 dBm | @-14 dBm | @-17.9 dBm | @-9 dBm
power
Output 22V 12V 1.2V 2V 14V 24V
voltage @-16.8 dBm | @-18.8 dBm | @-19.3 dBm | @-14 dBm | @-17.9 dBm | @-9 dBm
Voltage
sensitivity 6.9 pW 13.2 pW® | 117 pW® | 251 W)
n.a. n.a
(1V for (-21.6 dBm) | (-18.8 dBm) | (-19.3 dBm) | (-16 dBm)
1 MQ)
Load 1 MQ 1 MQ 1.5 MQ n.a 1.32 MQ n.a

@) Area of single-stage rectifier on chip.
(b) 1.2 V DC output.
© 2 v DC output.

Table 3.1: Performance summary of proposed multiplier and comparison with previous
works.

It is found to be in close agreement with the simulation results. Fig. 3.19, Fig. 3.21
and Fig. 3.23 show the PCE curve at different received power levels. The measured
and the simulated PCE for the efficiency and the voltage circuit for different load
resistance values are further compared. The PCE comparison with the previous work
is done while considering the power at the input of the rectifier in [39]. Fig. 3.24 and
Fig. 3.25 shows the output DC voltage curves for the efficiency and the voltage circuits
respectively for different load resistance values. When loaded by 1 MS, efficiency
circuit attains a maximum measured PCE of 22.6% at -16.8 dBm (20.9 ¢W) while
delivering 2.2 V to the output. As shown in Fig. 3.24, the efficiency circuit produces
1 V across a 1 M{Q load from a remarkably low received power level of -21.6 dBm

(6.9 uW). A maximum measured PCE of 21.6% is obtained by the efficiency circuit
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while producing an output voltage of 1.1 V at a received power of -26.5 dBm (2.23 W)
for a 5 MQ load. At a received power level of -14.8 dBm (33.1 pW), the wvoltage circuit
achieves a maximum measured PCE of 10.2% for a 1 M() load while delivering 1.8 V.
As seen in Fig. 3.24 and Fig. 3.25, due to a lower load current requirement for a 5 M{2
load, the output voltage is higher compared to a 1 M2 load. At a received power
level of -22.5 dBm (5.6 uW), voltage circuit has a measured output DC voltage of 1 V
while the efficiency circuit has a measured output DC voltage of 1.8 V at -24 dBm
(4 pW) for a 5 MS2 load. As seen from the PCE curves and the DC output voltage
curves with the increase in load resistance, the circuit can provide a larger output
voltage than with a low load resistance due to the low load current requirement at
high load resistances. A large voltage at the output at low power levels results in high
compensating voltage leading to high PCE. At relatively high received power levels,
the leakage current starts dominating which lowers the PCE. Table 3.1 summarizes the
performance of this work and compares it with the published state-of-the-art works.
A DC output voltage of 2.2 V at an input power of -16.8 dBm (20.9 W) and a PCE
of 22.6% for a 1 MQ load is among the highest compared to the previous works. The
sensitivity of the efficiency circuit for obtaining an output voltage of 1 V with a 1 M
load is -21.6 dBm (6.9 W) which is highly sensitive compared to the previous works
in Table 3.1.

3.4 Summary

A hybrid forward and backward threshold voltage compensated rectifier circuit is
proposed employing PMOS transistors and n number of NMOS transistor for an n-level
compensated multi-stage rectifier. The proposed hybrid scheme provides threshold
voltage compensation for all the transistors unlike previous threshold-compensation
schemes where some transistors are left uncompensated or weakly compensated. There
is no need for expensive triple n-well processes in the proposed scheme as the body of
PMOS transistors can be individually biased within their own n-wells. Two integrated
rectifier circuits are designed in 0.13 pm CMOS to maximize the PCE and output
voltage of proposed multi-stage rectifier. The measured result confirms that the

efficiency circuit optimized for efficiency achieves an output voltage of 2.2 V from
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a-16.8 dBm (20.9 W) input with a PCE of 22.6% when driving a 1 M2 load and
achieves a remarkable sensitivity (1 V for a 1 M load) at an input power of only
-21.6 dBm (6.9 pW). An output DC voltage of 2.8 V is measured for a peak-to-peak
input voltage of 170 mV for a 1 M(2 load from woltage circuit optimized to provide
large output voltage for a low input voltage. The proposed multiplier circuits can
be used to increase the range of RF energy harvesting offering better sensitivity and
higher PCE than previously reported threshold voltage compensated CMOS rectifiers.

Although reducing the threshold voltage of the transistors increases the sensitivity of
the RF rectifiers, the increased leakage current of the transistor with lowered threshold
voltages causes loss of energy stored in the previous cycles resulting in degraded
recifier’s PCE. An adaptive circuit is therefore required to dynamically control the
threshold-compensation and the leakage current of the rectifying transistors to further

improve the performance of the rectifier used in RF energy harvesting.
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Chapter 4

An Adaptive Threshold Voltage
Compensated RF Energy
Harvester in CMOS

In the previous chapter, threshold voltage of the rectifying device was identified
as an important criteria degrading the performance of the RF energy harvester.
Techniques to reduce the threshold voltage of the rectifying device were discussed
in the previous chapter and a hybrid forward and backward threshold-compensated
rectifier was designed and fabricated. This chapter identifies the trade-off in the
performance parameters of the RF energy harvester with decreasing threshold voltage.
An adaptive rectifier is designed to efficiently convert RF signals to DC voltages
utilizing auxiliary transistors to control the threshold voltage of the transistors in the
main rectifier chain dynamically. The proposed circuit passively reduces the threshold
voltage of the forward biased transistors to increase the harvested power, and the
output voltage and increases the threshold voltage of the reverse biased transistors
to reduce the leakage current to prevent the loss of previously stored energy. Thus,
increasing the operating range and the harvested power obtained from the device.
A 12-stage adaptive threshold-compensated rectifier is designed and implemented in

IBM’s 0.13 pm CMOS technology.
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4.1 Background on Adaptive Threshold Voltage
Compensated Rectifier

The major challenge of scavenging RF energy is the limited signal strength of the
RF waves and the low efficiency of the harvesting circuit at low input power levels. The
signal strength received at the input of an energy harvester is limited due to the path
loss that attenuates the transmitted signals with transmitted power levels regulated
by FCC [30]. Hence there is a growing interest to maximize the amount of harvested
RF energy by design of more power efficient energy harvesting systems especially
at low received input power levels. A highly efficient rectifier circuit providing a
multi-volt output voltage at low input power levels is needed to provide the energy
required for the operation of a low-power wireless sensor. The power consumption for
the commercial sensor network nodes vary based on the manufacturers and has been
estimated by various authors to be around 10 to 100 uW depending on the sensing
application and the radio protocol [69], [70]. A multi-volt supply voltage is typically
required for the operation of the sensor circuitry [71], [72].

The performance parameters of the RF-DC power conversion circuit such as the
PCE that is the ratio of power delivered to the load to the input power, power-
up threshold that is the minimum power required to turn-on the RF-DC power
converter and DC output voltage are strongly affected by the threshold voltage of
the rectifying devices and the leakage current simultaneously. Therefore, several
works have been reported on the reduction of threshold voltages of rectifying devices
described in Chapter 2. Static cancellation of threshold voltage improves the forward
bias performance of the rectifying device but produces a higher leakage current when
reverse biased degrading the efficiency performance. As a significant amount of energy
is lost because of the increased leakage current of devices with lowered threshold
voltage particularly noticeable when the input received power is low, achieving a high
PCE remains very challenging with the proposed techniques. The majority of the
reported designs of the rectifiers were mostly focused on reducing the threshold voltage
neglecting power losses introduced by the increased reverse leakage current of the
reduced threshold voltage transistors. The reduction in threshold voltage increases the

reverse leakage current causing the loss of energy stored in previous cycles. Especially

50



Vin o—I—— _" Vout

(a)

%] 1T:t1 2

(b)

Figure 4.1: (a) Schematic of threshold-compensated transistor. (b) Waveform of input
and output voltage.

at extremely low input power, the reverse leakage current has a significant adverse
effect on the PCE and the output DC voltage of an RF rectifier as proven by the
following analysis.

Considering a threshold-compensated transistor of a single-stage rectifier shown in
Fig. 4.1(a) driven by an input source Vj,, = Vi, sinwt, assuming the compensation
voltage is modeled by Vi and its input and the output steady state voltage waveforms

shown in Fig. 4.1(b), the overall PCE is defined as

Pou orwar _Peaae
PCE = ~ubJorward - leakag (4.1)

Bnput
where FPout, forwara 15 the output power delivered to the load when transistor is forward

biased, Pleqkage is the output power lost due to leakage when transistor is reverse
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biased, and P, is the input power. The forward region extends from ¢ = ¢; to

t = - t1, as seen in Fig. 4.1(b).

1 T—t1
Pout,fm‘wa’rd w2t ‘];1 ‘/out : Iddt

] 1 T—t1
Pznput T2t f;fl ‘/zn . Iddt

where I,(t) is the current through the MOS transistor M.

