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Abstract

This thesis analyzes, designs and tests circuit topologies for simultaneous energy har-
vesting from solar and 915-MHz RF energy sources. An important design objective is
to minimize system weight while maximizing output power and operating time for ap-
plications in the sub-170-mg and single-mW ranges. The resulting energy harvesting
system uses a unique approach of categorizing the harvesters as primary and auxil-
iary harvesters due to the power levels of each in relation to the high load demand.
This work results in a 162-mg supercapacitor-powered system capable of powering
a 2-V load at up to approximately 2-3 mW and a 150-mg battery-powered system
capable of powering a 2-V load at up to 6 mW. The auxiliary RF harvester uses a
fully-integrated charge pump to impedance-match to a rectenna with greater than
94% matching. The parasitic models developed for the RF harvester show errors less
than 1.4% in the measured system.

Thesis Supervisor: Jeffrey H. Lang
Title: Professor of Electrical Engineering

Thesis Supervisor: Paul A. Ward
Title: Charles Stark Draper Laboratory
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Chapter 1

Introduction

1.1 Background and Motivation

Powering systems from batteries comes with the challenges of battery replacement,

battery weight, and proper battery disposal. Recent efforts in ambient energy har-

vesting and wireless power transfer have opened the opportunity to replace single-use

batteries with long-lasting solar, RF, vibration, and thermal energy harvesters. How-

ever, even energy harvesters can sometimes suffer from heavy weight when using

larger rechargeable batteries or supercapacitors. Weight minimization is particularly

important in certain systems, such as in robotic aerial vehicles, wearable electronics,

and medical devices.

Another application of lightweight electronics is in neural recorders and optoge-

netic stimulators for use in insects and other small animals. By studying organisms

during free behavior, researchers are able to understand and even manipulate organ-

isms’ neural systems. Such efforts have improved insect tracking systems for envi-

ronmental studies and neural stimulators for controlling insect movement. The latter

even allows for opportunities such as exploring areas unfit for humans (e.g. small

spaces, disaster areas).

When using electronic circuits to wirelessly study animals, the animals must be

able to support the weight of the measurement system. With a growing interest in

studying smaller, flying insects, electronics are required to decrease in size, weight, and
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consequently power consumption. Therefore, the ability to provide higher quantities

of information and higher accuracy is limited to keep output power low enough such

that batteries can power the system for a usable amount of time. Many systems use

an ambient energy harvesting or wireless power transfer approach in order to power

systems endlessly without the need to replace batteries. However, the harvested

energy can be very low, still placing restrictions on output power. Combining energy

harvesters for various energy sources can often be done, but this increases the weight

and complexity of the design. This thesis proposes and investigates methods to

minimize system weight while maximizing output power and operating time for a

specific dragonfly measurement and optogenetic stimulation system by combining

solar and RF energy in a power harvesting and management circuit.

The purpose and unique challenge of this design is to create an incredibly lightweight

system capable of running sensors and stimulators at the milliwatt level. The project

studies various energy storage methods to allow system operation during moments

without ambient or transferred energy. It also examines circuit methods to minimize

weight, such as using fully-integrated switching converters, using inductor-less voltage

regulators, and reusing discrete inductors. This thesis aims to create a sub-170-mg

system capable of powering a 2-V load in the 1-10 mW range using a multi-source

solar and RF energy harvester. This is completed for the benefit of and use in the

DragonflEye project at the Charles Stark Draper Laboratory in Cambridge, MA.

1.2 Literature Review

Much work has already been done in the realm of energy harvesting. This section

summarizes findings in previous animal neural recording and stimulation systems,

harvester weights, solar and RF harvester methods, and multi-source harvesting. It

also discusses how this thesis builds on these findings.
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1.2.1 Weight Analysis of Previous Works

Table 1.1 shows a list of previous wireless recording and stimulation systems developed

for use on various land and air animals. Many of the systems used on aerial insects

were used on moths [14, 31, 41, 55, 56]. This is likely due to the fact that moths

are relatively large flying insects and are therefore more likely to support a higher

electronic payload. In fact, the lightest of the moth-oriented systems was 400 mg.

Of all the systems shown, the lightest weighed 170 mg, where 76% of the weight

consisted of the battery [26]. Both [26] and [44] used a 130-mg silver oxide 337

battery, the lightest of all the batteries in Table 1.1. By replacing the battery with

an energy harvester and reusable energy storage element capable of providing the

1 mW of output power needed, the system weight in [26] could have been greatly

reduced. While this particular system was successfully demonstrated on a dragonfly,

the heavy weight could very well have fatigued the dragonfly, affecting its behavior

and resultant neural recordings. Hence, this thesis and the DragonflEye project aim

to create a system less than 170 mg, resulting in a system lighter than that of [26].

Table 1.2 shows a comparison of various energy harvesters for various energy

sources. Figure 1-1 plots the data of both tables along with the goal of this thesis

project. Blue circles and the blue line represent power that can be input to power

management circuitry from energy harvesters in Table 1.2; orange asterisks represent

power consumed by the systems in Table 1.1, power that must be output from power

management circuitry; the green star represents the estimated power consumption

and an example weight of the DragonflEye optogenetic stimulator and approximately

what is estimated for the lightest system developed in Chapter 3. Figure 1-1 illustrates

how this thesis works to develop a system that is lighter than current systems and

capable of outputting power above most. This is essential for increasing data rates,

improving sensors, and allowing more complex stimulators. Harvesters in [22] and

in [27], the latter of which is discussed in terms of specific power, fall within the

goal’s weight limit, but the solar harvester in [32] can also scale down within this

weight limit by using smaller cells. However, only the solar power harvested in [27]
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Figure 1-1: Harvested power of various harvesters (blue circles and line), power con-
sumed by various neural recording and stimulation systems (orange asterisks), and
goal of this thesis project (green star), vs. mass.

and in [32] is sufficient to meet the power demands of the DragonflEye system. From

this, it becomes clear that solar harvesters provide the most power for a reasonable

weight for this project. While magnetic-induction-based vibrational energy harvesters

can produce power comparable to that of this project (0.9 mW), the weight to do so

is beyond that which a dragonfly can handle [11]. Thermoelectric generators have

no moving parts, allowing for much lighter construction, but in [22], the devices

needed to be implanted during the pupa stage of the beetles’ development and also

do not produce enough energy to benefit this thesis. The RF energy harvester used

in [23] only produces 10.7 nW of harvested power, but its received power was 19.5

𝜇W (-17.1 dBm). The DragonflEYE project will use a 915-MHz, 10-W transmitter a

few meters away to perform backscatter communication. The Friis model estimates

that half-wave dipole receiving and transmitting antennas between a distance of 1
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m and 10 m at this frequency would result in 18.2 mW (12.6 dBm) to 182.0 𝜇W

(-7.4 dBm) of received power, respectively. While this an ideal calculation, it does

show that significantly more power can likely be received on the wireless DragonflEye

system than that received in [23]. While a solar energy harvester will be used in this

system because of its power-to-weight ratio, RF energy will also be harvested because

a backscattering antenna will already be present on the system. This results in an

interesting problem of multi-source power harvesting and management.

1.2.2 Solar Harvesters

An enormous number of maximum power point tracking (MPPT) algorithms for so-

lar cells have been proposed because of their nonlinear current-voltage (I-V) behavior

(Figure 1-2) and their dependence on irradiance and temperature [1,2,4,8,12,15,16,

19,25,28,29,33,34,38,40,45,50,54]. Figure 1-2 illustrates how solar cells must operate

at a specific I-V point in order to extract the maximum amount of power possible,

which is achieved by MPPT controllers. These algorithms include the perturbation

and observation (P&O), incremental conductance (INC), fractional open circuit volt-

age (FOCV), fractional short circuit current (FSCC), fuzzy logic, and neural network

methods. Each has various advantages and disadvantages regarding efficiency, com-

plexity, convergence time, and so on. In this thesis, the desire to minimize die space

and power consumption of the control system limits the choice to algorithms that

can be performed in a relatively simple manner. This discourages the use of sev-

eral methods performed using microcontrollers and the use of complex methods such

as the neural network method [40], while it encourages the use of simpler digital

designs [15]. While limiting power consumption would generally suggest digital con-

trol circuitry, constructing analog MPPT circuits at 25-𝜇W power consumption with

99.7% tracking efficiency has been shown to be possible [1]. This leaves a few possible

algorithms that meet the stated criteria.

The FOCV method is one of the simplest methods to keep the solar cell operating

near the maximum power point (MPP). The FOCV method works by assuming the

output voltage at the MPP occurs at a fixed fraction of the open circuit voltage. It
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involves periodically disconnecting the solar cell to measure its open circuit voltage

followed by long intervals of reconnecting the solar cell to the DC-DC converter. The

converter’s duty cycle sets the solar cell’s loaded voltage to that of the estimated

MPP [45]. This method suffers from power loss during the open circuit measurement

interval and MPP inaccuracy by assuming a linear relationship between the MPP and

the open circuit voltage. However, consistent operating points within 5% of the MPP

over various input powers have been reported [54]. In order to respond quickly to

changing environmental conditions that move the MPP, the controller must sample

the open circuit voltage more frequently, resulting in higher power loss [2]. One

advantage of the FOCV method is that it only requires the measurement of the

solar cell voltage, greatly simplifying the control system. If properly designed, it also

converges quickly under varying weather conditions [45].

The P&O method measures the solar cell output power, rather than the open

circuit voltage of the solar cell. This method constantly changes the DC-DC converter

duty cycle to hill-climb up the P-V curve [15]. Once the MPP is found, the controller

continues to oscillate around it. This method has experimentally been shown to be the

most efficient, as it reliably operates around the MPP [8], and it has the advantage of

not needing to disconnect the solar cell from the circuit. However, it has the problem

of responding slowly to irradiance level changes and requires measurement of both

the output voltage and current.

The INC method follows the slope of the P-V curve up to the MPP by comparing

the incremental and instantaneous conductances [50]. Some studies have shown it

to have an advantage over the P&O method by responding quickly to changes in

irradiance level [8,45], while another study has shown the opposite [19]. This method

also tends to be more complex in its implementation [45].

Chapter 3 discusses which MPPT algorithm was chosen for this application based

on the performance of the solar cell used.
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(a) Typical solar cell circuit model [35].

(b) Typical solar cell current-voltage (I-V) and power-voltage (P-V) curves [35].

Figure 1-2: Solar cell model characteristics.
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1.2.3 RF Harvesters

Numerous work has also been completed on harvesting RF energy through antennas.

As RF power is received as an AC signal, a rectifier must be used to convert received

power to DC. A very simple way to do so is to use a series of diode voltage-doubling

rectifiers to both rectify and step up the received voltage. Much work has already

been done using this approach, with as many as 7 stages and over frequencies ranging

from hundreds of kHz to single GHz [6, 9, 17, 23, 30]. The benefit of such a circuit is

it requires little to no control system; diodes simply rectify the signal and step up

the voltage based on their nonlinear conduction properties. The challenges of the

design is the more diodes that are used, the more losses occur through the non-zero

voltage drops of the diodes. The use of low forward-voltage Schottky diodes improves

efficiency, but high quality integrated Schottky diodes are not widely available in all

integration processes. This requires either a very specific and likely costly integrated

circuit process or several heavier discrete components.

Yet another problem rectifiers face is the requirement of impedance matching net-

works between the antenna and the rectifier for high power transfer with non-optimal

loads and to minimize the effects of the power harvester on other uses of the antenna

(e.g. backscatter communication). To address this problem, several works have at-

tempted to impedance-match varying loads by inserting a regulator between the rec-

tifier and the load. In the case of inductor-based switching regulators, various buck,

boost, and buck-boost circuits have been used to emulate a constant and optimal

impedance at the rectifier output [21, 43, 46]. While the high efficiency of inductor-

based switching converters and the capability of impedance matching provide excel-

lent results, inductors of usable values are almost always off-chip, adding significant

weight to the system. An alternative approach is to use a configurable switched-

capacitor charge pump to impedance match to the antenna-rectifier (rectenna) circuit

as charge pumps can be fully integrated at high operating frequencies. One attempt

attained efficiencies over 80% with this approach [39]. However, the system had a

maximum theoretical gain of 6 with 12 capacitors of 150 pF each, occupying a large
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area. The system also required a sample-and-hold circuit, periodically disconnected

the source from the charge pump, consumed 20 𝜇W of power, and operated with

very low input frequencies (less than 500 Hz). As a result, this design would simply

not work with the 915-MHz input frequency for the DragonflEye system. This thesis

builds on these attempts by designing an impedance-matching charge pump requiring

very low-power, simple controls. This charge pump can attain a theoretical ideal gain

of 21 with only 6 integrated capacitors.

For this application, an inductor-based RF harvester is highly undesired. Fur-

thermore, avoiding the necessity of integrating high performance Schottky diodes is

preferred. Chapter 4 explores a lightweight method of using a discrete rectifier and a

fully-integrated charge pump to self-impedance-match to the rectenna.

1.2.4 Multi-Source Harvesters

After deciding upon solar and RF harvester methods, the problem of creating a power

management circuit to handle power from two sources still remains. One technique

is simply to harvest from various sources each with a different DC-DC switching

converter joining to one common filter capacitor on the system [18]. This method

has the advantage of allowing independent control of each harvester component and

needing only a single energy storage capacitor, but the demonstrated system in [18]

requires a space-consuming and heavy inductor for each converter. Another method is

to have a single inductor that is shared between various sources [47] and the load [51].

Such a system requires a more complex control algorithm, especially if high transients

on the load are possible. Furthermore, energy that enters the entire system must be

converted twice: once to store charge onto an intermediary capacitor, and again to

remove charge from the intermediary capacitor to power the load. If the intermediary

capacitor has a large series resistance, then the efficiency is degraded even further.

This limits the maximum amount of output power the system can provide for a given

input power. Chapter 2 examines a method of only using a single inductor while

avoiding the efficiency losses from storing energy on an intermediary capacitor.
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1.3 Overall Summary

Various applications require very lightweight systems, which often come at the cost

of reducing system performance to limit power consumption. This thesis proposes

and analyzes a system that can provide higher output power at a lower weight than

other systems in the field of neural stimulators and recorders. Drawing from previ-

ous research, this work uses a well-established MPPT algorithm discussed in future

chapters. It also expands on previous work on RF harvesters by developing a new

method of harvesting RF energy in a very lightweight manner. The overall power

management circuit provides a method of maximizing possible output power without

requiring several heavy inductors.
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Chapter 2

System Overview

Designing a system to provide high output power while limiting total weight intro-

duces a large number of design trade-offs. This chapter analyzes several different

system topologies and how weight, complexity, and efficiency considerations all led

to the chosen system architecture of the succeeding chapters.

2.1 Approaches to Harvesting Solar and RF Energy

When attempting to harvest from various sources, two main methods exist: (1) pro-

viding each source with a separate electrical harvester [18] and (2) sharing a single

electrical harvester between multiple DC or rectified sources [7, 47, 51, 53]. Sharing a

harvester usually comes in the form of sharing an inductor. Although inductor sharing

reduces weight while allowing each source to be efficiently harvested with a switch-

ing converter, it also comes with a few challenges. Firstly, passing an inductor from

source to source could cause issues regarding the initial inductor current, potentially

requiring zero-crossing detector circuitry to pass an energy-free inductor. Passing an

inductor less frequently as in [47] decreases the frequency of having to detect or re-

fresh the inductor current, but the sources are then left unconnected for longer. This

could be resolved by having a larger capacitor in parallel with each source, but this

may cause a relatively large ripple on the capacitor, another source of losses. Larger

capacitors are also typically heavier and are more sensitive to frequency. Secondly,
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each harvester could have a different control scheme for harvesting. For example, an

FOCV MPPT algorithm for a solar harvester and a matched-impedance algorithm

for an RF harvester could operate very differently, complicating a shared-inductor

control system.

Alternatively, each source can be provided with a separate harvester, which does

not necessarily have to include multiple inductors. While it is commonly known

that inductor-based switching regulators are more efficient than switched-capacitor

(SC) circuits at high loads, SC charge pumps can be fully integrated. This offers

a low-weight approach to energy harvesting. In the case of running a high-power

load with both a high-power source and a low-power source, the high-power source

must provide the majority of power to the load. In order to maximize output power,

it is imperative to have an inductor-based switching regulator for the high-power

source (e.g. solar). It is therefore likely acceptable to have a lower efficiency but

fully integrated SC charge pump for the low-power source (e.g. RF). Because of the

benefits of weight with a slight trade-off of maximum output power, it was determined

to use an inductor-based boost converter for the solar harvester and an SC converter

for the RF harvester.

2.2 Solar MPPT and Output Voltage Regulation

As the vast majority of power delivered to the load will come from the solar cell,

this section examines only the power flow of energy harvested from the solar cell

independent of the RF harvester. Because of the nonlinear I-V curve of solar cells as

demonstrated in Chapter 1, solar harvesters operating at the MPP with a regulated

output traditionally require two converters, one to harvest solar energy at the MPP

and another to regulate the stored voltage to a fixed output [24,48]. This is because

a single canonical switching converter cannot both extract maximum power from the

input and regulate its output. For highest efficiency, each converter could be its

own inductor-based switching regulator. However, as previously stated, this creates

additional weight. Instead, two candidate topologies are examined: a shared-inductor
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S1

Load

S2
S3

S4

Solar Cell

𝑉𝑠𝑡𝑜𝑟

Figure 2-1: Schematic of inductor-sharing for harvesting energy and regulating output
voltage.

topology as in [51] and a boost-converter to a low-dropout regulator (LDO).

An example of a shared-inductor harvester and output regulator is shown in Figure

2-1. The system operates by periodically switching between energy-harvesting and

output-regulation modes. S1 remains closed and S2 remains open when the circuit

acts as a boost converter by switching S3 and S4 for harvesting energy from the solar

cell. The harvested energy is stored on the capacitor at the node labeled 𝑉𝑠𝑡𝑜𝑟. When

regulating the output load voltage, S2 remains closed and S1 remains open while

the circuit acts as a buck converter by switching S3 and S4 while drawing power

from the 𝑉𝑠𝑡𝑜𝑟 capacitor. In this way, energy from the solar cell must first be stored

into the capacitor at 𝑉𝑠𝑡𝑜𝑟 and then be removed from it to power the load. If all

components are ideal, this topology is lossless. However, the circuit must have a

method of retaining substantial energy during moments without ambient energy. As

a result, a supercapacitor is often placed at 𝑉𝑠𝑡𝑜𝑟. Supercapacitors have nonnegligible

series resistance, introducing a large nonideality into the model of Figure 2-1.

In order to simplify the analysis of the effect of adding a series resistor to the

capacitor at 𝑉𝑠𝑡𝑜𝑟, the shared-inductor system is modeled as in Figure 2-2. The

left circuit represents the system in energy-harvesting mode where energy is stored
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onto 𝑉𝑠𝑡𝑜𝑟, and the right circuit represents the system in output-regulation mode

where energy is taken from 𝑉𝑠𝑡𝑜𝑟 and deposited into the load. The converters are still

assumed to be lossless, and as such they are modeled as constant-power sources as

seen by their values in Figure 2-2. A constant-power source is modeled as a current

source whose value changes with the voltage across it. The switching effects of S3 and

S4 in Figure 2-1 are ignored, which is a valid approximation assuming the switching

frequency is sufficiently high and a low equivalent-series-resistance (ESR) capacitor

of a high enough value is placed in parallel with the supercapacitor at 𝑉𝑠𝑡𝑜𝑟. The

losses in the circuit are entirely determined by the supercapacitor’s series resistance

and are found to be

𝑃𝑙𝑜𝑠𝑠 =
𝐸𝑙𝑜𝑠𝑠

𝑇
=

𝑇
2

(︁
𝑃𝑖𝑛

𝑉𝑠𝑡𝑜𝑟

)︁2

𝑅𝑠𝑐 + 𝑇
2

(︁
𝑃𝑜𝑢𝑡

𝑉𝑠𝑡𝑜𝑟

)︁2

𝑅𝑠𝑐

𝑇
=

𝑅𝑠𝑐

2𝑉 2
𝑠𝑡𝑜𝑟

(︀
𝑃 2
𝑖𝑛 + 𝑃 2

𝑜𝑢𝑡

)︀
(2.1)

where 𝑃𝑙𝑜𝑠𝑠 is the power lost in the circuit, 𝐸𝑙𝑜𝑠𝑠 is the energy lost in the circuit,

𝑇 is the period of switching between stages, 𝑃𝑖𝑛 is the input power harvested from

the solar cell, 𝑃𝑜𝑢𝑡 is the output power consumed by the load, 𝑉𝑠𝑡𝑜𝑟 is the voltage at

the 𝑉𝑠𝑡𝑜𝑟 node labeled in Figures 2-1 and 2-2, and 𝑅𝑠𝑐 is the supercapacitor’s series

resistance. This equation assumes the system spends equal time in energy-harvesting

mode as it does in load-regulation mode. The efficiency is only affected by the 𝑅𝑠𝑐

losses and is therefore

𝜂 =
𝑃𝑖𝑛 − 𝑃𝑙𝑜𝑠𝑠

𝑃𝑖𝑛

= 1 − 𝑅𝑠𝑐

𝑉 2
𝑠𝑡𝑜𝑟

(︂
𝑃𝑖𝑛 +

𝑃 2
𝑜𝑢𝑡

𝑃𝑖𝑛

)︂
(2.2)

where 𝜂 is the efficiency. As can be seen from Equation (2.2), the efficiency will only

approach 1 as both the input and output powers approach 0 or as 𝑉𝑠𝑡𝑜𝑟 approaches

infinity. Both are impractical for a physical implementation of this circuit.

A further drawback to this design is the frequency sensitivity of supercapacitors.

As this system requires the supercapacitor to constantly charge and discharge at a

certain frequency, the measured capacitance could fall dramatically.

Another topology is to use an LDO instead of a buck converter to regulate the
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𝑃𝑖𝑛

𝑉𝑠𝑡𝑜𝑟

𝑅𝑠𝑐

𝐶 𝐶

𝑅𝑠𝑐

𝑃𝑜𝑢𝑡

𝑉𝑠𝑡𝑜𝑟

𝑉𝑠𝑡𝑜𝑟 𝑉𝑠𝑡𝑜𝑟

Figure 2-2: Simplified schematic of shared-inductor circuit in Figure 2-1, where the
left circuit represents energy-harvesting mode and the right circuit represents output-
voltage-regulation mode.

