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Abstract

Demonstration of an Efficient Ambient Radio-frequency and
Microwave Energy Harvesting System with High Sensitivity
and DC Output

Directed by: Professor N. Scott Barker

The great potential to harvest and utilize ambient Radio-frequency and microwave
power has led to much research as the occurrence of a worldwide coverage of radio
waves during the past decade. However, RF harvesting circuits have already been
proved for more than a half century, only a small number of them have been able to
be activated freely without dedicated sources and harvest available ambient RF

energy that typically has a power density ranging from 0.001 to 0.1 pW/cm?.

This thesis presents a detail description of each element of an RF energy harvesting
system operating at 2.45 GHz, including an antenna, an RF-to-DC conversion rectifier
and an integrated module of DC-DC up-conversion and power management. This
thesis does not focus on the design of the antenna and the integrated module, both of

which are products designed by Texas Instruments.

The key section of this thesis is concerned about the RF-to-DC rectifier, which is the
core part that converts collected RF power to applicable DC power. In this section, the
reasons that only a small number of rectifiers can work efficiently with ambient RF
power levels are presented based on nonlinear model analyses of a diode, the
dominant rectifying device in RF and microwave power harvesters. And the
mechanism of overall power conversion efficiency (PCE) of the rectifier is explained
in this analysis. Besides, a prototype of a modified rectifier is designed, fabricated and

measured to demonstrate the potential ability to work in ambient power regions.

The entire RF energy harvesting system is tested with an RF signal generator at the
end of this thesis. The overall efficiency of the harvester can reach 5.17% to deliver a
DC output voltage of 1.8 V with an incident power of -10 dBm. And it can have an

estimated efficiency of 13% to output a high DC voltage of 4.2V when charging a



rechargeable battery MS920SE with the same power. At last, a comparison among
power harvesters is given, showing a performance of high sensitivity and DC voltage
output of this work in the mode of battery charging. Potential solutions to some
unsolved issues in this thesis have been discussed and can be further studied in future

works.
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Chapter 1. Introduction

1.1 Background of Wireless Power Transmission and RF energy harvesting
Radio Frequency/Microwave energy is currently available all around the world,
transmitted from ubiquitous energy sources, including mobile phones, cellular base
stations, radio/television broadcast stations and Wi-Fi routers [1]. In the process of
wireless power transmission (WPT), energy sources transmit excess energy that is not

utilized in communications.

The potential to harvest and utilize RF energy for emerging low power
applications, from the excess energy in the surroundings, has been supposed to have a

promising prospect and inspired research interests exponentially.

Essentially, WPT can be divided into three types [2]: (a) inductive, capacitive or
resonant reactive near-field coupling; (b) far-field directive power beaming; and (c)

far-field nondirective power transfer.

In the first type, the near-field coupling is typically accomplished through
magnetic fields with a transformer. Power is transferred between two coils that
resonate at the same frequency. The power conversion efficiency of this method
depends critically on the coupling between the coils, and therefore their position, with
expected high efficiency for high-Q resonant transformers [2]. The main practical
reason for this type of power transfer is to eliminate the inconvenience of contact.

And a number of commercial products have been available over the past decades.

The second type of WPT is to transfer power by propagating radio waves, radiated
and received through antennas in a well-defined direction [3], [4]. The directive
wireless powering has already been a topic of research for decades. W.C. Brown is a
pioneer in this field who made important contributions to this emerging technology.
He demonstrated a helicopter that received all the power needed for flight from a
microwave beam for up to 10 h [4]. The efficiency of this wireless powering is lower
and does not necessarily depend critically on placement of antennas. The high
efficiency comes from the specific design of antenna arrays for different applications

(3], [4].



At last, the third type of WPT is the nondirective power transfer. Typically, this
type has three key features [2]: 1) the available incident power densities are low; 2)
the frequency range of power sources harvested can vary from narrowband to
broadband 3) The position of the transmitters and receiving devices may vary and is

not particularly designated.

This thesis focuses on the last type of WPT. RF energy harvesting circuits have
been demonstrated for more than 50 years, but only a few have been able to harvest
energy from freely available ambient RF sources [5]. This thesis will first analyze and
clarify the reason for that limitation and then verify the ideas that improve the

performance of RF harvesting circuits.

1.2 A Brief History and literature review

Essentially, the research topic of ambient RF and microwave power harvesting is a
branch of wireless power transmission that is first experimentally demonstrated by
Nikola Tesla in 1899 [6]. He actually built a gigantic coil that was connected to a 200
ft high mast with a 3 ft diameter ball at its top, which was called the “Tesla Tower”.
Unfortunately, the experiment failed because the transmitted power was diffused in all

directions using 150 kHz signal, whose wavelength was around 2 km.

After that, especially in the 1960s, W.C. Brown introduced the first research and
development on Microwave Power Transfer (MPT) that is WPT using microwaves
[3]. As is mentioned above, during this period, applications have been developed
considering high power transmission, including solar-charged satellite-to-ground
communication systems and helicopters powered by microwave beams. First in 1963,
Brown developed the first rectifying antenna for helicopters, whose efficiency was
50% at a DC output of 4W and 40% at a DC output of 7W [6]. Then in the 1970s,
Brown attempted to increase the total RF—DC efficiency using 2.45 GHz microwaves.
But the overall efficiency decreased a lot at 2.45 GHz, where the overall RF-DC
efficiency was only 26.5% at a DC output of 39 W in the Marshall Space Flight
Center tests of 1970 [6].