T—t
Pout,forward _ 7r—12t1 t1 ' (‘/amp - VTH + VC) - dt (4 2)
Pinput ! ftzr_tl Vmp sinwt - dt

T—2t

Assuming the ripple voltage variation AV is much smaller than the average output
voltage V,, the output voltage for the one-stage rectifier can be expressed as V, = Vi -
Vra + Ve, where Vg is the threshold voltage of the transistor. Performing integration
on (4.2) gives the ratio of the output power in the forward region to the input power
as

Pout,forwa’rd _ W(ﬂ- - 2t1) : (‘/amp - VTH + VC)
Pinput 2 ‘/amp COs th

. (4.3)

The value of ¢; lies between 0 < t; < 7/2 based on the value of Vyy - V. The time
t; indicates the onset of inversion region and is close to zero when the compensating
voltage is near the threshold voltage and will be closer to 7/2 when the compensating
voltage is near-zero value. As seen in (4.3), the ratio of the output power in the
forward region to the input power increases with increased voltage compensation in

the forward region. In the reverse biased region, the leakage current is expressed as

Ileak(t> — IO . % . €(|VQSI_VTH)/77VT . (1 _ e—lVds'/nVT>' (44)

Replacing the gate-source bias voltage by Vi, source-drain bias by Vj,(t) - Vi, and

Vin by Vamp sinwt, the leakage current as a function of time can be expressed as

Ileak(t> =1, E . eWVe=Vrm)/nVr (1 — o(Vamp Sinwt—Vamp+VTH—Vc)/nVT) (45)

L

where (7 - t;) < t < (27 + t1). With increase in the compensation, the power loss
increases due to the higher leakage current. As seen in (4.3) and (4.5), even though
the ratio of the output power in the forward region to the input power increases with
larger threshold voltage compensation, the losses in the leakage region is higher than

the conventional diode-connected transistor due to the increased compensation. This
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Figure 4.2: Proposed level-1 hybrid forward- and back-compensated multiplier using
NMOS and PMOS transistors.
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Figure 4.3: Proposed level-3 hybrid forward- and back-compensated multiplier using
NMOS and PMOS transistors.

indicates the fundamental trade-off between the level of threshold voltage compensation
and the leakage current of the transistors.

To investigate the effect of the level of threshold compensation on the PCE of
multi-stage hybrid threshold-compensated [73], [74], level-1 rectifier which connects
the gate terminal to one previous node for the PMOS transistors (Fig. 4.2) and level-3
rectifier which is connecting the gate terminal to three previous nodes (Fig. 4.3) for
the PMOS transistors are simulated to obtain constant maximum efficiency contour
plots as shown in Fig. 4.4. Increasing the level of compensation leads to reduction
in the threshold voltage which improves the forward conduction but also increases
the reverse leakage current. As seen in Fig. 4.2 and Fig. 4.3, during the positive
input phase, transistor M, is forward biased. Since the gate terminals are connected
to the previous node, V;, potential when forward biased is higher compared to that

of the conventional diode-connected case with no threshold voltage compensation
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Figure 4.4: Contour plot of constant efficiency for input power versus level of compen-
sation.

which increases the ratio of output power in the forward region to the input power.
However, when the transistor M,, is reverse biased, the V;, potential is higher than
that of a conventional diode-connected case increasing the reverse leakage current of
the reverse biased transistor. This can also be explained by the efficiency contour
plots of the hybrid scheme as seen from Fig. 4.4. The contour plots are simulated for
constant efficiency with different level of compensation and input power levels. As
seen from Fig. 4.4, though with the increase in the level of compensation the threshold
voltage reduces, the efficiency degrades at the same time which is due to the increased
reverse leakage current. The simulated maximum PCE of 28% degrades to 11% from
level-1 compensation to level-3 compensation, respectively. An adaptive scheme is
hence required to control the threshold voltage and the reverse leakage current of

the rectifying device dynamically to improve the PCE over a wide range of input
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Figure 4.5: Differential drive (4T-cell) CMOS rectifier with cross-coupled configuration.

power. Ideally, the threshold voltage of the rectifying device should be zero when the
transistors are forward biased while the threshold voltage should be high when the
transistors are reverse biased to prevent any leakage or the losses associated with it.

To address the trade-off between the reduced threshold voltage and increased
leakage current, the authors in [75], [76] proposed use of high speed comparators to
control the reverse leakage current. The comparator-controlled switches minimizes
the voltage drop along the conduction part and reduces the reverse current to achieve
a large PCE. However, the use of comparator increases the power consumption and
limits the usefulness of this technique to low-frequency applications. Dynamic CMOS
Dickson pump has been designed in previous works to eliminate the threshold voltage
drop while reducing the reverse leakage current. These circuits are designed for digital

application with no emphasis on low power operation [62], [77]. Differential-drive
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Figure 4.6: Differential rectifier architecture using (a) PCB balun and (b) differential
antenna in RF energy harvesting system.

(4T-cell) architecture with the cross coupled bridge configuration reduces the threshold
voltage and lowers the reverse leakage current at the same time [78], [79]. A differential
drive (4T-cell) cross-coupled CMOS rectifier is shown in Fig. 4.5. When Vgp+ is
negative, which corresponds to a forward bias condition for the diode-connected
transistor My, node-1 is positive and decreases the threshold voltage of My,. When
Vrp+ is positive which corresponds to the reverse bias condition, node-1 is negative
that reduces the reverse leakage current of transistor My;. There has been variants

of the 4T-cell architecture in [42], [80-82] mainly to enhance the efficiency of the
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differential-drive rectifiers. The 4T-cell differential standard MOS transistors are
replaced by floating gate transistors in [41] and an optimum threshold voltage for the
NMOS and the PMOS transistors are found that maximizes the output DC voltage at
a given RF input power level. The floating gate transistors allows to independently set
the threshold voltage of the NMOS and the PMOS transistors. A design methodology
to enhance the efficiency and the output voltage of the 4T-cell architecture was
provided in [81]. Comparison of different differential rectifier topologies derived from
the 4T-cell architecture was provided in [82].

The main drawback of the 4T-cell architecture is the need to have a differential
source with a common ground as used by the rectifier and the load. It may not be
possible to obtain differential signal in every situation [83]. Differential circuit requires
a PCB balun for the single-ended to differential conversion [84] as shown in Fig. 4.6(a)
or differential antenna [68] as shown in Fig. 4.6(b) in an RF energy harvesting system.
The losses of the required balun degrades the PCE of the RF energy harvester. Also,
the differential circuit requires triple-well NMOS transistors and larger number of
rectifying devices for the same number of stages compared with the single-ended one.
An adaptive forward and backward threshold voltage compensation scheme is proposed
that use minimal additional circuitry to increase the threshold voltage compensation
when transistors are forward biased and decrease the compensation voltage when
they are reverse biased. The PMOS transistors in the main rectification chain are
back-compensated when forward biased and forward compensated when reverse biased;

increasing the forward current and reducing the reverse leakage current dynamically.

4.2 Proposed Adaptive Threshold Voltage Compe-
nsation Scheme

The rectifying devices in the proposed adaptive scheme are passively threshold-
compensated using back-compensation for the PMOS transistors and forward com-
pensation for the initial NMOS transistors. An auxiliary block consisting of PMOS
transistors is used to dynamically control the gate-source voltage of the MOS transis-
tors in the main rectification chain. The auxiliary blocks are designed using minimum

number of PMOS transistors so that the power losses do not increase considerably
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Figure 4.7: Proposed adaptive threshold voltage compensation scheme using diode-
connected transistors.

due to the additional blocks. The controlling voltage of the transistors in the auxiliary
chain is derived from the local node of the main rectification chain. Two possible
implementation of the proposed adaptive threshold voltage compensation scheme are
discussed in the following section, one using diode-connected PMOS transistors and
the other solid-wired connection to adaptively adjust the level of the threshold voltage

compensation.

4.2.1 Diode-connected Transistor for Back-Compensation

Fig. 4.7 shows the adaptive threshold-compensated rectifier using diode-connected
transistors for back-compensation. The back-compensation reduces the threshold
voltage when the transistors are forward biased and forward-compensation reduces
the reverse leakage current when reverse biased with the control signal derived from
the local node. The last transistor M, is left uncompensated intentionally to reduce
the leakage. The operation of transistor M,, as an example of other transistors, is as

follows:

e During the negative input phase, transistor M, is back-compensated by the diode-
connected transistor M,,. The source-gate bias voltage V, for the rectifying
transistor M,, should be large in the negative input phase when the transistor is

forward biased to compensate for the threshold voltage. The source-gate bias
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voltage V4 ar, for rectifying transistor M, is
VtSQyMn =V; =V — VMna,drop (46)

where Vi, V,, V5...V,, are the node voltages as seen in Fig. 4.7 and Vi, drop
is the voltage drop across the diode-connected auxiliary transistor M,,. Also,
Vi > V3 >V, > V) since the node voltages are boosted with the increase in
stages. When compared with the conventional diode-connected scheme where
the gate terminal of transistor M,, is connected to node voltage V,, the back-
compensation of the transistors for the adaptive diode-connected scheme leads
to a large Vs, bias voltage. This is because the gate terminal is connected to
node voltage V5 through diode-connected transistor M, instead of Vj, which
enhances the forward current through the rectifying transistor. The V;, bias
voltages of the rectifying transistor M,, for the adaptive diode-connected scheme

and the conventional diode-connected scheme can be expressed as

‘/sg,adapt—diodeconnected =2 ‘/sg,conventional - VMna,drop (47)

where Vig adapt—diodeconnected 18 the source-gate bias voltage for the adaptive diode-
connected scheme, Vg conventionar 15 the source-gate bias voltage for the con-
ventional diode-connected scheme. Thus, in the negative input phase when
the rectifying transistor M, is forward biased, the adaptive diode-connected
scheme is able to provide large threshold-compensation compared to the conven-
tional scheme. Comparing with the hybrid scheme in Chapter 3, the threshold-
compensation is V3 — V5 for the hybrid scheme which is more than the adaptive
diode-connected scheme by Vina drop, as seen in (4.6). In the negative input
phase, the source-gate bias voltage Vi, as,, for the auxiliary transistor M, can

be expressed as
‘/ngMnb = ‘/2 - ‘/3 + VMna,drop- (48)

As seen in (4.6) and (4.8) when Vi, drop < V3 - Va, the auxiliary transistor M,

is in OFF state and Vg s, > 0, increasing the threshold-compensation.

