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ABSTRACT

Full Name : Umais Tayyab
Thesis Title : Circuit Techniques for Power Efficient Energy Harvesting Rectifiers
Major Field : Electrical Engineering

Date of Degree : April 2016

An area of research that has garnered a lot of attention is the area of Rectifier Circuits in
Energy Harvesting Systems. Energy harvesting systems eliminate wasteful batteries and
long power line cables. They keep systems running without inconvenient, disruptive
service calls. Energy harvesting system contains mainly a sensor, a rectifier, and a boost
converter. Using a boost dc — dc converter with the rectifier gives large DC output voltage
but would consume some power leading to less power conversion efficiency (PCE).
Therefore, developing a rectifier circuit that produces a larger dc output voltage than its
input signal amplitude would element the need for the boost converter and hence
automatically improves the PCE of the system. Consequently, improving the overall

efficiency of the entire system would mainly depend on the rectifier circuit’s PCE.

This research is focused on the design of fully integrated energy harvesting rectifier circuit
capable of providing improved efficiency and low power consumption while not
compromising as much as possible on the other desirable characteristics of energy
harvesting system such input sensitivity. This work proposes to merge passive rectifier
(threshold forward voltage of diode is reduced and enhanced in reverse bias) and active
rectifier (zero forward diode voltage drop) to form a hybrid rectifier to take the advantage
of double harvested DC output voltage level and high efficiency for low power applications

like biomedical implants and wireless sensor nodes. The designed circuit simulation is

X1V



carried out in Cadence virtuoso using a standard LF 0.15um CMOS process. PCE reliance
on the operating frequency, transistor sizing and output loading was assessed. The
proposed hybrid configuration has achieved PCE of 79.12% at 13.56 MHz, 0.88V

amplitude and 20KQ of output load.

The thesis is arranged as follows. Chapter 1 gives the introduction while Chapter 2 provides
some of the necessary background for rectifiers and some of the passive and active rectifier
stage topologies in the literature. Chapter 3 discusses passive rectifier stage. Chapter 4
describes the active stage rectifier with single supply op amp. Simulation results obtained
using LF 0.15um process technology in Cadence are provided in Chapter 5. Post Layout
Simulation results are given in Chapter 6. The last chapter presents the conclusion and the

future work.
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CHAPTER 1

INTRODUCTION

An area of research that has garnered a lot of attention is the area of Rectifier Circuits in
Energy Harvesting Systems. As CMOS technologies have scaled down, and more
functionality has been packed into integrated circuits so has the demand for efficient power

management and Rectifier Circuits in Energy Harvesting Systems.

Cutting edge electronic frameworks tackle such a variety of troublesome issues however
they all have the same essential restriction; they require a wellspring of electrical force.
This is a test for the electronic designer as there are several power-source solutions. Off
and on again a device has no immediate force source, and running wires or supplanting
batteries is unrealistic. Even when long-life batteries are usable, they eventually need to be

substituted.

1.1 Why Energy Harvesting?

The efficiency of devices have been expanded by advanced technical developments in
capturing little amount of energy from environment and changing it into electrical form.
Furthermore, progress in electronic technology have enhanced the efficiency of power and
minimized the energy consumption. These improvements have started enthusiasm for

engineering group to establish more applications that uses energy harvesting for power.



Energy harvesting is an increasingly tempting option for expensive batteries and
inconvenient wall plugs from environment energy source where a portable application is
employed. This free energy source is accessible without any support when installed
properly for the whole lifetime of application. Likewise, energy harvesting is utilized as an
optional energy source to supplement a primary power source and to upgrade the reliability

of the overall harvesting system and avoid power interferences.

1.2 Motivation

Energy harvesting is a promptly developing zone in scientific and engineering areas
because of the requirement for discovering answers to the energy issues in the world.
Which power source to gather and how to do this is still noticeable all around and proper
solution is reasonably application oriented. Dismissal of batteries is highly valuable for
some applications such as Wireless Sensor Nodes (WSN) and embedded medical devices,
where substitution of a battery is expensive or impractical. Energy scavenging offers a

feasible answer for those applications.

Modern energy harvesting is utilized as it wipes out the requirement to run costly power
cables to remote areas or the requirement to substitute costly primary batteries frequently.
Energy harvesting systems eliminate wasteful batteries and long power line cables. They

keep systems running without inconvenient, disruptive service calls.

Energy Harvesting is playing an increasingly essential role in transferring power to mobile
and implanted devices. It is the procedure of seizing small amount of energy from one or
all the more actually-occurring energy sources, gathering them and putting away them for

future use. Energy scavenging is an increasingly tempting option for expensive and limited
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life batteries and inconvenient wall plugs from a natural source where a remote application

is employed, because such natural energy source is basically inexhaustible [1]-[2].

The applications of Energy Harvesting Systems can be well explained from Figure 1.
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Figure 1.1 Energy Harvesting Applications

i. It is conceivable to utilize energy from the surroundings to power a self-sufficient
sensorized framework such as deploying Energy Harvesting sensors to monitor
remote or underwater locations.

ii.  Medical embedded devices committed detecting, treatment objects are generally
utilized to screen and track focused biological activities.

iii.  Different forms of implantable devices are also utilized for improving the treatment
and detecting efficiency by electrical incitement. Energy Harvesting provides

adequate energy for backing their operations.



1.3 Energy Harvesting Systems

An Energy Harvester has typically three main blocks. It consists of power source, a rectifier
for transforming environment energy into electrical from, the dc — dc voltage converter for

enhancing the DC voltage and the load.

Maximum energy will be transferred to load when all components of Energy Harvester
dissipates less power. Among these various components of energy harvesting, design of
the rectifier circuit is crucial as it dominates the overall efficiency [1]. Therefore, this work
is focusing on the design of such rectifiers. New design of energy harvesting rectifier
circuits capable of providing improved characteristics are expected to evolve from this
project. The proposed designs will be optimized to accomplish high efficiency and low
power consumption for low power applications like biomedical devices and wireless sensor

nodes.

1.3.1 Energy Harvesting Rectifier

A Rectifier is an electrical device utilized to change the generated AC signal form the
transducer to DC so that it can be captured to storing device or can be used directly by the
intended device. Conventional Rectifier uses diodes having forward voltage drop of 0.7V.
Thus a large voltage across diode is not endured, in this way MOS diodes or even discrete

Schottky diodes are prevented as transducer produces low output power and voltage.

CMOS integrated Rectifiers are separated into two parts as shown in Figure 2.
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Figure 1.2 Types of Rectifier

Simple diode based rectifiers are generally prevented in CMOS due to these reasons:

i.  Simple diodes are not suitable for MHz frequency range due to low switching
speed.
ii.  High Latch up risk

1i.  Weak Characterization in the forward direction

Therefore, diode connected MOS transistors are normally utilized. The pn-junction diode
voltage drop is affiliated to the Vi of the MOS transistor used. Basic Full wave bridge
rectifier is not desirable for low voltage amplitudes due to twice Vrtn. So, in order to
enhance the PCE of the rectifier, improved circuits need to be designed to reduce the V.
Power Efficiency of passive rectifiers are less than that of Active rectifiers particularly at
small incoming input signal the remaining voltage drop minimizes the performance yet the

point of preference is that they fit for higher input frequencies.

Many active rectifiers have been proposed in the literature that behaves like perfect diode
significance there is no forward voltage drop and no current flow in reverse direction.
Despite the fact that these two properties can almost be achieved by every single active
rectifier, one vast contrast exists regarding the perpetual power consumption of the control

circuitry. Active rectifiers are also known as synchronous rectifiers.
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CMOS integrated active rectifiers can provide higher efficiencies by generating output
voltages almost at input voltage level. These features can almost be achieved by active

rectifiers at the expense of power consumption.

1.3.2 Simplest Rectifier

The simplest of energy harvesting rectifier circuit is realized with a voltage doubler rectifier
accepting an AC voltage as input and provides a doubled DC voltage at output. The voltage
doubler rectifier will be explained later in Literature Survey Section. The switching
elements are traditionally diodes driven merely by the alternating voltage of the input to
switch state. However, a DC-to-DC voltage doubler does not switch in this way and hence
must adopt a controlling circuit to derive the switching. They usually incorporate a
switching element that can be controlled independently, such as a transistor, rather than
relying on the voltage across the switch as in the diode case. Voltage doublers are a kind
of single stage voltage multiplier circuit. Often, identical sections of voltage doublers are

utilized in cascade to produce greater output voltage [3].

1.4 Research Objective

The aim of this research is to design energy harvesting rectifier circuit capable of providing
improved characteristics in Cadence Virtuoso Simulator. The proposed research will be

carried out in direction to fulfil the following objectives:

1.  Investigate the possible solutions for optimizing Energy Harvesting Rectifier
Circuits according to intended applications.

ii.  Identifying the limits and potentials of the available solutions



1il.

1v.

1.5

Modification in the rectifier design to get enhanced efficiency from low input
voltage at high frequency.

The basic idea is to merge passive and active rectifier stages to get better design
performance and efficiency.

The proposed design will be optimized to reach high efficiency and less power
consumption for low power applications like biomedical devices and wireless

sensor nodes.

Research Methodology

The research work is divided into following tasks:

Task 1: Available solutions assessment and literature survey

il

Studying the characteristics of the different available rectifiers and evaluating their
performances in order to identify the best rectifier topology.
Surveying application of different techniques to design integrated energy

harvesting rectifier.

Task 2: Technical Design Phase

1l.

The controlling factors such as input amplitude, input frequency and output loading
conditions are considered.

Specifications mainly type of signal provided by the previous stage, parasitic
capacitance, input capacitance, input resistance and sensitivity of the next stage

regulator circuit are considered.



Task 3: Rectifier Optimization Phase

e The design part will lead to main design parameters namely: Transistor sizes,
Capacitor values and number of rectifier stages.

e Various Trade-offs are considered between design parameters and PCE of rectifier.

Task 4: Designing and Simulation

e The circuit design and simulations will be carried out in Cadence® and the output

results will be shown.