Then after the mid-1980’s, the idea of RF energy harvesting is implemented
significantly in radio-frequency identification (RFID) [7]. The first developed tags

were passive and Read-only (R/O). They were battery free, powered by the signal



from the reading device. Tags are permanently uniquely coded during manufacture
with a 64-bit binary number. For example, the work shown in [42] presents a new
passive UHF RFID Transponder IC with a sensitivity of 16.7 |W. This transponder
has a reading distance of 4.5 m at 500-mW ERP or 9.25m at 4W EIRP base-station
transmit power. The overall efficiency is around 5% at an incident power of -13.5
dBm. Other demands from industrial and biomedical fields, to monitor physical or
environmental conditions, such as temperature, sound, pressure, etc. and to collect,
share and analyze their data through a network, have also inspired the interests on low
power harvesting for wireless sensor network (WSN) [8]. The work [18] has focused
on a variety of issues related to energy harvesting techniques and proposed the study
and design of rectifier and DC/DC converter topologies for energy collection and DC
voltage boosting in self-powered WSN application.

Recently, numbers of works that were carried out in the past decade have introduced
and developed the performance of total RF power harvesting systems or certain parts
in those systems. For example, K. Gudan and his group proposed two RF energy
harvesting and storage systems. The former system flows 5.8 micro-joules into a
rechargeable NiMH battery after 1 hour at -20dBm RF input power at 2.45 GHz, as
shown in Figure 1(a) [9]. The latter one was improved that enables battery charging
from incident power levels as low as -25 dBm operating at 2.4 GHz, accumulating 2
micro-joules in the same battery in one minute when -25 dBm power is incident, as
shown in Figure 1(b) [10]. And later they modified the whole system adding an
auxiliary control system, as shown in Figure 1(c) [11]. Experimental results revealed
that the system stores 241uJ into a NiMH battery after 30 minutes with an incident
power of -21 dBm.
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Figure 1. The structure of RF harvesting System reproduced from [9], [10], [11]

On the other hand, most of groups concentrate on RF-to-DC rectifier, a critical part of
an RF energy harvester. The most essential parameter to evaluate the performance of
a rectifier is power conversion efficiency PCE. Especially, Simon Hemour, Carlos
Henrique Petzl Lorenz and their team have outstanding works on theoretical analysis
of power conversion efficiency based on the square-law rectification model [12].
Meanwhile, they made a list summarizing PCE, operating frequency and rectifying
devices of all the works related to RF rectifiers recently and a graph showing all these
curves of rectifiers’ PCE versus input power. Besides, they predicted better
performance of rectifiers using different tunneling diodes [13] and built a rectifier
with heterojunction backward tunnel diodes that indicated relatively high PCE at
ultra-low incident power, with a total power conversion efficiency of 3.8% for -40

dBm input power and 18.2% for -30 dBm input power at 2.35 GHz [14].

Moreover, some other groups [15] focused on the low power DC-DC converter based
on previous designs for other types of sources such as thermoelectric, microbial
electric generators and so forth [16], [17]. Experimental results illustrated that

converter efficiency reaches a maximum of 25% for input power levels between



60uW and 200uW. For power levels from SuW to ImW, efficiency is between 10%
and 25%. However, there are hardly high-sensitivity DC-DC boost converters
working efficiently with input power levels below 1 W. So the DC-DC boost

converter can be a promising topic in the future.

1.3 Outline of thesis
In this thesis, studies were conducted to realize and evaluate an RF harvesting system

that is potentially possible to collect ambient RF energy.

Chapter 2 provides an overview of components of a general RF energy harvesting
network, including an antenna, a RF-to-DC rectifier, a power management module
and a storage device. And two critical issues in the design for ambient RF power
levels are discussed.

Chapter 3 provides the topology of a commercially available inverted F antenna, from
which the fabricated antenna in this thesis is modified. The results of simulated port
parameters, radiation patterns of field strength and polarization directivity using
HFSS are illustrated, while only the results of measured port parameters are given due

to the limitation of conditions.

Chapter 4, the core in the thesis, theoretically discusses the RF-to-DC power
conversion efficiency with a square-law rectification model and presents the
comparison of simulations and measurements of designed RF rectifier. Simulations

are conducted using Microwave office and data processing using Matlab.

Chapter 5 describes a commercial product of a boost converter and power
management module. The DC-DC conversion efficiency are measured with two

source-meters.

The last chapter shows the working performance of the entire RF harvesting networks
and conclusions as well as the discussion of future works. Summarized statements are

given at the end.



Chapter 2. Overview of RF energy harvesting systems

2.1 Architecture of RF Energy Harvesting Systems
Figure 2 shows the block diagram of the RF energy harvesting system in this thesis.

The RF energy harvesting network consists of the following major components:

1) A receiving antenna. The antenna can be designed to work on either single
frequency or multiple frequency points, either narrow or broad frequency bandwidth.
Thus the network can harvest from a single or multiple sources simultaneously. As a
matter of fact, the RF energy harvester typically operates over ranges of frequencies
since energy density and sources of ambient or dedicated RF signals are diverse in
frequency. Besides, especially for the purpose of ambient power harvesting, an
omnidirectional antenna or antenna array with high performance is desired to gather
as much power as possible.