During the positive input phase, transistor M, is forward-compensated by

the auxiliary transistor M,,;. The V, bias voltage of the rectifying transistor
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Figure 4.8: Contour plot of constant efficiency for adaptive diode-connected scheme.

should be low in the positive input phase so that the rectifying transistor M, is
completely OFF and reduces the leakage current. The source-gate bias voltage

Vig.u,, for the auxiliary transistor M, is

Vi, = Va — Va. (4.9)
As Vy > Vs,

Visg.r, = Vit drop- (4.10)

Thus, in the positive input phase when the rectifying transistor M,, is reverse

biased the adaptive diode-connected scheme reduces the leakage current. For
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the conventional diode-connected scheme, V4 a7, = 0 while Vg a7, = Vi - V5 for

the hybrid scheme resulting in a large leakage current.

In order to determine the number of stages of the rectifier, width of the transistor
for maximum PCE, efficiency contour plot is simulated. Fig. 4.8 shows the efficiency
contour plot for the adaptive diode-connected scheme as a function of width and
the number of stages of the rectifier. Generating contour plots are an effective way
to optimize the number of stages and the width of the transistors to maximize the
PCE while obtaining the required voltage. Twelve-stage of voltage doubler design
equivalent to 24-stage rectifier with transistor width of 11 pm gives the highest
efficiency contour. The width of the diode-connected transistor in the auxiliary chain
should be comparable to the width of the transistors in the main rectification chain
so that it provides low forward-resistance when the transistors are conducting. The
auxiliary transistors My, M,—1)p, My in Fig. 4.7 that controls the reverse-leakage
is selected to be 480 nm, an order of magnitude smaller than the diode-connected
transistor to minimize their power consumption and reduce the parasitic at the nodes
of the main rectification chain. Larger transistor widths are avoided to reduce the

parasitic at the nodes of the main rectification chain.

4.2.2 Solid-connected Transistor for Back-Compensation

Fig. 4.9 shows the adaptive scheme using solid-wired connection instead of the diode-
connected transistor for reducing the threshold voltage since there is an additional
voltage drop across diode-connected transistor M, which reduces the threshold-
compensation as seen in (4.6). The auxiliary chain controlling the threshold voltage
and the leakage current dynamically is designed using minimum number of transistors
so that no significant additional power losses are introduced. Similar to the adaptive
diode-connected scheme, the operation of the transistor M, is described as an example

of other transistors. The description is as follows.

e During the negative input phase, transistor M, is back-compensated by the
solid-wired connection. The source-gate bias voltage V;, for rectifying transistor

M, is

Veg, = Vs = Va. (4.11)
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Figure 4.9: Proposed adaptive threshold voltage compensation scheme using solid-
wired connection.

When compared with the conventional diode-connected scheme where the gate
terminal of transistor M, is connected to node voltage V}, the back-compensation
of the transistors for the adaptive solid scheme leads to a large Vj, bias voltage as
the gate terminal is connected to node voltage V5 instead of V; which enhances
the forward current through the rectifying transistor. The V;, bias voltages of
the rectifying transistor M, for the adaptive solid scheme and the conventional

diode-connected scheme can be expressed as

‘/;g,adapt—solid =2 Vjsg,comjentional (412)

where Vg adapt—sotia 18 the source-gate bias voltage for the adaptive solid scheme,
Visg.conventional 15 the source-gate bias voltage for the conventional diode-connected
scheme. Thus, in the negative input phase when the rectifying transistor
M, is forward biased, the adaptive solid scheme is able to provide large
threshold-compensation compared to the conventional scheme. The threshold-
compensation for the hybrid scheme is same as the adaptive solid scheme. In
the negative input phase, the source-gate bias voltage V4 a7, for the auxiliary

transistor M,,;, can be expressed as
Vg, = V2 — Va. (4.13)

As seen in (4.11) and (4.13), the auxiliary transistor M, is in OFF state and

Vsg.m,, > 0, increasing the threshold-compensation.
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e Similar to the adaptive diode-connected scheme, during the positive input phase
transistor M, is forward-compensated by the auxiliary transistor M,;,. The
source-gate bias voltage Vi, ar,, for the auxiliary transistor M, should be low
in the positive input phase so that the transistor is OFF completely and the

leakage current is reduced. V4 a7, is expressed as
Vg, = Va — V. (4.14)
As Vi > Vi,

‘/sg,Mn - VMnb,drop- (415)

Thus, in the positive input phase when the rectifying transistor M,, is reverse
biased the adaptive solid scheme reduces the leakage current. Vi, s, for the
adaptive solid scheme is slightly large than the conventional diode-connected
scheme which has Vg ps,, = 0 but much less than the hybrid scheme which has
Vigm, = Vi - Va.

Efficiency contour plot is simulated to determine the design parameters of the
rectifier. Based on the efficiency contour plot in Fig. 4.10, twelve-stage of doubler
design equivalent to 24-stage rectifier is designed with transistor width of 10 pum
which gives the maximum cfficiency contour. The efficiency contour plot for the solid-
connection follows similar trend as the diode-connected one. With the increase in the
width of the transistors while maintaining the number of stages, the efficiency initially
increases and then degrades due to the increased parasitic losses. Similarly, when the
width of the transistor is kept constant and the number of stages are increased, the
efficiency initially increases and then degrades as more number of stages is added due
to the increased power loss with additional stages. Coupling capacitor value of 4 pF
is selected as it has a very modest impact on the rectifier’s efficiency.

To investigate the effectiveness of the adaptive blocks in reducing the leakage
current, leakage current as a function of input power is plotted as shown in Fig. 4.11.
The leakage current is simulated for the last transistor with a 1 M load for different
input power levels. As shown in Fig. 4.11, comparing the schemes i.e. hybrid, adaptive

solid, and adaptive diode-connected for power levels of 1 uW — 100 4W and at an
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Figure 4.10: Contour plot of constant efficiency for adaptive solid scheme.

operating frequency of 915 MHz, the reverse leakage current is maximum for the
hybrid scheme and increases with the input power. At an input power of 105 pW, the
leakage current is 12 nA. The adaptive solid and the adaptive diode-connected scheme
have an auxiliary transistor to control the reverse leakage current. At an input power
of 1 uW, the auxiliary transistor does not have enough input power to turn ON and
provide the required forward-compensation. Hence the leakage current is comparable
with the hybrid scheme. At 1 uW (-30 dBm), the output transistors leakage current is
6.96 nA for the adaptive solid scheme and 7.56 nA for the adaptive diode-connected
scheme with a 1 M2 load. As the input power increases, the leakage current for the
adaptive scheme is drastically reduced as seen in Fig. 4.11. Also, the reverse leakage

current for the adaptive schemes is relatively constant with increase in the input power.
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Figure 4.11: Leakage current versus input power comparison for different multiplier
schemes.
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Figure 4.12: Current transfer ratio versus input power comparison for different
multiplier schemes.
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The leakage current also depends on the load resistance and increases with decrease
in the load resistance. Another performance measuring parameter we have defined in
this chapter is the current transfer ratio which is the ratio of the forward-current to
the reverse leakage current. Fig. 4.12 shows the current transfer ratio as a function
of input power. The current transfer ratio at an input power of 1 yW (-30 dBm) for
the hybrid scheme is 270, for the adaptive solid scheme is 140 and for the adaptive
diode-connected one is 108. The current transfer ratio for the adaptive solid scheme
increases rapidly and outperforms the hybrid scheme from 2 yW (-27 dBm) while
for the adaptive diode-connected one, the current transfer ratio intersects the hybrid
curve at 11 pW. The current transfer ratio for the hybrid scheme initially increases
with the input power and saturates to approximately 1500 at 100 4W of input power.
The current transfer ratio for the adaptive solid scheme rapidly increases with the
input power. At an input power of 90 W, the current transfer ratio for the adaptive
solid scheme is 9000 as shown in Fig. 4.12. The current transfer ratio for the adaptive
diode-connected scheme is 4000 at 97 W of input power. The current transfer ratio
for the adaptive solid scheme at an input power of 100 4W (-10 dBm) is 6 times while
for the diode-connected one is 2.5 times better than the hybrid scheme.

The proposed adaptive scheme is effective in increasing the PCE with the addition
of auxiliary adaptive blocks. The increase in the PCE with the addition of the adaptive
auxiliary blocks for the adaptive diode-connected scheme is shown in Fig. 4.13. With
the addition of the auxiliary block the maximum PCE increases to 12%. The auxiliary
block is added for every alternate transistor. However, the additional power consumed
by the auxiliary diode-connected transistor when the rectifying device in the main
rectification chain is forward biased prevents the scheme from achieving higher PCEs.
Unlike the adaptive diode-connected scheme, the auxiliary adaptive block is added to
all the transistors for the adaptive solid scheme. Except for the first and the last stage,
all the transistors for the adaptive scheme have the adaptive blocks. The additional
power consumption and the parasitic capacitance introduced by the auxiliary chain
arc much lower than the former circuit as the solid-connected scheme uses only
one transistor per adaptive block. Fig. 4.14 shows the improvement in PCE of the
rectifier with the addition of auxiliary block. The maximum PCE reaches to 33.5%
when the number of adaptive blocks is 20, a figure much higher than the adaptive
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Figure 4.13: Increase in PCE for rectifier with addition of adaptive blocks for adaptive
diode-connected scheme.
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Figure 4.14: Increase in PCE for rectifier with addition of adaptive blocks for adaptive
solid scheme.
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Figure 4.15: Chip microphotograph of proposed adaptive multiplier schemes.

diode-connected scheme which has a maximum PCE of 12%.