1.6 Thesis Contribution

As of late a great deal of readings concentrated on energy harvesting systems which are
utilized to scavenge typically lost natural energy and to change it into electrical energy.
This result can be smart where batteries are a bottleneck for the entire system (i.e. they
have a limited life time and their substitution or recharge is not possible). An energy
harvesting system is an endless energy source. Energy harvesting systems can replace
batteries on account of the two driving forces: power consumption reduction of the supplied
electronic system and the harvesting system optimization. This latter point can be further
partitioned into the energy transducer optimization and the electronic interface

optimization which has to manage and store the scavenged energy.

The proposed energy harvesting rectifier circuits will be significant contributions in this
important field of technology from the Kingdom. The project is applied and its results can

be used for various applications, including wireless sensor distributed networks to power a



self-sufficient sensorized framework, embedded biomedical applications like
wearable/implantable body area networks (BANSs) for treatment and low power mobile

applications.

1.7 Thesis Breakdown

The thesis is arranged as follows. Chapter 2 provides some of the necessary background
for rectifiers and some of the passive and active rectifier stage topologies in the literature.
Chapter 3 discusses passive rectifier stage. Chapter 4 describes the active stage rectifier
with single supply op amp. Simulation results obtained using LF 0.15um process
technology in Cadence are provided in Chapter 5. Post Layout Simulation results are shown
in Chapter 6. The last chapter presents the conclusion and the future work. with post layout

simulations in the last chapter.



CHAPTER 2

LITERATURE REVIEW

Energy harvesting is defined as the transformation of ambient energy into electrical energy.

It can also be defined as

“The collection and storage of ambient energy for on-demand, off-grid use”

The definition takes a wider, application view, where the transducer is one part of an entire

system which provides power for those niche applications where other sources of energy

are not available.

The three terms in the definition can be explained as follows:

1l.

1il.

Ambient Energy: Energy is all around us, in many different forms — vibration,
solar, electrical, mechanical and more. To make use of energy scavenging one or
more of these energy fields must be present in the environment of interest, and there
must be a suitable transducer to convert the energy.

Off - Grid Energy: Energy harvesting is used where another supply of energy is
not available. Harvesters cost money, so it only makes sense to use them when it is
too costly or physically impossible to use other energy sources such as batteries or
grid electricity.

On Demand Energy: An energy harvester has to supply power when it is required,
not simply when it is accessible, and some form of energy storage is generally

required to match the demand with the supply.

10



This section discusses energy harvesting components and a short review on different

rectifier circuit designs from the published literatures.

2.1 Energy Harvester Components

An Energy Harvester has typically three main blocks as presented in Figure 2.1.

AC Vol Boosted DC Available
Ambient Micro- oltage | voltage | Voltage | Storage | energy
energy generator booster > element > Load

Figure 2.1 Energy Harvesting System Block Diagram

It includes ambient energy source, a micro-generator for transforming environment energy
into electrical from, the voltage booster for pumping the created voltage and the storage

element.

2.1.1 Energy Harvesting Generators
The choice of the energy source at last relies upon its application. Energy can be harvested

from various power sources as shown in Figure 2.2.
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Figure 2.2 Common Sources of Energy Harvesting System Block

The accessible energy harvesting systems are separated into these fundamental parts as

indicated by physical kind of energy accessible [4]:

il

Vibration: A large portion of the vibration energy scavenger portrayed in writing
utilizes electromagnetic, piezoelectric (PE) and electrostatic, hybrid based
transformation techniques. PE bimorph generators can specifically change over a
forced vibration giving a generally high output voltage giving just low currents.
Frequency tunable scavengers are fit for varying their resonant frequency by
varying their viable beam solidness

Thermal Energy: Thermal energy harvesting can be partitioned into thermo
mechanic heat engine and thermoelectric generators. Miniaturized scale heat
engines change the temperature angle into fleeting by mechanical oscillation.
Thermoelectric generators exclusively compromise of Bi»Tes based materials. The
lifetime of thermoelectric generators increases if the weak material is not subject to

solid mechanical powers.
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iii.  Radio Signals: Energy scavenging can be done from RF signals. These RF signals
have specific Industrial, Scientific and Medical (ISM) radio frequency bands for

certain applications such as mobile, RFID applications and the like.

2.1.2 Voltage Boosters/Multipliers

Voltage boosters are outer circuits to the small scale generator that are utilized to help up
the yield voltage and to perform fundamental AC—DC correction. There are various circuit
configurations that can be utilized as a voltage booster. A voltage multiplier is a particular
rectifier that utilizes cascaded diodes and capacitors to accomplish higher output DC
voltage from an AC input. There are two sorts of voltage multiplier taking into account

diverse arrangements, to be specific Villard and Dickson [5].

2.1.3 Storage Element
Capacitor is usually employed as storage element in Energy Harvesting System. A super
capacitor has been modelled in case of Wind Energy Harvesting [6]. RF Energy Harvesting

System is employed in charging a battery (storage element) [7].

2.2 Why Rectifier?

The boost converter circuit usually contains an Inductor. Inductor is not successful in
Integrated Circuits because it is difficult to fabricate. It physical structure is that of a coil.
All elements in integrated circuits are horizontal not vertical and fabrication is done with
rectangular/square size. Now, multilayer/simulated inductors are made but they are more

expensive.
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The conventional dc — dc converters are Inductive type dc — dc converters that are
appropriate for medium-to-heavy load range only [8]. Switched Capacitor dc — dc
converters [9] require a clock signal. Although it achieves high linearity but the addition
of dc — dc converter with the rectifier gives large area in the integrated circuit design. So,
in energy harvesting system there is an additional device (converter) with rectifier that
means more power consumption (less efficiency). The DC power can be directly scavenged
if the rectifier’s output voltage is more than the energy storage component [8]. The energy

harvesting circuit with boost converter in [10] is used for high power devices.

2.2.1 Rectifier’s PCE

Maximization of the PCE of the whole system mainly relies on the performance of rectifier
circuit. In fact, enhancement in the PCE of the rectifier is considered as a distinctive and
powerful way to upgrade the efficiency of the entire system. This is because the
performance of front-end are often limited by regional regulations. For example, the
maximum power transmission allowed in the Japan and U.S is 4 W while the allowable
antenna area is 1.64 for the dipole antenna [11]. The PCE of rectifier circuit is described as
ratio of the output power to the input power. The input power equals to the loss in the

rectifier plus the output power. Thus, PCE can be expressed as:

PCE =POUT= Pour (21)

PN Pour+PLoss

When current flows through the diode there occurs resistive loss which is called diode loss.
It is the sum of the forward and reverse losses of the diode. These are usually calculated

from the diode forward voltage drop and the diode reverse leakage current [11].
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2.3 Rectifier Circuits

Operation of conventional rectifying circuits assumes relatively high voltage input (few
volts). In such application, however, the available voltage for rectification falls underneath
0.3 V in radio frequency (RF) to DC rectification system, much too low to defeat the
traditional rectifier circuit’s threshold voltage. The Schottky diode with turn-on voltage of
0.2-0.3V might have been employed but this component requires additional processing
cost and is not accessible in a standard CMOS process. The following subsection presents
a very attractive rectifier design for this application known as voltage doubler rectifier.
Subsequently, several approaches for improving the PCE of voltage doubler rectifier
through circumventing or diminishing the “dead-zone” in voltage rectification are
presented. The main solutions are classified as static Vi cancelations methods including a
very important solution known as self-driven synchronous rectifier, floating gate topology

and active Vy cancellation methods.

2.3.1 Voltage Doubler Rectifier

For the scheme of the RF-DC power rectification systems, voltage doubler rectifier
structure is typically utilized as it produces output DC proportional to double of the
approaching radio frequency signal amplitude and can be organized in cascade to enhance
the DC output voltage [12]. The voltage doubler rectifier also called charge pump circuit
is demonstrated in Figure 2.3. It comprises of a voltage clamp shaped by D> and C; and

peak rectifier framed by D; and C».
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Figure 2.3 Diode Based Voltage Doubler Rectifier [12]
For the one stage rectifier, Vpcin is zero but for multistage rectifier it would be the DC
output of the preceding stages. It can be shown that the DC output voltage of the circuit is:

Vour = 2|VRF| —Vbo1 — Vpo2 (2.2)

where |Vgp| is the amplitude of input RF signal. Clearly, in addition to its primary
rectification role, this circuit has the advantage of acting as voltage-multiplier (doubler)
increasing the produced DC voltage level. Minimizing cost is a primary goal for many
power extraction applications, and hence, standard CMOS processes are preferred. The

corresponding MOSFET based voltage doubler rectifier is shown in Figure 2.4.

Vir
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{
JE]T;{]JTVDC

Figure 2.4 MOSFET based Voltage Doubler Rectifier [11]
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The second point of preference of the voltage doubler rectifier is that it can be connected
in cascade to further enhance the generated DC voltage level. An N-stage voltage multiplier
approximately provides N-times larger dc output voltage than its counterpart of a single
stage. An N-stage voltage multiplier comprises of a cascade of peak-to-peak detectors, as

can be seen in Figure 2.5 [13].

N stage Rectifier

o—

Figure 2.5 CMOS Voltage Multiplier [13]

The diode-connected MOSFET transistor’s effective turn-on voltage and the MOSFET
transistor’s threshold voltage are almost equal. It is bigger than its Schottky diode
counterparts not as much as its pn-junction diode. Thus, the diode-connected MOSFETs

rectifiers have limited PCE.

2.3.2 Static Vi cancellation methods

Several Vth cancellation schemes were suggested in [14], [15], and [16] for reducing the
effective turn-on voltage and hence leading to better PCEs. The threshold voltage
minimization technique presented in [14] needs the incoming voltage to be relatively
extensive to start the circuit. The second drawback of this solution is that the produced bias
voltage is considerably less than the sought threshold voltage. The switched-capacitor

technique presented in [15] and [16] uses an external power supply for generating the
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required DC gate bias voltage. Besides, they require extra circuitry to generate differential
clock which itself necessitate a secondary battery. Also, they suffer from the same
constraint i.e. generating relatively low bias voltages for diode-tied transistors. In general,
switched-capacitor has a fundamental limitation on their operation of switches when the
supply voltage becomes less than the sum of the absolute values of the PMOS and NMOS

threshold voltages.