2) An RF energy harvester / converter, composed of an RF antenna, an impedance
matching, an RF-to-DC rectifier and a load capacitor, to collect excess RF signals and
convert them into DC energy.

3) A power management module that decides whether to either store the electricity
obtained from the RF energy harvester to a rechargeable battery or a supercapacitor,
or to utilize it for low-power or battery-free applications such as wireless sensor
networks [8], [18], wearable radio platforms [19]. Generally, a DC-DC converter that
transfers the energy from a harvester to usable energy for various applications is

integrated in this power management module.

4) A low-power microcontroller that is attached to tune upper and lower threshold

voltage ranges for protection of storage devices or loads of applications.

5) A cold start-up circuit that is used to activate the microcontroller, keeping the
current flows stable out of the power management module. The start-up circuit

usually receives energy from a RF-to-DC rectifier or an antenna [11], [20].
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Figure 2. The block diagram of a general architecture of an RF energy harvesting network.

Figure 2 also in detail illustrates the block diagram of the typical RF energy harvester,

which consists of an impedance matching network, an RF-to-dc rectifier, a load

capacitor.

a) The impedance matching is a resonator circuit operating at the designed frequency

to maximize the power transfer between the antenna and the RF-to-DC rectifier. The

efficiency of the impedance matching is not high at the designed frequency because of

the decreasing quality factors of LC components. And it depends significantly on the

matching topology.

b) The main component of the RF-to-dc rectifier is diodes which convert ambient or

dedicated RF signals into DC voltage. Generally, higher power conversion efficiency

can be achieved by special diodes with lower built-in voltage and parasitic resistance

[12], [13], [14]. The load capacitor ensures to deliver power smoothly to the system

load. Additionally, when RF energy is unavailable, the capacitor can also serve as a

reserve for a short duration.




2.2 Design issues in an RF energy harvesting system

2.2.1 Consideration of ambient RF power density

First of all, the essential problem in energy scavenging applications is the energy that
can be extracted and collected for power conversion in an energy harvesting system.
In recent decades, technologies such as wind turbines, hydro-electric generators and
solar panels have been developed and turned harvesting into a small but growing
contributor to the world’s energy requirements. Scavenging energy from RF
emissions is interesting, but the energy availability might be less than one hundredth

of the magnitude of the former three forms of energy [21].

Table 1 shows the estimated harvested power for different kinds of energy sources
from previous studies and measurements. The referred power density from RF/EM
harvesting in the table is the average power that can be collected from public services
except for the dedicated energy sources.

Table 1. Estimated Power density of energy harvesting [21], [22]

Energy Source Harvested Power Harvested Power
o . Human 4 uW/cm?
Vibration/Motion
Industry 100 uyW/m?
Temperature Difference Industry 1- 10 mW/cm?
_ Indoor 10 pW/cm?
Light
Outdoor 10mW/cm?
GSM 0.1 uyW/cm?
RF/EM __
Wi-Fi 0.01 pW/cm?
Outdoor 10 mW/cm?
Solar
Indoor < 0.1 mW/cm?
Acoustic 75— 10 dB of noise 0.003 - 0.96 pW/cm?
Body heat 0.2 - 0.32 W (neck)
Human Body Sources i
Walking 5-83W

Additionally, some papers have been published concerning the measurements of RF

power levels at certain locations [5], [23].

In [5], electric field strength was measured between 0.3-2.5 GHz using an Agilent
N9912A FieldFox RF analyzer with a calibrated Aaronia BicoLOG 20300



omnidirectional antenna. The input RF power density is then calculated from the
electric field strength measurement. Figure 3 shows the input RF power density
measured outside the Northfields London Underground station. From the spectrum of
power density, bands of DTV, GSM900, GSM1800, 3G, and Wi-Fi can been clearly
identified. The average power density of GSM900 and Wi-Fi is 36 nW/cm? and

0.18 nW/cm?, respectively.
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Figure 3. Input RF power density measurements outside the Northfields London Underground station. Image
reproduced from [5].

On the other hand, Figure 4 shows the measurements of peak power density in GSM-
900 and Wi-Fi band [23]. In GSM-900, for distances ranging from 25m to 100m from
a GSM base station, power density levels ranging from 0.01mW/m? to 1ImW/m? may
be expected for single frequencies.

And the measurements of Wi-Fi power density is carried out in the building of

Electrical Engineering in Eindhoven University of Technology. The measured power

density within a distance of 10 meter is very close to the estimated value in Table 1,

as shown in Figure 5.
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Figure 4. Measured GSM-900 peak power density levels as a function of distance to the nearest base station. Data
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reproduced from [23].
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Figure 5. Measured WLAN peak power density levels as a function of distance to the nearest WLAN router. Image
reproduced from [23]

Besides, the collected power from Wi-Fi routers is generally not steady. The emitted
waveform from a Wi-Fi router is discrete and shows burst peaks in a short duration.
As a result, the low power microcontroller cannot work in a steady state to drive the

power management module.