4.3 Experimental Results

Three rectifiers named as ”adaptive solid,” ”adaptive diode-connected”, and the
"hybrid” circuits are designed and fabricated side by side in a 0.13 gm metal CMOS
process with eight layers of metallization. The "hybrid” circuit is the level-1 hy-
brid forward- and back-compensated multiplier using NMOS and PMOS transistors
discussed in the previous chapter. The microphotograph of the fabricated chip is
shown in Fig. 4.15. The hybrid circuit has been implemented on a new chip with the

adaptive solid and the adaptive diode-connected scheme to give a fair comparison of
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Figure 4.16: PCB to measure performance of proposed rectifiers with off-chip
impedance matching.

performance between the different schemes on the same chip. The on-chip capacitance
of 4 pF is implemented using MIM capacitors (2.0 fF/um? + 10%) available in the
IBM’s 0.13 pm CMOS kit. The active die areas for adaptive solid and adaptive diode-
connected circuit is 0.25 mm? and the hybrid circuit is 0.15 mm?2. As seen in Fig. 4.16,
the chip is soldered onto a 2-layer FR-4 PCB and tested with Agilent MXG-N5181
signal generator using frequency modulated continuous signal in the 902 - 928 MHz
ISM band. An off-chip L-section impedance matching network is implemented on
the PCB to convert the rectifier’s input impedance to 50 2. Comparative study of
different matching circuit topologies showed that the L-section matching circuit is able
to provide better performance than other topologies using 2- or 3- passive components
due to the minimal number of passive components. The output DC voltage is obtained
with an oscilloscope or a digital multimeter. The performance of the designed rectifiers
with the impedance matching network is compared with a recent state-of-the-art work

(hybrid scheme) [73] in this section.
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Figure 4.17: PCE versus input power for different schemes with 1 M2 load.
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Figure 4.18: PCE versus input power for the adaptive solid scheme with different
loads.
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Figure 4.19: Output voltage versus input power for different schemes with 1 MS2 load.
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Figure 4.20: Output voltage versus input power for adaptive solid scheme with different
loads.
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Figure 4.21: Harvested power versus input power for different schemes with 1 M2
load.
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Figure 4.22: Harvested power versus input power for adaptive solid scheme with
different loads.
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4.3.1 Performance Measurement

The measured and the simulated PCE for the adaptive and the hybrid scheme are
compared in Fig. 4.17 for a load resistance of 1 M2 at different input power levels.
Fig. 4.19 shows the output DC voltage for the adaptive and the hybrid scheme for
a load resistance of 1 Mf). The simulation is performed at a frequency of 915 MHz
which is the center frequency for the 902 — 928 MHz ISM band. The adaptive RF-DC
power converters are designed to provide high PCE and a large output DC voltage
for input power levels of 1 uW — 100 pW (-30 dBm to -10 dBm). At larger input
power, even with lower PCE, the available output power is large hence designing
for high input power levels is not so crucial. As seen in Fig. 4.17 and Fig. 4.19, the
adaptive solid scheme attains a maximum PCE of 32% at an input power of 32 uW
(-15 dBm) with an output DC voltage of 3.2 V for a 1 MQ load. For the input power
of 32 uW and 1 MS2 load, the hybrid scheme has a PCE of 18% and delivers 2.6 V to
the output. The adaptive diode-connected scheme has a maximum PCE of 11.3% at
an input power of 118 W while delivering 3.7 V to the output. The additional power
consumed by the auxiliary diode-connected transistor when the rectifying device in
the main rectification chain is forward biased prevents the adaptive diode-connected
scheme from achieving higher PCEs. Fig. 4.18 shows the PCE versus input power for
the adaptive solid scheme at different load resistances. Fig. 4.20 shows the output
DC voltage for the adaptive solid scheme as a function of input power for different
load resistances. As the load resistance decreases, the peak PCE curve shifts to the
right. The maximum measured PCE is 33.4% for a load resistance of 500 k2 load at
an input power of 83 ;W. The PCE for a 500 k{2 load is larger than a 1 MS2 load for
input power levels greater than 50 yW (-13 dBm). The peak PCE curve is a function
of the load resistance and can provide peak efficiency at a much low power levels for
large value of load resistances. As seen from the DC output voltage graph in Fig. 4.20,
with decrease in load resistance, the circuit provides a smaller output voltage than
with the high load resistance due to the low load current requirement at high load
resistances. The hybrid scheme provides a larger output voltage compared to the
adaptive schemes for input power levels lesser than 15 yW. The adaptive scheme

outperforms the hybrid scheme once the power-up threshold-requirement is met. A
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DC output voltage of 3.2 V is obtained at an input power of 64 W (-12 dBm) for a
500 k€2 load, as shown in Fig. 4.20.

Fig. 4.21 shows the harvested power as a function of input power for the adaptive
and the hybrid scheme. When loaded by 1 M2, an output power of 10 W is harvested
with an input power of 250 W (-6 dBm) for the hybrid scheme while the adaptive
solid scheme harvests 10 W with only 30 uW (-15.3 dBm) of input power as shown
in Fig. 4.21. As shown in Fig. 4.22, with a load resistance of 500 k€2, 10 uW of output
power is harvested at an input power of 42 W (-13.8 dBm). An output power of
20 W is harvested at an input power of 64 uW (-12 dBm) for a 500 k€2 load using
adaptive solid scheme. For a 1 MS load, at high input power levels, the PCE degrades
much rapidly compared to a 500 k€2 load. For a 1 MQ) load, 20 uW of power is
harvested by the adaptive solid scheme from a 164 uW (-7.9 dBm) input power.

4.3.2 Comparison with Previous Works

The adaptive scheme is highly effective when the input power is above 10 yW
(-20 dBm) and a large output voltage (more than 1.5 V) is desired. The performance
of the adaptive solid scheme is similar to the hybrid scheme for input power levels of
1 uW — 10 pW (-30 dBm to -20 dBm). The sensitivity of the RF-DC power converter
for obtaining an output voltage of 1 V with a 1 M2 load for the adaptive solid scheme
is 8.9 uW (-20.5 dBm). The sensitivity of the circuit using the hybrid scheme is
6.9 uW (-21.6 dBm). The adaptive diode-connected scheme gives similar performance
as the adaptive solid scheme at input power levels greater than 100 pW (-10 dBm).
For low power applications, the adaptive solid scheme is preferred over the adaptive
diode-connected scheme.

Table 4.1 summarizes the performance of this work and compares it with the
published state-of-the-art works using circuit-based approaches. Apart from not
requiring PCB balun or differential antenna or special transistors in CMOS process,
this work shows superior performance to other reported works. A DC output voltage
of 3.2 V at an input power of 32 uW (-15 dBm) and a PCE of 32% for a load resistance
of 1 MS is among the highest reported in the literature. The PCE is greater than 20%
for an input power range of 15 pW — 78 uW (63 uW) for a 1 MS2 load. The rectifier
design in [73] and [40] achieves a PCE greater than 20% for an input power range of
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This Hameed- | Stoopman- | Papotto- B. Li- Scorcioni-
work 2014 [73] 2014 [40] 2011 [39] 2013 [54] | 2013 [68]
CMOS 130 nm 130 nm 90 nm 90 nm 130 nm 130 nm
technology
Frequency |50 gog 915 868 915 900 868
(MHz)
Additional i ) ) © ) @
requirements
PCE and 32%, 32V | 22.6%,22V | 24%,14V | 11%,1.2V | 9.1%, 1.2V | 10%,2V
output @-15dBm | @-16.8 dBm | @-21 dBm | @-18.8 dBm | @-19.3 dBm | @-16 dBm
voltage (32 uW) (20.9 uW) (8 W) (13.2 W) | (11.7 uW) | (25.1 uW)
Output
voltage at 32V 24V 24V 1.7V n.a. n.a
-15 dBm
Voltage
sensitivity 8.9 nW 6.9 uW 5 W 13.2 pgW®© | 11.7 pW® | 251 WO
(1V for (-20.5 dBm) | (-21.6 dBm) | (-23 dBm) | (-18.8 dBm) | (-19.3 dBm) | (-16 dBm)
1 MQ)
Load 1 MQ 1 MQ 1 MQ 1 MQ 1.5 MQ n.a.

(@) Frequency modulated signal.

(®) Differential antenna, control loop, triple-well.
(©) Triple-well.

(@) Differential antenna.

(©) 1.2 V DC output.

®2vDC output.

Table 4.1: Performance summary of adaptive proposed multiplier and comparison
with previous circuit-based works.

10 pW — 31 uW (21 pW) and 5 pW — 25 pW (20 pW), respectively for a 1 M load.

Table 4.2 compares the performance of this work with the published state-of-the-art
works using technology-based approach. PCE of 49% is obtained by [46] compared
to a PCE of 32% for a 1 M{ load in this work. However, the input power at which
PCE of 49% is achieved which is -1 dBm (795 ;sW) is much higher compared to an
input power of only -15 dBm (32 ¢W) for the adaptive proposed scheme. Significantly
large PCE of 70.4% is achieved in [85] using HSMS-2855 schottky diode at an input
power of 0 dBm (1 mW) with 1.2 V delivered to the output. Authors in [86] used
SMS-7630 schottky rectifying diode to achieve a PCE of 85% at an input power of
40 dBm (10 W). The input power for RF energy harvesting applications are typically

in microwatts level and high efficiency with a large output voltage is desired at such
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This Masotti- | Nintan- Yao- T. Le- Lee-
work | 2013 [46] | 2012 [35] | 2009 [49] | 2008 [34] | 2008 [45]
130 nm SMS HSMS Low Vry Floating
Technology Schottky
CMOS Schottky Schottky CMOS gate
Frequency )
902-928(® 900 915 900 900 900
(MHz)
Input -15 dBm -1 dBm -10 dBm | -14.7 dBm | -17.9 dBm | -19.5 dBm
power (32 uW) | (794.3 pW) | (100 pW) | (33.9 uW) | (16.2 uW) | (11.2 uW)
PCE 32% 49% 10% 15.76% 9.2% 12.8%
Output
32V n.a 1V 1.5V 2.1V 1.2V
voltage
Load 1 MQ n.a. Open 1 MQ 1.32 M) | I, =12 A

(@) Frequency modulated signal.

Table 4.2: Performance summary of adaptive proposed multiplier and comparison
with previous technology-based works.

low input power levels. An output DC voltage of 3.2 V with a PCE of 32% achieved
by the proposed adaptive scheme for a 1 Mf2 load at an input power of -15 dBm is
the highest compared to the other published works.