𝑃𝑖𝑛

𝑉𝑠𝑡𝑜𝑟

𝑅𝑠𝑐

𝐶

𝑉𝑠𝑡𝑜𝑟−𝑉𝑜𝑢𝑡

𝐼𝑙𝑜𝑎𝑑

𝐼𝑙𝑜𝑎𝑑

𝑉𝑠𝑡𝑜𝑟 𝑉𝑜𝑢𝑡

𝐼𝑠𝑐

Figure 2-3: Schematic of system with inductor-based energy harvester and LDO-based
output voltage regulator.
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output voltage. This circuit is shown in Figure 2-3, where the energy harvester

switching converter is replaced by a constant-power source. The LDO functions by

varying a resistor-like element to control the output voltage based on the 𝑉𝑠𝑡𝑜𝑟 voltage

and the output current. The system does not alternate between various modes, as

no inductor is shared. To begin calculating the losses in the supercapacitor’s series

resistor, the current in the supercapacitor is found to be

𝐼𝑠𝑐 =
𝑃𝑖𝑛

𝑉𝑠𝑡𝑜𝑟

− 𝐼𝑙𝑜𝑎𝑑 (2.3)

where 𝐼𝑠𝑐 is the current into the supercapacitor and 𝐼𝑙𝑜𝑎𝑑 is the output load current.

The variable resistor in the LDO introduces further losses to the system, where the

losses are dependent on the value of the LDO variable resistor shown in Figure 2-3.

By using Equation (2.3), the total losses in the system are found to be

𝑃𝑙𝑜𝑠𝑠 = 𝐼2𝑠𝑐𝑅𝑠𝑐 + 𝐼2𝑙𝑜𝑎𝑑
𝑉𝑠𝑡𝑜𝑟 − 𝑉𝑜𝑢𝑡

𝐼𝑙𝑜𝑎𝑑
(2.4)

𝑃𝑙𝑜𝑠𝑠 =

(︂
𝑃𝑖𝑛

𝑉𝑠𝑡𝑜𝑟

− 𝐼𝑙𝑜𝑎𝑑

)︂2

𝑅𝑠𝑐 + 𝐼𝑙𝑜𝑎𝑑 (𝑉𝑠𝑡𝑜𝑟 − 𝑉𝑜𝑢𝑡) (2.5)

In steady state, the current into the supercapacitor is 0, and thus the input current

and load currents are equal. The steady state value of 𝑉𝑠𝑡𝑜𝑟 is found to be

𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 =
𝑃𝑖𝑛

𝐼𝑙𝑜𝑎𝑑
(2.6)

where 𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 is the steady state value of 𝑉𝑠𝑡𝑜𝑟. 𝑃𝑙𝑜𝑠𝑠 in steady state becomes

𝑃𝑙𝑜𝑠𝑠, 𝑠𝑠 = 𝐼𝑙𝑜𝑎𝑑 (𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 − 𝑉𝑜𝑢𝑡) = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 (2.7)

where 𝑃𝑙𝑜𝑠𝑠, 𝑠𝑠 is the steady state value of 𝑃𝑙𝑜𝑠𝑠. Since no current flows into the super-

capacitor in steady state, the efficiency is simply

𝜂𝑠𝑠 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛

(2.8)
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where 𝜂𝑠𝑠 is the steady state efficiency. As can be seen from Equations (2.7) and

(2.8), the efficiency can theoretically reach 1 and the loss can reach 0 as the output

power approaches the input power. This varies dramatically from the shared-inductor

efficiency in that there is no theoretical limit on the input and output powers for the

efficiency to reach 1. This allows for potentially high efficiency at a high load. How-

ever, with higher loads, 𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 decreases. This is the opposite of the theoretical shared

inductor topology, where as long as the output power is less than the input power,

𝑉𝑠𝑡𝑜𝑟 will continually rise. Table 2.1 summarizes the advantages and disadvantages of

each topology.

In the end, the LDO-based design was chosen because it has a higher efficiency

as output power increases and thus allows higher possible output power for a given

input power compared to the shared-inductor design. Maximizing output power was

particularly important for the DragonflEye application. The next section describes

how the disadvantage of lower energy storage capabilities was addressed.

2.3 Energy Storage Architecture

While using an LDO-based output voltage regulator could limit maximum stored

energy, one option is to remove the energy storage function from the capacitor at 𝑉𝑠𝑡𝑜𝑟

and to simply use it as a buffer capacitor for load transients. Then, an energy storage

element could remain fully charged and idle until the harvested power drops below

the output power. This can be completed by using a lightweight, low-ESR ceramic

capacitor at 𝑉𝑠𝑡𝑜𝑟 and using either a supercapacitor or a battery as the energy storage

element. Chapter 3 examines the results of systems with both a supercapacitor and

a battery.

Charging circuitry must be added to allow a voltage step-up from 𝑉𝑠𝑡𝑜𝑟 to the

charging voltage of the storage element. The system is designed such that during

startup (discussed in detail in Chapter 3) the energy storage element is sufficiently

charged before turning on the output load voltage. Once the system has turned on

the output load voltage, the system will only charge the energy storage element
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further if there is a large surplus of harvested energy compared to the load energy.

In both cases, the efficiency of the charger has no effect on the maximum possible

output power of the load. Thus, the natural choice for the charger in this lightweight

application would be a fully integrated, inductorless SC charge pump.

When discharging the energy storage element to power the load, efficiency matters

much more than when charging. This is because the discharging efficiency determines

how long the system can last in the absence of solar power, whereas charging occurs

when there is an excess of harvested solar power. A more efficient discharger using a

buck converter allows longer operating time. However, because an additional inductor

will add more weight, the inductor must be borrowed from the energy harvester.

This means that while efficiently discharging the energy storage element with a buck

converter, no energy can be harvested from the solar cell. The alternative is to use

a linear regulator. This is less efficient but allows solar energy to still be harvested

during discharge. Chapter 3 examines circumstances in which one discharger may be

more appropriate than the other for battery- and supercapacitor-powered systems.

The controls for such a design can be approached in a variety of ways. Since the

charger will turn on when there is a surplus of harvested power and the discharger

will turn on when there is a deficiency of harvested power, one method of designing

the controls is to measure and compare harvested power and output power. This

method would, however, require two voltage and two current measurements. This

type of approach could therefore be very expensive in terms of power consumption.

A simpler alternative is to monitor 𝑉𝑠𝑡𝑜𝑟. Since

𝑃𝑜𝑢𝑡 = 𝑉𝑙𝑜𝑎𝑑𝐼𝑙𝑜𝑎𝑑 (2.9)

where 𝑉𝑙𝑜𝑎𝑑 is constant, then by using Equation (2.6), it is clear that

𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 ∝
𝑃𝑖𝑛

𝑃𝑜𝑢𝑡

(2.10)

This shows that the value of 𝑉𝑠𝑡𝑜𝑟, 𝑠𝑠 is an appropriate indicator of the amount of

excess energy being harvested. However, this is only true in steady state, and in
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𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡 + 𝑉𝑑𝑜

𝑉𝑑𝑖𝑠, 𝑜𝑛

𝑉𝑑𝑖𝑠, 𝑜𝑓𝑓

𝑉𝑐ℎ𝑎𝑟, 𝑜𝑓𝑓

𝑉𝑐ℎ𝑎𝑟, 𝑜𝑛

𝑉𝑠𝑡𝑜𝑟

2.0𝑉

2.05𝑉

2.1𝑉

2.2𝑉

2.35𝑉

2.45𝑉

Figure 2-4: Example thresholds on 𝑉𝑠𝑡𝑜𝑟, where 𝑉𝑐ℎ𝑎𝑟 and 𝑉𝑑𝑖𝑠 indicate threshold volt-
ages to turn on or off charger and discharger for energy storage element (respectively),
𝑉𝑜𝑢𝑡 is the output voltage, and 𝑉𝑑𝑜 is the dropout voltage for the LDO.

fact will only work with an excess of harvested energy. If the harvested energy is

less than the output power, the voltage at 𝑉𝑠𝑡𝑜𝑟 will fall below the output voltage,

and the LDO will no longer be able to regulate the output. If the capacitor at 𝑉𝑠𝑡𝑜𝑟

is sufficiently large, then when changing from an excess to a deficiency of harvested

energy, the voltage at 𝑉𝑠𝑡𝑜𝑟 will drop slowly. A minimum 𝑉𝑠𝑡𝑜𝑟 threshold slightly

higher than the dropout voltage of the LDO can be set to determine when the stored

energy discharger should be turned on to charge up 𝑉𝑠𝑡𝑜𝑟. The discharger can then

be turned off once 𝑉𝑠𝑡𝑜𝑟 has risen sufficiently. The same can be done in the opposite

direction for the charger. When 𝑉𝑠𝑡𝑜𝑟 exceeds a certain threshold indicating a large

enough surplus of harvested energy, the charger can turn on. Once 𝑉𝑠𝑡𝑜𝑟 has fallen

below this value the charger will turn off. Hysteresis should be added for both the

charger and discharger thresholds for stable operation. Example thresholds on 𝑉𝑠𝑡𝑜𝑟

are shown in Figure 2-4. The system operates normally between 𝑉𝑑𝑖𝑠, 𝑜𝑛 and 𝑉𝑐ℎ𝑎𝑟, 𝑜𝑛

until one of the thresholds is crossed. Note that 𝑉𝑑𝑖𝑠, 𝑜𝑛 should be slightly higher than

𝑉𝑜𝑢𝑡 + 𝑉𝑑𝑜 in order to account for propagation delays in the control circuitry.
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2.4 RF Energy Harvesting

As previously discussed, the majority of power to the load will come from the solar

cell. In this sense, the RF harvester can be thought of as an auxiliary source to

alleviate demands on the solar harvester. This is because at the expected high output

powers, the system can not rely on the RF harvester alone. When there is no solar

energy, the system then relies on the energy in the energy-storage element and not

on the RF harvester, though the RF harvester can alleviate demands on the power

output from the energy-storage element as it would to the solar cell. Furthermore,

the RF harvester as a low-power source uses an SC charge pump-based design. In

the high-level design, there are several places to which the charge pump could output

power: the energy storage element, the 𝑉𝑠𝑡𝑜𝑟 node, or the output node. Outputting

power to the energy storage element would allow it to be charged even when there is

not a large excess of harvested solar power. However, if using a battery, a constant-

voltage or constant-current type charger might need to be used, creating a more

complex harvester. Furthermore, the energy storage element is the highest voltage in

the system, and generally the larger the difference between the charge pump input

and output voltages, the less efficient the charge pump becomes. Outputting at 𝑉𝑠𝑡𝑜𝑟

has the benefit of being at a lower voltage, but any energy flowing from the RF

harvester to 𝑉𝑠𝑡𝑜𝑟 must be converted again through the LDO to reach the load, thus

elongating the power path and limiting efficiency and usable power. This leaves the

output load voltage as the most reasonable place to deposit harvested power. It has

the lowest voltage of the three nodes, and as the power consumed by the load will

likely be higher than the power provided by the RF harvester, the RF harvester sees

a fixed output voltage and alleviates power demands on the solar harvester. This

increases the maximum possible load power when both the RF and solar harvesters

are providing power.

The other benefit to having a fixed output voltage is that designing the SC charge

pump for impedance matching over various input powers is dramatically simplified

compared to a charge pump with a variable output or a charge pump whose controller
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Figure 2-5: Top-level diagram of energy harvesting system.

must on its own provide a regulated output. The RF harvester therefore functions as

an auxiliary energy harvester for alleviating demands on the solar harvester. In fact,

the design concept is flexible enough that with slight modifications to the controller,

the RF harvester can function as an auxiliary harvester for most systems with a fixed

output voltage.

2.5 Complete Top-Level System Design

Figure 2-5 illustrates the entire system comprising an MPPT boost converter solar

harvester, an SC charge pump-based RF harvester, an energy storage unit composed

of a charger and discharger, and an LDO output voltage regulator. The following

chapters describe the design in further detail with results of a discrete implementation

of battery- and supercapacitor-based systems.
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Chapter 3

Solar Harvester and Energy Storage

Architecture

Two discrete-component implementations of the system described in the previous

chapter were built and tested, one using a supercapacitor as the energy storage ele-

ment and the other using a battery. A solar harvester IC was used for the discrete sys-

tems with details shown in Section 3.1. The following sections describe the complete

systems with the energy storage architectures. This chapter ignores the contributions

from the RF harvester since the majority of the load power will come from the solar

cell and since the RF harvester does not contribute to the stored energy.

3.1 Solar Harvester

In order to facilitate easier testing and analysis of the presented system, a solar cell

was emulated using a current source in parallel with 4 series 1N4148 diodes. This is

the same as the model shown in Figure 1-2, with an 𝑅𝑝 of infinity and an 𝑅𝑠 of 0.

The resulting I-V and P-V curves for various input currents for the built emulator

are shown in Figure 3-1 with specific values shown in Table 3.1. Figure 3-2 shows the

I-V and P-V curves of the actual solar cell to be used, a C3P5 triple-junction solar

cell on a Germanium substrate by Spectrolab with a weight of approximately 35 mg,

with specific values shown in Table 3.2
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(a) Measured I-V curve of physical solar cell emulator.

(b) Measured P-V curve of physical solar cell emulator.

Figure 3-1: Measured I-V and P-V curves of solar cell emulator made of current
source in parallel with 4 series 1N4148 diodes, tested over 5 different current source
values.

Current (mA) 1 2 3 4 5

𝑉𝑜𝑐 (V) 2.460 2.591 2.669 2.724 2.770

𝑉𝑚𝑝𝑝 (V) 2.00 2.12 2.19 2.24 2.28

𝐼𝑚𝑝𝑝 (mA) 0.9157 1.838 2.765 3.692 4.620

𝑃𝑚𝑝𝑝 (mW) 1.831 3.898 6.056 8.271 10.53

𝑉𝑚𝑝𝑝/𝑉𝑜𝑐 81.3% 81.8% 82.1% 82.2% 82.3%

Table 3.1: Open-circuit voltage (𝑉𝑜𝑐); MPP voltage, current, and power (𝑉𝑚𝑝𝑝, 𝐼𝑚𝑝𝑝,
and 𝑃𝑚𝑝𝑝, respectively); and MPP-voltage-to-open-circuit-voltage ratio of solar cell
emulator for various input currents.

46



(a) Measured I-V curve of physical solar cell.

(b) Measured P-V curve of physical solar cell.

Figure 3-2: Measured I-V and P-V curves of triple-junction solar cell on Ge substrate
over various input irradiance levels.

𝑉𝑜𝑐 (V) 2.353 2.435 2.482 2.505 2.508

𝑉𝑚𝑝𝑝 (V) 2.075 2.165 2.220 2.240 2.245

𝐼𝑚𝑝𝑝 (mA) 0.983 1.935 2.921 3.802 4.878

𝑃𝑚𝑝𝑝 (mW) 2.039 4.190 6.485 8.516 10.950

𝑉𝑚𝑝𝑝/𝑉𝑜𝑐 88.2% 88.9% 89.4% 89.4% 89.5%

Table 3.2: Open-circuit voltage (𝑉𝑜𝑐); MPP voltage, current, and power (𝑉𝑚𝑝𝑝, 𝐼𝑚𝑝𝑝,
and 𝑃𝑚𝑝𝑝, respectively); and MPP-voltage-to-open-circuit-voltage ratio of measured
triple-junction solar cell on Ge substrate over various input irradiance levels.
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As can be seen, both the emulator and actual solar cell demonstrated almost

constant ratios of the MPP voltage to the open-circuit voltage. This, combined with

the fact that a very simple and low-power MPPT algorithm was preferred, led to

the choice of using the FOCV MPPT algorithm described in Chapter 1. As a result,

the BQ25504 Texas Instruments IC was used in this system. It samples the solar

cell’s open-circuit voltage for approximately 256 ms every 16 seconds. In an ASIC

design of this system, a much shorter disconnection period is preferred, as a smaller

ceramic capacitor at 𝑉𝑠𝑡𝑜𝑟 will power the system during this time. However, this IC

still functioned well in the discrete implementation of the systems.

3.2 Supercapacitor-Based System

This section examines the previously presented system with a supercapacitor as the

energy storage element. The particular supercapacitor used is XH414HG-IV01E by

Seiko Instruments, with a nominal capacitance of 80 mF and a mass of 60 mg.

A simplified schematic of this system is shown in Figure 3-3. The block labeled

"MPPT Boost" represents the BQ25504 chip mentioned in Section 3.1; bypass ca-

pacitors are shown immediately to its left and right. The capacitor directly below

the 𝑉𝑠𝑡𝑜𝑟 label represents a 22-𝜇F storage capacitor on 𝑉𝑠𝑡𝑜𝑟. While a large capaci-

tor will allow the 𝑉𝑠𝑡𝑜𝑟 voltage to vary more slowly and allow the use of slower and

lower-power comparators and controls, a larger capacitor usually weighs more. As a

balance between the two parameters, this system is designed around a 22-𝜇F 0402

ceramic capacitor at 𝑉𝑠𝑡𝑜𝑟 with an approximate mass of 3.5 mg. The supercapaci-

tor with its equivalent series resistance is shown immediately below the node labeled

𝑉𝑠𝑐. The charger and its control circuitry are shown to the left of the supercapacitor,

made of two comparators, an OR gate, an SC voltage doubler, and a diode. The buck

converter discharger is shown to the right, made of two FETs and an inductor. The

LDO is labeled and outputs to the load in parallel with a bypass capacitor. Signals

to and from the FPGA are also labeled and are level shifted with external circuitry if

needed (e.g. resistor dividers, high-speed comparators; not labeled). Lastly, the main
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low-power comparators are also shown where used. The following sections describe

the charger, discharger, and full system in further detail.

3.2.1 Charger

As discussed in Chapter 2, the charger will comprise an SC voltage doubler. An IC

requiring a diode for start-up was used (LM2767M5/NOPB), as shown in Figure 3-3.

Also shown are the very simple controls used for the charger. One comparator with

hysteresis monitors 𝑉𝑠𝑡𝑜𝑟 to turn on the charger at approximately 2.35 V and turn it

off at approximately 2.25 V. Another monitors the voltage at 𝑉𝑠𝑐, the supercapacitor

voltage, as this voltage should not exceed 3.3 V for this specific supercapacitor. An

OR gate is used to shutdown the voltage doubler using its shutdown (SD) pin if

required by either comparator.

In order to independently test the supercapacitor charger, a current source was

placed on the 𝑉𝑠𝑡𝑜𝑟 node with its 22-𝜇F capacitor and connected only to the charger

and not to the boost converter, discharger, or load. The behavior of the charger

and its controller is shown in Figure 3-4a. As expected, 𝑉𝑠𝑡𝑜𝑟 increases due to the

current source until the charger comparator at 𝑉𝑠𝑡𝑜𝑟 detects 𝑉𝑠𝑡𝑜𝑟 to be high enough

to charge the supercapacitor. Then, the doubler shutdown signal falls low, and 𝑉𝑠𝑡𝑜𝑟

decreases until the comparator detects that 𝑉𝑠𝑡𝑜𝑟 is too low to continue charging the

supercapacitor. After the supercapacitor is fully charged, the waveform abruptly

changes to that of Figure 3-4b, and the current source attached at 𝑉𝑠𝑡𝑜𝑟 reaches its set

voltage limit. Because of the high series resistance of the supercapacitor, 𝑉𝑠𝑐 varies

noticeably between when the charger turns on or off, explaining moments of charging

in Figure 3-4b, even though the supercapacitor is fully charged.

Table 3.3 shows the time it took to fully charge the supercapacitor depending on

the current source placed on 𝑉𝑠𝑡𝑜𝑟. When testing the system with a current source into

𝑉𝑠𝑡𝑜𝑟, the supercapacitor would charge through the doubler’s start-up diode before the

control circuitry would even turn on. As a result, the times in Table 3.3 indicate when

the charger-shutdown signal first fell to when the fully-charged signal first turned on.
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(a) Typical charging waveforms.

(b) Charging waveforms after supercapacitor is fully charged.

Figure 3-4: Waveforms while charging supercapacitor and after charging is completed.
𝑉𝑠𝑡𝑜𝑟 (yellow, channel 1) and voltage doubler active-high shutdown signal (blue, chan-
nel 2).
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Table 3.3: Charging times for various 𝑉𝑠𝑡𝑜𝑟 input currents for supercapacitor charger.

Input Current
(mA)

0.5 1 2 3 4 5

Charge Time
(s)

563 253 115 72 46 30

3.2.2 Discharger

In order to allow the system to run without ambient energy for as long as possible, a

buck converter was used for the supercapacitor discharger. For this particular discrete

implementation, a 1-mH inductor switching at a fixed frequency of 200 kHz was used.

In an integrated converter, the switching frequency would likely be on the order

of 1 MHz or higher, allowing the inductor to be much smaller. A larger inductor

and lower switching frequency were used in the discrete system to limit switching

losses that would be much more controlled in the integrated system. The discharger

operated at a fixed 90% duty cycle when on. In order to estimate the efficiency of

such a discharger, a fixed voltage source (𝑉𝑖𝑛) was placed at the input of the buck

converter and tested over a wide range of load currents at the buck converter output.

The efficiency was then recorded, including the effects of the gate drivers’ currents

powered from 𝑉𝑖𝑛. The tests were repeated for six different values of 𝑉𝑖𝑛, representing

𝑉𝑠𝑐 as the supercapacitor discharges. The results are shown in Figure 3-5. SPICE

simulations indicate that the discharger current into 𝑉𝑠𝑡𝑜𝑟 for various supercapacitor

voltages occurs on the order of 10 mA, which happens to be where the efficiency is

greater than 95% according to the measured data. These results therefore suggest

that using a buck converter at a fixed 90% duty cycle, while simple, is a very efficient

method of discharging the supercapacitor to charge 𝑉𝑠𝑡𝑜𝑟.

The discharger was controlled by the lowest comparator on 𝑉𝑠𝑡𝑜𝑟 shown in Figure

3-3. The discharger turned on at a fixed 90% duty cycle whenever 𝑉𝑠𝑡𝑜𝑟 fell below 2.09

V and turned off when 𝑉𝑠𝑡𝑜𝑟 rose above 2.18 V. Figure 3-6 shows the results of the

discharger powered by a fully charged supercapacitor with the controller and a 1-mA
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load on 𝑉𝑠𝑡𝑜𝑟. Figure 3-6a shows the system with 300 nF of bypass capacitors needed

at 𝑉𝑠𝑐 for the discrete system. 𝑉𝑠𝑐 demonstrated a significant amount of ringing when

the discharger turned on. Figure 3-6b shows the same system with an additional

4.7-𝜇F capacitor added to prevent ringing at 𝑉𝑠𝑐. While adding an additional bypass

capacitor corrected the ringing, it had negative effects on the operation time of the

system.