The self-V-cancellation rectifier generates gate bias DC voltage from the rectifier’s output
voltage itself among other static Vi cancellation methods [11] and [17]-[19]. This is
achieved by connecting the NMOS transistor to the output node and the PMOS transistor’s
gate electrode to ground as shown in Figure 2.6. Indeed such approaches achieve small
diode loss. However, they suffer from loss of reverse leakage which enhances for bigger

gate bias voltage.

CC
'ql/l‘[F'TLDC
T A ]

| J’;
Figure 2.6 Self Vi Cancellation Scheme [11]

2.3.3 Floating Gate Solution
Floating gate solution presented in [12] does not require extra circuitry and hence avoids
both the need for a secondary battery and redundant power consumption that would be

consumed by the biasing circuit. The rectifier circuit’s threshold voltage can be
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programmed by utilizing floating-gate rectifier scheme. The entire circuit structure is alike
as that of a voltage doubler rectifier of Figure 2.3 for the floating-gate rectifier
configuration. The diodes are supplanted by diode connected floating gate transistors as

shown in Figure 2.7.
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Figure 2.7 Voltage Doubler Rectifier employing PMOS floating gate [12]

PMOS floating gate implementation formed by a MOS capacitance and a normal transistor
is shown in Figure 2.8. The MOSFET transistor’s threshold voltage is lessened through
infusing few charges on its gate. This is usually achieved when a high voltage is applied to

the gate causing the electrons be caught in the oxide because of the tunneling effect [12].
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Figure 2.8 Implementation of PMOS floating gate [12]

However, this method is not practical as the alteration is needed for every single transistor
utilized in the diode-tied arrangement. Also, after some time the captured charges are
discharged steadily, hence the threshold voltage goes to the initial state. This means that
this technique is bad for long-haul operation particularly for the new small size CMOS

process having extremely small oxide thickness [20].

2.3.4 Special Transistor Solutions
Another solution is by utilizing zero-threshold transistors for voltage rectifier. However,
these devices have zero threshold only for a range of minor current. The threshold voltage

Vi of the transistors can be lessened in few processes giving native gadgets [20].

2.3.5 Self-Driven Rectifier
Static Vi cancellation schemes achieve a small ON-resistance but suffer from large
reverse-leakage current. The works in [11], [21], and [22] suggest a solution to this

problem. In this method Vi is reduced in forward bias configuration and raised in reverse
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bias configuration consequently by a cross-coupled differential rectifier setup. Figure 2.9

demonstrates the single phase differential-drive CMOS rectifier circuit.
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Figure 2.9 Differential drive CMOS rectifier circuit [11]

The rectifier has a bridge structure with a cross-coupled differential CMOS setup. The
operation of the circuit will be described in the next chapter. It reduces the forward voltage
drop and reverse leakage current hence enhancing the PCE of the rectifier. This solution
assumes the availability of differential input signals. Also, it may not be connected in
cascade to generate higher output voltage. Another self-driven rectifier was referred to as
a threshold compensated diode (TCD) in [23]. TCDs were used to build voltage doubler
cell. Four of these cells were utilized to realize voltage multiplier using multistage rectifier
based on Dickson topology. The main drawback is that its implementation requires the use
of large capacitors (80pF) which were off chip. Also, the achieved PCE of 37.8% is

relatively low.

2.3.6 Active Vi cancellation methods
The efficiency of energy harvesting circuit can be improved by using active rectifier (zero
forward diode voltage drop). This is achieved through increasing the harvested DC voltage

level via the use of some active elements. It is expected that the power gained due the
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increased output DC level is more than the power loss of the adopted active elements. For

example,

1.

1l.

1il.

The design in [24] uses two stage active rectifier having first stage of CMOS
transistors and second stage of PMOS transistors and one comparator. One
specialized issue is the offset of comparators for comparator-based active-diodes
because of process variations that causes oscillation and leakage to consequence in
enhanced energy loss. Active-diodes based on op-amp can lighten the issue [25].
An active full-bridge rectifier adopting operational amplifier-based active diode
and a switch in parallel with the transducer is presented in [25]. The supply voltage
of op-amp comes from the harvested energy. The proposed solution uses two
opamps to implement full-bridge rectifier. Also, it assumes input signal with low
frequency 200Hz.

More recently, a reconfigurable rectifier using two modular rectifier blocks was
presented in [7]. The two rectifiers can be combined either in parallel or in series
through the MOSFET switches controlled by the control logic signal. According to
the available RF power, this signal is generated by the control logic circuit. But the
logic sub circuit assumes the availability of DC voltage supply. They were after
improving the efficiency and sensitivity. The reported sensitivity is -21dBm,

however, the achieved efficiency is only 60%.

2.4 Benchmark Table

Table 1 summaries the main characteristics of the available designs in the literature and

highlights their drawbacks.
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Table 2.1 Summary of the available Solutions

Available Solution

Main characteristics

Drawbacks

[11],(12],[13]

Voltage Doubler Rectifier with Diode-
connected MOS transistor

-Turn-on voltage drop loss may not be used for low
input harvesting systems.

[15],[16]

Static Vi cancelations using switch
capacitor technique

-Extra circuitry to generate differential clock.
-Generate relatively low bias voltages.
-Problem with low voltage operation.

- Suffer from gate leakage problems.

-Associated with switching noise.

[11] and [17]-[19]

Self-Vi-Cancellation scheme

- Suffer from reverse leakage loss.

[12], [20]

Voltage doubler rectifier employing
PMOS Floating gate

- Not cost effective requiring special set ups.

- Not reliable as threshold voltage returns to its
initial state gradually.

- Not good for long-term operation for new small
size CMOS process having small oxide thickness

[11], [21], and [22]

Differential Self-driven rectifier

- Require differential input voltages.

- It may not be connected in cascade to generate
higher output voltage.

[23] Threshold compensated diode (TCD) | - Requires large capacitors 80pF (off chip)
based rectifier

- Low PCE of 37.8%.

[24] CMOS Comparator based scheme - The offset of comparators causes oscillation and
leakage to result in increased power loss.
- Assume input signal with low frequency 100Hz.
- Assume CL=10pF

[25] Op-amp-based active-diodes - Use of two op-amps to implement full-bridge

rectifier.
- Assume input signal with low frequency 200Hz.

- Assume Cr=1pF

Active-Vu-cancelation of the self-
driven rectifier

- Require voltage supply for the controlling circuit.

- Improve PCE to only 60%.
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2.5 Research Project Design

Energy Harvesting System primarily consists of a micro generator sensor, a rectifier, a
voltage booster and a storage element/load. The energy harvesting circuits with boost
converters are used for high power devices. As harvesting systems are typically intended
for low power applications, voltage boosters may be avoided in most applications. The
research project design is decomposed into two parts, Circuit Level specifications and
System Level specifications. All the parameters are investigated in circuit and system level

to optimize the energy harvesting rectifier and to improve the power conversion efficiency.

2.5.1 Circuit level Design

As it can be seen from the literature survey of recent publications, new energy harvesting
rectifier circuits improves the power efficiency but has some disadvantages like leakage
problem in comparator, additional bias circuitry required for op amp and TCD based
rectifier. These constraints needs to be further resolved to enhance the efficiency of energy

harvesting system according to the required applications.

The PCE and output power are the most significant factors for systems continuously
operating off harvested power. These are influenced by rectifier topology, transistor-device
parameters, input amplitude and frequency, and output load as demonstrated in Table 2.2.

These factors are carefully studied to achieve the optimum results.
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Table 2.2 Performance of the Available Solutions

Reference [11] [12] [23] [24] [25] [7]
Technology 0.18 0.25 0.35 0.35 0.18 0.13
(um)

Topology Differential Voltage TCD with 5 Active Op-amp Reconfigurable
Self-driven doubler stages Rectifier based active Differential
rectifier rectifier (Comparator) diode CMOS rectifier

employing with cross
PMOS connected
Floating gate transistor
(36 stages) scheme
Input -12.5dBm -22.6dBm — 0.5V 0.5V 2.8V -21dBm
(5.5uW)
(75mV) (28mV)
(23.4mV)
(Cs=1.13pF)
Input 953MHz 906MHz 13.56MHz 100Hz 200Hz 868MHz
Frequency
Output Not available | Not available 2.5V Not available 2,78V 2V
Area 0.78 mm x | 400 um % 1000 | Not available 0.38 mm x 0.4 mm x 0.4 mm x 0.5
0.78 mm um 0.19 mm 0.6 mm mm
PCE 67.5% 60% 37.8% 90% 90% 60%
(Ri=10kQ) (Rr=180kQ) (RL=95kQ)
(R1=0.33MQ) (R=50kQ)
Output Power | Not available | Not available 35.8uW R = 25uW 81uW Not available
180kQ R1=95kQ
R1=50kQ
CL: SOpF CJ_ZluF
Cr=10uF
DC Power Not available | Not available | Not available (266 nW) 90nA Not available
Consumption

It can been form Table 2.2 that the passive rectifier solutions such as [11], [12] and [23]

can process high frequency input signals which is the typical case of harvesting systems.
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But they achieve relatively low PCE in the range of 37.8% to 67.5%. On the other hand,
the active rectifier such as [24] and [25] assume low input frequency and relatively large
dc input (minimum 0.5V) but achieve PCE of approximately 90%. The reconfigurable
rectifier of [7] showed an improved sensitivity but failed to improve the efficiency

(efficiency of 60% was reported).

2.5.2 System level Design

At system level, we concentrate on selected rectifier type and investigate its performance
under system level constraints related to the incoming radio frequency signal amplitude
and frequency, and the loading conditions at the output. For example, the issue of adoption
of rectifier incorporating transistors that operates in the sub-threshold region. This is
expected to allow processing of extremely small power but its implementation depends on
how the cutoff frequency of the transistors in sub threshold compared with the input RF

signal frequency.

Trade-offs between transistor sizes and the rectifier performance are studied. It is observed
that smaller transistors has less parasitic capacitance but small transistors gives low current
to the load and hence lowering the rectification efficiency. Also, reducing a channel width

increase the ON-resistance of the diode-tied transistors.