2.2.2 RF-to-DC power conversion efficiency
Recently, most RF harvesters presented in the papers have been evaluated using
dedicated sources rather than harvesting from ambient RF energy [5]. Only few of

10



them could work well without dedicated signals as a whole system. However, the
power sensitivity of those systems, that the minimum power level to activate and
enable harvesting, is ranging from -25 to -12 dBm [10], [24], [25], [26], which is still
much higher than a general value of ambient power density.

In recent years, high efficiency RF harvesters have been demonstrated with relatively
high input RF power levels (typically larger than 0 dBm) such as 78% [27] and 90%
[28]. Nevertheless, few of scholars have studied and fabricated RF harvesters with
convincing values of efficiency given ultra-low power levels that can be collected
without dedicated sources (typically lower than -30 dBm). The reasons can be
foreseen with a series of mathematical analyses and are presented in the Chapter 4 of
this thesis.

11



Chapter 3. Antenna design for energy harvesting

In this chapter is described the design topology, simulations and fabrication of a
printed inverted-F antenna centered at 2.4 GHz. This antenna is compact, low cost,
and high performance, whose dimensions are exactly duplicated according to the
application report SWRU120C of Texas Instruments [29]. But the feed point is
modified for the convenience of test. First we start with a brief explanation of the
parameters of an antenna then we briefly explain the advantages of using this type of
antenna. Also a brief introduction of the design and simulations. Measurements are

given but radiation patterns are not available without an anechoic chamber.

3.1 Topology of Antenna
L1

HS

L2

A H2 H3 I

feed point
L6 ] T P

Ground Plane Ground Plane

Figure 6. Layout pattern of the Inverted-F antenna

The layout pattern of the selected Inverted-F antenna is illustrated in Figure 6, where
all dimensions are listed in Table 2. There is no ground plane beneath the antenna
pattern, so the PCB substrate thickness will have little effect on the performance [29].
The ground plane is set to be as wide as the length of the antenna, and the height of
ground plane is larger than a quarter wavelength otherwise the bandwidth will
decrease. The results presented in this chapter are based on an antenna implemented
onaFR-4 (g, = 4.4, tand = 0.02) PCB with a thickness of 62 mil.

Table 2. Dimensions of the Inverted-F antenna

L1 25.58 mm H1 6.17 mm
L2 16.40 mm H2 2.67 mm
L3 4.80 mm H3 1.21 mm

12



L4 1.20 mm H4 1.80 mm

L5 3.20 mm H5 1.21 mm

L6 6.98 mm

3.2 Advantages and disadvantages

An antenna for an RF energy harvesting system is often connected directly to the
input port of an RF-to-DC rectifier, which is referred as a “rectenna” in an RF power
harvester. The inverted-F antenna is compact in size so that convenient to be
integrated with a rectifier and possible to optimize the size as well as the performance
of the overall RF harvesting circuit. This is an essential reason for choosing this type
of antenna in this thesis. And according to the design and measurement in application
report [29], the antenna has a good radiation pattern and the maximum gain is
measured to be +3.3 dBi.

However, the inverted-F antenna is compact, which means that this antenna will be
less efficient than some other types of antenna. Meanwhile, the substrate used in this
thesis is FR-4 that having a high loss tangent of 0.02. The total gain is decreased due

to high loss in dielectric.

Siyi Shen

2.5 GHz Modified Inverted F antenna
swry120c Texas Instruments

Figure 7. Fabricated antennas with modification on feed points

3.3 Results

Both Simulated and Measured return losses of antennas at 2.4 GHz are displayed in
Figure 8. The bandwidth of both two fabricated antennas is decreased. The possible
reasons are the mismatch caused by modification of feed points and a larger size of

substrate used in prototype.

13



Figure 9 and Figure 10 are the three-dimension display of radiated E-fields and total

gain in simulation, respectively, where the maximum gain is around +1.97 dBi.
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Freq (GHz)

Figure 8. Simulated and Measured return losses of antennas at 2.4 GHz
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Figure 9. Radiated E-fields of the antenna at 2.4 GHz in simulation
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Figure 10. Simulated three-dimension total gain of the antenna at 2.4 GHz
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And Figure 11 shows the simulated gain pattern of the antenna for both E-plane and

H-plane at 2.4 GHz. The two curves with brighter colors represent the E-plane

radiation pattern for ¢ = 0 or 90" while the rest ones with darker colors represent the

H-plane radiation pattern for ¢ = 0 or 90°. But it should be mentioned that the

radiation patterns of E-plane and H-plane with the same value of ¢ are not very

similar. The explanation is that the isolation of the antenna is reduced with the

implementation of the type of printed antenna and the modification of antenna port.
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Figure 11. The simulated radiation pattern with co-polarization and cross-polarization at 2.4 GHz
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Chapter 4. RF to DC conversion

This chapter mainly focuses on the design of the RF-to-DC rectifier, where the chief
issue is to acquire the RF-to-DC power conversion efficiency (PCE) as highly as
possible. Firstly, in this chapter, mathematical analyses of the power conversion
efficiency are presented to explain the reason why only a few RF energy harvesting
circuits are able to harvest energy from freely available ambient RF sources after

developments for decades of years.