In order to understand how operation time was affected by the load current on

𝑉𝑠𝑡𝑜𝑟, tests were conducted with a constant current load on 𝑉𝑠𝑡𝑜𝑟. The supercapacitor

was charged at 3.3 V until its current draw reached 5 𝜇A. Then, the load was turned

on, and the discharger controller began to operate. The time the discharger lasted

Figure 3-5: Efficiency of built and measured buck converter running at 90% duty
cycle for various load currents. Tested over various input voltages, demonstrating
minimal differences in behavior. Includes gate driver power losses powered by 𝑉𝑖𝑛.
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(a) 300 nF in parallel with supercapacitor.

(b) 300 nF plus 4.7 𝜇F in parallel with supercapacitor.

Figure 3-6: Waveforms of buck converter discharger on supercapacitor with and with-
out a 4.7-𝜇F capacitor in parallel with supercapacitor. 𝑉𝑠𝑡𝑜𝑟 (yellow, channel 1), PFET
gate (cyan, channel 2), 𝑉𝑠𝑡𝑜𝑟 comparator (pink, channel 3), 𝑉𝑠𝑐 (green, channel 4).
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was determined to be the time it took for 𝑉𝑠𝑡𝑜𝑟 to drop below 2.01 V. At a certain

moment during each test, the buck converter began to operate continuously, rather

than switch on and off as shown in Figure 3-6. This indicates the discharger could

not cause 𝑉𝑠𝑡𝑜𝑟 to reach the turn-off threshold. Figure 3-7a shows how operation

time decreases with increasing load current. It also illustrates how the addition of a

larger bypass capacitor decreases operation time. This is due to the 𝐶(∆𝑉 )2 losses

from the ripple on 𝑉𝑠𝑐 seen in Figure 3-6. Once the system turned off after 𝑉𝑠𝑐 could

no longer charge 𝑉𝑠𝑡𝑜𝑟, 𝑉𝑠𝑐 would slowly rise. The voltage to which it would rise

depended on the load current, as can be seen in Figure 3-7b. As the current draw

on 𝑉𝑠𝑐 was constantly pulsing, the AC components of the current draw likely limited

the amount of current the supercapacitor could provide. This explains why for higher

load currents the system would not last very long and why the open-circuit voltage

would rise higher after the system shut off: the supercapacitor could not provide high

AC current demands but still held the charge it would otherwise dissipate.

Alternatively, the DC current demands on the supercapacitor also had dramatic

effects on the effective capacitance of the supercapacitor. In order to understand such

effects, the supercapacitor was again fully charged, and then discharged using a DC

current source. During discharge, 𝑉𝑠𝑐 was sampled every 400 ms. By line-fitting to

the resulting curve, the effective capacitance was determined to be

𝐶𝑒𝑓𝑓 =
𝐼𝑑𝑖𝑠𝑠
𝑑𝑉/𝑑𝑡

(3.1)

where 𝐶𝑒𝑓𝑓 is the effective capacitance, 𝐼𝑑𝑖𝑠𝑠 is the DC current source on the super-

capacitor, and 𝑑𝑉/𝑑𝑡 is the time rate of change of the supercapacitor voltage. The

results are shown in Figure 3-8a. The initial resistance was also found to be

𝑅𝑜 =
(3.3𝑉 ) − 𝑉𝑠𝑐, 𝑜

𝐼𝑑𝑖𝑠𝑠
(3.2)

where 𝑅𝑜 is the initial resistance of the supercapacitor, 3.3 V is the charging voltage,

and 𝑉𝑠𝑐, 𝑜 is the initial supercapacitor voltage when the DC load current turns on.

These results are shown in Figure 3-8b.
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(a) Discharge time.

(b) Post-discharge supercapacitor open-circuit voltage.

Figure 3-7: Discharge time of charged supercapacitor using built controller over var-
ious loads, and supercapacitor open-circuit voltage after being discharged.
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(a) Effective capacitance.

(b) Initial resistance.

Figure 3-8: Effective capacitance and initial resistance of supercapacitor versus DC
discharge rates, averaged over three measurements.
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Ultimately, the presented discharger results indicate that the use of this specific su-

percapacitor (XH414HG-IV01E) is unable to support high load currents for extended

periods of time without ambient or transferred energy. However, it can sustain very

brief demands in a highly efficient manner.

3.2.3 Complete System

After completing and characterizing the energy storage system, the entire system

was built as in Figure 3-3 and tested. The physical setup is shown in Figure 3-10.

The controls were coded following the state machine shown in Figure 3-9 using a

Spartan 6 XC6SLX9 FPGA on a Mojo V3 development board. It should be noted

that in this discrete implementation the controls for the supercapacitor charger are

completely independent of FPGA inputs, as shown by the discrete OR gate in Figure

3-3. However, the FPGA does take the supercapacitor-maxed signal as an input,

where the supercapacitor-maxed signal is the output from the comparator comparing

𝑉𝑠𝑐 to 3.3 V. The state machine operates by first counting how long the supercapacitor-

maxed signal has been high. Then, after the supercapacitor has been determined to

be sufficiently charged, the state machine switches to normal operation, where the

2-V output turns on and the charger may operate in the case of a high enough 𝑉𝑠𝑡𝑜𝑟

voltage. When the comparator on 𝑉𝑠𝑡𝑜𝑟 falls low, the discharger turns on until the

comparator outputs high, in which case the system switches back to normal operation.

This very simple state machine with minimal inputs and outputs allows for a low-

power, low-area control system, especially in an integrated solution.

Figure 3-11 shows a complete system for a 1-mA resistive load on the 2.0-V output.

The labeled points are as follows:

1. solar cell model’s current source turns on at 5 mA;

2. cold-start ends, charging phase begins;

3. solar cell model’s current source changes to 2 mA;

4. supercapacitor has been sufficiently charged, so 2.0-V load turns on;
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Chargestart
Normal
Op.

Discharge

𝑡 < 𝑡𝑚𝑖𝑛

𝑡 ≥ 𝑡𝑚𝑖𝑛

𝐶𝑉 𝑠𝑡𝑜𝑟

𝐶𝑉 𝑠𝑡𝑜𝑟

𝐶𝑉 𝑠𝑡𝑜𝑟

𝐶𝑉 𝑠𝑡𝑜𝑟

Figure 3-9: Finite state machine for supercapacitor-powered system where 𝑡 is time
comparator has indicated the supercapacitor is fully charged, 𝑡𝑚𝑖𝑛 is minimum charge
time before turning on 2.0-V output, and 𝐶𝑉 𝑠𝑡𝑜𝑟 is output of discharger comparator
on 𝑉𝑠𝑡𝑜𝑟.

5. solar cell model’s current source changes to 1.5 mA, and no charging occurs at

all during this period;

6. solar cell model’s current source changes to 5 mA in order to charge up super-

capacitor further and quickly;

7. 𝑉𝑠𝑡𝑜𝑟 voltage maxes out, and supercapacitor charges unintentionally through SC

voltage doubler’s start-up diode;

8. solar cell model’s current source shuts off, and system becomes entirely supercapacitor-

powered;

9. 2.0-V output begins to fall below 2.0 V, marking the end of system operation.

Several characteristics of the operating waveforms should be noted. Firstly, at point

1, 5 mA was used because the BQ25504’s cold-start would not operate with a lower

current input. This was likely due to the quiescent current draw of the charger at low

supply voltages. The solution would be to incorporate an undervoltage-lockout circuit

or to use a voltage doubler that draws negligible amounts of undervoltage current.

For visibility, the supercapacitor was not charged for very long (points 3 to 4),

which is why it is forced to charge further at point 6. During this same period (points

3 to 4), 𝑉𝑠𝑡𝑜𝑟 dips below 2.0 V while sampling the solar cell’s open-circuit voltage.

However, the BQ25504 chip still remains operable, and the 2.0-V output has not been
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(a) Test bench setup.

(b) Solar harvester, energy storage, and FPGA circuits.

Figure 3-10: Photographs of test bench setup and closeup of the discrete component
system for both the supercapacitor- and battery-powered systems.
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turned on yet to even be affected. After 𝑉𝑠𝑡𝑜𝑟 turns on, the state machine allows the

supercapacitor discharger to prevent 𝑉𝑠𝑡𝑜𝑟 from falling too low for the load during

the MPPT’s open-circuit voltage sampling. In an integrated design, the best solution

would be to use a fast enough circuit with a low solar-cell-disconnection time such

that 𝑉𝑠𝑡𝑜𝑟 would not fall dramatically for the expected loads.

The input power at point 5 is high enough to power the load, but not high enough

to increase 𝑉𝑠𝑡𝑜𝑟 enough to charge the supercapacitor, as shown by channel 3 remaining

high. However, during this period, 𝑉𝑠𝑐 is seen to drop momentarily several times,

representing the discharger maintaining 𝑉𝑠𝑡𝑜𝑟 high enough to power the load when

the MPPT controller disconnects and samples the solar cell open-circuit voltage.

Lastly, at point 7, the charger shutdown signal is high, indicating that the super-

capacitor should not be charging because it had been fully charged already. However,

the waveform demonstrates how 𝑉𝑠𝑐 increases regardless. This occurs because 𝑉𝑠𝑡𝑜𝑟 is

receiving a very large excess of input power, and the supercapacitor charges through

the diode. This can be solved by using a precision shunt regulator in the integrated

circuit to dissipate unnecessary power when the supercapacitor is fully charged. A

shunt regulator is preferred to turning off or tuning the MPPT algorithm in order to

keep control components modular and simple.

Overall, this plot illustrates how the designed topology is able to maintain the

highest possible amount of energy in a supercapacitor while allowing it to be efficiently

accessed in moments of low harvested energy. The system maintains a fixed 2.0-V

output during operation, until the supercapacitor and harvested power are no longer

high enough to power the load.

3.2.4 Weight Analysis

As the entire system was developed around weight minimization, an approximation of

the total weight is important. Table 3.4 summarizes the approximate weights of the

major components in an integrated solution. Several of the components used in the

discrete system can be fully integrated. In particular, many of the bypass capacitors

were used because of long distances in the PCB layout, and the voltage doubler’s
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capacitor and start-up diode can also be integrated at higher operating frequencies.

One aspect that was ignored in the discrete system is the power supply for the digital

controls. This will consist of an LDO powered by 𝑉𝑠𝑡𝑜𝑟, which will likely require a

discrete 100-nF 0201 bypass capacitor. Another 100-nF capacitor will be used in

parallel with the supercapacitor. The 4.7-𝜇F capacitors will be used for the solar

cell boost converter input and for the 2.0-V load. The 22-𝜇F capacitor will be used

on 𝑉𝑠𝑡𝑜𝑟 and the 100-𝜇H inductor for the switching converters. The packaged ASIC

is estimated to be 33 mg based on the weight of the BQ25504 MPPT IC that was

used. The flexboard and the solder are estimated to be 20 mg. In total, the system

is estimated to be approximately 162 mg.

3.2.5 Design Discussion

Several key design tradeoffs and characteristics of the system should be noted. Firstly,

placing the supercapacitor at 𝑉𝑠𝑡𝑜𝑟 versus maintaining the supercapacitor at a higher

voltage as in this system resulted in different charging times. When using the solar

cell model’s current source at 5 mA, this system completed cold-start in 42 s and

took an additional 58 s to charge the supercapacitor up to 3.3 V. The system with a

supercapacitor on 𝑉𝑠𝑡𝑜𝑟 takes 50 s to complete cold-start but only an additional 21 s

to charge up to 3.3 V. Cold-start is faster in this system because the supercapacitor

Component Footprint Mass (mg) Quantity Total Mass
(mg)

solar cell 35 1 35

100-nF cap. 0201 1 2 2

4.7-𝜇F cap. 0201 1 2 2

22-𝜇F cap. 0402 3.5 1 3.5

100-𝜇H ind. 0603 6.9 1 6.9

supercap. 60 1 60

ASIC 33 1 33

Flexboard 20 1 20

Total 162.4

Table 3.4: Masses of main components in supercapacitor-powered system.
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is not charged to the normal operation threshold before the BQ25504 chip begins

normal operation, but it takes longer in normal operation because the voltage doubler

introduces a large inefficiency into the power path. When placing the supercapacitor

at 𝑉𝑠𝑡𝑜𝑟, the boost converter and supercapacitor charging losses are the only sources

of inefficiencies.

Another important note is that the discrete system did not demonstrate inductor-

sharing; the BQ25504 chip was provided with its own 22-𝜇H inductor, while the buck

discharger used a separate 1-mH inductor. This was done in order to use a separate

MPPT IC and because inductor-sharing has been previously demonstrated in several

works [7, 47, 51,53].

Furthermore, the supercapacitor datasheet indicates that charging the superca-

pacitor with a large voltage ripple may decrease its capacitance [52]. This effect is

largely dependent on the amount of harvested power from the solar cell.

This design also displays a few sensitivities. A fast discharger and a slow compara-

tor on 𝑉𝑠𝑡𝑜𝑟 could cause 𝑉𝑠𝑡𝑜𝑟 to charge so high before the comparator detects it that it

can turn the charger on. This is essentially inefficiently passing energy back and forth

to the supercapacitor. This could potentially cause instability issues as well. How-

ever, a simple solution would be the incorporate the charger into the state machine

to prevent the charger from turning on when the discharger is on. Also, as previously

stated, the supercapacitor is extremely sensitive to frequency and discharge current.

The benefit of using a supercapacitor is that it can be used for other applications

requiring a high power-density source at a higher voltage (e.g. LEDs), and that this

system is highly efficient for very short demands at the load. Lastly, careful attention

must be paid to the order in which the FETs of the buck converter are turned on.

The PFET must be turned on first. Otherwise, the inductor will initially begin to

charge backwards and cause a drop in 𝑉𝑠𝑡𝑜𝑟 when turning the buck converter on.

Several improvements can also be made to the system. In particular, a buck con-

verter discharger with a different controller may be used to match the supercapacitor

charge state and the load demands. As was previously mentioned, the supercapac-

itor discharger at a certain point during testing switched on and did not turn off,
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indicating that the 90% duty cycle was not high enough to recharge 𝑉𝑠𝑡𝑜𝑟 past the

threshold. A different controller could address that problem by increasing the duty

cycle. Furthermore, instead of using a doubler charge pump, a 3/2 charge pump could

be more efficient. Since 𝑉𝑠𝑐 only goes as high as 3.3 V and charging begins when 𝑉𝑠𝑡𝑜𝑟

is approximately 2.3 V, this provides less of a difference between the charger’s output

and gained input.

Overall, the discrete implementation of the supercapacitor design functions well

as a source-independent energy storage and power management system while main-

taining a low weight of approximately 162 mg.

3.3 Battery-Based System

Another possible system is a battery-powered system. Rechargeable batteries charged

by harvested energy allow for the high energy density of batteries without having to

replace the system each time the batteries are depleted. This section describes the

design and results of the proposed system. The schematic of the battery-powered

system is shown in Figure 3-12.

3.3.1 Battery Performance Tests

Rechargeable Cymbet CBC050 batteries were chosen for this system because of their

very light weight of 16 mg each. However, the batteries have a capacity of 50 𝜇Ah,

which could have proven problematic at higher discharge rates. In order to support

as high a load as possible, the batteries were cycle-tested to determine their behavior

at various C-rates. Battery cycle-tests consisted of charging a single fresh CBC050

battery with a 4.1-V source, as per the datasheet, until the charging current into the

battery reached 10 𝜇A [13]. Then, a constant current load was switched on, until the

voltage on the battery reached a minimum discharge voltage threshold. The process

was repeated a total of 50 times with the same discharge current. Thirteen cycle-

tests were completed for loads of 100 𝜇A to 1.3 mA spaced at intervals of 100 𝜇A.

Appendix A provides clearer individual plots for each of the tests. Figure 3-13 shows
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the results of all 13 tests laid together. Figure 3-13a shows the normalized amount of

time it took for the batteries to discharge for each cycle; 3-13b shows the normalized

amount of work the battery completed over the discharge cycle; 3-13c shows the

normalized average output power of the battery during the cycle, which is simply the

work divided by the discharge time for a given cycle. All curves are normalized to

the value of the initial discharge cycle. The curves for 100-𝜇A to 900-𝜇A discharge

currents are represented as thin, black lines. These figures highlight how the behavior

changes for discharge currents of 1.1 mA and above, suggesting 1 mA to be a safe limit

on the maximum discharge rate. As can be seen, the curves for the 1-mA discharge

are similar to those less than 1 mA, following the general trend of a gradual decrease

over cycles. The curves for a discharge current of 1.1 mA began to show inconsistent

behaviors starting at about cycle 33. The curves for a discharge current of 1.2 mA

were much lower than the others. Finally, the curves for a discharge current of 1.3

mA began to increase after about 30 cycles. These last three cycles-tests therefore

indicated the batteries were likely degrading from the high output current levels.

To further illustrate the degradation behaviors, Figure 3-14 illustrates the mini-

mum normalized values among the 50 discharge cycles as a function of the discharge

current. Figures 3-14a and 3-14b show the 1-mA discharge rate to perform around

the knee of the curves, whereas Figure 3-14c shows an approximately linear decrease

in minimum normalized average output power over discharge current.

Figures 3-15 and 3-16 show the same curves as Figure 3-13 but with actual val-

ues as opposed to normalized ones. Figure 3-15a also illustrates the initial battery

resistance. The initial battery resistance is determined as the apparent initial dis-

charge resistance from a Thevenin equivalent model of the battery, where the voltage

source is 3.8 V, the output voltage according to the datasheet, and the resistance is

determined as

𝑅𝑜 =
(3.8𝑉 ) − 𝑉𝑏𝑎𝑡𝑡,𝑜

𝐼𝑙𝑜𝑎𝑑
(3.3)

where 𝑅𝑜 is the initial battery resistance, 𝑉𝑏𝑎𝑡𝑡,𝑜 is the initial battery discharge volt-

age, and 𝐼𝑙𝑜𝑎𝑑 is the discharge load current. This curve is useful in developing an
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approximate Thevenin model of the battery.

Overall, these tests suggest that by maintaining the discharge current to within

1 mA per battery, or a discharge rate of 20C, the battery could reliably source just

under 3 mW of average power for at least 50 cycles, and likely more. This is therefore

chosen as the maximum operating current for the batteries for the rest of the design.

3.3.2 Charger

The charger used in this system is shown to the left of the battery at the 𝑉𝑏𝑎𝑡𝑡 node in

Figure 3-12. Since the CBC050 batteries used must be charged with a constant 4.1-V

voltage source, a simple voltage doubler could not be used as in the supercapacitor-

powered system. Rather, a voltage doubler was attached to a 4.1-V LDO in order to

provide a constant voltage output. An NFET was then attached to the output of the

LDO in order to create a high impedance switch with low leakage when the NFET

was turned off. A gate driver IC was used to bring the NFET gate high when turning

the switch on, powered by the doubled 𝑉𝑠𝑡𝑜𝑟 voltage.

The battery charger was tested similarly to the supercapacitor charger. A current

source was attached to 𝑉𝑠𝑡𝑜𝑟 and one or more batteries were attached to the output

of the charger. Figure 3-17 shows the result of using a 600-𝜇A current source limited

at 2.5 V. As the batteries charged further, their current draw decreased, meaning the

current draw into the charger also decreased. At a certain point, the charger began

to draw less than 600 𝜇A and the current source railed to 2.5 V. This is shown in

Figure 3-17 when the current into 𝑉𝑠𝑡𝑜𝑟 begins to fall. For comparison, the current

draw of a single battery attached to a 4.1-V source is also shown. While the battery

draw eventually approached near-zero current draw, the charger did not, indicating

a quiescent current draw around 180 𝜇A while the charger was on. This could be

lowered in an ASIC, but as the charger only operates in moments of excess input

power, this current draw is less important than optimizing other parts of the design.

Figure 3-18 shows the operation of the charger charging 3 CBC050 batteries.

Blips in the 𝑉𝑏𝑎𝑡𝑡 waveform indicate moments of charging the batteries. A higher

input current into 𝑉𝑠𝑡𝑜𝑟, would charge the batteries for longer periods at a time.
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(a) Normalized discharge time.

(b) Normalized work during complete discharge.

(c) Normalized average output power over complete discharge.

Figure 3-13: Results of 13 different cycle-tests comparing normalized discharge time,
normalized work completed by battery, and normalized average output power over
cycles. Thin, black curves represent discharge rates of 100 𝜇A to 900 𝜇A.
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(a) Minimum normalized discharge time.

(b) Minimum normalized work during complete discharge.

(c) Minimum normalized average output power over complete discharge.

Figure 3-14: Minimum normalized values during the 50 test cycles for each of the 13
discharge load currents from Figure 3-13.
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(a) Initial battery resistance.

(b) Discharge time.

Figure 3-15: Actual values of initial battery resistance and discharge time for all 13
cycle-tests.
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(a) Work during complete discharge.

(b) Average output power over complete discharge.

Figure 3-16: Actual work and average output power for all 13 cycle-tests.
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3.3.3 Discharger

While the most energy efficient method of discharging the batteries to charge up

𝑉𝑠𝑡𝑜𝑟 would be to use a buck converter, this poses a few problems for the CBC050

batteries. As discussed, the biggest constraint in using a buck converter is that it

requires an additional discrete inductor, adding more weight to the system. The

previously proposed solution reuses the inductor from the solar harvester for the

buck converter. This would require the batteries to fully support the load during this

period of time, as the solar harvester would then be powered off. In order to remain

within the weight of the supercapacitor in the previous section, up to 3 CBC050

batteries can be used. Each has a mass of 16 mg, for a total of 48 mg, while the

Figure 3-17: Current supplied into 𝑉𝑠𝑡𝑜𝑟 by 600-𝜇A current source limited to 2.5 V
for battery charger charging 1, 2, and 3 new CBC050 batteries. Normal charge with
4.1-V source shown for comparison.
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Figure 3-18: Typical charging waveform for battery charger charging 3 CBC050 bat-
teries. Charge enable signal (yellow, channel 1), 𝑉𝑏𝑎𝑡𝑡 (cyan, channel 2), 𝑉𝑠𝑡𝑜𝑟 (pink,
channel 3).

supercapacitor has a mass of 60 mg.