Multi-stage rectifiers are studied to achieve the optimum design performance. The number
of stages should provide sufficient output voltage to operate regulator. Yet, the utilization

of an excess of stages of rectifier damps out the impact of the high-resonator.
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CHAPTER 3

RECTIFIER DESIGN: PASSIVE STAGE

This chapter begins with major idea of the proposed rectifier design for incoming RF
signal. The first stage of the rectifier is discussed in this chapter. The simulation is carried
out in Cadence® with 0.15um CMOS technology and results will be displayed. PCE of the
rectifier depends on the RF input frequency, output load and transistor sizing values and it
will be evaluated in this chapter. The multistage configuration is also demonstrated for

larger DC output voltage.

3.1 Passive Rectifier Stage

Regarding the passive rectifier stage, it has been found that the self-driven synchronous
rectifier performs better than diode-based rectifiers [11]. Also, differential self-driven
CMOS rectifier results in the most attractive solution as it achieves less ON-resistance and
less reverse-leakage current simultaneously. In this method Vi is minimized in a forward
bias condition and increased in a reverse bias condition automatically by a cross-coupled
differential circuit configuration but it would need differential RF signals. The input
differential signal problem can be remedy through the use of differential antenna such that

reported in [7].

3.1.1 RF Energy Harvesting
Energy harvesting from radio frequency (RF) has been around for decades, yet only

recently have designers begun to unravel its vastly untapped potential: a limitless power
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source. Broadcasting RF energy to power remote devices is suitable for RF identification
(RFID), biomedical and wireless sensor networks (WSN) applications. In addition, it
provides momentous advantages over battery-powered solutions (e.g., low operational and
assembly costs), amid negligible environmental effects. RF energy harvesting system has

the least power density when compared to other power sources like light, vibration etc.

RFID applications are hastily increasing in the fields of logistics, access control, supply
chain management and the like [26] — [28]. A basic RFID tag is passive (no battery). RF
signals are radiated from the reader that are used to power RFID. So, the RF power
transmission limits the communication range. RFIDs are usually known in terms of radio
frequency (RF). There are ISM bands reserved for RF energy to be utilized internationally
for industrial scientific and medical purposes (applications). Telecommunication is
excluded from ISM bands. The ISM bands are provided by ITU radio regulations and
frequency is allocated for different license users. When RFIDS are to be used for long term
communication to transfer power/data, Ultra High Frequency band (860 — 960MHz) or
other high frequency bands are considered that uses far field electromagnetic (EM) wave
transmission. The High Frequency (HF) band (3 — 30MHz) utilizes near field EM wave
transmission with less communication distance (less than 1m). A Highly Efficient Active
Rectifier is presented in [29] operating at 6.78MHz for portable charger and biomedical
devices. The rectifier in RFID chip is operated at 6.78MHz for low power dissipation
transmission through the tissue of human body and the communication frequency is
866MHz [30]. A full-wave active rectifier operating at 13.56 MHz for a wide input range
for wirelessly powered high-current biomedical implants is presented in [31]. Therefore,

Harvesting the EM power wirelessly emitted in the Industrial, Scientific and Medical (ISM)
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band (6.78, 13.553-13.567, 300-348, 387-464 and 779-928 MHz bands) is an alluring

alternative for remote power devices among available energy sources [32].

3.1.2 RF PCE

Power originating from RF energy sources may be unregulated, alternating and/or small.
Therefore, in such situations it becomes dominant to enhance the PCE of the rectifier. The
HF RFID communication range can be extended if the PCE of the rectifier is
improved/enhanced. As the output of the rectifier can be the input of the next stage or to
power an active element, so larger PCE is desired so that next stage give more DC output
voltage with feasible efficiency for its proper operation. If the PCE of the first stage is bad

then 2" stage is useless to be utilized for further operation.

The threshold voltage (Vi) of passive diodes and diode-connected MOS transistors
confines the maximum PCE of a charge-pump rectifier [33], thereby confining the
maximum power delivered to the load. The diode connected MOS transistors generally has
worse PCE than Schotkky diode but Vi cancellation technique has better PCE as discussed

in Chapter 2.

The PCE of the rectifier is defined in chapter 2, equation (2.1). To further enhance the

definition, P, is defined as
Pross = N.Ppjopk (3.1
Ppiopg 18 the loss in the diode and N is the total number of diode stages [34,35].

When current flows through the diode, the resistive loss generated the diode loss and is

expressed as:
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Pprope = Prwp + Prey (3.2)

Prwp 1s the diode forward drop and Pggy is the diode reverse drop. These two are found

by the diode voltage turn on and the diode leakage reverse current.

An active cross-coupled differential rectifier circuit setup is presented in [11] at RF signal
frequency of 953MHz. In this method Vu is reduced in forward bias configuration and
raised in reverse bias configuration consequently. The center frequency of 13.56MHz
(allocated in ISM band for mobile and fixed users) is employed in this passive stage of the

rectifier for HF RFID.

3.2 Differential Drive CMOS Rectifier

Figure 2.9 demonstrates the single phase of the differential-drive CMOS rectifier circuit

[11] which can be also shown here in Figure 3.1.
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Figure 3.1 Differential drive CMOS rectifier circuit [11]

The circuit has a bridge structure with a differential CMOS cross-coupled setup. The
rectifier utilizes input differential configuration and could be easily attached to an antenna

like dipole antenna.



The operation of the rectifier circuit is described as follows. The common-mode voltage
equal to the DC segments of Vx and Vy is about one half of the DC output steady-state
voltage. It is generated as on the other static Vi cancellation schemes by a rectification
process and goes about as static bias gate voltage compensating V. This would lead to

output DC voltage of,

Vout = 2|Vgp| — Vdrop (3.3)

where Vrop represents losses due to switch on resistance. On the other hand, differential-
mode signal actively biases the gate of transistors. When Vx is negative during forward
biasing of MN1, MN1’s (Vy) gate voltage is biased positively and hence minimizes MN1’s
turn on voltage. This outcomes in little turn on losses. Whereas when Vx is positive (during
the reverse bias operation), the gate voltage quickly minimizes and hence decreases the

turn off losses.

The input power sensitivity of the rectifier is -12.5dBm. The antenna receives minimum
power (-12.5dBm) from the RF signal. This power cannot drive the rectifier circuitry as
input voltage amplitude should be greater than the Vi of the CMOS transistor. So, an
impedance matching circuit is employed between antenna and the rectifier to get input

voltage more than the Vi of the CMOS transistor.

3.2.1 Voltage Waveforms

Figure 3.2 depicts the voltage waveforms of the internal nodes. DC voltage of 0.62V is
generated under the steady state condition when the input is 0.88V. This DC voltage acts
as static gate bias voltage to compensate V. The differential mode signal makes the gate

of the transistor actively biased.
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Figure 3.2 Voltage waveforms of internal nodes
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Figure 3.3 I-V characteristic of diode transistor (NMOS)

Figure 3.3 demonstrates simulated diode NMOS transistor [-V characteristics. W/L of the

NMOS transistor are 3 um/0.18 pm. The static Vi cancellation and active differential Vi,

cancellation configurations are evaluated in figure 3.3. As an example, gate bias DC

voltage for both circuits are set to 0.5V. Static gate bias voltage reduces ON-resistance for

static Vi cancellation case in contrast with the simple diode-connected configuration, but

also enhances the leakage reverse current leading to diode loss and reduction in the PCE.

Leakage reverse current is immediately prevented by a negative gate bias in the active
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differential Vi cancellation scheme. Therefore, both lower ON-resistance and lower

leakage reverse current are concurrently achieved.

3.3 Results and Discussions

The simulation results are presented here is carried by using Cadence Virtuoso Simulator
with 0.15um CMOS process technology. Channel Width/Length of NMOS transistor is
3um/0.18um and channel Width/Length of PMOS transistor is 18um/0.18um for
optimized results. The threshold voltage (Vin) of the NMOS is 0.5V and that of the PMOS
is -0.56V. The center frequency of 13.56MHz (allocated in ISM band for mobile and fixed

users) is employed. The values of coupling capacitor and load capacitor is set to 40pF.

3.3.1 PCE dependence on Input Signal
The PCE dependence on Input signal of Differnetial drive circuit is simulated and is

compared with Self Vi, cancellation scheme [10-11]. It is shown in Figure 3.4.
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]
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8
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Figure 3.4 PCE as a function of Vin
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PCE as a function of input voltage is plotted in Figure 3.4. The simulation is carried out at
frequency of 13.56MHz and load resistance of 20KQ. The differential drive rectifier
achieves 70% at input voltage of 0.88V and is the highest PCE ever reported at 13.56MHz
from incoming RF signals. The PCE of self Vi cancellation scheme is 8.76% at 0.88V

which is 8.3 times less than the differential CMOS Rectifier.

PCE decreases as the input voltage goes beyond 0.88V similar to the Self Vi, cancellation
scheme. When the static bias gate voltage for CMOS transistor becomes huge then the
leakage reverse current of the CMOS transistors enhances under bigger input voltage

condition.

Figure 3.5 shows DC output voltage versus input voltage when compared to Self Vi,

cancellation scheme.

1.0
8 Differential Passive Rectifier
;-6 Static Vth Cancellation Rectifier
s
=l
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2
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1.0 1.2

8
Vin (V)

Figure 3.5 DC output voltage as a function of Vin

It can be seen DC output voltage rises with increase in input voltage and it is clear that DC

output voltage of differential rectifier is greater than Self Vi, cancellation scheme rectifier.
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3.3.2 PCE dependence on Input frequency and load
PCE of the rectifier depends upon its operation frequency. Figure 3.6 shows the frequency

dependence on PCE of the rectifier verses the input voltage.

f=3MHz

70.0

f=13.56MH.
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Figure 3.6 Frequency dependence of PCE

PCE remains almost same (minute difference in PCE for high frequency) for low input
voltage but after its peak value, PCE decreases with increase in frequency. This is due to
the parasitic resistance that causes energy loss enhances from the rise in the high frequency

current rolling in the rectifier because of rise in the input reactance.