4.4 Summary

An adaptive threshold-compensated rectifier for RF energy harvesting has been
presented. A forward and backward threshold voltage compensation scheme is proposed
for the rectifier that uses minimal additional circuitry to increase the threshold voltage
compensation when the transistors are forward biased and decreases the compensation
voltage when they are reverse biased. Thus, adaptively increasing the forward current
and reducing the reverse leakage current. The proposed scheme leads to an increased
harvested power and output voltage when in forward operation and enhances the PCE
because of lower leakage when in reverse operation. A 12-stage adaptive threshold-
compensated rectifier is designed and implemented in 0.13 yum CMOS technology
to achieve high PCE while delivering a large output DC voltage at extremely low

power levels. The proposed scheme achieves a measured maximum PCE of 32% at
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-15 dBm (32 pW) of input power while delivering 3.2 V to a 1 MQ load. The proposed
power converter circuit achieves PCE of more than 20% for an input power range of
15 pW - 78 W and delivers 1 V to a 1 Mf) load at an input power of only 8.9 yW
(-20.5 dBm). The achieved PCE and output DC voltage exceeds the performance of

recently reported RF-DC power converters at these power levels.
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Chapter 5

Design of Impedance Matching
Circuits for RF Energy Harvesting
Systems

This chapter presents a systematic design methodology for impedance matching
circuits of an RF energy harvester to maximize the harvested energy for a range of
input power levels with known distribution. Design of input matching networks for RF
rectifier differ from those for traditional RF circuits such as low noise amplifier (LNA)
because for a fixed input power, the small-signal input impedance of an RF rectifier
varies within the same cycle depending on the biasing point where the linearized
input impedance is obtained. In this chapter, it is shown that the input impedance of
the rectifier, estimated based on small signal simulation of transistors at the peak of
input signal in the rectifier when the transistors are biased with stable DC operating
voltage, provides the largest harvested energy from a fixed input power. For variable
input power levels, a matching network selection strategy is proposed to maximize
expected harvested energy given the probability density distribution of input power
levels. As an experimental sample, an RF energy harvester circuit is designed to
maximize the harvested energy in the 902 — 928 MHz band employing an off-chip

impedance matching circuit designed using the proposed methodology.
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Figure 5.1: Tunable impedance matching network.

5.1 Background on Impedance Matching Techni-
ques

In an RF energy harvesting system, an antenna receives the incident RF signal, an
impedance matching circuit maximizes the power transfer from the receiving antenna
to the rectifier and a multi-stage rectifier converts the incoming RF signals to an output
DC voltage. Impedance matching circuit is crucial in optimizing the performance
of the RF energy harvesting system [34], [39]. Small signal modeling technique to
approximate the behavior of nonlinear devices with linear equation used in designing
an impedance matching circuit for traditional RF circuits such as an LNA cannot be
used in an RF energy harvester due to the large input signal and absence of an input
DC bias. The large input signal without any DC bias results in the rectifying device
to operate in different regions of operation within the same input cycle. This leads
to variation in the input impedance of the rectifier with the received power and the
output load and degradation of the overall PCE of the energy harvester due to the
impedance mismatch between the antenna and the rectifier [87].

Fixed impedance matching circuits are used to match the input impedance of the
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Figure 5.2: System overview of tuning for impedance mismatch.

rectifier to the output impedance of the antenna using non-tunable passive components.
A fixed impedance matching circuit is implemented onto a PCB in [45] to fine tune
the impedance match between the antenna and the rectifier. The impedance matching
circuit is characterized in [48] to optimize the overall circuit to achieve maximum
sensitivity and maximum voltage gain from the antenna to the rectifier’s input. An
impedance matching circuit is designed at the minimum input power available at
the antenna in [63] and at a specified input power level in [35], [60], [88]. A fixed
impedance matching circuit is implemented on-chip in [39] and a CAD-oriented design
procedure was proposed to maximize the overall PCE with the impedance matching
circuit. However, the reported fixed impedance matching circuits are designed for
a specific input voltage and power level and do not considers the variation in the
rectifier’s impedance and the resulting impedance mismatch.

To ensure impedance match between the antenna and the rectifier, there have
been innovative solutions in designing the impedance matching circuit using tunable
matching techniques. Authors in, [89], [90] suggested tuning the inductor and the
capacitor using MOS varactor or thin-film varactor in order to ensure maximum
PCE for all input operations as shown in Fig. 5.1. Tuning of the inductor is realized
using a tunable capacitor. The impedance variation in the antenna-rectifier interface

is compensated by a control loop in [91] as shown in Fig. 5.2. The control loop
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Figure 5.3: Block diagram of (a) LNA with impedance matching circuit and (b) RF
energy harvester with impedance matching circuit.

consisting of an up-down counter provides the voltage required for matching the

impedances of the rectifier and the antenna to a binary-weighted capacitor bank. The
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required tuning capacitance is obtained from the capacitor bank. However, the control
loop is implemented off-chip using microcontroller and requires a supply voltage
for operation. Also, the tuning range may not be sufficient to compensate for a
large impedance variation. Although, these tunable matching techniques reduce the
impedance mismatch, the power consumption associated with the additional circuitry
may outweigh their benefit at low power regimes. In the further sections, design
strategy of impedance matching circuits for RF energy harvesting is proposed. The
RF energy harvester consisting of the antenna, the impedance matching circuit and
the rectifier is modeled. The rectifier’s input impedance is calculated for different
input power levels based on the small signal model of the rectifying device at the peak
of the input signal of the rectifier when the transistors are biased with DC voltages
under stable condition. The impedance matching circuits are designed for the different
input conditions and a fixed impedance matching circuit is selected which provides

maximum harvested energy over a defined range of input power levels.

5.2 Modeling of Voltage Doubler Unit for RF Rec-
tifier

An impedance matching circuit is required to maximize power transfer between the
source and the load. 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. The first step in the design of matching networks is to find the input impedance
of the load to be matched to the output impedance of the antenna, typically 50 2. For
traditional RF circuits such as LNAs as shown in Fig. 5.3(a), the input impedance can
be found by linearizing the transistor equations around the biasing point (small-signal
modeling). The small variation in input signal guarantees that small signal parameters
of the transistors remain relatively constant, and the calculated input impedance
accurately predict the behavior of the circuit during the normal operation. A fixed
impedance matching circuit can then be designed to match the output impedance of
the antenna to the input impedance of the LNA. Input impedance matching for RF
circuit such as power amplifier which has a large input signal is based on an iterative

design methodology [92]. Small signal S-parameter is used to find the input reflection
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Figure 5.4: Small signal model of voltage doubler unit.

coefficient at quiescent bias and the input is conjugately matched. A drawback with
this procedure is that there is no guarantee of convergence of node voltages between

successive iterative steps [93].

5.2.1 Modeling of Voltage Doubler Unit for Small-signal Op-
eration

The voltage doubler circuit is a non-linear circuit due to the presence of diode-
connected transistors. For small-signal operation, the voltage doubler circuit is modeled
as a constant input impedance for a constant input DC bias. A voltage doubler circuit
is modeled as a parallel combination of rectifier’s input resistance and rectifier’s input
capacitance (Rinmean || Cinmean) as shown in Fig. 5.4 [42]. The real part of the
impedance is represented by Rj, meqn and the imaginary part by Ci,mean. At the
output side, the rectifier is modeled by a voltage source and an output resistance.

The input impedance consists of real part i.e. resistance and imaginary part i.e.
reactance. The input resistance of the voltage doubler is not constant with time
due to the non-linear behavior of the diode-connected transistors. For analytical
purposes, the input resistance Rj, meqn is modeled as a time independent parameter
by considering the mean power P, entering the rectifier during a period T of signal

Vin(t).

Pout - npzn (51)
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where 7 is the efficiency of the circuit.

T 2
[y R
T 0 Rm,mean

Converting the input signal to sinusoidal,

1 [TV2  sin®(wt
Pa=g [ D . (53)
T 0 Rin,mean
Solving (5.3) and equating with (5.1) we get
1V
Rinmean = E. 5.4
' 2‘/0ut Iout ( )

For an ideal case of voltage doubler, V,,; = 2V,,,, and (5.4) can be expressed as

n Vamp
Rin mean — . 1 - 5.5
7 1., (5.5)

The basic inference that can be drawn from (5.4) and (5.5) is that the input
resistance is a function of the current drawn by the load and the input voltage. The
input resistance curve is plotted using SPICE simulator by calculating the input power
using (5.2) and simplifying (5.3) to get

V2
Rinmean = =, 5.6
e = 52 (5:5)

The input resistance as a function of V,,,, is shown in Fig. 5.5 at a constant load

current of 1 uA. As seen in the graph, with the increase in the input voltage the input
resistance increases also seen in (5.5).

The input capacitance is due to the inherent parasitic capacitance of the transistor
and due to external parameters such as layout geometry consisting of input pad

capacitors. The input capacitance is measured as following:
Zm = |Zm| €j¢ (57)

where Z;, is the input impedance of the rectifier circuit. The input impedance is
a parallel combination of Z; = Riymean and Zy = 1/jwCipmean. Thus, Z;, can be

expressed as
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Figure 5.5: Input resistance as a function of input voltage amplitude.

The impedance can be converted into admittance as
Yin =Y1 +Ya. (5.9)

Y118 1/ Rinmean and Ya is jwCip mean and Y;, is 1/Z;,. Putting the values in (5.9), we
get

1
in = — . (5.10)

-+ jwcm,mean

Rm,mean

The phase angle ¢ can be found by calculating the phase difference between V;,, and I;,
through simulation. Using (5.10), the value of input capacitance Ciy, mean is calculated.