It is estimated that frequencies on the order of 1 MHz will be used for the switching

converters in the ASIC, a balance between minimizing switching losses and minimizing

inductor size. Figure 3-19a shows the schematic of batteries represented as a voltage

source with a series resistance followed by an ideal buck converter. Estimating from

Figure 3-15a, a single battery discharging at 1 mA demonstrates approximately 700 Ω

of series resistance, so three parallel batteries could be represented as a 3.8-V source

with 233 Ω of series resistance. Assuming a duty cycle of 50%, the inductor current

appears as in Figure 3-20a. This shows that the batteries exceed the maximum safe

discharge current of 3 mA, 1 mA per battery. In order to limit the current, a 340-Ω

resistor is added in series with the batteries, as shown in Figure 3-19b. The maximum

current through the battery will occur when the inductor appears as a short-circuit,
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Inductance (𝜇H) 22 47 100

Efficiency 69.7% 70.9% 74.0%

Table 3.5: Simulation results of battery with current-limiting resistor to buck con-
verter at 75% duty cycle.

so 340 Ω is chosen as the limiting resistor when 𝑉𝑠𝑡𝑜𝑟 is 2.1 V. Figure 3-20b shows

how the resistor safely limits the battery discharge current below 3 mA. Since the

purpose of the buck converter is to charge 𝑉𝑠𝑡𝑜𝑟 above 2.1 V to a certain threshold

and since the buck converter input will experience a large voltage drop across the

battery’s internal resistance and the current-limiting resistor, the actual duty cycle

will likely need to be closer to 75% or higher. Table 3.5 shows efficiency results for

a SPICE simulation with an ideal switch, diode, and inductor at a 75% duty cycle

for three realistic inductances for the inductor to remain below approximately 10 mg.

The efficiency is calculated as the average power into 𝑉𝑠𝑡𝑜𝑟 divided by the average

power out of the 𝑉𝑏𝑎𝑡𝑡 node. This shows that in order to current-limit the batteries,

a large price is paid in efficiency as compared to a buck converter’s 100% theoretical

efficiency. Note that using a more accurate current limiting circuit as opposed to a

resistor will not improve efficiency in any way; it will simply maintain the maximum

current closer to 3 mA as the battery’s internal voltage varies.

One solution to low efficiency is to use a current monitor to control the buck

converter’s high side switch based on the inductor current. If the inductor current

reaches the maximum allowable battery current draw, the switch could be turned off,

at which point the battery stops providing current. Then, the inductor dissipates

through a freewheeling diode or low-side switch until the current reaches a minimum

value. The process is repeated until 𝑉𝑠𝑡𝑜𝑟 has been sufficiently charged. The problem

with this system is that while the average buck converter’s input current is less than its

average output current (current into 𝑉𝑠𝑡𝑜𝑟 under ideal conditions), the instantaneous

battery output current is the limiting factor. While the high-side switch is on, the

current through the battery is equal to the inductor current. As a result, in order to

75



charge up 𝑉𝑠𝑡𝑜𝑟 the condition

𝐼𝑙𝑜𝑎𝑑 <
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛

2
(3.4)

exists, where 𝐼𝑙𝑜𝑎𝑑 is the average load current on 𝑉𝑠𝑡𝑜𝑟, 𝐼𝑚𝑎𝑥 is the maximum battery

and inductor current, and 𝐼𝑚𝑖𝑛 is the minimum inductor current. As a result of

having theoretically 100% efficiency, the maximum allowable load current is reduced.

While 𝐼𝑚𝑖𝑛 can be chosen close to 𝐼𝑚𝑎𝑥, the tradeoff is then the switching frequency

becomes much higher. With an 𝐼𝑚𝑎𝑥 of 3 mA, 𝐼𝑚𝑖𝑛 of 2 mA, 𝐼𝑙𝑜𝑎𝑑 of 2 mA, and a

100-𝜇H inductor, simulation shows the switching frequency to be around 8 MHz. In

this case, the maximum load current is 2.5 mA. In fact, the maximum load current

will always be lower than the full 3 mA that 3 CBC050 batteries can provide.

233 Ω L

22 𝜇F−
+ 3.8 V

𝑉𝑏𝑎𝑡𝑡 𝑉𝑠𝑡𝑜𝑟

(a) Battery to buck converter.

233 Ω 340 Ω L

22 𝜇F−
+ 3.8 V

𝑉𝑏𝑎𝑡𝑡 𝑉𝑠𝑡𝑜𝑟

(b) Battery to buck converter with current-limiting resistor.

Figure 3-19: Schematic of battery to buck converter with and without a current-
limiting resistor. 3.8-V source and 233-Ω resistor represent 3 CBC050 batteries.
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(a) Inductor current of Figure 3-19a.

(b) Inductor current of Figure 3-19b.

Figure 3-20: Inductor currents of Figure 3-19 for various inductor values.
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100 Ω

1N4148 1N4148

26.7 kΩ

𝑉𝑏𝑎𝑡𝑡 𝑉𝑠𝑡𝑜𝑟

2N3906

Figure 3-21: Current-source circuit used in physical implementation of discrete bat-
tery discharger.

An alternative is to simply use a current source circuit from the batteries to

the 𝑉𝑠𝑡𝑜𝑟 node. Assuming 1 mA is drawn from each battery, a series resistance of

700 Ω suggests that 𝑉𝑏𝑎𝑡𝑡 during discharge will be 3.1 V, which is also suggested by

the discharge profiles in the top-left plot of Figure A-10 in Appendix A. The ideal

efficiency of the current source discharger is

𝜂 =
𝑉𝑠𝑡𝑜𝑟

𝑉𝑏𝑎𝑡𝑡

(3.5)

where 𝜂 is the efficiency. This is the efficiency of any ideal linear regulator. Input

power is defined at the 𝑉𝑏𝑎𝑡𝑡 node, ignoring losses from the battery’s internal resis-

tance. In the case where 𝑉𝑠𝑡𝑜𝑟 is 2.1 V, the efficiency is 2.1𝑉
3.1𝑉

= 67.7%. This is quite

comparable to efficiencies of the buck converters with current limiters in Table 3.5.

In fact, this is because when the buck converter current-limits, the system essentially

reduces to a linear regulator. The quiescent losses associated with the current source

can be quite small, whereas the buck converter can have much larger losses due to

gate-drive capacitance, switch resistance, and inductor resistance. Therefore, it is

very possible that a physical current source-discharger may be more efficient than

a current-limited buck converter under these conditions. Methods to improve the

buck converter efficiency by eliminating the current-limiting resistor are discussed in

Section 3.3.6.
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In the discrete implementation, the standard circuit shown in Figure 3-21 was

used as a current source. Values were tuned such that approximately 3 mA of current

were drawn from 𝑉𝑏𝑎𝑡𝑡, for use with 3 CBC050 batteries. The exact current source

circuit does not particularly matter, and a different circuit would certainly be used

in an integrated CMOS implementation. In order to control the current source,

a comparator monitored the 𝑉𝑠𝑡𝑜𝑟 node. An LTC1440 comparator was used with

hysteresis to turn off at 2.09 V and turn on at 2.21 V. The comparator’s output simply

determined whether the current source was on or off, where a logic high turned off

the current source and vice versa. In this way, the current source would charge up

the 𝑉𝑠𝑡𝑜𝑟 capacitor to 2.21 V if it detected its voltage had fallen to 2.09 V.

To test this, 3 CBC050 batteries were placed at the discharger input. Figure 3-22

shows an oscilloscope screenshot for an 𝐼𝑑𝑖𝑓𝑓 of 1 mA for the designed 𝐼𝑏𝑎𝑡𝑡 of 3 mA

Figure 3-22: Constant-current discharger with 3 CBC050 batteries and controller.
𝐼𝑑𝑖𝑓𝑓 is 1 mA. 𝑉𝑠𝑡𝑜𝑟 comparator output (yellow, channel 1), 𝑉𝑠𝑡𝑜𝑟 (cyan, channel 2),
𝑉𝑏𝑎𝑡𝑡 (pink, channel 3).
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using these batteries. 𝐼𝑑𝑖𝑓𝑓 is defined as

𝐼𝑑𝑖𝑓𝑓 = 𝐼𝑙𝑜𝑎𝑑 − 𝐼𝑏𝑜𝑜𝑠𝑡 (3.6)

where 𝐼𝑏𝑜𝑜𝑠𝑡 is the input current from the MPPT boost converter solar harvester. 𝐼𝑑𝑖𝑓𝑓

is used in analyzing the battery discharger instead of 𝐼𝑙𝑜𝑎𝑑 because the discharger does

not reuse the inductor; therefore, the solar harvester continues sourcing power to 𝑉𝑠𝑡𝑜𝑟

even when the discharger is on. As expected, when the comparator on 𝑉𝑠𝑡𝑜𝑟 falls low

causing the batteries to discharge, the 𝑉𝑏𝑎𝑡𝑡 voltage drops due to the batteries’ internal

resistance. When the comparator switches high, the battery voltage rises as it stops

sourcing current. In order to protect the batteries from being over-depleted, another

LTC1440 comparator was added at the 𝑉𝑏𝑎𝑡𝑡 node, comparing against 3.18 V. Each

time the battery discharger shuts off, the FPGA controller waits 80 𝜇s and then checks

the 𝑉𝑏𝑎𝑡𝑡 comparator. If the comparator is low, it is determined that the batteries

have been fully dissipated and the entire system shuts off. As a method to check

for a low battery voltage, the open-circuit voltage is used instead of the discharging

voltage because the latter depends heavily on the battery’s source impedance which

changes over time.

In the case that 𝑉𝑠𝑡𝑜𝑟 never reaches the 2.21-V threshold to turn on the 𝑉𝑠𝑡𝑜𝑟 com-

parator, it is possible for the battery to not exit a discharge phase to be checked and

to deplete enough to be damaged. To address such problem, an LTC1540 comparator

is added to monitor if 𝑉𝑏𝑎𝑡𝑡 falls below 2.36 V. If so, the discharger shuts off.

In order to understand the effects of the discharger on CBC050 batteries, cycle-

tests using the discharger were completed. The discharger was designed for 3 CBC050

batteries, therefore discharging at approximately 3 mA. The batteries were charged

using a 4.1-V source, and then discharged using the current source discharger for an

𝐼𝑑𝑖𝑓𝑓 of 1 mA. This was repeated 31 times. Then, the tests were repeated for an 𝐼𝑑𝑖𝑓𝑓 of

1.5 mA, 2 mA, 2.5 mA, and 1 mA. This was repeated three times in the stated order,

for a total of 43 cycle-tests using the 3-mA discharger. The discharge curves for all

cycle-tests with an 𝐼𝑑𝑖𝑓𝑓 of 1 mA are shown in Figure 3-23. The open-circuit maximum
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voltage and the discharging minimum voltage represent the maximum and minimum

of the 𝑉𝑏𝑎𝑡𝑡 curve as shown in Figure 3-22, respectively. These curves are sampled every

30 seconds. The SourceMeter voltage is an approximately averaged measurement of

𝑉𝑏𝑎𝑡𝑡 sampled every 400 ms, and it illustrates how 𝑉𝑏𝑎𝑡𝑡 drops dramatically after a

critical point but rises back to around its nominal 3.8-V output after the discharger

is shutoff by the control system. Figure 3-24 shows how the discharge time decreases

over cycles. The 12 additional cycle-tests testing an 𝐼𝑑𝑖𝑓𝑓 of 1.5 mA, 2 mA, and 2.5

mA in Table 3.6 were conducted to show how the value of 𝐼𝑑𝑖𝑓𝑓 does not significantly

affect the discharge time variation, but rather the number of cycles does. After 43

discharges, the 1-mA discharge time was still above 93% of its initial discharge time.

Figure 3-23: Open-circuit maximum voltage, voltage as measured by SourceMeter,
and discharging minimum voltage during battery discharge over time with controller
for 34 charge-discharge cycles. 𝐼𝑑𝑖𝑓𝑓 is 1 mA.
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Figure 3-24: Discharge time for batteries at 1 mA 𝐼𝑑𝑖𝑓𝑓 with controller over 43 cycles.
𝐼𝑑𝑖𝑓𝑓 is 1.5 mA for cycles 32, 36, and 40; 2 mA for cycles 33, 37, and 41; and 2.5 mA
for cycles 34, 38, and 42; these are not shown.

Idiff (mA) Time (min) <Cycle>

1.5 5.06 <32> 5.01 <36> 5.01 <40>

2.0 3.69 <33> 3.64 <37> 3.64 <41>

2.5 2.99 <34> 2.91 <38> 2.90 <42>

Table 3.6: Discharge time for batteries in same test as Figures 3-23 and 3-24, but for
cycles where 𝐼𝑑𝑖𝑓𝑓 is not 1 mA; cycle numbers in brackets.

3.3.4 Complete System

After completing the charger and discharger for the battery-powered system, the

entire controller was programmed into the FPGA. The state machine is shown in

Figure 3-25. As with the supercapacitor-powered system, the battery-powered system

first charged the battery sufficiently before turning on the load. In the discrete system,
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Charge
Battery

start
Normal
Op.

Discharge
Battery

Wait
80 𝜇s

Check
𝑉𝑏𝑎𝑡𝑡

Off

𝑡𝑐ℎ < 𝑡𝑐ℎ,𝑚𝑖𝑛

𝑡𝑐ℎ ≥ 𝑡𝑐ℎ,𝑚𝑖𝑛

𝐶𝑉 𝑠𝑡𝑜𝑟

𝐶𝑉 𝑠𝑡𝑜𝑟

𝐶𝑉 𝑠𝑡𝑜𝑟· Safe

𝐶𝑉 𝑠𝑡𝑜𝑟· Safe
𝐶𝑉 𝑏𝑎𝑡𝑡

Safe

𝐶𝑉 𝑏𝑎𝑡𝑡

Figure 3-25: Finite state machine for battery-powered system where 𝑡𝑐ℎ is time that
battery has charged, 𝑡𝑐ℎ,𝑚𝑖𝑛 is minimum battery charge time before turning on 2-V
output, 𝐶𝑉 𝑠𝑡𝑜𝑟 is output of comparator on 𝑉𝑠𝑡𝑜𝑟, 𝐶𝑉 𝑏𝑎𝑡𝑡 is output of LTC1440 com-
parator on 𝑉𝑏𝑎𝑡𝑡, and Safe is output of LTC1540 comparator checking that battery
discharger has not latched.

this was done by simply counting how long the battery-charging signal was on. After

the battery was charged, the state machine switched to the controller described in

the previous subsection, where the charger was separately governed by the circuitry

shown in Figure 3-12. Unlike the supercapacitor-powered system, the battery-powered

system had an "off" state in order to prevent damaging the batteries, whereas the

supercapacitor-system did not as it is not damaged by low charge voltage.

The behavior of the state machine controlling the system is shown in Figure 3-26.

The harvested power is represented as a current source into 𝑉𝑠𝑡𝑜𝑟, rather than the

BQ25504 IC. Before time (1), there is no current input into 𝑉𝑠𝑡𝑜𝑟, and the system

is off. At time (1), the current source turns on and sources 1 mA of current into

𝑉𝑠𝑡𝑜𝑟, representing the solar harvester’s operation. Between (1) and (2) the battery

charger turns on and off depending on the voltage on 𝑉𝑠𝑡𝑜𝑟, and the FPGA counts how

long the battery has been charged. In Figure 3-26, for demonstration purposes, the
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batteries are charged for 10 seconds before moving on to normal system operation.

At time (2), the system FPGA determines the batteries have been charged for the

equivalent of 10 seconds and enables the 2-V output. The LDO current draw is

around 1.1 mA. This current draw in addition to the controls current is higher than

the current being input by the current source. As a result, the system oscillates

between discharging the battery and normal operation, as described in the previous

subsection. At time (3), the current sourced into 𝑉𝑠𝑡𝑜𝑟 increases to 2 mA. This is an

excess of power compared to the load, so the system oscillates between charging the

battery and normal operation. At time (4), the current into 𝑉𝑠𝑡𝑜𝑟 becomes 0 mA, and

the system again oscillates between discharging the battery and normal operation. As

the batteries discharge, the battery voltage droop becomes apparent in Figure 3-26.

At time (5), the state machine determines the batteries have been dissipated down to

the set threshold, and the system shuts off, as seen in the drop of the 2-V load. Note

that the 10-second charge time is not representative of what would be programmed

in the integrated solution, and also explains the short duration of the batteries in

Figure 3-26. Figure 3-17 demonstrates how in reality useable charge times for three

batteries could be near an hour. In an ASIC design, a better approach would be to

measure when the current into the batteries during charging drops below a certain

States and Outputs

Period Vstor

Input
Current
(mA)

2.0-V
Output
Enabled

Normal
Opera-
tion

Battery
Charg-
ing

Battery
Dis-
charg-
ing

Off

before (1) 0 X

(1) to (2) 1 X X

(2) to (3) 1 X X X

(3) to (4) 2 X X X

(4) to (5) 0 X X X

(5) onward 0 X

Table 3.7: Input current into 𝑉𝑠𝑡𝑜𝑟 and resulting states and outputs for points in
Figure 3-26.
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Figure 3-26: Battery-powered system operation for approximately 1-mA load with
current source representing 𝐼𝑑𝑖𝑓𝑓 . 2-V output (yellow, channel 1), 𝑉𝑠𝑡𝑜𝑟 (cyan, channel
2), battery charger enabled signal (pink, channel 3), 𝑉𝑏𝑎𝑡𝑡 (green, channel 4).

threshold, such as 2 𝜇A.

Following the demonstration of the complete control system, the current source

into 𝑉𝑠𝑡𝑜𝑟 was replaced with the BQ25504 solar harvester IC and the solar cell model

circuit. The results of this system are shown in Figure 3-27. The labeled points are

as follows:

1. solar cell model’s current source turns on at 3 mA;

2. battery charged enough according to timer, and 2.0-V load turns on;

3. solar cell model’s current source changes to 1 mA;
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4. solar cell model’s current source changes to 2 mA;

5. solar cell model’s current source shuts off;

6. system shuts off because batteries sufficiently depleted.

One benefit of this system is cold-start for the BQ25504 IC occurs very quickly because

the capacitor on 𝑉𝑠𝑡𝑜𝑟 is very small compared to a supercapacitor and the energy

storage component is not charged through the voltage doubler’s diode.

Overall, this plot illustrates how the designed battery-powered topology, like the

supercapacitor-powered system, is able to maintain the highest possible amount of en-

ergy in the battery. While it does not make use of a highly efficient discharger like the

supercapacitor-powered system, it does allow the system to continue harvesting solar

energy during moments of low solar energy or high load demands. This system there-

fore does not need the complex circuitry needed for inductor-sharing. It also operates

with higher continuous load currents and lasts longer than the supercapacitor-based

system.

3.3.5 Weight Analysis

A weight estimation was also developed for the battery-powered system. Table 3.8

summarizes the approximate weights of the major components in an integrated so-

lution. Like the supercapacitor-based system, several of the components used in the

discrete system can be fully integrated. As with the supercapacitor-based system,

a 100-nF 0201 bypass capacitor will be needed for the control voltage rail that was

ignored in the discrete system. Another will likely be needed for the input of the LDO

in the battery charger. The 4.7-𝜇F capacitors will be used for the solar cell boost

converter input and for the 2.0-V load. The 22-𝜇F capacitor will be used on 𝑉𝑠𝑡𝑜𝑟 and

the 100-𝜇H inductor for the switching converter. The packaged ASIC is estimated

to be 33 mg, just like in the supercapacitor-powered system. In total, the system is

estimated to be 150 mg.
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Component Footprint Mass (mg) Quantity Total Mass
(mg)

solar cell 35 1 35

100-nF cap. 0201 1 2 2

4.7-𝜇F cap. 0201 1 2 2

22-𝜇F cap. 0402 3.5 1 3.5

100-𝜇H ind. 0603 6.9 1 6.9

CBC050 16 3 48

ASIC 33 1 33

Flexboard 20 1 20

Total 150.4

Table 3.8: Masses of main components in battery-powered system.

3.3.6 Design Discussion

Several characteristics of the battery-powered system should be noted. The CBC050

batteries are generally not capable of delivering bursts of high power. In order to

minimize weight, this system used a very lightweight 22-𝜇F ceramic capacitor on the

𝑉𝑠𝑡𝑜𝑟 node. One possibility to provide high current pulses to the load would be to

add a 7.5-mF supercapacitor (CPX3225A752D) to the 𝑉𝑠𝑡𝑜𝑟 node, which would add

24 mg of mass but dramatically increase current pulse capabilities. A combination of

two CBC050 batteries plus the 24-mg supercapacitor leads to a total weight of 56 mg,

still less than the supercapacitor. The problem with that change is the two batteries

can only supply a maximum average current output of 2 mA during periods of no

harvested power.

As shown in Figure 3-24, the batteries degraded almost 7% after 43 full discharges.

While this is acceptable for many applications, it may not be for others. Possible

degradation of batteries could have been improved by having a higher minimum open-

circuit 𝑉𝑏𝑎𝑡𝑡 cutoff threshold in the discharger controller. The lower threshold, while

it provided for longer runtime, could have played a large role in battery degradation.
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Similarly, the batteries could have been discharged at rates less than 1 mA per battery.

A buck converter was not used for the battery-powered system because of the

effects of limiting the instantaneous battery current. However, the batteries were

never tested to see if a high ripple current waveform with an average current draw

below 1 mA per battery would be acceptable. In the case of a buck converter, the

current out of the battery would appear in pulses according to the duty cycle. Further

testing of the batteries could possibly show pulses to be acceptable.

Another option for using a buck converter with the batteries is to stack the

CBC050 batteries to get a higher voltage. If using 3 series batteries instead of 3

parallel batteries, for example, then the buck converter’s duty cycle could be very low

while still being able to charge up 𝑉𝑠𝑡𝑜𝑟. By adding a high enough capacitor in parallel

with the series-connected batteries, the current draw through the batteries could be

maintained approximately at 1 mA. This would allow for the very high energy density

of the batteries while still discharging them efficiently. The major problem associated

with this method is that high voltage transistors would need to be used.

This system was sensitive to a few things. Firstly, very high value ceramic capac-

itors, including all tested 22-𝜇F capacitors, had very poor responses to low frequency

RMS voltage waveforms. In testing the battery discharger, the RMS values of these

waveforms were such that the capacitance decreased from its nominal value dramat-

ically, often greater than 50%. Even with this, the capacitor worked well during

testing. However, this could prove problematic with certain high-transient loads that

need a 22-𝜇F capacitor at 𝑉𝑠𝑡𝑜𝑟 over a 4.7-𝜇F capacitor, for example. Secondly, the

system was particularly sensitive to comparator speed. The comparator used at 𝑉𝑠𝑡𝑜𝑟

must be fast enough that the system can respond in time to the expected transients.