When the load resistor increases, PCE of the rectifier increases for the lower input signal
as shown in Figure 3.7. It is also shifted towards left side (towards low input voltages).
This means that the larger PCE can be obtained at low inputs when the load resistor is
large. PCE of 79% is obtained at 0.7V input when load resistor is 100K€. This means that
communication or wireless power transmission (biomedical application) can be done at

such low input with high PCE.
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Figure 3.7 Load Resistor dependence of PCE

The PCE of the rectifier depends upon the output loading condition and its simulation is
demonstrated in Figure 3.8. Input amplitude is 0.88V. The highest PCE is 70% at Ri=
20KQ. The PCE decreases with the load resistor due to the phenomenon of maximum
power transfer. When the rectifier input impedance equals the output impedance, maximum

power is transferred to the load which leads to the large efficiency of the circuit.

80.0

64.0

0,
VB RD Differential Passive Rectifier

48.0

16.0

0.0

0.0 20.0 40.0 60.0 80.0 100
Ry (KQ)

Figure 3.8 PCE as a function of RL
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3.3.3 PCE dependence on Transistor sizing
The rectifier transistor ratios affects the performance in PCE which is clearly visible in

Figure 3.9

80.0

W(n:p)=6um:36um

W(n:p)=3um:18um

W(n:p)=1.5um:9um

25 5 75 L0 1.25 L5 L75 2.0
Vin (V)

Figure 3.9 PCE as a function of transistor sizing

The transistor width sizes are 3um (NMOS) and 18um (PMOS) while length of these
transistors are same 0.18um. The width sizes of transistor are designed to be narrowed
(half) and wider (double) while maintaining the width ratio of NMOS and PMOS same i.e

6 for balanced function of rectifier.

At input signal of 0.8V the wider transistor has more PCE than the narrower ones at
Rr=20KQ and it achieves larger peak PCE of 76.2%. This is because the wider transistor
have small ON resistor than the narrower ones at this load. At higher inputs, narrower
transistors have more PCE than the wider transistors as it has less leakage reverse current

than the wider transistors.
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3.4 Multistage Differential Rectifier

The output DC voltage is obtained several input differential rectifier circuit as can be seen
in Figure 3.5. The output voltage form 0 to 1V is obtained for different variations in the
PCE that can be seen in Figure 3.4. Sometimes this DC voltage is not sufficient for
biomedical implant circuit and digital baseband circuits in RFID, they require larger
voltage for its proper operation i.e. more than the input signal. For larger output voltage

multistage configuration can be used as shown in Figure 3.10

Vet Cc——mp11  MN12——C Ce——

0.7 .7 T
®
1 [A 4 A al
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Figure 3.10 Multistage Rectifier [11]

The stages are serially cascaded along the DC path to each other and merged in parallel
from the differential input signal. This scheme can be used to obtain larger DC output
voltage and is operated to the point where larger PCE can be achieved. The output capacitor
of first stage which is now the inner stage capacitor can be of small value or can be
removed. If the NMOS and PMOS between the two stages are well matched, smaller value
of capacitance can minimize the ripple. The two stage rectifier is simulated and the output
DC voltage and PCE is plotted to understand its operation. These results are compared with

single stage rectifier.
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Figure 3.11 shows the output DC voltages of single stage and double stage as function of
input voltage. For smaller inputs the output voltages for both the schemes are same but it

increases as the input voltage increases.

1.5
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e
]
°
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Figure 3.11 Output voltage vs Input voltage (Single and Double Stage compared)

PCE becomes slightly smaller than the single-stage rectifier at low input signals In the
multi-stage scheme. The stages are merged in parallel to the input signal as mentioned
earlier and it supresses the rectifier’s input impedance in the multi-stage configuration.
Thus, the voltage amplitude of the multi-stage scheme becomes slightly smaller (almost
same) than the single-stage rectifier and this results in the reduction in PCE as adequate
input voltage amplitude greater than the Vi, of CMOS transistor is necessory for attaining
larger PCE. For example, when the input voltage is 1V, adequate output DC voltage of

1.23V is obtained while maintaing 64.24% of PCE when compared to single stage rectifier.
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A high-efficiency CMOS rectifier circuit for HF RFID and biomedical implants
applications with an active Vi cancellation configuration is designed [11]. The rectifier
reduces the Vin of CMOS transistors in a forward bias and enhance it in a reverse bias by a
cross-coupled circuit scheme. The circuit has a PCE of 70% at 13.56 MHz, 0.88V of input
amplitude and 20 KQ of output loading. The PCE of self Vi cancellation scheme is 8.76%
at 0.88V which is 8.3 times less than the differential CMOS Rectifier. The multi-stage

scheme was assessed as to be effective in order to realize bigger DC output voltage without

70%@0.88V

f=13.56MHz 668%@12\7
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Single Stage Configuration
25 5 95 13 1.65 20
Vin (V)
Figure 3.12 PCE vs Input voltage (Single and Double Stage compared)
Conclusion

reducing PCE.
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CHAPTER 4

RECTIFIER DESIGN: ACTIVE STAGE

This chapter begins with idea of the active rectifier for incoming RF signal at VHF band.
Large PCE in the rectifier can be achieved by the use of an active element i.e. Op Amp.
The simulation of active element is carried out in Cadence® with 0.15um CMOS
technology and results will be displayed. Power consumption dependence of op-amp on

the unity gain frequency will be evaluated in this chapter.

4.1 Active Rectifier Stage

For the active rectifier stage, comparator based topology will be avoided in order to element
power loss due to oscillation [24]. The first suggestion is to adopt switched opamp
technique in active rectifier designs. This work may extend the switched opamp technique
applied to filters [36] to propose new rectifier designs. But it requires clock signal for
switches so one has to be careful if PCE of the rectifier is main parameter in the design.
The other suggestion is to adopt active-V-cancelation of the rectifier based on self-driven

opamp design [25].

4.1.1 Vibration Energy Harvesting

Various environmental energy sources, like RF, thermal, and solar energy, can be powerful
alternatives to replace or assist batteries via energy scavenging. Particularly, vibration
energy, among the ambient energy sources, happens in many surroundings including

buildings, cars, trains, aircraft, and ships. Piezoelectric (PE) energy scavenging systems
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provide a fairly high energy density going from 10 to several hundreds pW/cm?® [37].
Vibration energy scavenging using PE generator can provide 300 pW/cm?® approximately
in surroundings where low level vibrations happen [38]. A Rectifier is required that

converts the AC output from PE transducer into DC.

4.1.2 Precision Rectifier
When op amp is used with a diode, a precision rectifier is formed [39]. The precision

rectifier is also referred to as “Super Diode” as shown in Figure 4.1.

“Superdiode”

Figure 4.1 Super diode Half wave Rectifier [48]

The circuit conducts for positive input signals as the diode conducts and with the
establishment of negative feedback structure the output voltage equals the input voltage.
For negative inputs the output of the op amp is negative so the diode is cut off and there
will be no current in the load resistor R, causing output voltage to be zero as can be seen

in Figure 4.2.
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Figure 4.2 Ideal transfer characteristics of Super diode [48]

As the diode is off the feedback loop is gone. The op amp is in open loop condition and its
output is negative saturation level. Therefore, the precision rectifier effectively reduces the
forward Vi, of the diode. But for negative inputs the output is in saturation level. Of course
this is true if the op amp has dual supply. Actually, this is an advantage for differential
rectifier circuit [11] as discussed in Chapter 3. For negative inputs, the gate MOS transistor
is negatively biased to reduce the reverse leakage current. But dual supply op amp
consumes more power and will degrade the PCE of the rectifier. Single supply op amp can

be used to reduce the power consumption.

4.1.3 Main Limitation of Op-amp based rectifier
The main hurdle in op amp based active rectifiers is that the op amp itself requires DC

power supply. There are two drawbacks if DC power supply is used for op amp:

i.  Additional element and additional price has to paid every time the circuit is utilized
for certain application
ii.  Addition of DC supply means more power consumption which degrades the PCE

performance of the active rectifier.
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Above mentioned drawbacks can be eliminated if the DC supply of the op-amp based
rectifier comes from the harvested energy [25], [40]. When the DC supply of the op-amp
is coming from the harvested energy no need of an additional supply. It saves the price.
The stored energy in the capacitor is positive voltage DC and this energy is fed back to bias
the op amp. Hence, op-amp must be single ended supply as only positive DC rectified
voltage is coming from the output of the proposed rectifier. Now, the only problem left is
the power consumption of the op amp. If the op amp power consumption is less than the
remaining circuit of the rectifier then the PCE of the active rectifier can be improved

otherwise there is no use for op-amp in the rectifier design

4.2 Op-amp Design

Although the dual supply op amp is advantageous to implement, there are many
applications where single supply op amp is required. For example, Computers can have a
built in single supply power (+5V or +12V). In marine and automotive equipment, battery
power provides single supply. One of the main advantage of single supply Op-amp is low
power consumption and hence it is useful for low power applications (less power
consumption) such as biomedical implants and wireless sensor nodes. But single supply
op-amp need appropriate signal biasing otherwise the op-amp becomes unstable or does
not provide the desired output. A single supply differential pair MOS configuration [41] is

adopted as shown in Figure 4.3.
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Figure 4.3 Single Supply Differential Amplifier [50]

The differential pair configuration in [41] is different than the differential pair
configuration presented in [48]. The PMOS input differentials (M1 and M2)) are used
which are matched. The sources of these PMOS transistors are connected together with tail
current (resistor in this case) which in turn is connected to DC power supply. Consequently,
the active loads are NMOS transistors (M3 and M4). All the transistors are operating in
pinch off region condition and the op-amp has been carefully optimized for better

performance.

4.2.1 Frequency Response of Op-amp
The op-amp is powered with 0.6V DC supply and transistor Widths and Lengths are all set
to 1um except for PMOS width, it is set at 0.3um. The tail resistor is set to 125KQ. The

frequency response of the op amp is demonstrated in Figure 4.4.
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Figure 4.4 Simulated Frequency Response of Differential Amplifier [S0]

The gain and phase response of the op amp is simulated and shown in Figure 4.4. The 3dB
gain of the op amp is 38.05dB and the unity gain frequency is 169MHz. The tail current
can be varied by varying the tail resistor or by adding a tail PMOS transistor (should in
pinch off). Changing W/L of tail transistor changes the value of current. The current

consumption of the op-amp is 310nA at 0.6V supply.