Next, two types of rectifiers, the half-wave and full-wave rectifier, are mentioned and
simulated in design. And a modified full-wave rectifier is fabricated and measured to
verify the design. Analyses are also listed to explain the discrepancy between

measurements and design simulations, which are probably challenges or motivations

for potential topics and further research in future works.

4.1 Physical Limitations of RF Rectification

In RF energy harvesting applications, the expected operation power has a maximum
level reaching -15 dBm in high power density regions, but a typical average power of
only -30 dBm and below in most areas with low-density ambient power [5], [18],
[30]. At these power levels, previous works have presented enough evidence that
demonstrates deficient PCE of rectification at high frequency microwaves [20], [31],
[32].

Therefore, the “low-power barrier” of PCE of a rectifier plays a negative role in the
energy rectification process to utilize much more power. In order to get a PCE as high
as possible with a limited manufacturing condition (that using substrate material FR-4
for the sake of saving budget), it is necessary to understand the low power level
mechanism inside rectifiers, i.e., diodes used essentially.

Previous works [12], [14] have demonstrated a good approximation using the square-
law power rectification model that neglecting higher order harmonics inside diodes. In
this rectification model, the power conversion efficiency mechanism is divided into
several steps, each one with an intrinsic efficiency. The total PCE can be calculated

using the expression below (1) [12]
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PDC
PCE = p =TMm " Mp " No " Npc-transfer 1)
RF

where Pp - is the dc power delivered to the load of the rectifier, Pg is the input
power, 1, is the matching network efficiency, n,, is the parasitic efficiency, n, and

Npc—transfer 1S the nonlinear junction RF-to-dc power conversion efficiency.

4.1.1 Matching Efficiency ny

RF and microwave signal experiences reflection when it enters into a device with
different impedance. The reflections can be well eliminated using a matching network
at the expense of narrowing operating frequency bandwidth. The matching efficiency
comes from the resulting insertion loss of the matching network. And this efficiency
can vary depending significantly on the concrete matching topologies, required

quality factor Q, etc.

For the case of a simple L-matching network, the insertion losses can be calculated
using the required quality factor of matching circuit Q, and the obtained quality factor
Qm [12], [14], [33], using the following equations:

1
77 =
g @
_ RHigh
Qr = Ry 1 (©)

where Q,. is the required quality factor, which depends on the mismatch between the
highest impedance Ry;,, and lowest impedances R,,,,, that are to be matched. In our
case of rectifier matching, this is typically the port impedance 50 Q and the diode's

junction resistance.

Therefore, it is obvious to notice from equation (2), (3) that high zero-bias junction
resistance diodes cannot be used because of large losses in the matching network,
resulting from a larger mismatch between a lower source impedance and a larger
junction impedance. For this reason, previous works of RF energy harvesting circuits
usually involves diodes like Skyworks SMS7630 or Avago HSMS-2850, HSMS-2860
series [1], [9], which have relatively low zero-bias junction resistances, in the order of
few kQ.

17



4.1.2 Diode Parasitic Efficiency n,

In the case of diodes, which are the subject of the study presented in this thesis, the
equivalent diode circuit model with package parasitic components is used [4], as

shown in Figure 12. In this figure, R; represents the diode’s nonlinear junction
resistance, C; the junction capacitance, R the series resistance inside diode, C, the
package parasitic capacitance and L, the parasitic inductance. The junction resistance
R; is a function of the dc current flowing through the junction 1, that can be easily

extracted from the measurement of 1-V characteristics.

Cp

Lp Rs

Figure 12. Equivalent circuit model of a diode

Apparently, a portion of the incident energy is dissipated in the parasitic resistance R,
that comes from manufacturing process and package of the device. And another part
of energy passes through the nonlinear junction of the diode, which means that the
part of energy cannot be converted.

Using the model shown in Figure 12 above, the parasitic efficiency can be calculated.
First, the current that flows through this nonlinear junction is expressed, where V,

represents the voltage across the junction:

Vp Vb
Zj

lior = 5
R + 1 (4)

Thus, the total power that gets into the diode is obtained:

VL2> _ 5 Ry + R+ R (w(iR;)? )

P,y = R
tor = 1€ <Z* b (Ry + R))? + (WG R;R)?
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On the other hand, the current that flows into the junction resistance R;, is divided by

a voltage divider comprised of R; and C;:

1/jwC; Vp
b= leot R 1 /jwC = R ¥ R ¥ joC R R ©)
j T 1/jwl s+ R + Jol;R;Rs
The power absorbed by the junction resistance R; is then calculated below:
2 2 Rj
P, = || Ry =V," - 7
J | J| J b (R, + Rj)z + (wchsz)z (7

Above all, with the assumption that the condition of R; >> R; exists at zero-bias, the

parasitic efficiency of rectifying diode is

5 1 @)
P Py (1+(w- C])Z : Rj * Rg)?

n

4.1.3 RF-to-DC conversion efficiency 1o - pc-transfer
The nonlinearity of a rectifying diode can be described by dc the voltage — current

equation. The voltage can be expanded in Taylor series about I,

v (I
V(D) = V) 4/ Up) - = Ip) + 2 = 1) - )
If an RF current of magnitude M and frequency w
ip(t) =M - cos(wt) (10)

Flows through a perfectly matched junction, the resulting voltage of the junction can

be calculated by replacing i by i, (t) in equation (9) above.