The battery-powered system exhibited several advantages over the supercapacitor-

powered system but lacked the ability of having a flexible energy storage element due

to the sensitive charge and discharge specifications of the CBC050 batteries. Overall,

each system demonstrated advantages and disadvantages over the other, and both

demonstrated energy harvesting and energy storage systems with advantages over a

simple supercapacitor at 𝑉𝑠𝑡𝑜𝑟.
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Chapter 4

RF Energy Harvester

For all proposed system topologies, the RF harvester works independently of the solar

harvester. As an auxiliary harvester that harvests mainly low energy levels, there are

a few constraints that must be met. Firstly, the RF harvester should consume a very

small area to minimize weight and allow more area for the primary solar harvester

and the power management circuits. Secondly, its control circuitry must consume

very low power in order to effectively harvest lower energy levels. Lastly, the charge

pump should minimize its effects on other functions the antenna may serve, such as

backscatter communication. These targets are discussed throughout this chapter.

The RF harvester first rectifies a 915-MHz input signal used for the backscatter

communication in the DragonflEye project. It is assumed that high performance

Schottky diodes are not available in the ASIC process. As a result, the rectifier must

comprise discrete components. A 1-stage Cockcroft-Walton charge pump is used to

limit weight, requiring two RF diodes and two discrete capacitors. This results in a

theoretical unloaded DC voltage of twice the input amplitude.

Using just one rectifying stage will likely not produce usable voltages, so in order

to increase them, an active switched capacitor voltage multiplier (charge pump) is

used. The benefit of switched capacitor circuits is that at higher operating frequencies

they can be integrated into the ASIC, reducing their weight contribution. There are

several switched capacitor circuits one can choose from. The Fibonacci multiplier

has been shown to have the largest gain per number of capacitors [36]. Since each
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Vstor

Rectifier
Fibonacci

Charge Pump

2.0-V LDO

Regulator

2.0-V

Load

Figure 4-1: RF harvester block diagram showing rectifier-to-charge pump path and
the use of a 2.0-V LDO to fix the output voltage.

capacitor can occupy a large area on the ASIC, minimizing the number of capacitors

is desirable. The Fibonacci multiplier was therefore chosen as the switched capacitor

circuit to be used in this design.

By carefully choosing capacitor and switching frequency values and by designing

a controller to turn on a variable number of stages of the charge pump, the Fi-

bonacci switched capacitor multiplier can be approximately impedance-matched to

the antenna and rectifier over most input power values. This eliminates the need

for discrete impedance matching inductors and capacitors, further decreasing the RF

harvester’s weight.

Lastly, in order to maximize efficiency by limiting the number of power converters

in the power path, the charge pump outputs directly to the 2.0-V load. The 2.0-V

load is maintained by the low-dropout regulator (LDO) from the 𝑉𝑠𝑡𝑜𝑟 node, as seen

in Figure 4-1. The fixed output voltage also allows for easier impedance matching of

the charge pump to the rectifier. In order to maintain the output at 2.0 V, the power

consumed by the load must be greater than the power output from the RF harvester,

meaning the LDO must provide some positive amount of power to the load.

This chapter examines the design and operation of the rectifier, the charge pump,

the rectifier-charge pump combination, and the entire RF harvester in tandem with

the LDO.
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4.1 RF Rectifier

The first step in designing the RF harvester was to examine and characterize the

RF rectifier. A simple Cockcroft-Walton RF doubler rectifier was used. This was

chosen as opposed to a ladder of diode doublers in order to limit the amount of

external components, at the cost of a low rectified voltage. SMSA7630-061 diodes

were chosen because of their very low forward voltage drop (0.180 V typical) and

their very light weight (less than 1 mg each). In order to eliminate the need for a

matching network requiring even more discrete components, the rectifier impedance

was examined to directly impedance-match the charge pump to the rectifier. While a

typical antenna may not have a source impedance of 50 Ω, most signal generators do.

Since a signal generator was used for testing purposes, the system was designed to

match to a 50-Ω source impedance before the rectifier. When matching to a different

source impedance, the steps described in the rest of this chapter can be followed in

the same fashion.

Both ideal diodes and SMSA7630-061 SPICE models found in the datasheet were

swept over various loads and for various input voltage amplitudes. The schematic

is shown in Figure 4-2. Figures 4-3 through 4-6 show the resulting current versus

voltage (I-V) (top) and power versus voltage (P-V) (bottom) curves for ideal diode-

based simulations, SMSA7630-061 model-based simulations, and real measurements

of the circuit using SMSA7630-061 diodes. As can be seen, the I-V curves look fairly

linear followed by tails at higher voltages. Thevenin equivalent models were fit to the

approximately linear portions for the simulations and are also shown in the figures.

The large decreases in the curves from using ideal diodes to real diodes demonstrate

the dramatic effect real diode characteristics have on the rectifier performance. Table

4.1 shows the values at the maximum power point of the P-V curves, indicating

a matched impedance at those points. The matched load impedances of the ideal

simulations are independent of the input voltage, as expected. For ideal diodes, the

optimal load impedance with no leakage currents or source inductance is shown in [49]
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to be

𝑅𝑙𝑜𝑎𝑑, 𝑜𝑝𝑡 =
𝜋2

2

√︃
𝑅2

𝑠 +
1

(𝜔𝐶𝑠)2
(4.1)

where 𝑅𝑙𝑜𝑎𝑑, 𝑜𝑝𝑡 is the optimal load for matching to the Cockcroft-Walton rectifier, 𝑅𝑠

is the source impedance, 𝜔 is the input signal’s angular frequency, and 𝐶𝑠 is the stage

capacitor between the source and the diodes. By applying the values shown in Figure

4-2 to Equation 4.1, one would expect the matched load impedance with ideal diodes

to be 246.7 Ω. Simulations were sampled at 50-Ω intervals so 250 Ω is listed as the

optimal impedance in Table 4.1. Simulations and measurements using SMSA7630-

061 diodes were very dependent on the input voltage. Measured matched loads range

from 411 Ω to 1277 Ω. In order to match to a specific value, 600 Ω was chosen as a

middle value more closely matched to higher input powers than to lower ones. This

data fully characterizes the RF rectifier and Section 4.3 demonstrates matching the

charge pump to this 600-Ω value.

−
+ 915MHz

50Ω
1nF SMSA7630-061

RloadSMSA7630-061 22𝜇F

Figure 4-2: Schematic of RF rectifier.
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Figure 4-3: Simulation and measurement results of rectifier with 2.0-V input voltage
amplitude.
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Figure 4-4: Simulation and measurement results of rectifier with 0.9-V input voltage
amplitude.
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Figure 4-5: Simulation and measurement results of rectifier with 0.4-V input voltage
amplitude. For readability, the SMSA7630-061 diode-based data is shown on the right
axis.
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Figure 4-6: Simulation and measurement results of rectifier with 0.2-V input voltage
amplitude. For readability, the SMSA7630-061 diode-based data is shown on the right
axis.
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4.2 Charge Pump

Following the rectifier, a charge pump is used to bring the rectified voltage to a

usable value. When designing and analyzing charge pumps, several previous works

have focused on output resistance and voltage gain [5], [10]. This is because a very

low output resistance decreases voltage droop for higher output currents. This work,

however, designs around input resistance and efficiency in order to impedance-match

to the rectifier. It also takes a unique approach by locking the charge pump output

to a fixed voltage to combine power from two different sources. Such an approach

also simplifies the input resistance analysis.

As previously stated, there are many different switched capacitor charge pump

topologies that can be used. The Fibonacci charge pump can achieve the highest gain

with the lowest number of capacitors, meaning it would consume the lowest ASIC area

when integrated and therefore weigh the least. Still, this topology is not without its

challenges. With a fixed output voltage, the input resistance can vary widely over

the valid range of input voltages. Furthermore, the larger the difference between the

input and output voltages, the less efficient the charge pump becomes. To address

both problems, using a variable number of stages can keep the input resistance within

a certain range and the efficiency above a specific threshold. Luckily, the controller

for such a solution is computationally simple, where the number of enabled stages

depends only on the input voltage. In testing, 1- through 6-stage charge pumps were

used, with the switches constructed as in Figure 4-7. The analysis results for each

stage are shown in Table 4.2. All derivations and schematics showing the operation

Figure 4-7: Schematic of the built Fibonacci charge pump with a configurable number
of enabled stages, from 1 to 6 stages.
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Table 4.2: Summary of ideal characteristics for 1- through 6-stage Fibonacci charge
pumps.

No. of
𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
𝐼𝑜𝑢𝑡

𝑅𝑖𝑛 𝜂

Stages

1 𝐶𝑓(2𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 2 1
4𝐶𝑓

· 2𝑉𝑖𝑛

2𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

2𝑉𝑖𝑛

2 1
2
𝐶𝑓(3𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 3 2

9𝐶𝑓
· 3𝑉𝑖𝑛

3𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

3𝑉𝑖𝑛

3 1
6
𝐶𝑓(5𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 5 6

25𝐶𝑓
· 5𝑉𝑖𝑛

5𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

5𝑉𝑖𝑛

4 1
15
𝐶𝑓(8𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 8 15

64𝐶𝑓
· 8𝑉𝑖𝑛

8𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

8𝑉𝑖𝑛

5 1
40
𝐶𝑓(13𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 13 40

169𝐶𝑓
· 13𝑉𝑖𝑛

13𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

13𝑉𝑖𝑛

6 1
104

𝐶𝑓(21𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 21 104
441𝐶𝑓

· 21𝑉𝑖𝑛

21𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

21𝑉𝑖𝑛

n 1
𝐹𝑛·𝐹𝑛+1

𝐶𝑓(𝐹𝑛+2𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) 𝐹𝑛+2
𝐹𝑛·𝐹𝑛+1

𝐹 2
𝑛+2𝐶𝑓

· 𝐹𝑛+2𝑉𝑖𝑛

𝐹𝑛+2𝑉𝑖𝑛−𝑉𝑜𝑢𝑡

𝑉𝑜𝑢𝑡

𝐹𝑛+2𝑉𝑖𝑛

𝐹0 𝐹1 𝐹2 𝐹3 𝐹4 𝐹5 𝐹6 𝐹7 𝐹8

0 1 1 2 3 5 8 13 21

of the various charge pumps are provided in Appendix B.

To illustrate the theoretical ideal behaviors of the charge pump, Figure 4-8 shows

various plots of a 1-stage ideal Fibonacci charge pump with the output voltage fixed

at 2.0 V and a fixed 𝐶𝑓 value. As Table 4.2 suggests, the output current is linear

with 𝑉𝑖𝑛, and thus the input current is too because it is a scaled version of the output

current. The input power, the product of input current and the input voltage, becomes

quadratic, while the output power remains linear since the output voltage is fixed.

In order for the input to provide positive power to the load, 𝑉𝑖𝑛𝐹𝑛+2 must be greater

than 𝑉𝑜𝑢𝑡, where values of 𝐹 are shown in Table 4.2. This is why Figure 4-8 sweeps

𝑉𝑖𝑛 from 1 V to 2 V. One important quality to note is that efficiency approaches 1

as output power and input power approach 0. Therefore, efficiency should not be the
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Figure 4-8: Theoretical ideal behavior of 1-stage Fibonacci charge pump with output
voltage fixed at 2.0 V. 𝐶𝑓 equals 0.001 Ω−1.

sole determinant of the charge pump design.

In order to impedance-match the charge pump to the rectifier, the input resistance

can be set to a desired range by changing the product 𝐶𝑓 . As described by the

equations of Table 4.2, increasing the switching capacitor size or increasing switching
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Figure 4-9: Theoretical ideal input resistance of 1-stage Fibonacci charge pump with
output voltage fixed at 2.0 V over various switching frequencies.

frequency pushes the input resistance curve downward, decreasing the input resistance

at a specific operating point. Both of these come at a cost, however. A larger 𝐶

requires larger area, and a larger 𝑓 increases gate capacitance losses in the switches.

If either of these is acceptable, then the charge pump can be properly matched to

the rectifier. Conveniently, this has no effect on ideal efficiency. Figure 4-9 illustrates

how varying the switching frequency affects the input resistance.

Appendix B Section B.2 derives a model for the parasitic switch losses, summa-

rized in Table B.4 by how many stages are enabled. The parasitics model assumes

that the input is not affected at all by the losses; rather, the losses are simply sub-

tracted from the output. Interestingly, according to this model, the efficiency is only

affected by the parasitic capacitance and is independent of the switching frequency.
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This is because according to the model

𝑃𝑜𝑢𝑡, 𝑤𝑖𝑡ℎ 𝑝 = 𝑃𝑜𝑢𝑡, 𝑖𝑑𝑒𝑎𝑙 − 𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙 (4.2)

where 𝑃𝑜𝑢𝑡, 𝑤𝑖𝑡ℎ 𝑝 is the theoretical output power incorporating parasitic loss, 𝑃𝑜𝑢𝑡, 𝑖𝑑𝑒𝑎𝑙

is the theoretical output power in the ideal case without parasitics, and 𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙 is the

total theoretical parasitic loss. From this, the efficiency becomes

𝜂𝑤𝑖𝑡ℎ 𝑝 =
𝑃𝑜𝑢𝑡, 𝑤𝑖𝑡ℎ 𝑝

𝑃𝑖𝑛

=
𝑃𝑜𝑢𝑡, 𝑖𝑑𝑒𝑎𝑙 − 𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙

𝑃𝑖𝑛

= 𝜂𝑖𝑑𝑒𝑎𝑙 −
𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙

𝑃𝑖𝑛

(4.3)

where 𝜂𝑤𝑖𝑡ℎ 𝑝 is the theoretical efficiency including parasitics and 𝑃𝑖𝑛 is the theoretical

input power. From Tables 4.2 and B.4 it is known that

𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙

𝑃𝑖𝑛

∝ 𝐶𝑝𝑓

𝐶𝑓
=

𝐶𝑝

𝐶
(4.4)

where 𝐶𝑝 is the parasitic capacitance, 𝐶 is the switched capacitor capacitance, and

𝑓 is the operating frequency. This shows that 𝜂𝑤𝑖𝑡ℎ 𝑝 is proportional to the ratio of

𝐶𝑝 and 𝐶, independent of 𝑓 . Figure 4-10 illustrates the theoretical efficiency curve

with parasitics and how a larger switching capacitor improves efficiency for the same

parasitic capacitance.

After analyzing the charge pump topology, a configurable-stage Fibonacci charge

pump as shown in Figure 4-7 was built and tested. In an ASIC design, capacitor values

of 200 pF and switching frequencies of 5 MHz are attainable. Since the ideal charge

pump formulas are dependent on the product 𝐶𝑓 and never solely on one variable or

the other, a discrete system was built and tested with 10-nF capacitors and a switching

frequency of 100 kHz. This was done because switching losses in the discrete system

are far greater than a completely integrated system. Note that the 𝐶𝑓 product

for both of these combinations is the same. TS3A4751PWR analog multiplexers were

used for switches, with an estimated 25 pF of parasitic capacitance across each switch.

In order to prevent damaging amounts of current surges, 47-Ω resistors were added in

series with each switching capacitor. So long as the RC time constant is much lower
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Figure 4-10: Theoretical efficiency of 1-stage Fibonacci charge pump with output
voltage fixed at 2.0 V for over various 𝐶 values. 𝐶𝑝 equals 25 pF.
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than the swiching period, the resistance should have no effect on energy transfer.

Figure 4-11 shows the theoretical ideal behavior of the designed charge pump; Figure

4-12 shows the theoretical behavior including parasitic capacitances of 25 pF; Figure

4-13 shows the actual measured behavior of the built discrete system; and Figure 4-14

shows the error when comparing the theoretical behavior with parasitics to the actual

measured system. All plots include curves for 1- through 6-stage charge pumps with

2.0-V loads, with the exception of the bottom plot of Figure 4-14. This plot compares

the measured unloaded voltage gains with the theoretical unloaded voltage gains with

parasitics. Plots of this behavior and all other measured behaviors for individual

stages are found in Appendix C. Due to input voltage limits on the multiplexer, a

3.0-V power supply was separately used to control the switches. Data on the current

draw from the power supply is also included in Appendix C. Figure 4-14 displays

errors referenced to the theoretical predictions typically within a ±10% bound except

for edge cases. Large spikes in errors typically represent input voltage regions where

the measurements and predicted behaviors become very small. One example is the

output power errors. Around the minimum operating input voltage for each stage,

the theoretical output powers approach 0, so small errors in measurement and theory

are magnified. In any case, the charge pump would normally not be operated around

these regions because of the small amounts of output power.

One interesting observation when using the TS3A4751PWR analog multiplex-

ers was that when using charge pumps with multiple stages enabled, turning on all

switches at the same time severally impaired the charge pump performance. The

input power rose dramatically from what was expected, and the unloaded output

voltage gain was drastically limited. When turning switches on and off sequentially

rather than simultaneously, this corrected the problem. Take for example a sequential

3-stage charge pump using the switch labels in Figure 4-7. During the first phase,

switches S1 and S3 were turned on first, followed by a pause. Then, S6 was turned

on, followed by a pause. Lastly, S9 and S11 were turned on. Turning off the switches

was done in the opposite fashion: first S9 and S11, pause, then S6, pause, and lastly

S1 and S3.
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Figure 4-11: Theoretical ideal behavior of 1- through 6-stage charge pumps.
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Figure 4-12: Theoretical behavior incorporating parasitics of 1- through 6-stage
charge pumps.
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Figure 4-13: Measured behavior of 1- through 6-stage charge pumps.
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Figure 4-14: Errors of measured behavior referenced to theoretical behavior incorpo-
rating parasitics of 1- through 6-stage charge pump.
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4.3 Complete RF Harvester

After establishing that the configurable charge pump functions as predicted with the

application of a fixed output voltage and a rectified DC input voltage, the charge

pump’s 𝐶𝑓 value and the controller needed to be determined. Before this, however,

it needed to be verified that the charge pump’s input impedance actually looked

resistive. By having an almost purely resistive charge pump, the charge pump’s

impedance could be matched to the resistor values measured in Section 4.1. The RF

rectifier-to-charge pump circuit was simulated and compared to an RF rectifier-to-

resistor circuit, with transient results shown in Figure 4-15. In the top three plots,

a section of the waveforms for a 6-stage Fibonacci charge pump attached to a 2.0-V

voltage source load is examined. During this period of time, the input voltage to the

charge pump (the RF rectified voltage) averaged 193.9 mV. Using the 𝑅𝑖𝑛 equation

of Table 4.2, this resulted in an estimated input impedance of 463.56 Ω. In Fig 4-15,

the bottom three plots show the rectifier to a resistor of this value. The waveforms

match very well, indicating that the charge pump behaves very resistively with a

large enough filtering capacitor at the charge pump input. The simulation was run

with a 300-nF capacitor for faster simulations, but a larger capacitor was used in the

physical system, which only decreased any reactive component of the charge pump’s

impedance.

Then, the controller had to be designed. For very low power dissipation, it was

decided to control the charge pump using six nanopower comparators with specific

thresholds to switch the charge pump from one number of enabled stages to another

depending on which comparators were high. Determining these thresholds was not so

simple, however. One technique would be to examine the "Theoretical Output Power"

plots of Figures 4-11 through 4-13 and choose the intersection points between various

stages as the switching voltages. While this would deliver maximum power to the

load from a voltage source input to the charge pump, this would not necessarily be the

case for a voltage source with a typical source resistance. The Thevenin resistances

of the simulated SMSA7630-061 rectifier, for example, ranged from 400 Ω to 900 Ω
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Table 4.3: Intersection points of rectifier and charge pump I-V curves in Fig 4-16.

No. of
1 2 3 4 5 6

Stages

𝑉𝑖𝑛 (𝑉 ) 1.2353 0.9730 0.8000 0.6854 0.6195 0.5762

𝑃𝑜𝑢𝑡 (𝜇𝑊 ) 941.2 919.0 666.7 464.3 302.7 194.2

over the tested values. Take for example a 1.8-V voltage source with a 600-Ω load.

Figure 4-16 shows its I-V curve plotted against the charge pump load lines. The thick,

black line labeled "System" represents the system with threshold voltages determined

by the intersection points of the output power curve in Figure 4-11. By looking at

where the "Input I-V" curve intersects the "System" curve, it is seen that by using

this controller, the charge pump would operate at 3 enabled stages with this input.

Table 4.3 shows the output power to the 2.0-V load for the operating points for this

input with each number of enabled stages. The maximum output power occurs using

1 enabled stage, not 3. This suggests that with the source impedances the charge

pump will see with the SMSA7630-061 RF rectifier, this type of controller will not

necessarily lead to the best results.

Instead what was done was to choose the threshold voltages by setting a maximum

allowable input resistance, 𝑅𝑚𝑎𝑥, and examining the average input impedance over all

operating input voltages. There were then two parameters to vary: the 𝐶𝑓 product

and 𝑅𝑚𝑎𝑥. The threshold voltages were chosen in the following way. First, for a

1-stage charge pump, the input impedance of the charge pump was examined as the

input voltage was decreased. When the input impedance equaled 𝑅𝑚𝑎𝑥, that input

voltage was determined to be the threshold voltage between a 1-stage charge pump

and a 2-stage charge pump. Then, the input voltage continued to be decreased,

and the input impedance of the 2-stage charge pump was examined. When the input

impedance again reached 𝑅𝑚𝑎𝑥, that input voltage was determined to be the threshold

voltage between a 2-stage charge pump and a 3-stage charge pump. This process was

repeated up until the input voltage for the 6-stage charge pump reached 𝑅𝑚𝑎𝑥. Any
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Figure 4-16: Charge pump load lines of various enabled stages against input of 1.8
V with 600-Ω source impedance, and the ideal theoretical system load line with
thresholds chosen solely based on output power.

114



input voltage lower than this simply did not turn on the charge pump. The input

resistance for the designed system can be seen in the top-left plot of Figure 4-17.

Since increasing 𝐶𝑓 pushes the input resistance curve downward but does not

affect the efficiency curve, this allows for higher average efficiencies with the same

𝑅𝑚𝑎𝑥 value. However, by simply increasing 𝐶𝑓 and maintaining a similar 𝑅𝑚𝑎𝑥 value,

the range of input resistances becomes larger, regardless of what the average input

impedance is. This means the charge pump may perform very well with one input

power but poorly with another. Therefore, keeping the range of input impedances

small is also important. In the built system, an 𝑅𝑚𝑎𝑥 of 900 Ω and a 𝐶𝑓 of 10 nF

times 100 kHz were chosen. This resulted in an average impedance of 597.2 Ω, very

close to the goal of 600 Ω from Section 4.1. All theoretical ideal plots of the built

system are shown in Figure 4-17. It is important to note that this analysis is the same

regardless of parasitics because it is assumed that the parasitic losses only affect the

output power and efficiency, not the input resistance and input power.

This method provides a simple and flexible way of choosing threshold values that

function over a wide range of input powers with varying rectifier impedances. How-

ever, it is still worth examining the precise equations that govern output power.