4.2.2 Relation between power consumption and unity gain frequency

The gain ‘A’ of the op-amp is given by the relation:

Ap is the differential gain and Acwm is the common mode gain of the op-amp.

The frequency response of op-amp at different tail resistors (70K€, 125KQ and 250KQ)

is simulated in Figure 4.5
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Figure 4.5 Simulated Frequency Response at 70KQ, 125KQ and 250KQ

The current consumption of op-amp at tail resistors 70K, 125KQ and 250K is 435nA,
310nA and 200nA. Of course current consumption in the op-amp will be more for higher

supply DC values.

It can be seen from the waveforms when tail resistor is increased then less current is
consumed in the op-amp and also unity gain frequency decreases for larger tail resistor.
Varying the bias current varies gain of the op-amp and also the unity gain frequency as can

be seen in equation 4.2. The unity gain frequency (wr) is given by the relation:

wp = Im (4.2)

9m 1s the gain of op-amp and C, is the compensation capacitor. The gain increases by using
small tail resistor but results in more current consumption as can be seen in Figure 4.5.

Thus, here is tradeoff between current consumption and unity gain frequency.
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4.3 Op-amp without DC power supply

An active self-supplied rectifier is presented in [42] in which op-amp is biased from
harvested energy. The op-amp based rectifier with MOSFET switch (diode) is shown in

Figure 4.6.

Figure 4.6 Op-amp based diode switch Msw: [51]

The function of the circuit is described as follows. The source of PMOS is connected to
AC input and the drain of the PMOS is connected to load capacitor and resistor. The output
goes to DC supply of op amp. When the circuit starts op-amp cannot work as there is supply
to op-amp from input. Instead the PMOS diode conducts as source of PMOS is connected
to AC input. The DC energy stored is given to op-amp from which op-amp starts working
giving larger output voltage and PCE. The circuit can be seen as lower efficiency passive
one and higher efficiency active one. The passive one works during only at startup and then

active stage dominates the circuit performance.

Applying Kirchhoff law in Figure 4.5

Vin +Vsp —Vos =0 4.3)

The output voltage of op-amp is given as:
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VG = A. VIN (44)

where 4 is defined as DC gain of the operational amplifier.

V¢ can be found by equating equation (4.3) and (4.4):

Ve = A. (Vos — Vsp) (4.4)

The difference in equation (4.4) has to diminish for finite V¢ when DC gain of op-amp is
considered ideal. Therefore, a regulation loop is achieved which maintains Vsp of the MOS

transistor equal to offset voltage Vos for each value of the drain current.

4.4 Conclusion

The rectifier design in [42] is for high input voltage 1.5V and low frequency 200Hz.
Although the rectifier achieves high efficiency but has limitation for low inputs and high
frequency (RF signals). Also no output voltage is shown in [42] only PCE performance is
shown. The proposed design of the thesis is to combine the designs in [11] and [42] to
achieve larger output voltage and higher efficiency from the incoming RF signal. The

details of the proposed design are in the next chapter.
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CHAPTER 5

PROPOSED DESIGN: HYBRID RECTIFIER

This chapter presents the proposed rectifier design for incoming RF signal at 13.56MHz
operating frequency. The simulation is carried out in Cadence® with 0.15um CMOS
technology and results will be displayed. PCE of the rectifier depends on the RF input
frequency, output load and transistor sizing values and it will be evaluated in this chapter.
The proposed rectifier is compared with the differential CMOS rectifier presented in
Chapter 3. The multistage configuration is also demonstrated for applications that require

larger DC output voltage and feasible PCE.

5.1 Proposed Design

This work proposes the combination of passive and active rectifier structures to form an
integrated hybrid rectifier. The differential CMOS configuration in [11] is passive rectifier
and op-amp based scheme in [42] is the active voltage doubler. The NMOS and PMOS
transistors diodes in [42] are connected as super diode i.e. precision rectifiers. The purpose
is to make the forward voltage drop zero and reverse leakage current zero in order to
achieve greater efficiency. The active voltage doubler [42] achieves high efficiency of
about 90% but at high input AC voltage 1.5V and relatively low frequency 200Hz. Also,
the load capacitance value is 1uF so it not integrateable. The differential drive circuit [11]
has RF input antenna receiving signal of -12.5dBm (f=953MHz) and is converted to 0.88V
differential voltage signal by the help of impedance matching circuit [7]. This differential

signal of 0.88V is fed to rectifier and maximum power conversion efficiency of 67.5% is
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achieved. In order to get high PCE in the rectifier design, two things need to improve. First
the forward voltage drop in the diode must be zero and second less reverse leakage loss in
the diode is desired. The design in [11] is modified by using two diodes as precision
rectifier [42] in order to make forward voltage drop to zero and reverse leakage current to
zero. The hybrid rectifier stage (cell) can be connected in cascade to form voltage multiplier
in order to increase the output DC voltage level. Since, the efficiency of first stage (passive
rectifier) [11] is around 67% and its counterpart of active stages (active rectifier) [41] is
90%, the proposed hybrid solution provides power conversion efficiency of approximately

79% at 0.88V (same input level as in [11]).

5.2 Hybrid CMOS rectifier

Figure 5.1 presents the hybrid CMOS rectifier circuit with two NMOS super diodes.
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Figure 5.1 Proposed Hybrid CMOS Rectifier
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The proposed hybrid rectifier demonstrated in Figure 5.1 has two op-amps connected with
NMOS transistors in a precision rectifier stage and the shown configuration is optimized

to give 79.12% efficiency for low input signals.

The circuit has a bridge structure with a cross-coupled differential CMOS setup with two
op-amp diodes connected to NMOS transistor. The output of the op-amps are connected to
gate of NMOS transistors. The positive inputs of op-amp is grounded and op-amp is biased
from the output DC voltage of the hybrid rectifier meaning there is no additional DC
supply. The negative inputs of the op-amps are connected to their respective input
differential signal as can be seen in Figure 5.1. The hybrid rectifier also utilizes input

differential configuration and can be easily merged to an antenna such as dipole antenna

[11].

The hybrid rectifier is designed in the same way as Differential CMOS Rectifier [11] to
make the circuit operation same. When Vi is positive PMOS (M2) will be ON (Vy is
negative) and M1 will be in reverse bias condition. The negative input of op-amp is
connected to Vy and positive is grounded so the output level will be negative voltage. Since
the op-amp is single supply, biased from output DC voltage, the output of the op-amp will
become zero (gate voltage of M1 will become zero) to make NMOS (M1) transistor off
thus leading to negligible reverse leakage current. At the same time Vy is negative which
makes the output of the bottom op-amp positive turning ON M3. When Vx is negative,
NMOS (M1) diode is in forward bias condition, the output of the upper op-amp quickly
goes to DC output voltage (gate of M1 is positively biased) and it reduces the turn ON gate

voltage of M1 transistor, causing in a less ON resistance of the transistor.
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The input power sensitivity of the rectifier is -12.5dBm. The antenna receives minimum
power (-12.5dBm) from the RF signal. This power cannot drive the rectifier circuitry as
input voltage amplitude should be greater than the Vi of the CMOS transistor. So, an
impedance matching circuit should be employed between antenna and the rectifier to get

input voltage more than the Vi, of the CMOS transistor.

5.2.1 Voltage Waveforms

Figure 5.2 depicts the voltage waveforms of the internal nodes. DC voltage of 0.73V is
generated under the steady state condition when the input is 0.88V. This DC voltage acts
as static gate bias voltage to compensate V. The differential mode signal makes the gate

of the transistor actively biased with two op-amps.

0.0 1000 2000 300.0 400.0 500.0
Time (ns)

Figure 5.2 Voltage waveforms of internal nodes

5.3 Results and Discussions

The simulation results are presented here is carried by using Cadence Virtuoso Simulator
with 0.15um CMOS process technology. Channel Width/Length of NMOS transistor is

6um/0.15um and channel Width/Length of NMOS transistor is 18um/0.15um for
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optimized results. The threshold voltage (Vin) of the NMOS is 0.5V and that of the PMOS
is -0.56V. The center frequency of 13.56MHz (allocated in ISM band for mobile and fixed

users) is employed. The values of coupling capacitor and load capacitor is set to 40pF.

5.3.1 PCE dependence on Input Signal and load
The PCE dependence on Input signal of Hybrid CMOS rectifier circuit is simulated and is

compared with Differential drive CMOS rectifier circuit [11]. It is shown in Figure 3.4.
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Figure 5.3 PCE as a function of Vin

PCE as a function of input voltage is plotted in Figure 5.3. The simulation is carried out at
frequency of 13.56MHz and load resistance of 20KQ. The differential drive rectifier
achieves 79.12% at input voltage of 0.88V and is the highest PCE ever reported at
13.56MHz from incoming RF signals. The PCE of differential passive rectifier is 70% at
0.88V (same W/L ratio as of hybrid) and is 9.12% less than Differential CMOS hybrid

rectifier.

PCE is low for Input signals less than 0.6V but larger than the differential passive rectifier.

PCE starts to increase after 0.6V input signal but the op-amp does not starts to fully operate.
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The op-amp does not function properly before 0.75V input so it cannot control the gate
voltages of NMOS properly. The Vi, of PMOS is -0.56V for 0.15um process technology.
At 0.75V the DC output voltage of hybrid rectifier becomes 0.563V and is fed to bias the
op-amp, thus PMOS differential pair starts to fully conduct. Beyond 0.75V input voltage
PCE increases as the op-amp starts working properly and continues to remain at 79.5% for
larger inputs as can be seen in Figure 5.3. For the differential passive rectifier, when the
static bias gate voltage for CMOS transistor becomes huge then the leakage reverse current

of CMOS transistors enhances under bigger input voltage condition.