However, the input impedance of an RF rectifier cannot be modeled by linearizing
the transistor equations around a single biasing point. The modeling of the input

impedance of an RF rectifier differs from an LNA because:

1. For a fixed input power, the small-signal input impedance of an RF rectifier
varies within the same cycle depending on the biasing point where the linearized

input impedance is obtained.
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Figure 5.6: Transient analysis of output current and input voltage of voltage doubler.

2. The input impedance of an RF rectifier changes dramatically for different input

powers as the input signal amplitude changes.

5.2.2 Modeling of Voltage Doubler Unit for Large-signal Op-
eration

Let’s examine the behavior of an RF rectifier for a fixed input power producing a
sinusoidal voltage signal with constant amplitude at the input of the rectifier. Within
one cycle of input signal, the rectifying device operates in different regions namely
subthreshold region, inversion region and the leakage region as seen in Fig. 5.6 that
depicts the simulated result of output current versus input voltage for a PMOS voltage
doubler. The subthreshold operation extends from Vj, = 0 to V;,, = |Vrp|, where V;,
is the input voltage. The current in this region is an exponential function of the input
voltage. The inversion region extends from Vj, = |Vrp| to Vi, = Vipp. The current in
this region is a square function of the input voltage and increases rapidly with the
input voltage. In the inversion region, the output current reaches its peak value when
Vin = Vamp. Finally, the leakage region extends from V;,, = 0 to the next V;,, = 0 in the

negative half-cycle. The small-signal input impedance of the rectifier varies according
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to the region of operation of the transistor and within each region of the operation.

The rectifier’s input impedance can be represented as R;, - jX;,, where R;, is the
real part of the rectifier’s input impedance and X;, is its imaginary part. The real
part of the impedance is determined by the real power consumption of the circuit
resulting from the resistive losses and the load current. The imaginary part of the
impedance is determined by the effective input capacitance of the circuit depending on
the number of stages, device, and external bonding capacitance. The input impedance
of the rectifier changes with the input power level and varies within the same input
voltage cycle for a constant power level. An input impedance of the rectifier has to be
selected from the different impedances obtained at different voltage levels within the
same input cycle for the design of impedance matching circuit.

The input impedance for a constant power level at different input bias level within
the same cycle is simulated as follows. The input impedance of the rectifier is estimated
using SPICE simulator based on small signal simulation of transistors at the different
DC input signal level when the transistors are biased with stable DC operating voltage.
Transient simulation is performed on the rectifier and DC node voltages under stable
condition are obtained. The MOS transistors are biased according to their steady
state condition and a small signal is then applied at different input DC bias level. As
the rectifier can be modeled as a resistive and capacitive component in parallel, Y
parameters are obtained for easy calculation of input resistance and input capacitance.
Once the Y parameter for different input voltage levels (input DC bias levels) are
known, Yi, rea = 1/Rin and Yine, = woCiy, is used to calculate the resistance and the
capacitance value. A 12-stage threshold-compensated multistage rectifier [38], [94] in
0.13 pm CMOS technology is used for simulating the input impedance. The input
resistance and input capacitance of the rectifier as a function of the DC input bias
for the different input power to the rectifier are shown in Fig. 5.7(a) and Fig. 5.7(b),
respectively. As predicted, the input impedance of the rectifier varies within the same
input cycle for a constant power level. For an input power level to the rectifier P;, of
-15 dBm producing a voltage amplitude V,..; of 280 mV at the input of the rectifier,
the small-signal input resistance and capacitance are 206 €2 and 0.46 pF, respectively
if the input terminal is biased with a DC voltage of 280 mV. If the DC bias of 280 mV
is changed to 260 mV, an input resistance of 273 ) and a capacitance of 0.44 pF
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AV
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are obtained which shows the strong dependency of small-signal parameters on the
input DC bias voltage. Similar trend have been observed for the variation of input

resistance and capacitance.

5.3 Design of Impedance Matching Circuit for Fix-
ed Input Power

An ideal impedance matching circuit for RF energy harvesting must not only
provide the desired impedance matching between the source and load but also must do
so with minimum insertion loss so that the amount of harvested can be maximized from
the limited source energy. Comparative study of different matching circuit topologies
suggests simple 2-component L-section for matching networks operating in low power
regimes, as the topology of choice as L-section matching circuit is able to provide
desired input matching with minimal losses compared to other topologies using more
passive components [34], [39]. The L-section matching circuit also provides passive
voltage amplification of the input voltage. An output resistance resistance Ry = 50 2
is assumed for the power source. The reference power notations are represented as
follows. Source power is represented by Ps, available power from the antenna by P,,,
input power to the rectifier by P, and the output power delivered to the load by Pp,
as shown in Fig. 5.8. The adopted L-section matching circuit to match the impedances
between the source and the load (RF rectifier) is shown in Fig. 5.9.

The matching section components L,, and C,, are calculated by cancelling the

imaginary component of the impedance and equating the real part at the desired
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Figure 5.9: Modeling of impedance matching circuit and rectifier.

frequency. Equating the real part of the antenna and the rectifier’'s impedance we get

1

RS = Rzn r@

(5.11)

The quality factor @) is

Rz’n
= — 1. 5.12
Q=7 (5.12)

The quality factor can also be expressed as the ratio of the imaginary part of the

impedance to its resistance.

_ Im(2) _ Im(1/Y)

¢ Re(Z)  Re(1/Y)
Im —1
_ (RLM-Q—]woCm-i-m) _ R;, — woCi R (5 13>
1 m 1mn - N
Re( A 0 Cant ol ) wolm
L,, is calculated using (5.13) as
R
L, = i . 5.14
wo(@ + woRinCin) (5.14)
The L-section capacitor C,, is calculated by equating the imaginary part to zero, we
get
T A 0 (5.15)
woLm =0. .
jooCm TR Q T G E
Solving (5.15) for C,,, we get
R; 1
Con = = : . (5.16)
Lm(Rin - RS> (Wg - Tlcm)



Biasing voltage | Input impedance | Impedance matching circuit
220 mV 571 Q || 0.42 pF | L, = 21.5 nH, C,, = 1.1 pF
240 mV 401 Q || 0.43 pF | L,, = 19.1 nH, C,, = 1.1 pF

P, =-11.9 dBm,
260 mV 292 Q|| 0.44 pF | L,,, = 17.3 nH, C,, = 1.6 pF

Vieet = 240 mV
280 mV 220 Q || 0.45 pF | L, = 15.8 nH, C,,, = 1.9 pF
300 mV 173 Q || 0.46 pF | L,, = 14.8 nH, C,,, = 2.2 pF
220 mV 562 Q || 0.42 pF | L,, = 21.5 nH, C,, = 1.1 pF
240 mV 388 Q|| 0.43 pF | L,,, = 17.1 nH, C,, = 1.6 pF

P, =-11.0 dBm,
260 mV 280 Q || 0.44 pF | L,, = 15.6 nH, C,,, = 1.9 pF

Vieet = 260 mV
280 mV 209 Q || 0.45 pF | L,, = 15.6 nH, C,, = 1.9 pF
300 mV 163 € || 0.47 pF | L,,, = 14.6 nH, C,,, = 2.3 pF
220 mV 540 Q || 0.43 pF | L,, = 21.2 nH, C,,, = 1.1 pF
240 mV 377 Q || 0.44 pF | L, = 18.8 nH, C,, = 1.4 pF

P, =-7.5 dBm,
260 mV 273 Q || 0.45 pF | L,,, = 17.0 nH, C,, = 1.6 pF

Vieet = 280 mV
280 mV 206 Q || 0.46 pF | L,, = 15.6 nH, C,, = 2.0 pF
300 mV 161 Q || 0.48 pF | L,, = 14.4 nH, C,, = 2.3 pF

Table 5.1: Impedance matching circuit at fixed source power for different input biasing
voltages.

The L-section impedance matching circuits with the passive components L,, and C,,
are designed for different input conditions.

The input resistance and input capacitance of the rectifier circuit varies for the
different input DC bias levels as shown in Fig. 5.7(a) and Fig. 5.7(b). Now the
question is at what input signal level the small-signal input impedance must be
calculated in order to maximize the power transfer from antenna to the rectifier and
produce maximum harvested energy. As the input current and the input power of the

rectifier are significantly larger during the inversion region than in other regions of the
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Figure 5.10: Designed impedance matching circuits for different input conditions.

operation, the point that should be selected for estimation of the input impedance of
the rectifier must lie within the inversion region. In order to find the desired point in
the inversion region for design of matching circuits, extensive simulations have been
performed as described below.

L-section impedance matching circuit is designed at different voltage levels within
the inversion region to convert the calculated input impedances to 50 €2 which is the
internal resistance of the power source. The designed impedance matching circuits for
different input DC biasing voltages at a fixed source power level is shown in Table 5.1.
At a constant source power P, with the designed impedance circuits for the different
input DC bias levels, the harvested power is simulated so that an impedance matching
circuit providing the highest harvested power can be selected. The harvested power
graph versus input DC bias for different values of source power is shown in Fig. 5.10.

P, =-11.9 dBm, P,, = -11 dBm, and P,3 = -7.5 dBm corresponds to source power
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giving V.. of 240 mV, 260 mV, and 280 mV for an impedance matching circuit
realized at the peak of the input voltage signal. When the impedance matching circuit
is designed at the peak of the input signal with Py, = -11 dBm (Ve = 260 mV), the
harvested power is 3.16 uW. The harvested power degrades to 1.22 yW when the
impedance matching circuit is designed at an input DC bias of 240 mV. Similarly for
P,;3 = -7.5 dBm resulting in V,.; = 280 mV, when the impedance matching circuit
is designed for the peak of the input signal the harvested power is 10.5 yW which
degrades to 9.2 pW and 7.5 W for input DC bias of 260 mV and 240 mV, respectively.
Based on the simulation results in Fig. 5.10, it can be concluded that to maximize the
power transfer and the amount of harvested power, the matching network must be
designed to convert the small-signal input impedance calculated when input port is
biased at the peak of input signal.