Figure 4-18 shows the model of the rectenna to the charge pump, where the charge

pump is modeled by a variable input impedance and a variable output current. The

charge pump outputs current to a fixed output voltage. Its output current and input

impedance equations can be found in Table 4.2 and are repeated here following the

notation of Figure 4-18.

𝐼𝑜𝑢𝑡 =
1

𝐹𝑛𝐹𝑛+1

𝐶𝑓(𝐹𝑛+2𝑉𝐶𝑃 − 𝑉𝑜𝑢𝑡) (4.5)

𝑅𝐶𝑃 =
𝐹𝑛𝐹𝑛+1

𝐹 2
𝑛+2𝐶𝑓

· 𝐹𝑛+2𝑉𝐶𝑃

𝐹𝑛+2𝑉𝐶𝑃 − 𝑉𝑜𝑢𝑡

(4.6)

The charge pump input voltage 𝑉𝐶𝑃 can be found by a simple voltage divider equation.

𝑉𝐶𝑃 =
𝑅𝐶𝑃

𝑅𝐶𝑃 + 𝑅𝑅𝐹

𝑉𝑅𝐹 (4.7)
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Figure 4-17: Theoretical behavior with parasitics of charge pump as in Fig 4-12 but
also with the system changes in number of enabled stages based on input voltage.
Maximum input resistance is 900 Ω and the average input resistance is 597.2 Ω.
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By substituting Equation (4.7) into Equation (4.6) and solving for 𝑅𝐶𝑃 , 𝑅𝐶𝑃 is found

to be

𝑅𝐶𝑃 =
𝐹𝑛𝐹𝑛+1𝑉𝑅𝐹 + 𝐹𝑛+2𝐶𝑓𝑉𝑜𝑢𝑡𝑅𝑅𝐹

𝐹𝑛+2𝐶𝑓(𝐹𝑛+2𝑉𝑅𝐹 − 𝑉𝑜𝑢𝑡)
(4.8)

lim
𝐶𝑓→∞

𝑅𝐶𝑃 =
𝑉𝑜𝑢𝑡𝑅𝑅𝐹

𝐹𝑛+2𝑉𝑅𝐹 − 𝑉𝑜𝑢𝑡

(4.9)

Similarly, by substituting Equation (4.6) into Equation (4.7) and solving for 𝑉𝐶𝑃 ,

𝑉𝐶𝑃 is found to be

𝑉𝐶𝑃 =
𝑅𝑅𝐹𝐹𝑛+2𝐶𝑓𝑉𝑜𝑢𝑡 + 𝐹𝑛𝐹𝑛+1𝑉𝑅𝐹

𝐹𝑛𝐹𝑛+1 + 𝑅𝑅𝐹𝐹 2
𝑛+2𝐶𝑓

(4.10)

lim
𝐶𝑓→∞

𝑉𝐶𝑃 =
𝑉𝑜𝑢𝑡

𝐹𝑛+2

(4.11)

By substituting Equation (4.10) into Equation (4.5), the output power is found to be

𝑃𝑜𝑢𝑡 = 𝑉𝑜𝑢𝑡𝐼𝑜𝑢𝑡 =
𝐶𝑓𝑉𝑜𝑢𝑡(𝐹𝑛+2𝑉𝑅𝐹 − 𝑉𝑜𝑢𝑡)

𝐹𝑛𝐹𝑛+1 + 𝑅𝑅𝐹𝐹 2
𝑛+2𝐶𝑓

(4.12)

lim
𝐶𝑓→∞

𝑃𝑜𝑢𝑡 =
𝑉𝑜𝑢𝑡(𝐹𝑛+2𝑉𝑅𝐹 − 𝑉𝑜𝑢𝑡)

𝐹 2
𝑛+2𝑅𝑅𝐹

(4.13)

By using Equation (4.8) for 𝑅𝐶𝑃 and Equation (4.12) for 𝑃𝑜𝑢𝑡, the efficiency is found

to be

𝜂 =
𝑃𝑜𝑢𝑡

𝑉𝑅𝐹 𝐼𝑖𝑛
=

𝑃𝑜𝑢𝑡

𝑉𝑅𝐹
𝑉𝑅𝐹

𝑅𝑅𝐹+𝑅𝐶𝑃

=
𝑉𝑜𝑢𝑡

𝐹𝑛+2𝑉𝑅𝐹

(4.14)

Equation 4.12 shows that the output power is theoretically greatest when 𝐶𝑓

is infinity, also seen in Figure 4-19. However, 𝐶 is constrained by the integrated

circuit area, and increasing 𝑓 increases parasitic switching losses. Therefore, simply

increasing 𝐶𝑓 without bound will not maximize output power. Furthermore, while

increasing 𝐶𝑓 theoretically maximizes output power, it does not mean the charge

pump is impedance-matched to the rectenna. While maximizing the output power

may be the only goal in some applications, the antenna can sometimes be used for

other applications in addition to energy harvesting. One example is using the antenna

for backscatter communication. In this case, minimizing load variation is important

to minimize interference with the backscatter communication circuitry.
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The output power can also be plotted for a fixed 𝐶𝑓 and 𝑅𝑅𝐹 . Figure 4-20

shows the output power and input resistance into the charge pump for an infinite

𝐶𝑓 product. In this system, the threshold voltages can be chosen to follow the

output power curve, since this analysis does take into account the rectenna Thevenin

resistance. However, assuming 𝐶𝑓 is high enough that it approximates the limit-

behavior, there are two problems with this method. Firstly, the impedance of the

rectenna changes with received RF power, so the threshold voltages would also change.

Secondly, the input resistance into the charge pump ranges from 371 Ω to 1.066 kΩ.

This is much larger than the system designed in Figure 4-17 (434 Ω to 900 Ω).

Therefore, for this application, the previous method with a resulting system curve as

shown in Figure 4-17 is appropriate.

After designing the input voltage thresholds, the controller was simulated using

logic statements in SPICE. Comparator outputs were sampled every 3 𝜇s, in order to

avoid possible instability caused by transients from switching to a different number of

enabled charge pump stages. In the actual FPGA implementation, the comparators

were sampled every 1 ms. The Thevenin equivalent for the SMSA7630-061 simulated

rectifier with a 0.9-V RF source is plotted against the designed charge pump system

in Figure 4-21. This plot predicts an operating rectified voltage of 0.6726 V, which

would produce 454.3 𝜇W of output power to the 2.0-V load. When the controller was

simulated in SPICE, at steady-state, the system operated at an average rectified input

voltage of 0.6705 V and an average output power of 453.6 𝜇W to the load. Figure

4-22 shows the transient plots for the system starting at turn-on up to steady-state.

The system gradually changes from a 6-stage charge pump to a 3-stage charge pump

when it finally reaches steady-state at the operating point predicted in Figure 4-21.

The actual controller was built using a Spartan 6 XC6SLX9 FPGA on a Mojo V3

development board and 6 LTC1540 nanopower comparators to compare the rectified

voltage against 6 thresholds. The FPGA sampled 6 digital inputs from the compara-

tors every microsecond and output 24 digital signals to the 6 TS3A4751PWR ICs

that composed the charge pump. The values of the expected voltage thresholds from

the system shown in Figure 4-17 and the measured thresholds for the built system
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−
+ 𝑉𝑅𝐹

𝑅𝑅𝐹

𝑅𝐶𝑃 𝐼𝑜𝑢𝑡 −
+𝑉𝑜𝑢𝑡

+

−

𝑉𝐶𝑃

Rectenna Charge Pump

Figure 4-18: Thevenin equivalent of rectenna (𝑉𝑅𝐹 and 𝑅𝑅𝐹 ) to model of charge
pump (𝑅𝐶𝑃 and 𝐼𝑜𝑢𝑡) to locked output voltage (𝑉𝑜𝑢𝑡).

Figure 4-19: Output power and charge pump input resistance vs. 𝐶𝑓 product for a
𝑉𝑅𝐹 of 1.8 V and 𝑅𝑅𝐹 of 600 Ω.
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Figure 4-20: Output power and charge pump input resistance vs. 𝑉𝑅𝐹 for infinite 𝐶𝑓
product and 𝑅𝑅𝐹 of 600 Ω.

Figure 4-21: Predicted steady-state operating point of 0.6726-V rectified voltage de-
termined by imposing system-level charge pump I-V curve onto Thevenin equivalent
of 0.9-V amplitude RF source.
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Table 4.4: Expected vs. measured comparator trigger voltages for charge pump
controller.

Comparator 1 2 3 4 5 6

Expected Threshold
1.388 0.887 0.548 0.338 0.209 0.130

Voltage (V)

Measured Threshold
1.380 0.885 0.550 0.337 0.202 0.133

Voltage (V)

are shown in Table 4.4. All differences are less than or equal to 8 mV, indicating that

the built controller behaves very closely to the designed controller.

After having the charge pump designed around the RF rectifier and its expected

input voltages, simulating the system and its controller, and having a physical con-

troller that behaved very closely to the ideal, the entire system could then be phys-

ically tested with various input powers. The built charge pump is shown in Figure

4-23a, and the complete RF Harvester system is shown in Figure 4-23b. In the top

plot of Figure 4-24, the system I-V load line of the charge pump is plotted against the

measured SMSA7630-061 rectifier I-V curves with 2.0-V, 0.9-V, 0.4-V, and 0.2-V RF

input voltage amplitudes discussed in Section 4.1. Note that a log-Y plot is used due

to the large range of currents. The bottom plot illustrates the measured charge pump

output power to the 2.0-V load with the operating points marked. The 0.4-V RF

source intersects the charge pump load line at 3 different points, while the 0.2-V RF

source intersects the charge pump load line at a point on the cusp of the charge pump

turn-off threshold. This suggests that the 0.4-V RF source could operate at any of

the three intersection points (though the middle point would only occur in transition

between the outer two points), and that the 0.2-V RF source will likely not produce

any usable output power if it turns the charge pump on at all. Table 4.5 shows how

much power can actually be delivered to the charge pump based on measurements of

the actual rectifier, the power delivered to the charge pump from the rectifier in the

measured complete system, the percentage of how much power that could be delivered
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Table 4.5: Power delivered to the charge pump from the rectifier in the built system
with the controller (𝑃𝐶𝑃 ) vs. the measured maximum power that actually can be
delivered to the charge pump during exact matching (𝑃𝐶𝑃,𝑚𝑎𝑥) for different input
powers.

Amplitude 2.0 0.9 0.4

RF Power (dBm) 10 3.06 -3.98

RF Power (mW) 10 2.023 0.4

Measured 𝑃𝐶𝑃,𝑚𝑎𝑥 (mW) 4.367 0.6574 0.06895

System 𝑃𝐶𝑃 (mW) 4.12 0.6284 0.0674

% to 𝑃𝐶𝑃,𝑚𝑎𝑥 94.34% 95.59% 97.75%

𝑃𝑜𝑢𝑡 to 2.0-V Load (mW) 2.52 0.374 0.0318

to the charge pump actually is, and how much power is delivered to the 2.0-V load. If

the charge pump was perfectly matched to the rectifier’s impedance, then the "System

𝑃𝐶𝑃" entry would be exactly that of "Measured 𝑃𝐶𝑃,𝑚𝑎𝑥" and the "% to 𝑃𝐶𝑃,𝑚𝑎𝑥"

entry would be 100%. The "% to 𝑃𝐶𝑃,𝑚𝑎𝑥" row therefore indicates how closely the

charge pump controller impedance-matches to the rectifier. With the exception of

the 0.2-V RF source, the charge pump is matched at least 94%, indicating that the

controller does an exceptional job matching the charge pump to the RF rectifier over

various input powers. As stated, the 0.2-V RF source was on the cusp of the charge

pump’s turn-off voltage, and thus minute amounts of power were actually drawn. In

order to minimize disturbances on the system, the input power to the charge pump

was not physically measured. Instead, the rectified voltage was measured, and the

input power to the charge pump was extracted from the middle-right plot of Figure

4-13. However, the output power to the 2.0-V load was actually measured.

Table 4.6 shows, for an RF source input into the complete RF harvester, the error

between the output power to the load expected from the intersection points of Figure

4-24 and the output power to the load actually measured. The 0.4-V RF source

was assumed to have been operating at the 5-stage intersection point. These results

suggest that using a load line approach to estimate where the RF rectifier will operate
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(a) PCB of configurable Fibonacci charge pump with the rectifier, charge pump, and com-
parators labeled.

(b) Interfacing between charge pump PCB and FPGA. PCB outputs comparator values to
FPGA, and FPGA sends charge pump clock signals back to charge pump.

Figure 4-23: Physical discrete RF harvester PCB and interface to FPGA.
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Figure 4-24: Measured charge pump load lines across measured rectifier for 4 different
power inputs (top). Resulting output powers at marked intersection points (bottom).
Log-Y plots used for large range of currents and powers. 0.4-V RF source contains 3
operating points with the charge pump.

125



Table 4.6: Expected output power to 2.0-V load in entire system based on simulated
SMSA7630-061 rectifier vs. measured.

RF Voltage Expected Measured
Error

Amplitude (V) 𝑃𝑜𝑢𝑡 (𝜇W) 𝑃𝑜𝑢𝑡 (𝜇W)

2.0 2487 2520 1.33%

0.9 374.2 374 -0.05%

0.4 31.91 31.8 -0.34%

with the charge pump produces very accurate predictions and that the overall system

behaves very closely to its design.

4.4 Performance of Charge Pump within Entire Multi-

Source Harvesting Architecture

Lastly, to check how the RF harvester will actually behave with an LDO replacing the

voltage source, the RF-charge pump output was attached to a 500-Ω load powered by

a 2.5-V voltage source attached to a 2.0-V LDO. The 2.5-V voltage source represents

an arbitrary voltage on 𝑉𝑠𝑡𝑜𝑟 provided by the solar harvester as discussed in Chapter

3. The expected output current from the charge pump is just what was measured

previously when the charge pump output was attached to a 2.0-V source. The output

current of the 2.5-V source with the RF harvester is expected to be the current draw

from the 2.5-V source without the RF harvester minus the expected current provided

by the RF harvester. Table 4.7 shows the results of the experiment and the associated

error. The LDO behaves very closely to an actual 2.0-V source, suggesting that the

RF harvester in the entire multi-source harvester will behave very closely to what is

predicted.
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Table 4.7: Performance of RF harvester when replacing 2.0-V voltage source load
with a resistive load and a 2.0-V LDO.

RF
Voltage
Ampli-
tude
(V)

2.5-V
Source
Current
Output
w/o RF
Harvester
(mA)

2.5-V
Source
Current
Output
w/RF

Harvester
(mA)

Measured
Current
Decrease
of 2.5-V
Source
(mA)

Expected
Current
Decrease
of 2.5-V
Source
(mA)

Error

2.0 4.045 2.7875 1.2575 1.26 -0.20%

0.9 4.045 3.8558 0.1892 0.187 1.18%

0.4 4.045 4.0291 0.0159 0.0159 0.00%

4.5 Summary and Design Discussion

The results presented in this chapter demonstrated very positively an impedance-

matching charge pump that outputs current to a fixed-voltage output created for a

multi-source energy harvester. The errors of the charge pump behavior were typically

contained within a 10% bound, the controller impedance-matched to the RF rectifier

to at least 94% for the tested values, and the RF harvester in a multi-source environ-

ment behaved as predicted with errors less than 1.2% for tested values. This section

discusses design choices and how different parameters can be changed for different

applications.

LTC1540 nanopower comparators were used for the controllers with resistor di-

viders around 10 MΩ each, so the power supply current draw was dominated by the

analog multiplexers. As a result of using nanopower comparators, the comparators

had relatively slow response times. In the tested system, a 22-𝜇F ceramic capacitor

was placed at the rectified voltage node. By using a large capacitor, slower nanopower

comparators were appropriate. This prevented the charge pump’s input voltage from

changing so quickly that the controller could not respond in time. Having a quickly

varying input voltage to the charge pump is especially dangerous if it drops below the
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minimum input voltage for the current number of enabled stages. This would cause

the output voltage to source power to the charge pump input, resulting in negative

efficiency. The cusp of this occurs when the efficiency equals 100%. Therefore, the

slower the comparators and the slower they are sampled, the larger the capacitor on

the rectified voltage node must be.

As the efficiencies for higher numbers of stages are more affected by parasitic

capacitances, having the lowest number of stages possible, and therefore the lowest

fixed output voltage possible, results in best performance. In this particular system,

since there is a 1.8-V rail available, it would be more efficient to use that as the output

of the charge pump. However, since the 1.8-V rail is anticipated to not consume very

much control power, in order to demonstrate use with a large range of RF input

powers, the 2.0-V main output rail was used. This is because the RF harvester’s

output power must be less than the power draw of the load on the rail in order for

an LDO to mimic a constant voltage output.

If it turns out that the 𝐶𝑓 product cannot be integrated because the capacitors

are too large or the frequency results in too high of losses, then one option is to

add another RF multiplier stage. This would allow the optimal impedance of the

rectifier to increase and thus the 𝐶𝑓 product to decrease, meaning the frequency

could be lower and still be impedance-matched. This would likely further degrade

efficiency, however, since it would add more non-ideal diode drops. The specific effects

on efficiency would need to be tested further if such an option is chosen.

Along the lines of using another RF multiplier stage, if the application finds that

a higher number of charge pumps particularly affected by parasitics are consistently

being used, simply adding another RF multiplier stage could allow the charge pump

to operate with a lower number of stages. This would be beneficial because, as seen in

the top-right plot of Figure 4-13, the efficiencies due to parasitics have greater effects

on charge pumps with a higher number of stages. When the system efficiency curve

starts to operate over the humps seen in these plots, the effectiveness of certain input

voltages of these stages is negatively affected.

One of the most important contributions of the proposed RF harvester is its very
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low area. By using a Fibonacci charge pump, the system uses the minimum number of

integrated capacitors possible. Perhaps more importantly, it works without the use

of a discrete impedance-matching network. This is substantial since most discrete

inductors use 0603 packages or larger. Furthermore, because the system is designed

around a range of impedances and since the threshold voltages are not near the

minimum-operating-voltages of each stage, the system is not particularly sensitive to

small variations in 𝐶 or 𝑓 .
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Chapter 5

Conclusion

5.1 Summary

This thesis proposed, analyzed, and tested a combined solar and RF power harvest-

ing and management circuit. Its motivation was to minimize system weight while

maximizing output power and operating time for a specific dragonfly measurement

and optogenetic stimulation system. The purpose and unique challenge of this design

was to create an incredibly lightweight system capable of running sensors and stimu-

lators at the milliwatt level. The project studied various energy storage methods to

allow system operation during moments without ambient or transferred power. It also

examined circuit methods to minimize weight, such as using fully-integrated switch-

ing converters, using inductor-less voltage regulators, and reusing discrete inductors.

This thesis created a 162-mg supercapacitor-powered system capable of powering a

2-V load at up to approximately 2-3 mW, and a 150-mg battery-powered system ca-

pable of powering a 2-V load at up to 6 mW using a multi-source solar and RF energy

harvester. The multi-source harvesting system used a unique approach of categorizing

the harvesters as primary and auxiliary harvesters due to the power constraints on

each in relation to the high load demand.

In Chapter 1, previous work on animal neural stimulators and recorders, solar

MPPT harvesters, RF harvesters, and multi-source harvesters was investigated and

discussed. The results showed a limitation on the weight-to-output-power relation
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on current neural recorders and stimulators that this project, when developed as

an integrated circuit, is predicted to exceed. These specific weight estimates were

discussed in Chapter 3.

In Chapter 2, the overall system architecture was defined. It was determined to

use an inductor-based boost converter for the solar harvester and an SC converter for

the RF harvester in order to minimize weight with only a minor decrease in maximum

output power. The theoretical efficiencies of shared-inductor-based and LDO-based

converters were derived, showing the LDO-based design to theoretically have a higher

maximum output power for a given input power (Chapter 2.2). In order to use a very

low-power and low-area controller, a simple hysteretic controller based on outputs of

comparators on 𝑉𝑠𝑡𝑜𝑟 was described for the LDO-based design (Chapter 2.3). The

RF harvester was approached as an auxiliary, low-power harvester for the high-power

load and is most naturally placed at the output voltage to maximize output power

and efficiency (Chapter 2.4).

In Chapter 3, an FOCV MPPT method was chosen for its simplicity and com-

patibility with the solar cells that will be used (Chapter 3.1). In Chapter 3.2, the

supercapacitor-based system was developed and discussed. The system was built with

a highly efficient buck converter discharger (Chapter 3.2.2). For simplicity, the buck

converter was run at a fixed duty cycle to charge up 𝑉𝑠𝑡𝑜𝑟. The discharger system in

general showed degraded capacitance with high load currents. However, the system

retained a higher capacitance for low currents. The full system was then developed

and shown to operate over a wide range of input powers (Chapter 3.2.3). It made use

of modular and very simple controllers to limit power consumption and area in an

integrated design. The total system was estimated to have a mass of 162 mg without

the RF harvester (Chapter 3.2.4).

In the latter part of Chapter 3, the battery-powered system was analyzed. Lightweight,

rechargeable CBC050 batteries were cycle-tested (Chapter 3.3.1). The results showed

1 mA/battery (20C discharge rate) to be an appropriate maximum discharge current

for the batteries. A system with three batteries was able to last around 8 min for

an 𝐼𝑑𝑖𝑓𝑓 of 1 mA and about 2.9 min for an 𝐼𝑑𝑖𝑓𝑓 of 2.5 mA (Chapter 3.3.3). After 43
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discharge cycles, the batteries still performed at 93% of their original discharge time.

The current-source discharger, while less efficient, allowed the system to continue har-

vesting while discharging the batteries and did not need several power switches and

more complex controls for inductor-sharing. Like the supercapacitor-powered system,

the battery-powered system was shown to operate over a wide range of input powers

and used a simple and modular control system (Chapter 3.3.4). The fully integrated

system was estimated to have a mass of 150 mg without the RF harvester (Chapter

3.3.5).