. ) . V" (Ipias) .

v(i) = v(lpigs) + V' Upigs) * (0 — Ipigs) + % (i = Ipigs)? + -+

) V"' (Ipias)
= V(lpias) + V' Upias) - [M - cos(wt) = Ipias] +———— [M - cos(@t) = Ipiqs]?
+ ...
) v" (Ip) V" (Ipias)
= U(Ibias) -V (Ibias) ' Ibias + T ' bias2 + % ' MZ
(11)
vll I )
+[v’(1bias) - U”(Ibias) ' Ibias] M - cos(wt) + M : MZ : COS(Zwt)

4
Keeping the only term for which w = 0, the rectified voltage is
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1 dzv(lb- )
Urect = Z M2 - dizlas (12)
In the equation (12) above, it is assumed that no power goes into the higher order

harmonics, i.e. neglecting higher order terms in the Taylor series (9).

On the other hand, keeping the term relating to w will give the RF voltage across the
junction

di
that leads to the RF power absorbed by the rectifying diode. Briefly, RF power is an

Vp(t) = M - cos(wt) -

integration of the product of the RF current and voltage over a period T

T

— 1 y
Po =7 | v0(® 100 - dt
0

T
= sz - cos?(wt) -
0

dv(lbias)
— . dt
di

T
1 dv(Ipigs) 1+ cosRwt)
— . 2, las .
=T Mg j 2 dt
0
- M_z . M (14)
2 di
The ratio of the output dc voltage by the absorbed RF power is defined as voltage
responsivity. The responsivity of a diode is usually expressed in units of either
amperes or volts per watt of incident radiant power [12].
_ Urect
The open circuit voltage responsivity R,, can be linked to the short-circuit current
responsivity R; by the differential junction resistance R; = dv(Ip;qs)/di
ERU = iRi . R] (16)
With equation (12) (14) (15),
% = 1 v" 1 dRj/di 17
Vo2 v 2 R (7

]
Consider the I-V characteristic of a diode
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v

i=I- [exp (r?k_T) - 1] (18)
Where the reverse bias saturation current is denoted by I, the ideality factor n, the
Boltzmann constant k. Then the current responsivity can be expressed as follows with
equation (17) (18),

w=s (19)
From (19), we can conclude that the current responsivity R; does not depend on the
junction resistance, but rather only on the process of fabrications and types of diode
technology. The only intrinsic characteristic of diode that have an impact on the
current responsivity is n, the diode’s ideality factor. Thus, R; is inversely proportional
to n and has a maximum value of 19.34 A/W at 300 K. This is the maximum current
responsivity that any Schottky diode can reach at ambient temperature, thereby
standing for an important limitation in the use of Schottky diodes for low-power
energy harvesters [34]. Next, we can deduct the expression of RF-to-DC power
conversion efficiency represented by the terms of current responsivity ‘R; and junction
resistance R; under ultra-low power region, where the junction resistance is

considered to be constant and equal to Rj,.

The generated dc power that delivers into the dc load or the next stage of RF

harvesting systems can be calculated,

P _ RL . 172 (20)

Replacing v,..; in (20) by the product of incident power P,, and responsivity R,, (15)
(16),

R, -P5-Ri R}

= 21
Poc (Rs + R; + R.)? (21)

Thus, using this model, the optimal 1 - Npc—¢ransser €fficiency when the load
connected to the diode is equal to R;, [12] is given by, assuming that R; > R, and
that the power that goes into the junction is low enough (-30dBm or below)

PDc_Rj'miz.

No * Npc—transfer = H T [3) (22)
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When the incident power is low, self-biasing current of the diode can be neglected
and the diode can be viewed as zero-biasing when calculating the differential junction

resistance R; and current responsivity R;, denoted by R;, and R;,.

4.1.4 Overall Efficiency

Above all, the overall efficiency of a rectifying diode can be calculated including all
parts of efficiency contributions. However, it is difficult to integrate the matching
efficiency into a generalized analytical model because this efficiency depends too
much on the circuit technologies [12]. Thus, given a low power and ideal matching

conditions (ny = 1 and R; > Ry), the optimum diode efficiency can be expressed

Pe

P =MNm " Mp " No " Npc-transfer
RF

2
R; - /R, 1
=< A & Lp ) Py, (23)
O'Rs

2 1+(0-G)* R

As a conclusion, at low power level, the power conversion efficiency is positively
proportional to the power going into the junction P;,. And the trend of conversion
efficiency of a diode can be discussed as follows considering the value of zero-bias

resistance.

At low frequency, the term 1g - Npc—¢ransfer dominates, which means that it is
desirable to have the highest possible junction resistance. But in this case, matching
loss cannot be neglected because the junction resistance is too much higher than the

port impedance of the previous stage, typically an antenna.

At high frequency, the term n,, dominates. A smaller junction resistance is then

required.

Therefore, in the thesis it is important to choose a suitable Schottky diode for the
design of rectifiers. For future works, the research topics may concentrate on the
developments of the structure of rectifying devices [13], either on improvement of

zeros bias current responsivity or ability to tune zero bias junction resistance.