Figure 5.4 shows DC output voltage versus input voltage when compared to Differential

passive rectifier scheme.
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i Differential Hybrid Rectifier
S n . " .
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=
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4 6 1.0 1.2 1.4
Vin (V)

Figure 5.4 DC output voltage as a function of Vin

It can be seen DC output voltage rises with increase in input voltage and it is clear that DC
output voltage of Differential Hybrid rectifier is greater than the differential passive

rectifier scheme. The summary of Figure 5.3 and Figure 5.4 is presented in Table 5.1
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Table 5.1 PCE and Output Voltage when RL.=20KQ

Vin=0.7V Passive Rectifier Hybrid Rectifier
(13.56MHz) (13.56MHz)
Vout (V) 0.362 0.51
PCE (%) 53.86 62.28
Vin=0.8V
Vout (V) 0.52 0.631
PCE (%) 66.36 76.62
Vin=0.88V
Vout (V) 0.6 0.73
PCE (%) 70 79.12
Vin=1V
Vout (V) 0.73 0.842
PCE (%) 68.6 79.13
Vin=1.2V
Vout 0.88 1.04
PCE (%) 64.37 79
Vin=1.4V
Vout 1 1.22
PCE (%) 57.36 78.91

The minimum operating voltage of the hybrid rectifier is 0.6V as it gives the output voltage
of 0.25V. Below 0.6V the output voltage is negligible, for example, at 0.4V differential
input give 5.3mV output and when the input is above 0.7V the op-amp starts giving better

efficiency.
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The PCE of the rectifier depends upon the output loading condition and its simulation is

demonstrated in Figure 5.5.
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Figure 5.5 PCE as a function of RL

The highest PCE is 79.12% at Ri= 20K at input amplitude of 0.88V. The PCE decreases
with the load resistor due to the phenomenon of maximum power transfer. When the
rectifier input impedance equals the output impedance, maximum power is transferred to
the load which leads to the high efficiency of the rectifier at that particular point. The
maximum power transferred for active is high 20KQ load than passive rectifier and even
after that PCE is higher than differential passive rectifier. It is clear that Differential Hybrid
rectifier is best for all loading conditions than differential passive rectifier [11]. The

summary of Figure 5.5 is presented in Table 5.2
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Table 5.2 PCE and Output Voltage when Vin=0.88V

Ry =5K Passive Rectifier Hybrid Rectifier
Vout (V) 0.32 0.55
PCE (%) 38.32 61.53
RL =10K
Vout (V) 0.49 0.65
PCE (%) 57.14 73.72
R =20K
Vout (V) 0.61 0.73
PCE (%) 70 79.12
RL =50K
Vout (V) 0.7 0.771
PCE (%) 69.1 76.72

R =100K
Vout 0.73 0.8
PCE (%) 58.83 69.77

5.3.2 PCE dependence at different loads and on Input Frequency
PCE of the rectifier depends upon its operation frequency. Figure 5.6 shows the frequency

dependence on PCE of the rectifier verses the input voltage.
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Figure 5.6 Frequency dependence on PCE

Lower frequency has better PCE dependency than the higher frequency. The PCE for
13.56MHz slightly lower than other two frequencies for almost all input voltages. To
understand this we need to go back on Chapter 4 and examine the frequency response of
the op-amp in Figure 4.4. Let’s say at 0.6V supply voltage of op amp, the unity gain
frequency is 85.67MHz. When frequency is low the gain is more and hence PCE with
respect to input voltage will be more. When shifting towards high frequency gain becomes
less and hence at low input voltages, PCE at 13.56MHz is slightly lesser. At high input
voltages the unity gain frequency increases and shows better response at high input signals.
One can select 6.78MHz for portable charges and biomedical devices [29] and for RFID
chips [30] operating at 6.78MHz. The selection of frequency for Differential Hybrid
Rectifier is 13.56MHz as this frequency is widely used for low power applications as RFID

tags, wireless sensor nodes and the like [11], [31].

PCE decreases with increase in frequency. This is due to the parasitic resistance that causes
energy loss enhances with the rise in the high frequency current passing in the hybrid

rectifier because of the rise in the input reactance.
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When the load resistor increases, PCE of the rectifier increases for the lower input signal
as shown in Figure 5.7.
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Figure 5.7 Load Resistor dependence on PCE

PCE for higher value of resistors are shifted towards left side (towards low input voltages).
This means that the larger PCE can be obtained at low inputs when the load resistor is
large. PCE of 78% is obtained at 0.8V input when load resistor is S0KQ. Also, PCE of
72% 1is obtained at 0.7V input when load resistor is 100K€. This means that
communication or wireless power transmission (biomedical application) can be done at

such low input with high PCE.

5.3.3 PCE dependence on Transistor sizing

The rectifier transistor ratios affects the performance in PCE which is clearly visible in

Figure 5.8
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Figure 5.8 PCE as a function of transistor sizing

The transistor width sizes are 6um (NMOS) and 18um (PMOS) while length of these
transistors are same 0.15um. The width sizes of transistor are designed to be narrowed
(half) and wider (double) while maintaining the width ratio of NMOS and PMOS same i.e.

3 for balanced function of rectifier as can be seen in Figure 5.7.

The reverse leakage current for NMOS transistor is negligible. So, the basic factor is ON
resistance of the transistor. From input signal of 0.8V the wider transistor has more PCE
than the narrower ones at Ri=20KQ and it achieves larger peak PCE of 77%. This is
because the wider transistor have small ON resistor than the narrower ones at this load.
The wider transistor is better at high input voltages as there is no worry for reverse leakage
currents in the transistors due to self-biased op-amp. At low input voltage the wider
transistor has less PCE than the typical transistors (6um:18um). This is because small ON-
resistance of the diodes achieved by the wider transistors under this output loading
condition is not much effective for reaching huge PCE than the negligible leakage reverse

current achieved by the typical transistors (NMOS).
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5.4 Hybrid CMOS rectifier — Other possible topologies

The two other topologies can designed from Hybrid Rectifier

i.  For the design of Hybrid rectifier in Figure 5.1, one can use only one op-amp
instead of two as one op-amp means less power consumption but power
consumption is in nW as seen in Chapter 4. If one of the op-amp is removed from
Figure 5.1 then reverse leakage from that NMOS transistor is more resulting in
degrading the efficiency.

ii.  The other design can be two op-amps with two PMOS transistors rather than
NMOS. This design will give less output DC voltage and hence less PCE. The
reason is that circuit operation changes when this design is applied. Both PMOS
and NMOS in the same node is ON simultaneously resulting in poor performance.
For this design to work, change in operating frequency and change in value of

capacitance is required.

5.5 Multistage Differential Rectifier

PCE as a function of output DC voltage is obtained for several inputs as can be seen in
Figure 5.9. The output voltage form 0.35 to 0.95V is obtained for PCE’s greater than 60%

at different loading condition.
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Figure 5.9 PCE as a function of Output DC Voltage (Vout)

Sometimes higher DC voltage is needed for biomedical implant circuits and digital
baseband circuits in RFID at low input voltages for its proper operation while maintaining
feasible PCE [11]. For larger output voltage multistage configuration can be used as shown

in Figure 5.10

C1

L L
Al Al

M1 Ll ' ]_T& M2 Mi M ' ]"T'* M2za
| |

| s

" 31 T LS M 31 o I Sl
T

C2 —l— Ca

G

Figure 5.10 Multistage Rectifier

The stages are serially cascaded to each other along the DC path and merged in parallel
from the differential input signal. This scheme can be used to obtain larger DC output
voltage and is operated to the point where greater PCE can be reached. The first stage

output capacitor which is now the inner stage capacitor can be of small value or can be
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removed. If the NMOS and PMOS between the two stages are well matched, smaller value
of capacitance can minimize the ripple. The two stage rectifier is simulated and the output
DC voltage and PCE is plotted to understand its operation. These results are compared with

single stage rectifier.

Figure 5.11 shows the output DC voltages of single stage and double stage as function of
input voltage. For smaller inputs the output voltages for both the schemes are almost same

(double little bit higher) but it increases as the input voltage increases.
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Figure 5.11 Output voltage vs Input voltage (Single and Double Stage compared)

PCE becomes almost same as of single-stage rectifier at low input signal (0.4V) in the
multi-stage scheme. It slightly decreases at high input voltages. The stages are merged in
parallel to the input signal as mentioned earlier and it supresses the rectifier’s input
impedance in the multi-stage configuration. This results in the reduction in PCE since
adequate RF voltage amplitude larger than the Vi of CMOS transistor is necessory for

attaining larger PCE. For example, when the input voltage is 1V, sufficient DC voltage of
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1.53V is obtained while maintaing 75% of PCE when related to single stage rectifier. The

single stage rectifier has 79.12% PCE with 0.85V DC output voltage.
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Figure 5.12 PCE vs Input voltage (Single and Double Stage compared)

5.6 Conclusion

A high-efficiency CMOS Hybrid rectifier circuit for HF RFID and biomedical implants
applications with an active Vi cancellation configuration is proposed. The circuit reduces
the Vin of CMOS transistors in a forward bias and enhance it in a reverse bias by a cross-
coupled circuit scheme. The hybrid rectifier circuit has enormous PCE at lesser input
voltage. For example, hybrid rectifier scheme achieves PCE of 79.12% at 13.56 MHz,
0.88V of input amplitude and 20KQ of output loading, 11.62% more than the CMOS
differential rectifier [11]. The multi-stage scheme was assessed as to be effective in order
to realize large output DC voltage without reducing PCE. For example, when the input
voltage is 1V, enough output DC voltage of 1.5V is obtained while maintaining 76% of
PCE when compared to single stage rectifier. The single stage rectifier has 79.12% PCE

with 0.85V DC output voltage.
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5.7 Comparison with state of art Rectifiers

The comparison of hybrid active rectifiers with the available solutions is summarized in

the Table 5.3. The comparison is made for the rectifiers operating at high frequency.