In Chapter 4, the RF harvester was developed and analyzed. As an auxiliary har-

vester that harvests mainly low energy levels, there were a few constraints placed on

the system. Firstly, the RF harvester had to consume a very small area to minimize

weight and allow more area for the primary solar harvester and the power manage-

ment circuits. Secondly, its control circuitry had to consume very low power in order

to effectively harvest lower energy levels. Lastly, the charge pump had to minimize

its effects on other functions the antenna may serve, such as backscatter communica-

tion. A self-impedance matching Fibonacci charge pump was chosen to minimize the

number of capacitors and thus area and weight (Chapter 4.2). Though the charge

pump could be integrated, the rectifier was designed to be made of discrete Schottky

diodes, as the integration process did not have high-quality diodes (Chapter 4.1). A

50-Ω source generator was used to represent the receiving antenna. The RF rectifier

was determined to have a matched impedance of approximately 600 Ω as a middle

value between the various input powers. The charge pump system was very simple

with the number of enabled stages changing by monitoring the input voltage with a

series of comparators (Chapter 4.3). The threshold voltages for the charge pump were

chosen by keeping the input impedance below a maximum level and tuning 𝐶𝑓 to

keep the average input impedance at 600 Ω. The charge pump successfully and very

accurately harvested energy from three tested input powers (10.0 mW, 2.0 mW, and

0.4 mW), with a rectenna match greater than 94% for all three tested input powers.

Lastly, the RF rectifier output voltage source was replaced by an LDO to demonstrate

the harvester’s behavior in a multi-source harvester (Chapter 4.4).
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5.2 Conclusions

Several conclusions were drawn from the analyses and tests conducted as part of this

thesis. These are particularly important for development of an ASIC implementation

and future work in improving the system, as well as illustrating the benefits of this

system.

In Chapter 2, an analysis of ideal harvesting circuit topologies showed that the

LDO-based design could theoretically output higher power to the load for a given

input power than the shared-inductor design could. Another advantage to the LDO-

based system is that in steady-state, the LDO-based design showed no AC current

waveform on the 𝑉𝑠𝑡𝑜𝑟 capacitor or supercapacitor. As the capacitance value of su-

percapacitors and high value ceramic capacitors tend to be highly dependent on fre-

quency, the LDO-based design was much more immune to this problem than the

shared-inductor design that by definition creates an AC waveform on the 𝑉𝑠𝑡𝑜𝑟 capac-

itor.

Regarding the supercapacitor-powered system in Chapter 3.2.2, the buck converter

showed substantial ringing on the supercapacitor voltage, which was likely due to the

series resistance of the capacitor. When designing the inductor-sharing discharger

system in an integrated circuit, care must therefore be taken to properly model the

supercapacitor for accurate simulations. Next, even with a very simple control system

of using a fixed 90% duty cycle, this system demonstrated very high efficiencies and

properly charged 𝑉𝑠𝑡𝑜𝑟 when the supercapacitor was sufficiently charged. This simple

controller is desirable because it will likely use less power and consume less area in

an ASIC than a more complex controller. One of the most important findings of

this section was how sensitive this system was to the AC current imposed on the

supercapacitor. For extended periods of harvested power deficiency compared to the

output power, this control system could cause the current draw on the supercapacitor

to look like an AC waveform with a fundamental frequency in the approximate range

of 1-20 kHz. Supercapacitors’ frequency dependence could dramatically inhibit the

operating time of this system during harvested power deficiency. Furthermore, DC
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current draw tests showed that the effective capacitance on the specific supercapacitor

used (XH414HG-IV01E) decreased dramatically with increased load current. Overall,

this specific discharger system is unable to support loads greater than 1.5 mA for

reasonable amounts of time. One important positive quality of this system is that

supercapacitors are able to sustain very short and infrequent pulses of current, which

could easily damage batteries. With LEDs in particular, this system retains the

supercapacitor at a higher voltage that could be necessary for providing pulses to

optogenetic stimulators.

The battery-powered system of Chapter 3.3 also made important conclusions,

particularly for the discharger of Chapter 3.3.3. This section showed that using

parallel CBC050 batteries with a safe amount of discharge current in a buck converter

is problematic because limiting the current with a current-limiting resistor greatly

reduces the efficiency of the buck converter. By using a current-monitoring system to

keep the buck converter efficiency at the ideal 100%, the maximum output load current

is limited. A simple current source maximizes possible output power and allows

the solar harvester to still operate while the discharger operates, further increasing

the maximum possible output power. Therefore, partially decreasing operation time

allows higher load power. Still, with an 𝐼𝑑𝑖𝑓𝑓 of 1 mA, the system was still able to

operate for over 8 min. Next, as the battery tests illustrate that the internal battery

resistance changes over time, monitoring the battery depletion by monitoring the

open-circuit voltage is a much better indicator than monitoring the loaded voltage.

However, if the battery discharger remained on for too long (e.g. when 𝐼𝑑𝑖𝑓𝑓 ≈

𝐼𝑏𝑎𝑡𝑡) then another comparator is needed to monitor the loaded voltage to shut off

the system. This prevented the batteries from over-depleting. Degradation of the

batteries was 7% after 43 full discharges, using total discharge time in the system as

a metric. To choose between a longer discharge time or less degradation over cycles,

the battery discharge threshold and the discharge current can simply be tuned to

empirically determined values.

Some conclusions were common to both the supercapacitor-powered system and

the battery-powered system. Modularizing the system allowed for a few independent,
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low-power, simple control systems as opposed to a single large and complex controller.

In both the battery-powered system and supercapacitor-powered system, the charger,

discharger, and MPPT converter all operated separately. As discussed in Chapter

3.2.3, the addition of a precision shunt regulator at 𝑉𝑠𝑡𝑜𝑟 to protect the system from

overly high input powers would also be an independent entity. The weight analyses

of Chapter 3.2.4 and 3.3.5 showed that the system weight was dominated by the

solar cell, packaged ASIC, supercapacitor or batteries, and flexboard. Having an

unpackaged ASIC would dramatically reduce weight but may not be possible for the

application. Since the chargers of Chapters 3.2.1 and 3.3.2 only operate in times

of excess energy, their efficiency is less important than optimizing other parts of

the design. Improving efficiency in these components simply decreases charge time.

Lastly, during cold start in the supercapacitor-powered system, the solar cell had to

have a relatively high input power to overcome the quiescent current draw of the

circuitry at under-voltage levels (Chapter 3.2.3). If the system needs to be able to

start up with low input-power levels, then care should be taken to address under-

voltage current draw of the components on 𝑉𝑠𝑡𝑜𝑟. While this same effect was not

noticed in the battery-powered system, it could very well become a problem with a

different transistor-level architecture in the integrated circuit.

Some of the most innovative findings of this thesis work were in the RF harvester

of Chapter 4. A fundamental idea in the RF harvester was that locking the output

voltage using an LDO simplified the impedance-matching calculations to be able to

very accurately predict the charge pump impedance by merely monitoring the recti-

fied voltage. These formulas for input resistance and as well as for parasitic analysis

were developed in Appendix B. The parasitic losses from the switches’ input capaci-

tances are shown to improve with increasing 𝐶 values and is theoretically independent

of 𝑓 (Chapter 4.2). Therefore, increasing the capacitor size in the integrated circuit

will improve the efficiency closer to the ideal and will also decrease 𝑓 for a constant

𝐶𝑓 product, decreasing gate losses. However, this does not take into account the

parasitics that are unique to integrated circuits (e.g. top- and bottom-plate capaci-

tances). The errors between measurements and the theoretical models with parasitics
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show errors within a 10% bound, typically much less, as shown in Figure 4-14. This

suggests a valid parasitic model.

As seen in Chapter 4.3, the method developed for choosing a maximum input

resistance value and tuning 𝐶𝑓 to create a matched average input impedance does

not theoretically provide the maximum output power, though it does provide the

maximum input power to the charge pump. In fact, increasing 𝐶𝑓 theoretically always

increases output power monotonically up to a limit. However, the range of the input

impedance for a large 𝐶𝑓 is larger than the method developed. Since backscatter

communication will also be used on the line, minimizing the charge pump’s input

resistance variation is important. Next, for three different receiving antenna powers,

the built discrete charge pump and controller system harvested greater than 94%

of maximum power able to be harvested from the rectifier. Furthermore, by using

a load-line approach by laying the measured rectenna I-V plot along the measured

I-V plot of the charge pump input, the resulting errors in the predicted operating

points and the measured operating points were less than 1.4%. This indicates that

the load-line approach will very accurately predict the behavior of the RF harvester

for a given rectenna input power. For these three tested input powers (10 mW, 2.0

mW, and 0.4 mW), the powers input to the charge pump were 4.12 mW, 0.6 mW,

and 0.07 mW, respectively. At the output, this produced 2.5 mW, 0.4 mW, and 0.03

mW of output power, respectively. This shows that the rectifier in fact produces the

most losses in the RF harvester and suggests that the RF harvester in this thesis has

an advantage over RF harvesters made with long strings of diode-doublers.

The latter parts of Chapter 4 also made important conclusions on this system.

The differences in behavior between using a 2.0-V LDO at the charge pump output

and using a 2.0-V voltage source was less than 1.2%, indicating that the method of

harvesting with the charge pump output power less than the load power behaved

very accurately to what was intended and predicted (Chapter 4.4). The discussion of

Chapter 4.5 pointed out that as the efficiencies for higher numbers of stages are more

affected by parasitic capacitances, having the lowest number of stages possible, and

therefore the lowest fixed output voltage possible, results in best performance. Lastly,
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the RF harvester was not particularly sensitive to small changes in 𝐶𝑓 because the

system is based on an averaged impedance method.

5.3 Future Work

The work completed in this thesis can be continued in a variety of ways. Firstly,

several minor adjustments and verifications in the design could be made. For example,

inductor-sharing in the supercapacitor-powered system was not implemented in the

discrete system for simplicity and the initial proof-of-concept. The system would need

to be tested further with inductor-sharing to understand how the system dynamics

would change. This would be best to simulate at the integrated circuit design phase,

as the system dynamics would be very dependent on the operating frequency, actual

inductor value used, and parasitics. In the discrete system, larger inductors and

lower switching frequencies were used to reduce switching losses that would be more

controlled in an IC. Second, even with the BQ25504’s 256 ms disconnection period in

its MPPT algorithm, the 22-𝜇F capacitor on 𝑉𝑠𝑡𝑜𝑟 was able to sustain the quiescent

current draw of the other components on 𝑉𝑠𝑡𝑜𝑟 before the output voltage was enabled

and the discharger could turn on. After the output voltage turned on, however, the

discharger would turn on during every MPPT disconnection period. In the ASIC,

it would be best to sample as quickly as possible in order to sustain the load power

from 𝑉𝑠𝑡𝑜𝑟 without needing to turn on the discharger. Lastly, though not necessary,

the charger in Chapter 3.2.1 could have been made more efficient by using a charge

pump with a gain closer to the final value of the supercapacitor. Since the maximum

voltage of the supercapacitor is 3.3 V, a 3/2 charge pump from 𝑉𝑠𝑡𝑜𝑟 around 2.2 V

could have been more efficient for quicker charging.

Several improvements could be made regarding the buck converter in both systems.

In the supercapacitor-powered system, a buck converter discharger with a different

controller may be developed to match the supercapacitor charge state and the load

demands. As was previously mentioned in Chapter 3.2.2 and 3.2.5, the supercapacitor

discharger at a certain point during testing switched on and did not turn off, indicating
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that the 90% duty cycle was not high enough to recharge 𝑉𝑠𝑡𝑜𝑟 past the threshold.

A different controller could address that problem by increasing the duty cycle as the

supercapacitor depletes. Additionally, as mentioned in Chapter 3.3.6, another option

for using a buck converter with the batteries is to stack the CBC050 batteries to get

a higher voltage. If using three series batteries instead of three parallel batteries, for

example, then the buck converter’s duty cycle could be very low while still being able

to charge up 𝑉𝑠𝑡𝑜𝑟. By adding a high enough capacitor in parallel with the series-

connected batteries, the current draw through the batteries could be maintained

approximately at 1 mA. This would allow for the very high energy density of the

batteries while still discharging them efficiently. The major problem associated with

this method is that high voltage transistors would be required.

One of the most promising continuations of this research would be to combine the

battery-powered system and the supercapacitor-powered system while still meeting

the set power and weight goals. As discussed in Chapter 3.3.6, using two CBC050

batteries and a lighter supercapacitor than the one tested in Chapter 3.2 would allow

the high energy density of batteries while still allowing pulses of current. Potential

supercapacitors are the CPX3225A752D at 7 mF and 24 mg or the CPH3225A at

11 mF and 25 mg, both by Seiko Instruments. The energy storage elements together

would have a mass of 56-57 mg, support higher current pulses, and supply on average

2 mA of load current.

The RF harvester could also be further continued. As the rectifier was the largest

source of losses in the RF harvester, one method of improving overall efficiency could

be to only use a single-stage half-wave rectifier. This would only use one diode and

perhaps improve the efficiency of the RF rectifier. One problem with this is the input

voltage into the charge pump would theoretically be half, and so for the same output

voltage, the charge pump would not be able to harvest as low of input powers. As a

result, another possible improvement is to develop a system that would change the

number of rectifier stages in order to harvest higher power levels more efficiently with

a "shorter" rectifier (e.g. half-wave) while still being able to harvest lower powers by

switching to a "longer" rectifier (e.g. full-wave). Lastly, the RF rectifier charge pump
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would need to be developed in an integrated circuit. The effects of the gate driver

losses could then by analyzed and controlled, and additional parasitics only seen in

the integrated circuit could be analyzed.

Several improvements in areas outside of circuit design and energy harvesting

could also benefit this system. For example, improving the supercapacitor frequency

response would allow the supercapacitor-powered system to last longer and likely

support a higher average load current compared to that of Figure 3-7a. Innovation in

IC packaging technology and flexboard technology could also greatly minimize weight

contributions from these components.
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Appendix A

Measured CBC050 Characteristics

The CBC050 test results mentioned and described in Section 3.3.1 are shown here.

Each page shows 50 overlaid discharge profiles (top-left), the discharge time over each

cycle (top-right), the work performed by the battery over each cycle (bottom-left),

and the average output power by the battery over each cycle (bottom-right).

The discharge cutoff voltages mentioned in Section 3.3.1 are determined to be

𝑉𝑐𝑢𝑡𝑜𝑓𝑓 = (3.0𝑉 − 𝐼𝑑𝑖𝑠𝑠 · 500 Ω) · 1.1 (A.1)

where 𝑉𝑐𝑢𝑡𝑜𝑓𝑓 is the discharge cutoff voltage and 𝐼𝑑𝑖𝑠𝑠 is the discharge current on the

battery. The CBC050 datasheet lists 3.0 V as the minimum discharge voltage. In

order to create a limit for much higher discharge currents, the battery is assumed to

have a 500-Ω source impedance, and it is assumed the internal battery voltage in a

Thevenin model must not drop below 3.0 V. The cutoff is then conservatively raised

10%. This method is used simply to create an analytical expression for the cutoff

thresholds in the cycle-tests.
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Figure A-1: Measured characteristics of CBC050 with 100-𝜇A discharge current.
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Figure A-2: Measured characteristics of CBC050 with 200-𝜇A discharge current.
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Figure A-3: Measured characteristics of CBC050 with 300-𝜇A discharge current.
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Figure A-4: Measured characteristics of CBC050 with 400-𝜇A discharge current.
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Figure A-5: Measured characteristics of CBC050 with 500-𝜇A discharge current.
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Figure A-6: Measured characteristics of CBC050 with 600-𝜇A discharge current.
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Figure A-7: Measured characteristics of CBC050 with 700-𝜇A discharge current.
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Figure A-8: Measured characteristics of CBC050 with 800-𝜇A discharge current.
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Figure A-9: Measured characteristics of CBC050 with 900-𝜇A discharge current.
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Figure A-10: Measured characteristics of CBC050 with 1000-𝜇A discharge current.
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Figure A-11: Measured characteristics of CBC050 with 1100-𝜇A discharge current.
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Figure A-12: Measured characteristics of CBC050 with 1200-𝜇A discharge current.
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Figure A-13: Measured characteristics of CBC050 with 1300-𝜇A discharge current.
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Appendix B

Derivations of Fibonacci Charge

Pump Characteristics

Chapter 4 extensively uses the ideal and parasitic theoretical behavior of the Fi-

bonacci charge pump for 1 through 6 stages. This appendix derives these behaviors.

Schematics are also included for each number of enabled stages, illustrating open and

closed switches for each of the charge pump’s two phases. All switching capacitors are

assumed to have a capacitance 𝐶, and all parasitic capacitors are assumed to have a

capacitance 𝐶𝑝.

B.1 Ideal Characteristics

B.1.1 1 Stage

Figure B-1 shows the two phases of a 1-stage Fibonacci charge pump. The charge

from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 + 𝑉𝑖𝑛) = 𝐶(4𝑉𝑖𝑛 − 2𝑉𝑜𝑢𝑡) (B.1)

∆𝑞𝑖𝑛 = 𝐶

(︂
4

1
𝑉𝑖𝑛 −

2

1
𝑉𝑜𝑢𝑡

)︂
(B.2)
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The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) = 𝐶

(︂
2

1
𝑉𝑖𝑛 −

1

1
𝑉𝑜𝑢𝑡

)︂
(B.3)

From Equations (B.2) and (B.3), the input-output charge and current relations are

determined to be

2∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.4)

2𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.5)

Average output current is defined as

𝐼𝑜𝑢𝑡 = ∆𝑞𝑜𝑢𝑡 · 𝑓 (B.6)

and substituting in Equation (B.3) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
2

1
𝑉𝑖𝑛 −

1

1
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.7)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.5) and (B.7) into the definition of input resistance, the

input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

2𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

2𝐶𝑓(2
1
𝑉𝑖𝑛 − 1

1
𝑉𝑜𝑢𝑡)

=
1

4𝐶𝑓
· 2𝑉𝑖𝑛

2𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.8)

Using Equation (B.4) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

2𝑉𝑖𝑛

(B.9)

B.1.2 2 Stages

Figure B-2 shows the two phases of a 2-stage Fibonacci charge pump. For 2 stages

and higher, the first step for solving the characteristics is to solve for the intermediary
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node voltages. This is done using KCL at each node where charge transfer (∆𝑄 =

𝐶∆𝑉 ) is examined instead of current. Performing this on node 𝑉𝑧 results in

𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑧 − 𝑉𝑜𝑢𝑡 + 𝑉𝑖𝑛) = 0 (B.10)

and rearranging shows that

𝑉𝑧 =
1

2
𝑉𝑖𝑛 +

1

2
𝑉𝑜𝑢𝑡 (B.11)

The charge from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) − 𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑧 + 𝑉𝑖𝑛) (B.12)

∆𝑞𝑖𝑛 = 𝐶(5𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 − 𝑉𝑧) = 𝐶

(︂
9

2
𝑉𝑖𝑛 −

3

2
𝑉𝑜𝑢𝑡

)︂
(B.13)

The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛 − 𝑉𝑧) = 𝐶

(︂
3

2
𝑉𝑖𝑛 −

1

2
𝑉𝑜𝑢𝑡

)︂
(B.14)

From Equations (B.13) and (B.14), the input-output charge and current relations are

determined to be

3∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.15)

3𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.16)

Substituting Equation (B.14) into Equation (B.6) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
3

2
𝑉𝑖𝑛 −

1

2
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.17)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.16) and (B.17) into the definition of input resistance,

the input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

3𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

3𝐶𝑓(3
2
𝑉𝑖𝑛 − 1

2
𝑉𝑜𝑢𝑡)

=
2

9𝐶𝑓
· 3𝑉𝑖𝑛

3𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.18)

159



Using Equation (B.15) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

3𝑉𝑖𝑛

(B.19)

B.1.3 3 Stages

Figure B-3 shows the two phases of a 3-stage Fibonacci charge pump. Solving for the

intermediary node voltages using KCL results in

𝑉𝑥 : 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑥 − 𝑉𝑜𝑢𝑡 + 𝑉𝑧) = 0 (B.20)

𝑉𝑧 : 𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑧 − 𝑉𝑥 + 𝑉𝑖𝑛) − 𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑧 − 𝑉𝑥) = 0 (B.21)

These can be represented in matrix form as⎡⎣2 0

0 3

⎤⎦⎡⎣𝑉𝑥

𝑉𝑧

⎤⎦ =

⎡⎣𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡

𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡

⎤⎦ (B.22)

⎡⎣𝑉𝑥

𝑉𝑧

⎤⎦ =

⎡⎣1
2
𝑉𝑖𝑛 + 1

2
𝑉𝑜𝑢𝑡

1
3
𝑉𝑖𝑛 + 1

3
𝑉𝑜𝑢𝑡

⎤⎦ (B.23)

The charge from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) − 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑧 + 𝑉𝑖𝑛) (B.24)

∆𝑞𝑖𝑛 = 𝐶(5𝑉𝑖𝑛 − 𝑉𝑥 − 𝑉𝑧) = 𝐶

(︂
25

6
𝑉𝑖𝑛 −

5

6
𝑉𝑜𝑢𝑡

)︂
(B.25)

The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑧 − 𝑉𝑥) = 𝐶

(︂
5

6
𝑉𝑖𝑛 −

1

6
𝑉𝑜𝑢𝑡

)︂
(B.26)
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From Equations (B.25) and (B.26), the input-output charge and current relations are

determined to be

5∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.27)

5𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.28)

Substituting Equation (B.26) into Equation (B.6) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
5

6
𝑉𝑖𝑛 −

1

6
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.29)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.28) and (B.29) into the definition of input resistance,

the input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

5𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

5𝐶𝑓(5
6
𝑉𝑖𝑛 − 1

6
𝑉𝑜𝑢𝑡)

=
6

25𝐶𝑓
· 5𝑉𝑖𝑛

5𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.30)

Using Equation (B.27) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

5𝑉𝑖𝑛

(B.31)

B.1.4 4 Stages

Figure B-4 shows the two phases of a 4-stage Fibonacci charge pump. Solving for the

intermediary node voltages using KCL results in

𝑉𝑥 : 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑥 − 𝑉𝑤 + 𝑉𝑧) − 𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑥 − 𝑉𝑤) = 0 (B.32)

𝑉𝑧 : 𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑧 − 𝑉𝑥 + 𝑉𝑖𝑛) − 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) = 0 (B.33)

𝑉𝑤 : 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) + 𝐶(𝑉𝑤 − 𝑉𝑜𝑢𝑡 + 𝑉𝑥) = 0 (B.34)
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These can be represented in matrix form as⎡⎢⎢⎢⎣
3 0 0

0 3 −1

0 −1 2

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
𝑉𝑥

𝑉𝑧

𝑉𝑤

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎦ (B.35)

⎡⎢⎢⎢⎣
𝑉𝑥

𝑉𝑧

𝑉𝑤

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
1
3
𝑉𝑖𝑛 + 1

3
𝑉𝑜𝑢𝑡

2
5
𝑉𝑖𝑛 + 1

5
𝑉𝑜𝑢𝑡

1
5
𝑉𝑖𝑛 + 3

5
𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎦ (B.36)

The charge from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) − 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑧 + 𝑉𝑖𝑛) (B.37)