Besides, the junction resistance R; is a function of the dc current flowing through the

junction. The junction resistance will decrease as the voltage across the junction goes
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up. When the incident power is high enough, the resistance R; cannot be simply
replaced by zero bias resistance R;, in calculations. The estimated efficiency from
(23) can be further different with the value in reality for power levels higher than
around -20 dBm. Plus, power will get into harmonics at these power levels due to the
nonlinearity of rectifying diodes. Then the pre-assumption that no power goes into
harmonics in mathematical analyses may not be correct and accurate. As a conclusion,
the formula (23) is only applicable and accurate in ultra-low power region, especially
below -30 dBm.

4.2 Rectifier Design and Simulation

4.2.1 Single Stage Half-wave Rectifier

In practice, a half-wave rectifier is firstly considered for low energy harvesting
applications because of its simplicity. The previous work showed that an RF rectifier
with a single stage of diode is more efficient in the ultra-low RF power domain than a
diode ladder circuit [9]. Thus, a single stage half-wave rectifier is evaluated at first.
Figure 13 shows a simple implementation of the half-wave rectifier, where a Il
matching network is used to cancel the reflection of RF port. A basic LC low pass

filter is attached to reject fundamental and high order harmonics.

According to the rectification model mentioned above, the power conversion
efficiency of this rectifier can be estimated theoretically. In this structure, a low
barrier zero-bias Schottky diode SMS-7630 is chosen. From datasheet [35],

parameters are listed below:

a) The junction capacitance C; = 0.14 pF
b) The internal series resistance R = 20 Q
c) The zero bias current responsivity at 300 K (19)

R = 1 q 1 1.602 x 1071°
72 nkT ~ 2 1.05-1.381 x 10-23 - 300
d) The junction resistance R; =~ 7 kQ with the junction power of -30 dBm

= 18.41 A/W

Next, with the expression (23) of overall efficiency, excluding the loss of other

passive components, an optimum efficiency is obtained.
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R; - /R, 1
77=77M'< \/—]

2
P -100% =~ 21.8%
2 1+(0)'Cj)2'Rj'Rs> "

Another issue needed to be considered is that the equation here used to calculate the

overall efficiency is deducted assuming that the current across the diode is a

sinusoidal wave over the whole period, as mentioned in equation (10):

i,(t) =M - cos(wt)

Therefore, when analyzing the case of a half-wave rectifier, the RF power in a half of

the period is not collected. The final efficiency should be a half of the calculated

%

value, i.e. 11% theoretically.

RF
O0—— II Matching

Figure 13. The schematic of a half wave rectifier with a single diode

For specific design, the impedance matching stage of the RF harvesting circuit is

critical in order to deliver maximum power from the antenna to the rectifier circuit.

However, matching network design is challenging since the rectifier diodes are
nonlinear devices with complex impedance that vary with frequency, input power

level and load resistance.

It is easy to understand that, for optimal matching performance, these parameters

should be suitably determined prior to designing the matching network. For our RF

rectifier, the operating frequency is from 2.4 to 2.5 GHz, a widely used band of

multiple energy sources like Wi-Fi, Bluetooth, etc. Also, the anticipated input power

is between -30 and -10 dBm, which is still much higher than the average value of

ambient RF power but a reasonable power range used to demonstrate this design.

24



Furthermore, the load resistance for this design will be swept from 1kQ to 10kQ in

order to track maximum power point (MPPT) of the rectifier.

The simulation of the half-wave rectifier is conducted in Microwave office. The
center frequency is set to be 2.45 GHz. Figure 14 shows the matching reflections of
center frequency 2.45 GHz on various input power and load points. The smith chart is
expanded, where -10 dB and -20 dB contours are displayed. As we can see in the
figure, S11 of most conditions, whose power is from -30 to -20 dBm and load from 1
kQ to 10 kQ, are constrained below -10 dB, an acceptable value for impedance

matching.

Figure 15 is the simulated result of open-circuit voltage at diverse power levels,
whose dc output voltage below -15 dBm is not high enough to overcome the cold start
threshold of a boost converter used in next stage. Figure 16 shows the simulated
power conversion efficiency of the designed half-wave rectifier. The maximum
efficiency points at some power levels are marked on the figure. The optimal
efficiency 12.7% at -30 dBm is corresponding to the estimated value 11% calculated

previously.

One weakness of this topology is that only one half of the input waveform reaches the

output assuming the condition of an ideal diode.

Center Matching of half-wave rectifier
Swp Max
2.45e+009

Input Power
-30 to -20 dBm

o
2
2 g

Load resistance

1k to 10k Ohm \ 245612811

half_wave_rect

‘-— -10 dB Contour
half_wave_rect

—-20 dB Contour
half_wave_rect

Figure 14. S11 at 2.45 GHz on various power and load points
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Figure 15. Open circuit voltage of the half wave rectifier against input RF power
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Figure 16. Simulated efficiency of the half wave rectifier

4.2.2 Modified Full-wave Rectifier

According to discussions above, a full-wave rectifier is then proposed. The modified
structure of the differential full-wave rectifier is shown in Figure 17. In fact, the
modified rectifier is composed of two single-stage full-wave rectifiers, whose polarity
is opposite with each other. The resulting DC output is stacked up and easier to

activate the boost converter. Four identical zero-bias Schottky diodes D1, D2, D3 and
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D4 are used in the circuit, which are characterized as low-barrier, high-current-

saturation and no additional biasing.