Fig. 5.11(a) and Fig. 5.11(b) shows the rectifier’s resistance and capacitance as a
function of input power to the rectifier calculated at the peak of the input signal. At
extremely low input power of approximately -33 dBm (500 nW), the input resistance
R;, is 13.9 k). The input resistance decreases rapidly with increase in the input power.
For -30 dBm (1 W) of input power the input resistance is 5.8 k{2 and decreases to
620 Q for an input power of -22.6 dBm (5.5 pW) and to 96 2 at an input power of
-9.6 dBm (110 xW). The input capacitance graph as a function of received power is
shown in Fig. 5.11(b). For an input power range of -30 dBm to -10 dBm, the variation
in the capacitance is from 0.4 pF to 0.56 pF.

5.4 Selection of Impedance Matching Circuit for
Variable Input Power

As the distance between RF energy emitter and harvester varies depending on
their relative locations and existence of obstacles, the amount of available input power
dramatically changes for a practical RF energy harvester. The different input power
results in variation of rectifier’s input voltage amplitude, and consequently results in
different input impedances of RF rectifiers at the peak of the received voltage signal.
The variation in the input impedance of the rectifier with the input power to the

rectifier results in reflection at the antenna — matching circuit - rectifier interfaces for
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Figure 5.11: (a) Resistance and (b) capacitance of the rectifier as a function of input
power to the rectifier.
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Figure 5.12: Designed impedance matching circuits for different input conditions.

a fixed impedance matching circuit. The PCE of the RF rectifier with the impedance
matching circuit is defined in (5.17) as the ratio of the DC output power to the
available RF power from the antenna.

Pr

—_. 1
P, (517

PCEmatching—rectifier -

Including the effect of output resistance of antenna R, which is assumed to be 50 €2,
the PCE of the overall system can also be expressed as

Py

PCEsystem - F (518)

PCEysem is smaller than PCE,,qiching—rectifier due to the additional loss at the
resistor Rs. The impedance matching circuits for different input power condition
are realized by giving V.. = 200 mV, 240 mV, 280 mV, and 300 mV, where V..
is the voltage amplitude at the input of the rectifier. The DC node voltages under
stable condition are obtained for the different input conditions. The rectifier is biased
according to their steady state condition and a small signal is applied to compute
the input impedance of the rectifier and the matching circuits for different input

voltage amplitudes and power. The matching circuit realized by giving V,.. = N mV
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Figure 5.13: Harvested power versus source power for different impedance matching
circuits.

is referred as N mV matching circuit. The realized L-section impedance matching
circuits for the different input voltage condition are illustrated in Fig. 5.12. The effect
of the impedance mismatch on the output power for different values of source power
Py is shown in Fig. 5.13. As seen in Fig. 5.13, when P; is below -10 dBm, the output
power is the highest for the 200 mV matching circuit. The input impedance mismatch
is the lowest for the 200 mV matching circuit for source power less than -10 dBm. As
the source power increases, the mismatch becomes larger compared to other matching
circuits. Each of the impedance matching circuit provides the largest output power
when the impedance mismatch is the least. For a source power greater than -4 dBm,
the 300 mV matching circuit provides the highest output power while the 200 mV

matching circuit has the most impedance mismatch.
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Now the question is at what input power level we must design the impedance
matching circuit that produces the largest harvested power if the input power varies
with a known distribution. An N mV impedance matching circuit gives the highest
harvested power for only a narrow range of source power levels. The goal is to design
a fixed impedance matching circuit that maximizes the amount of harvested power for
a defined range of source power levels without significantly degrading the harvested
power for other input power levels. Fig. 5.14(a) and Fig. 5.15(a) shows the harvested
power versus source power with different impedance matching circuits. The probability
of a power level to be present at the source is expressed by a probability distribution
function (PDF) as shown in Fig. 5.14(b) and Fig. 5.15(b). The expected harvested
power is given by

E[X] = /_ T Fa)de — /_ T B PCE,ysem - PDF[P,)da (5.19)

[ee)

where E[X] is the expected harvested power with a matching circuit represented by a
random variable X. The integration of the product of the source power, PCFEgygem
and the PDF over the entire source power range gives the expected harvested power.
Fig. 5.14(c) and Fig. 5.15(c) shows the product of the harvested power and the PDF
for the different impedance matching circuits for a range of source power levels. The
area under the curve represents the expected harvested power for the corresponding
matching network. The expected harvested powers are calculated for different random
variables X,,, where X, Xs....X,,, are the different impedance matching circuits. The
input matching circuit which gives the largest shaded area for the expected harvested
power curve is then selected as the impedance matching circuit of choice that maximizes
the expected harvested power given the PDF of input power. The selected matching
circuit gives the best overall PC Egysten, performance over the defined range of source

power levels.

5.5 Experimental Results

The performance of an off-chip impedance matching circuit for an RF energy
harvester operating with a known input probability density function is examined in

this section. A uniform density function is used in this design example assuming an
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Figure 5.14: (a) Harvested power versus source power for different input matching

circuits. (b) Gaussian probability density function with mean of -5 dBm. (c¢) Expected
harvested power for different impedance matching circuits.
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Figure 5.16: (a) Harvested power versus source power for different input matching
circuits. (b) Uniform probability density function. (c¢) Expected harvested power for
different impedance matching circuits.
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Figure 5.17: PCB with off-chip impedance matching circuit to measure performance
of RF energy harvester.

equal probability for the source power to be between ¢ = -6 dBm to b = -3 dBm and
a zero probability for the other power levels as shown in Fig. 5.16(b). The probability

density function is defined as

/()

1
= ,a<z<b
b—a (5.20)

=0,x<aor x>0

For a random variable X, Xs....X,,, where X; is the 200 mV matching circuit, X5 is
the 240 mV matching circuit, X3 is the 280 mV matching circuit, and X, is the n'”
matching circuit, the expected value is expressed as

E[X] = / T Fa)de — / " P PCEyyon - ——da. (5.21)

_ . b—a

A matching circuit is selected such as to maximize the expected harvested energy
power. In this design example, E[Xj3] gives the maximum expected value. The 280 mV
matching network gives the best PC Eyy e and the highest harvested power compared
to the other impedance matching circuits in the source power range of -6 dBm to

-3 dBm, as seen in Fig. 5.16(c).
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To test the overall performance of the RF energy harvester, a rectifier chip is
designed and fabricated in 0.13 ym CMOS process and wire-bonded onto a 2-layer FR-4
PCB as shown in Fig. 5.17. An off-chip impedance matching circuit using AVX thin-
film capacitor C,,, = 1.7 pF and thin-film inductor L,, = 15 nH (280 mV impedance
matching circuit) is designed for a rectifier’s input impedance of 206 2 || 0.45 pF. The
chip is tested with Agilent MXG-N5181 signal generator using modulated continuous
signal in the ISM band of 902 — 928 MHz. PCE,atching—rectifier 1 measured which
represents the ratio of P, and P,,. The output DC voltage is obtained with an
oscilloscope or a digital multimeter.

The measured and simulated PCE curve and the output DC voltage as a function
of available power at the antenna are shown in Fig. 5.18 and Fig. 5.19, respectively.
The measured results are found to be in close agreement with the simulation results.
A maximum PCE of 32% is measured at an input power of -15 dBm (32 xW) with an
output DC voltage of 3.2 V for a 1 M2 load. The PCE is greater than 20% for the
available power range of 15 uW to 78 pW (63 W) for a 1 MQ load. The output DC
voltage increases with the available input power as seen in Fig. 5.19. An output DC
voltage of 1 V is obtained at an input power of only 8.9 uW (-20.5 dBm) for a 1 M2
load.

5.6 Summary

In this chapter, a systematic methodology for design of impedance matching circuits
of RF energy harvesters to maximize the harvested energy for a defined range of input
power levels with a known distribution is discussed. RF rectifier has been modeled
to include the effect of the variation in the input impedance of the rectifier due to
the large input signal variations. It is proven that for a fixed input power, maximum
energy can be harvested if the input impedance of the rectifier at the peak of input
signal is used for the design of matching network when the transistors are biased
with stable DC operating voltage. Transient simulation is performed on the rectifier
and DC node voltages under stable condition are obtained. The MOS transistors are
biased according to their steady state condition and a small signal is then applied to

model the input impedance at different input voltages and input power. For variable
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input power levels, a procedure for selecting the impedance matching circuit for a
defined range of input power levels with known probability density distributions is
proposed. The selected impedance matching circuit provides the largest harvested
power and maximizes the PCE for a defined range of input power. A rectifier chip
and an off-chip impedance matching circuit are implemented onto a PCB and the
overall performance is measured. A maximum PCE of 32% is measured at an input

power of -15 dBm (32 pW) with an output DC voltage of 3.2 V for a 1 M load.
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Chapter 6

Conclusions

6.1 Conclusions

The energy for powering today’s wireless sensors comes from the energy stored in
disposable/rechargeable batteries with limited storage capacity and lifetime. Using
batteries as the source of energy impose several limitations including the need for
routine maintenance/charging of batteries, operation interruption, and cost involved in
replacing batteries especially those employed in harsh environments, and challenges of
scaling of battery-powered wircless sensors to millions of nodes. RF energy harvesting,
the process of scavenging energy from ambient electromagnetic waves, can be used to
supply the energy required for powering up wireless sensors. However, the conversion
of RF signals with limited power to DC remains very inefficient making the amount
of energy harvested from RF sources often insufficient for powering low-power wireless
sensors. The performance of the RF energy harvesting system is significantly affected
by the threshold voltage of the rectifying device, the voltage that is required to turn
on the semiconductor devices used as rectifying devices. A rectifying device with lower
threshold voltage enables the operation of RF-to-DC power converters at lower input
power levels significantly reducing the so-called ” dead zone” of rectifiers, reducing the
switch losses and increasing the output voltage and power levels. The majority of
RF rectifier designs are based on the famous Dickson topology, a multi-stage rectifier
topology which can produce an output voltage that is several times larger than its input
voltage. The threshold voltage reduction approaches can be grouped into technology-
based techniques which employ special devices and processes with extremely low

threshold voltage with high manufacturing costs and circuit-based techniques that use
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additional circuitry to lower threshold voltages of rectifying device in the main rectifier
chain. The focus and contributions of this dissertation is to improve the performance
of RF energy harvesting systems using novel circuit techniques as summarized below.