∆𝑞𝑖𝑛 = 𝐶(5𝑉𝑖𝑛 − 𝑉𝑥 − 𝑉𝑧) = 𝐶

(︂
64

15
𝑉𝑖𝑛 −

8

15
𝑉𝑜𝑢𝑡

)︂
(B.38)

The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑥 − 𝑉𝑤) = 𝐶

(︂
8

15
𝑉𝑖𝑛 −

1

15
𝑉𝑜𝑢𝑡

)︂
(B.39)

From Equations (B.38) and (B.39), the input-output charge and current relations are

determined to be

8∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.40)

8𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.41)

Substituting Equation (B.39) into Equation (B.6) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
8

15
𝑉𝑖𝑛 −

1

15
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.42)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.41) and (B.42) into the definition of input resistance,
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the input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

8𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

8𝐶𝑓( 8
15
𝑉𝑖𝑛 − 1

15
𝑉𝑜𝑢𝑡)

=
15

64𝐶𝑓
· 8𝑉𝑖𝑛

8𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.43)

Using Equation (B.40) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

8𝑉𝑖𝑛

(B.44)

B.1.5 5 Stages

Figure B-5 shows the two phases of a 5-stage Fibonacci charge pump. Solving for the

intermediary node voltages using KCL results in

𝑉𝑥 : 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑥 − 𝑉𝑤 + 𝑉𝑧) − 𝐶(𝑉𝑦 − 𝑉𝑥 − 𝑉𝑤) = 0 (B.45)

𝑉𝑦 : 𝐶(𝑉𝑦 − 𝑉𝑥 − 𝑉𝑤) + 𝐶(𝑉𝑦 − 𝑉𝑜𝑢𝑡 + 𝑉𝑤) = 0 (B.46)

𝑉𝑧 : 𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑧 − 𝑉𝑥 + 𝑉𝑖𝑛) − 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) = 0 (B.47)

𝑉𝑤 : 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) + 𝐶(𝑉𝑤 − 𝑉𝑦 + 𝑉𝑥) − 𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑤 − 𝑉𝑦) = 0 (B.48)

These can be represented in matrix form as⎡⎢⎢⎢⎢⎢⎢⎣
3 −1 0 0

−1 2 0 0

0 0 3 −1

0 0 −1 3

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣
𝑉𝑥

𝑉𝑦

𝑉𝑧

𝑉𝑤

⎤⎥⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎢⎣
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎥⎥⎥⎦ (B.49)

⎡⎢⎢⎢⎢⎢⎢⎣
𝑉𝑥

𝑉𝑦

𝑉𝑧

𝑉𝑤

⎤⎥⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎢⎣
2
5
𝑉𝑖𝑛 + 1

5
𝑉𝑜𝑢𝑡

1
5
𝑉𝑖𝑛 + 3

5
𝑉𝑜𝑢𝑡

3
8
𝑉𝑖𝑛 + 1

8
𝑉𝑜𝑢𝑡

1
8
𝑉𝑖𝑛 + 3

8
𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎥⎥⎥⎦ (B.50)
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The charge from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) − 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑧 + 𝑉𝑖𝑛) (B.51)

∆𝑞𝑖𝑛 = 𝐶(5𝑉𝑖𝑛 − 𝑉𝑥 − 𝑉𝑧) = 𝐶

(︂
169

40
𝑉𝑖𝑛 −

13

40
𝑉𝑜𝑢𝑡

)︂
(B.52)

The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑤 − 𝑉𝑦) = 𝐶

(︂
13

40
𝑉𝑖𝑛 −

1

40
𝑉𝑜𝑢𝑡

)︂
(B.53)

From Equations (B.52) and (B.53), the input-output charge and current relations are

determined to be

13∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.54)

13𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.55)

Substituting Equation (B.53) into Equation (B.6) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
13

40
𝑉𝑖𝑛 −

1

40
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.56)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.55) and (B.56) into the definition of input resistance,

the input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

13𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

13𝐶𝑓(13
40
𝑉𝑖𝑛 − 1

40
𝑉𝑜𝑢𝑡)

=
40

169𝐶𝑓
· 13𝑉𝑖𝑛

13𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.57)

Using Equation (B.54) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

13𝑉𝑖𝑛

(B.58)
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B.1.6 6 Stages

Figure B-6 shows the two phases of a 6-stage Fibonacci charge pump. Solving for the

intermediary node voltages using KCL results in

𝑉𝑥 : 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑥 − 𝑉𝑤 + 𝑉𝑧) − 𝐶(𝑉𝑦 − 𝑉𝑥 − 𝑉𝑤) = 0 (B.59)

𝑉𝑦 : 𝐶(𝑉𝑦 − 𝑉𝑥 − 𝑉𝑤) + 𝐶(𝑉𝑦 − 𝑉𝑝 + 𝑉𝑤) − 𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑦 − 𝑉𝑝) = 0 (B.60)

𝑉𝑧 : 𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) + 𝐶(𝑉𝑧 − 𝑉𝑥 + 𝑉𝑖𝑛) − 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) = 0 (B.61)

𝑉𝑤 : 𝐶(𝑉𝑤 − 𝑉𝑧 − 𝑉𝑥) + 𝐶(𝑉𝑤 − 𝑉𝑦 + 𝑉𝑥) − 𝐶(𝑉𝑝 − 𝑉𝑤 − 𝑉𝑦) = 0 (B.62)

𝑉𝑝 : 𝐶(𝑉𝑝 − 𝑉𝑤 − 𝑉𝑦) + 𝐶(𝑉𝑝 − 𝑉𝑜𝑢𝑡 + 𝑉𝑦) = 0 (B.63)

These can be represented in matrix form as⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

3 −1 0 0 0

−1 3 0 0 0

0 0 3 −1 0

0 0 −1 3 −1

0 0 0 −1 2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑉𝑥

𝑉𝑦

𝑉𝑧

𝑉𝑤

𝑉𝑝

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

0

𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(B.64)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑉𝑥

𝑉𝑦

𝑉𝑧

𝑉𝑤

𝑉𝑝

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

3
8
𝑉𝑖𝑛 + 1

8
𝑉𝑜𝑢𝑡

1
8
𝑉𝑖𝑛 + 3

8
𝑉𝑜𝑢𝑡

5
13
𝑉𝑖𝑛 + 1

13
𝑉𝑜𝑢𝑡

2
13
𝑉𝑖𝑛 + 3

13
𝑉𝑜𝑢𝑡

1
13
𝑉𝑖𝑛 + 8

13
𝑉𝑜𝑢𝑡

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(B.65)

The charge from the input source during 1 complete switching cycle is

∆𝑞𝑖𝑛 = −𝐶(𝑉𝑧 − 𝑉𝑖𝑛 − 𝑉𝑖𝑛) − 𝐶(𝑉𝑥 − 𝑉𝑖𝑛 − 𝑉𝑧) + 𝐶(𝑉𝑖𝑛 − 𝑉𝑧 + 𝑉𝑖𝑛) (B.66)

∆𝑞𝑖𝑛 = 𝐶(5𝑉𝑖𝑛 − 𝑉𝑥 − 𝑉𝑧) = 𝐶

(︂
441

104
𝑉𝑖𝑛 −

21

104
𝑉𝑜𝑢𝑡

)︂
(B.67)
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The charge to the output source during 1 complete switching cycle is

∆𝑞𝑜𝑢𝑡 = −𝐶(𝑉𝑜𝑢𝑡 − 𝑉𝑦 − 𝑉𝑝) = 𝐶

(︂
21

104
𝑉𝑖𝑛 −

1

104
𝑉𝑜𝑢𝑡

)︂
(B.68)

From Equations (B.67) and (B.68), the input-output charge and current relations are

determined to be

21∆𝑞𝑜𝑢𝑡 = ∆𝑞𝑖𝑛 (B.69)

21𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛 (B.70)

Substituting Equation (B.68) into Equation (B.6) results in

𝐼𝑜𝑢𝑡 = 𝐶

(︂
21

104
𝑉𝑖𝑛 −

1

104
𝑉𝑜𝑢𝑡

)︂
𝑓 (B.71)

which is the relationship between input voltage, output voltage, and output current.

By substituting Equations (B.70) and (B.71) into the definition of input resistance,

the input resistance is found to be

𝑅𝑖𝑛 =
𝑉𝑖𝑛

𝐼𝑖𝑛
=

𝑉𝑖𝑛

21𝐼𝑜𝑢𝑡
=

𝑉𝑖𝑛

21𝐶𝑓( 21
104

𝑉𝑖𝑛 − 1
104

𝑉𝑜𝑢𝑡)
=

104

441𝐶𝑓
· 21𝑉𝑖𝑛

21𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

(B.72)

Using Equation (B.69) and the definition of efficiency shows the efficiency to be

𝜂 =
∆𝑞𝑜𝑢𝑡𝑉𝑜𝑢𝑡

∆𝑞𝑖𝑛𝑉𝑖𝑛

=
𝑉𝑜𝑢𝑡

21𝑉𝑖𝑛

(B.73)

B.2 Parasitic Losses

The previous analysis assumed no parasitic effects. This section incorporates the

source-drain capacitances of the switches into the model. It is assumed that when

opened, each switch’s parasitic capacitor becomes fully charged, and when closed,

each fully discharges. Therefore, the losses are assumed to be 𝐶𝑝𝑉
2𝑓 for each ca-

pacitor, where 𝐶𝑝 is the parasitic capacitance, 𝑉 is the voltage developed across the
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capacitor, and 𝑓 is the operating frequency. Figures B-1 through B-6 show the volt-

ages developed across each open switch during each phase. By inputting the values

derived for intermediary nodes, the theoretical voltage across each switch can be de-

termined for any given input and output voltage. Then, all of these losses can be

summed to determine the total losses from the switches in the power path. The

result for the 6-stage charge pump is:

𝑃𝑝, 𝑝𝑜𝑤𝑒𝑟 𝑝𝑎𝑡ℎ =
∑︁
𝑖

𝐶𝑝𝑉
2
𝑖 𝑓 = 𝐶𝑝𝑓

(︂
24737

5408
𝑉 2
𝑖𝑛 +

23

2704
𝑉𝑖𝑛𝑉𝑜𝑢𝑡 +

8673

5408
𝑉 2
𝑜𝑢𝑡

)︂
(B.74)

Note that this equation sums only the unboxed parasitic capacitors in the previous

figures. These are capacitors that turn on and off completely during each cycle and

are referred to as the power path parasitic capacitors.

Because the actual charge pump has a configurable number of stages, every switch-

ing capacitor also has a switch directly connected to the output. Although these

switches when unused never close to fully discharge the capacitor, they do change

voltage during each phase. Again using the 6-stage charge pump as an example,

each parasitic switch capacitor attached from the main, non-parasitic capacitor to

the output experiences voltage changes of

∆𝑉𝑆4 : (𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛) − (𝑉𝑜𝑢𝑡 − 𝑉𝑧) = 𝑉𝑧 − 𝑉𝑖𝑛 (B.75)

∆𝑉𝑆8 : (𝑉𝑜𝑢𝑡 − 𝑉𝑥) − (𝑉𝑜𝑢𝑡 − 𝑉𝑧) = 𝑉𝑧 − 𝑉𝑥 (B.76)

∆𝑉𝑆12 : (𝑉𝑜𝑢𝑡 − 𝑉𝑥) − (𝑉𝑜𝑢𝑡 − 𝑉𝑤) = 𝑉𝑤 − 𝑉𝑥 (B.77)

∆𝑉𝑆16 : (𝑉𝑜𝑢𝑡 − 𝑉𝑦) − (𝑉𝑜𝑢𝑡 − 𝑉𝑤) = 𝑉𝑤 − 𝑉𝑦 (B.78)

∆𝑉𝑆20 : (𝑉𝑜𝑢𝑡 − 𝑉𝑦) − (𝑉𝑜𝑢𝑡 − 𝑉𝑝) = 𝑉𝑝 − 𝑉𝑦 (B.79)

where the nomenclature of the switches follows that of Figure 4-7. When replacing

the intermediary voltages with their solved values, the sum of the losses becomes

𝑃𝑝, 𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑠 =
∑︁
𝑖

𝐶𝑝𝑉
2
𝑖 𝑓 = 𝐶𝑝𝑓

(︂
1165

2704
𝑉 2
𝑖𝑛 −

235

1352
𝑉𝑖𝑛𝑉𝑜𝑢𝑡 +

265

2704
𝑉 2
𝑜𝑢𝑡

)︂
(B.80)
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Note that this equation sums only the boxed parasitic capacitors, capacitors that

remain completely off during each phase and that are attached from the output to

some node in the power path. They are referred to as the output switches parasitic

capacitors. Table B.4 at the end of this section shows the results for all types of losses

for all 6 stages. Note that the 1-stage charge pump has no unused output switches

attached to nodes in the power path. All power losses are of the form shown at the

top of Table B.4, so the results are listed in terms of the coefficients 𝛾, 𝛿, and 𝜖.

In the 1-, 2-, 3-, 4-, and 5-stage charge pumps, there are unused switches reserved

for higher-stage charge pumps. In Figures B-1 through B-6, these are represented

as unlabeled red dots. These open switches contribute some amount of parasitic

capacitance. In the 5-stage case, the sixth charge pump is attached to node 𝑉𝑦, as

seen in Figure B-5. This unused stage is shown in Figure B-7a, with the parasitic

capacitors labeled 𝐶𝑝 and the main switching capacitor labeled 𝐶. The switching

capacitor is assumed to be very large compared to the parasitic capacitances and

uncharged. Therefore, it can be shorted and ignored in this analysis. Just as in the

analysis for the output switches, the losses in these capacitors are dependent only on

changes in voltage. Since in the RF harvester the output is held at a constant voltage,

it can be shorted to calculate the equivalent capacitance. Figure B-7b illustrates the

simplified schematic. For the 5-stage charge pump, the losses due to unused stages is

𝑃𝑝, 𝑢𝑛𝑢𝑠𝑒𝑑 𝑠𝑡𝑎𝑔𝑒𝑠 = 𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑦)
2𝑓 = 𝐶𝑝𝑓

(︂
1

25
𝑉 2
𝑖𝑛 −

4

25
𝑉𝑖𝑛𝑉𝑜𝑢𝑡 +

4

25
𝑉 2
𝑜𝑢𝑡

)︂
(B.81)

For the 1-, 2-, 3-, and 4-stage charge pumps, the unused stages are attached

recursively. Figure B-8 is a schematic of the unused stages for a 1-stage charge pump.

It can be seen that the schematic with its simplifications can reduce to Figure B-

9, where 𝐶𝑝𝑟𝑒𝑣 is the unused-stages capacitance of the 2-stage charge pump. The

equivalent parasitic capacitance for unused stages becomes

𝐶𝑝, 𝑒𝑞 = (2𝐶𝑝)||(2𝐶𝑝 + 𝐶𝑝𝑟𝑒𝑣) =
4𝐶2

𝑝 + 2𝐶𝑝𝐶𝑝𝑟𝑒𝑣

4𝐶𝑝 + 𝐶𝑝𝑟𝑒𝑣

(B.82)
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Since 𝐶𝑝𝑟𝑒𝑣 can be written as 𝛼𝐶𝑝, 𝛼𝑛 can be written as:

𝛼𝑛 =
4 + 2𝛼𝑛+1

4 + 𝛼𝑛+1

(B.83)

where the numbering of 𝑛 has been matched to the number of used stages out of the

six available. The same process can be applied to other stages, and the results are

shown in Tables B.1 and B.4.

In order to test the accuracy of these assumptions and analyses, several test cases

were simulated in SPICE and compared to the theoretical predictions. The tests

assumed that the parasitic losses had no effect on input power and were simply

subtracted from the output power. The following values were used: 𝐶 = 10 nF, 𝐶𝑝

= 25 pF, 𝑉𝑜𝑢𝑡 = 2 V, and 𝑓 = 100 kHz. The results are shown in Tables B.2 and

B.3. The errors between the theoretical analysis and SPICE simulations were very

low, always less than 1.5%, suggesting a valid parasitics model.

𝐶𝑝

𝐶

𝐶𝑝

𝐶𝑝

𝐶𝑝

−
+ 𝑉𝑜𝑢𝑡

(a)

𝐶𝑝

𝐶𝑝

𝐶𝑝

𝐶𝑝

(b)

Figure B-7: (a) Unused sixth stage attached to 5-stage charge pump and (b) its
simplified circuit
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Table B.1: Parasitic losses from unused charge pumps for each stage.

No. of Stages 𝛼 𝑃𝑝, 𝑢𝑛𝑢𝑠𝑒𝑑 𝑠𝑡𝑎𝑔𝑒𝑠

1 110/89 110
89
𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)2𝑓

2 21/17 21
17
𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑧)

2𝑓

3 16/13 16
13
𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑥)2𝑓

4 6/5 6
5
𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑤)2𝑓

5 1 𝐶𝑝(𝑉𝑜𝑢𝑡 − 𝑉𝑦)
2𝑓

Table B.2: Theory vs. SPICE on charge pump input power with 2-V load.

No. of Stages Vin (V) Pin Theory (𝜇𝑊 ) Pin SPICE (𝜇𝑊 ) Pin Error

1 1.2 960 959.5 0.05%

2 0.8 480 479.305 0.14%

3 0.6 500 501.55 0.31%

4 0.4 256 256.605 0.25%

5 0.3 182.25 185.86 0.33%

6 0.2 88.846 89.14 0.33%

Table B.3: Theory vs. SPICE on charge pump output power with 2-V load.

No. of Stages Vin (V) Pout Theory (𝜇𝑊 ) Pout SPICE (𝜇𝑊 ) Pout Error

1 1.2 787.622 787.25 0.05%

2 0.8 382.888 382.495 0.10%

3 0.6 314.659 316.42 0.56%

4 0.4 142.237 141.695 0.38%

5 0.3 76.073 76.85 1.02%

6 0.2 24.955 25.3225 1.47%
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Figure B-8: Unused stages attached to 1-stage charge pump.

𝐶𝑝

𝐶𝑝

𝐶𝑝

𝐶𝑝

𝐶𝑝𝑟𝑒𝑣

Figure B-9: Recursive model of unused stages.
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B.3 Effect of Parasitics on Unloaded Voltage Gain

While the unloaded gains in the ideal cases are very straightforward to derive, pre-

dicting the unloaded gains with parasitics is less so. It was derived that the output

current can be represented as

𝐼𝑜𝑢𝑡 = 𝐶𝑓(𝛼𝑉𝑖𝑛 − 𝛽𝑉𝑜𝑢𝑡) (B.84)

and that the total parasitic loss can be represented as

𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑝𝑓(𝛾𝑉 2
𝑖𝑛 − 𝛿𝑉𝑖𝑛𝑉𝑜𝑢𝑡 + 𝜖𝑉 2

𝑜𝑢𝑡) (B.85)

By assuming the parasitic losses can simply be modeled as a load on the output, then

𝑃𝑝, 𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑜𝑢𝑡𝐼𝑝, 𝑡𝑜𝑡𝑎𝑙 (B.86)

By equating Equations (B.85) and (B.86) and by substituting 𝐼𝑝, 𝑡𝑜𝑡𝑎𝑙 with the expres-

sion for 𝐼𝑜𝑢𝑡 in Equation (B.84), the expressions combine to

𝐶𝑝𝑓(𝛾𝑉 2
𝑖𝑛 − 𝛿𝑉𝑖𝑛𝑉𝑜𝑢𝑡 + 𝜖𝑉 2

𝑜𝑢𝑡)

𝑉𝑜𝑢𝑡

= 𝐶𝑓(𝛼𝑉𝑖𝑛 − 𝛽𝑉𝑜𝑢𝑡) (B.87)

Solving for the gain gives the final result of

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

=
𝛼𝐶 + 𝛿𝐶𝑝 ±

√︀
(𝛼𝐶 + 𝛿𝐶𝑝)2 − 4𝛾𝐶𝑝(𝜖𝐶𝑝 + 𝛽𝐶)

2(𝜖𝐶𝑝 + 𝛽𝐶)
(B.88)

This model was also compared against SPICE. The results are shown in Table B.5.

Values of 𝐶 = 10 nF, 𝐶𝑝 = 25 pF, and 𝑓 = 100 kHz were used. Again, very low errors

between the model and SPICE simulations suggest an accurate parasitics model.
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Table B.5: Theory vs. SPICE on charge pump unloaded voltage gain.

No. of

Stages
Vin (V)

Theoretical Theoretical SPICE

ErrorUnloaded Gain Unloaded Gain Unloaded Gain

w/o Parasitics w/Parasitics w/Parasitics

1 1.2 2 1.9935 1.9900 0.17%

2 0.8 3 2.9748 2.9738 0.04%

3 0.6 5 4.8687 4.8665 0.05%

4 0.4 8 7.5154 7.4808 0.46%

5 0.3 13 10.974 10.987 0.12%

6 0.2 21 14.526 14.566 0.28%
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Appendix C

Measured Charge Pump

Characteristics

Chapter 4 discusses several of the experimental results of the Fibonacci charge pump.

This appendix contains figures illustrating several behaviors of individual charge

pumps for 1 through 6 stages. These behaviors are

� the supply current draw from the 3-V power supply, with both no load and a

2-V load;

� the unloaded voltage gain, with ideal theoretical, theoretical-with-parasitics,

and measured behaviors;

� the unloaded input resistance, which would ideally be infinite;

� the input resistance with a 2-V load, with both theoretical and measured be-

haviors;

� the input power with a 2-V load, with both theoretical and measured behaviors;

� the output power with a 2-V load, with ideal theoretical, theoretical-with-

parasitics, and measured behaviors;

� the supply power with a 2-V load;
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� and the efficiency, with ideal theoretical, theoretical-with-parasitics, measured-

excluding-power supply, and measured-including-power supply behaviors.

Note that according to the theoretical model presented in Appendix B, parasitics only

affect the output behaviors: unloaded voltage gain, output power, and efficiency.
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Figure C-1: Measured characteristics of 1-stage charge pump.
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Figure C-2: Measured characteristics of 1-stage charge pump (cont.).
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Figure C-3: Measured characteristics of 2-stage charge pump.
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Figure C-4: Measured characteristics of 2-stage charge pump (cont.).
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Figure C-5: Measured characteristics of 3-stage charge pump.
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Figure C-6: Measured characteristics of 3-stage charge pump (cont.).
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Figure C-7: Measured characteristics of 4-stage charge pump.
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Figure C-8: Measured characteristics of 4-stage charge pump (cont.).
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Figure C-9: Measured characteristics of 5-stage charge pump.

189



Figure C-10: Measured characteristics of 5-stage charge pump (cont.).
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Figure C-11: Measured characteristics of 6-stage charge pump.
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Figure C-12: Measured characteristics of 6-stage charge pump (cont.).
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