Table 5.3 Comparison of Hybrid Rectifier to works at high frequency in literature

Reference [11] [12] [23] [1] [7] [31] [43] This Work
Year 2009 2008 2011 2012 2013 2014 2016 2017
Technology 0.18um 0.25um 0.35um 0.18um 0.13um 0.35um 0.18um 0.15um
Topology | Differential Voltage Threshold Gate cross | Reconfigurable Active Self-Biased | Differential
Self-driven doubler Compensated coupled Differential Rectifier Cross Hybrid
rectifier using Diode rectifier CMOS with Coupled Rectifier
PMOS scheme with rectifier switched rectifier
Floating bootstrap offset and
gate (36 (5 stages) technique compensated
stages) biasing
Input 0.88V 125mV 0.5V 0.8V, 1.8V 125mV 1.5V 57mV 0.88V,1.5V
Voltage
Operating 953MHz 906MHz 13.56MHz 10MHz 868MHz 13.56MHz 433MHz 13.56MHz
Frequency
Output 0.6V 3V 2.5V 0.3V, 1.2V 2V 1.19V v 0.73V,1.32V
Voltage
Area NA 0.400 um? NA 0.61mm’ 0.2 mm? 0.186 mm? 0.017 mm? -
PCE 67.5% 60% 37.8% 37%, 71% 60% 81% 65% 79.12%,
78.5%
Output NA NA 35.8uW NA NA 24.8mW X 25.12uW,
Power 83uW
Load C=1.13pF | R;=0.33MQ C.=80pF R =2KQ NA R =500Q R =50kQ C.=40pF
Capacitor
and R =10KQ Ri=180kQ | C.=200pF C.=1.5nF R =20KQ
Resistor

It can been form Table 5.3 that the passive rectifier solutions such as [11], [12] and [23]

can process high frequency input signals which is the typical case of harvesting systems.

But they achieve relatively low PCE in the range of 37.8% to 67.5%. The Gate cross

coupled rectifier with bootstrap technique [ 1] achieves low PCE of 37% at 0.8V with 0.3V

DC output but achieves relatively low PCE (71%) at high input voltage (1.8V). The
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reconfigurable rectifier of [7] showed an improved sensitivity but failed to improve the
efficiency (efficiency of 60% was reported) and also they didn’t mentioned output loading
condition. An active rectifier [31] achieves 81% PCE at 13.56MHz but at high input
voltage of 1.5V. The self-biased cross coupled rectifier [43] achieves good sensitivity but
has low PCE of 65% when compared to [11] and the proposed design. The proposed
integrate-able hybrid rectifier design combines both active and passive to extract maximum
PCE of 79.12% at 0.88V when Ri=20K€Q with operating frequency of 13.56MHz. The
efficiency increases to 79.12% when Ry increases and remains constant for higher value of
loads. So, the differential hybrid rectifier design is built to be used for applications such as

biomedical implants and WSNs that are operating in HF band (3-30MHz) for RF signals.

The proposed differential hybrid rectifier is also well suited for low frequency (100 Hz) as
op-amp performs better at low frequency. The proposed hybrid rectifier is not fully
integrate able as value of load capacitance is set to 1uF. The comparison of hybrid active
rectifiers at low frequency (100Hz) with the available solutions is summarized in the Table

5.4.

The design in [24] and [25] gives high efficiency of 90% at very low frequency
(100/200Hz) as op-amp works well at low frequency. The Self-Powered Rectifier with
Automatic Resetting of Transducer Capacitance [40] is built for higher input voltages (3V)
giving maximum efficiency of 91.2% at Ri=100K€Q. When proposed hybrid rectifier is
operated at low frequency (100Hz), it gives 88.44% efficiency at 0.88V. So, the hybrid
rectifier design can also be used for low power applications that are operating at low

frequency. For example, the hybrid rectifier can employ PE energy harvesting at low inputs
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91.2% at higher inputs (3V).

(0.88V) giving PCE of 88.44% when compared to its counterpart [40] which gives PCE of

Table 5.4 Comparison of Hybrid Rectifier to works at low frequency in literature

Reference [24] [25] [40] This Work
Year 2011 2012 2015 2017
Technology 0.35um 0.18um 0.18um 0.15um
Topology Comparator based Op-amp based Self-Powered Rectifier with Differential Hybrid
active rectifier active rectifier Automatic Resetting of Rectifier
Transducer Capacitance
Input Voltage 0.5V 2.8V 3V 0.88V
Operating 100Hz 200Hz 200Hz 100Hz
Frequency
Output Voltage 0.4V 2.78V 2.9V 0.77V
Area 0.072 mm? 0.24 mm? 0.016 mm? -
PCE 86% 90% 91.2% 88.44%
Output Power 25uW 81uW 82.1uW 11uW
Load Capacitor R =50kQ R =95kQ R;=100kQ R;=50KQ
and Resistor
C=10uF C=1uF C=1uF
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CHAPTER 6

POST LAYOUT SIMULATION

The post layout simulations of the proposed differential hybrid rectifier is done in this last
chapter. This chapter outlines the layout of the proposed design and how simulations are

affected after layout extraction.

6.1 Layout of Hybrid Rectifier

The layout of differential hybrid rectifier design is shown in Figure 6.1. The layout is
carried out in Cadence® with LF 0.15um CMOS technology. The layout of the proposed

rectifier covers the area of 0.0023 mm?. The Layout excludes off chip capacitors and load.

" Vout

:V'UH':;:

Figure 6.1 Layout of Differenial Hybrid Rectifier
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6.2 Post Layout Simulation of Hybrid Rectifier

Post-layout simulation is basically used to confirm the concluded design and confirms all
design constraints. Post-layout simulation likewise proves to be useful when relating
simulation versus measurements. This is critical to guarantee that the constraints made by
pre-layout simulation depends on modeling of the PCB. The designer should alter some of
the transistor dimensions and/or the circuit topology if the results of post-layout simulation
are not satisfactory, in order to achieve the desired circuit performance taking into account
all of the circuit parasitic. An acceptable outcome in post-layout simulation is still no
assurance for a totally successful prototype; the real performance of the chip can only be

confirmed by testing the fabricated prototype.

6.2.1 PCE dependence on Input Signal and load
The PCE dependence on Input signal of Hybrid CMOS rectifier circuit is post simulated

and is compared with schematic only simulations as shown in Figure 6.2.
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Figure 6.2 PCE as function of Vin (Schematic vs Layout)

The off chip capacitors value of 40pF are used for post layout simulation. It can be seen

that schematic and post layout simulations are approximately the same. The minor

variations in the results are caused due to the parasitic in connections and integrated

components. The errors in the proposed circuit will be due to non-ideality in the circuit and

it will be analyzed once the chip is fabricated. The post layout simulations results are

satisfactory as small errors occurred when the two simulations are compared. The summary

of Figure 6.2 can be written as shown in Table 6.1.

Table 6.1 Post PCE and Output Voltage when RL.=20KQ

Vin=0.6V Different Hybrid Differential Hybrid - Extracted
Vout (V) 0.242 0.241
PCE (%) 36.68 36.64
Vin=0.7V
Vout (V) 0.481 0.48
PCE (%) 62.28 62.21
Vin=0.88V
Vout (V) 0.73 0.728
PCE (%) 79.12 79.1
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The PCE dependence on the output loading condition of Hybrid CMOS rectifier circuit is

post simulated and is compared with schematic only simulations as shown in Figure 6.2.

100 100

Post Layout
79.12%@20KQ
80.0 80.0
79.1%@20KQ

—60.0 , —.60.0
& .71%@INKY  § LT
3] 61.53%@5KQ = 61.49%@5KQ
A~ 40.0 ™~ 40.0

20.0 20.0

0.0 0.0 :

0.0 20.0 40.0 60.0 80.0 100 0.0 200 40.0 60.0 80.0 100
R: (KQ) Ri. (KQ)

Figure 6.3 PCE as a function of RL

The minor variations in the results are caused due to the parasitic in connections and
integrated components. The post layout simulations results are also satisfactory as small
errors occurred when the two simulations are compared. The summary is shown in Table

6.2.

Table 6.2 Post PCE and Output Voltage when Vin=0.88V

Ry =5K Hybrid - Hybrid - Extracted
(13.56MHz) (13.56MHz)
Vout (V) 0.547 0.547
PCE (%) 61.53 61.49
Rp =20K
Vout (V) 0.721 0.721
PCE (%) 79.12 79.1
Ry =100K
Vout 0.793 0.792
PCE (%) 69.77 69.73
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The conclusion and inferences of the thesis are summarized in this chapter. This chapter
outlines the considered problem, the proposed solution and analysis of the results. At the

end, a discussion on the prospects of extending this work in future is demonstrated.

7.1 Conclusion

The purpose of this research is to design a Differential Hybrid CMOS Rectifier with lower
power consumption than the available solutions while keeping the input sensitivity of the
rectifier design. This idea was to combine passive and active rectifier structures to form a
hybrid rectifier to get maximum PCE as that of active rectifiers alone. The first objective
was the reduction of power consumption for the hybrid rectifier design which is achieved
by making the forward drop to zero and reverse leakage current negligible by using
differential rectifier technique with op-amp and then optimizing to get the required results.
The next step was keeping the input sensitivity comparable while going higher with the

PCE.

The hybrid rectifier circuit has enormous PCE at lesser input voltage. For example, hybrid
rectifier scheme achieves PCE of 79.12% at 13.56 MHz, 0.88V of input amplitude and

20KQ of output loading, 11.62% more than the CMOS differential rectifier [11].

The multi-stage scheme was assessed as to be effective in order to realize large output DC

voltage without reducing PCE. For example, when the input voltage is 1V, enough output
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DC voltage of 1.5V is obtained while maintaing 76% of PCE when compared to single
stage rectifier. The single stage rectifier has 79.12% PCE with 0.85V DC output voltage.
While in the designs of [24] and [25] they achive high efficiency without doubling the
voltage and also they are not integrateable. When compared to design in [31], efficiency is

same as of proposed hybrid rectifier design but at high amplitudes.

7.2 Future Work

This work can be continued by fabricating the design to make the chip of this hybrid
rectifier circuit. After fabrication, the testing can be performed and the results will be
analyzed. The proposed circuit is for Differential signals, it can be converted into single
ended by PCB balun. The op-amp can be designed for high unity gain frequency but one
has to be careful for not reducing the PCE of the design. The output DC voltage from the
1%t or 2™ stage of the rectifier can be utilized to supply the op-amp. The input of the op-
amp can be another energy source say PE source at low frequency and it is amplified by

this op-amp. This scheme will be useful when there are two energy source available.
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