One of the most effective threshold voltage reduction techniques is to compensate
the threshold voltages of the transistors by connecting their gate terminal to the nodes
with higher voltages effectively increasing the gate-source voltage of the transistors. In
conventional threshold voltage compensation schemes only NMOS transistors are used
requiring individual biasing of body of NMOS transistors within their own triple wells.
Our proposed hybrid compensation technique uses PMOS transistors for all stage
except for the first few stages where the PMOS transistors are back-compensated
and NMOS transistors are forward-compensated. This has two distinct advantages
over conventional designs: the first advantage is that the threshold voltages of all
transistors are compensated as opposed to the conventional topology where the last
stages are left uncompensated or weakly compensated, and the second improvement
is that there is no need for expensive triple n-well processes as the body of PMOS
transistors can be individually biased within their own n-wells. A hybrid forward
and backward threshold-compensated rectifier is designed and fabricated in IBM’s
0.13 pm CMOS technology. The packaged chip is soldered onto a customized PCB and
the performance is measured. The proposed rectifier circuit optimized for efficiency
achieves an output voltage of 2.2 V from a -16.8 dBm (20.9 W) input with a PCE
of 22.6% when driving a 1 M load and achieves a remarkable sensitivity (1 V for a
1 M load) at an input power of only -21.6 dBm (6.9 xW). An output DC voltage of
2.8 V is measured for a peak-to-peak input voltage of 170 mV for a 1 M load from
the rectifier circuit optimized to provide large output voltage for a low input voltage.

Although reducing the threshold voltage of the transistors increases the sensitivity
of the RF rectifiers, the increased leakage current of the transistor with lowered
threshold voltages causes loss of energy stored in the previous cycles resulting in
degraded recifier’s PCE. To eliminate the trade-off between low threshold voltage and
leakage current, we propose an adaptive threshold voltage loss compensation technique
that reduces threshold voltage of the transistor when they are forward biased and
increases the threshold voltage when reverse biased reducing the leakage current. This

technique leads to increased harvested power and output voltage when in forward
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operation and enhances power conversion efficiency because of lower leakage when in
reverse operation. The proposed adaptive technique is implemented by an auxiliary
transistor chain using minimum additional circuitry which connects the gate of the
transistors to appropriate voltages based on their region of the operation. A 12-stage
adaptive threshold-compensated rectifier is designed and implemented in 0.13 pm
CMOS technology to achieve high PCE while delivering a large output DC voltage
at extremely low power levels. The proposed scheme achieves a measured maximum
PCE of 32% at -15 dBm (32 yW) of input power while delivering 3.2 V to a 1 M
load and delivers 1 V to a 1 M2 load at an input power of only 8.9 uW (-20.5 dBm),
outperforming the performance of the most recent RF-to-DC power converter at these
power levels.

A systematic design methodology for impedance matching circuits of an RF energy
harvester to maximize the harvested energy for a range of input power levels with
known distribution is proposed. As opposed to traditional RF circuits such as an LNA|
the input impedance of an RF rectifier cannot be modeled by linearizing the transistor
equations around a single biasing point. The modeling of the input impedance of an
RF rectifier differs from an LNA because for a fixed input power, the small-signal
input impedance of an RF rectifier varies within the same cycle depending on the
biasing point where the linearized input impedance is obtained. The input impedance
of an RF rectifier changes dramatically for different input power levels as the input
signal amplitude changes. In this work, it is proven for a fixed input power, maximum
energy can be harvested if the input impedance of the rectifier at the peak of input
signal is used for the design of matching network when the transistors are biased
with stable DC operating voltage. Transient simulation is performed on the rectifier
and DC node voltages under stable condition are obtained. The MOS transistors are
biased according to their steady state condition and a small signal is then applied to
model the input impedance at different input voltages and input power. For variable
input power levels, a fixed impedance matching circuit is selected that provides the
highest harvested power and maximizes the PCE compared to other matching circuits

for a defined range of input power levels with known probability density distributions.
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6.2 Future Work

In future work, we plan to continue work on the adaptive threshold voltage
compensation technique to design even more efficient RF-to-DC power converter. An
idea is to apply the proposed adaptive compensation scheme to design of 4T-cell
rectifiers where both positive and negative node voltages are available. Connecting the
gate of the transistors to appropriate positive/negative can enhance the performance
of these rectifier by bringing transistors closer to ideal rectifying devices. In another
work in addition to adjusting the gate-source voltage of the transistors adaptively,
we plan to further expand the idea of the adaptive threshold voltage compensation
by adjusting the body terminal voltage of the transistors as well. Using hybrid
topology allows us to connect the body terminal of the transistor to any voltage as
PMOS transistor n-wells allow for such connections without affecting the neighboring
transistors. By adjusting both the body terminal voltage and gate-source voltage of
the transistors adaptively, we can further reduce the forward biased threshold voltage
of the transistors and decrease their reversed-biased leakage currents. The challenge in
designing these circuits is that adding any auxiliary transistor for construction of the
adaptive circuits may introduce additional power losses due to the power consumption
of the auxiliary transistors. Therefore, the circuit design must be carried out in such
a way so that the cost-of the extra circuitry is minimized.

Scavenging energy from multiple sources instead of only one is also viable in
the future. The output power can be increased by harvesting energy from multiple
frequency spectrums at the same time i.e. harvesting energy from FM signals, TV
signals, GSM signals, Wi-Fi signals. The system can be further developed to harvest
energy from multiple sources such as using vibrational, thermal, solar, and RF energy
harvesting in one platform. Another approach can be using tunable energy harvester to
harvest energy from the strongest frequency spectrum. The energy harvester consisting
of tunable matching network should resonate at the frequency where the available
input power is maximum. Antenna arrays can also be implemented to increase the
amount of input power to the RF rectifier and to increase the overall sensitivity of

the RF energy harvester.
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Appendix A

Proposed Adaptive Multipliers
with Triple-well NMOS

Figure A.1: Proposed adaptive threshold voltage compensation scheme using NMOS
rectifying transistors and diode-connected auxiliary transistors.

L
b
Mla

Figure A.2: Proposed adaptive threshold voltage compensation scheme using NMOS
rectifying transistors and solid-wired auxiliary connection.
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This appendix shows the proposed adaptive multiplier scheme designed with
triple-well NMOS transistors in the main rectification chain instead of the standard
individually body-biased PMOS transistors. The NMOS rectifying devices My, Mo
... M, are passively threshold-compensated using forward-compensation instead of
back-compensation. An auxiliary block consisting of NMOS and PMOS transistors
is used to dynamically control the gate-source voltage of the MOS transistors in the
main rectification chain. The controlling voltage of the transistors in the auxiliary
chain is derived from the local node of the main rectification chain. Two possible
implementations of the proposed adaptive multiplier schemes using triple-well NMOS
transistors in the main rectification chain is shown in Fig. A.1 and Fig. A.2.

Fig. A.1 shows the adaptive threshold-compensated rectifier using PMOS transistors
for forward-compensation and NMOS transistors for back-compensation. The forward
compensation reduces the threshold voltage when the transistors are forward biased
and the back-compensation reduces the reverse leakage current when reverse biased.
During the negative input phase when transistor M,, ; is forward biased, the transistor
M,,_, is forward-compensated by switching ON the PMOS transistor M,_;y, while
the Vy, terminal voltage for the auxiliary transistor M, ), lies below the threshold
voltage resulting in transistor M,_1), turned OFF. During the positive input phase
when the transistor M,,_; is reverse biased, the Vj, terminal voltage for the transistor
M;,—1)q is large to turn ON the back-compensation and thus reducing the V;, bias of
the transistor M, _1), to almost zero resulting in reduced leakage current.

Fig. A.2 shows the adaptive threshold-compensated rectifier using NMOS transis-
tors for back-compensation and solid-wired connection instead of the PMOS transistor
when forward-compensated. When the transistor M,,_; is forward biased, the transis-
tor M,,_, is forward-compensated with the solid-wire connection. When the transistor
M,,_1 is reverse biased, the Vi, terminal voltage for the transistor M,_,), is large to
turn ON the back-compensation and reduce the source-gate bias of transistor M,
to nearly zero. This reduces the reverse leakage current greatly while avoiding the use

of PMOS transistors for forward-compensation reduces the forward-losses.
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Appendix B

Adaptive Scheme Performance

Output DC Voltage (V)
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Figure B.1: Simulated transient output DC voltage of the proposed adaptive solid
rectifier circuit at different nodes for input power of -25 dBm.

Fig. B.1 shows the simulation result for the output voltage at the intermediate

nodes of the proposed adaptive solid scheme in Fig. 4.9 with input power of -25 dBm.

Node-24 is the output node. The time required to reach a stable voltage increases with

the node. The output node which is node-24 requires the maximum amount of time

while the first node which is node-1 requires the least time to reach a stable output
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Figure B.2: Measured return loss for the proposed threshold-compensation schemes.

voltage. Fig. B.2 shows the plot of measured return loss for the different schemes at
different frequencies. The impedance matching circuit is designed for a return loss
bandwidth of lesser than -20 dB which is less than 1% reflection for the ISM band
(902 — 928 MHz). Without the impedance matching circuit, the adaptive solid scheme
has an S;; of -4.3 dB which is 37% of input power being reflected. The return loss
for the hybrid, adaptive solid, and adaptive diode-connected scheme is the lowest at

917 MHz with the impedance matching circuit.
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