Cl D2 VDC+
! ]
DI /A L 2
RF Port RF GND <
O—— Matching Network “-Load
Ca —_
D3/ = 4
I u ~
C3 D4 VDC-

Figure 17. Structure of a differential full-wave rectifier

One of the most important drawbacks of this topology is the high impedance
nodes at low power levels. On the one hand, the matching loss is pretty high because
of the large gap between input and output matching impedance. On the other hand, the
overall efficiency of the topology depends highly on substrate material considering

medium loss of the substrate, which will be analyzed later in this chapter.

The operation of the modified full-wave rectifier can be explained considering
either half side of the rectifier due to symmetry of the topology. For the upper side,
when the polarity of input voltage is in negative cycle, where diode D1 is turned on
and D2 is off, the energy is stored into capacitor C1 through the path of D1, as shown
in Figure 18 (a). And when the polarity of excitation alters into positive cycle, where
diode D1 is shut off and D2 is activated, the input energy is transferred and kept into
capacitor C2 through the path of D2, as shown in Figure 18 (b). Meanwhile, the
energy stored in capacitor C1 is also pumped to capacitor C2. Eventually, the energy
stored in capacitor C2 supplies the dc power to the load, once the diode D2 is shut off
in negative cycle. Due to the property of symmetry, the bottom side rectifier works

similarly as the upper side one with opposite polarity.
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Figure 18. Operation of the upper side rectifier (a) negative cycle (b) positive cycle
As opposed to other rectifier circuits (such as Dickson or Villard), the version of
rectifier is RF symmetric. As such, every rectifying diode is excited with the same
input power ideally, if diodes are identical. In addition, this symmetry helps us reduce

harmonics generated by the diodes (as even harmonics cancel each other).

It should be noticed that some other rectifier configurations that can operate near
theoretical bounds of power extraction are available in the literature [36], [37]. But for
our case, the modified full-wave rectifier are selected because it can be built using
discrete components that is available commercially. Thus, the circuit is much easier to

fabricate and evaluate.

VDC+
RF Port 2, =
e 1} —_ C7 <~ Load
l { [
cl l 2L
I L e

Figure 19. Schematic of the modified rectifier configuration
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Figure 19 shows the configuration of the differential full-wave rectifier in detail. A

tapped capacitor transformer is chosen for the matching network. All discrete

components in the schematic are commercial available and their size and value are

listed below in Table 3. Variable capacitors are used in the matching network to

adjust reflection coefficient at desired 2.45 GHz frequency and power levels of

excitations. And the circuit prototype is displayed in Figure 20.

Table 3. List of Components in fabricated rectifier

Component Manufacture Part Value Q gHZZAS
C1l Murata Variable Cap 1.4 -3pF ~1
C2 Murata Variable Cap 1-25pF ~3.5
C3, C4, C5, C6 Murata Ceramic Cap 0603 100 pF ~8
C7 Murata Ceramic Cap 0603 5000 pF
. Aiir core spring _
L1 Coilcraft 0906 1.65nH 200
L2, L3 Coilcraft Ceramic Ind 0603 33 nH ~20
Diode Skyworks SMS7630 SOT-23

Siyi Shen

Figure 20. Fabricated rectifier circuit prototype

g

T Viminus

-

2.45 GHz RF harvesting Rectifier

Simulations are conducted in Microwave office. The values of components are chosen

to have the best matching (return loss less than -20 dB) for power from -30 to -20

dBm and optimal load resistance. Figure 21 shows the impedance matching at center

frequency 2.45 GHz with diverse power and load resistance points. The Smith chart is

again expand, where -10 dB and -20 dB contours are displayed. The return loss of

most of conditions are limited below -10 dB.
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Figure 21. S11 of 2.45 GHz on various power and load points

Figure 22 shows the open circuit voltage of the modified rectifier at different input
power levels. Figure 23 is the simulated efficiency of the rectifier, where maximum
efficiency points are marked on the figure. The efficiency values of this rectifier are
lower than that of the half-wave rectifier, since series resistance among diodes is
increased, which results from the increased number of Schottky diodes. This can be

foreseen in the mathematical analyses above.

Open Circuit Voltage

- \Voc (V)
Diff_full_wave

. - v
15 p2: FREQ = 2450 MHz |

Voltage (V)

Power (dBm)

Figure 22. Open circuit voltage against Input RF power
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Figure 23. Simulated efficiency of the full-wave rectifier for various power and load resistance

Figure 24 shows the measured S11 at 2.45 GHz. Similarly, the Smith chart is
expanded, where -10 dB and -20 dB contours are displayed. The distribution is not
identical to that of simulations but reasonable considering parasitic elements from the
fabrication and discrete components. Figure 25 is measured open-circuit voltage of
the rectifier, where the results are slightly lower than that in simulations due to some
parasitic components. Figure 26 presents the plot showing measured efficiency of the
rectifier, where maximum efficiency points are clearly marked on the graph every 5
dB interval. The load resistance is varied with a potentiometer connected with two

copper lines.

As we expected, the measurements shows the similar trend as the simulations that
optimal load resistance decreases as the input power excitation goes up from -30 to -
10 dBm. The reason for the tendency is related to junction resistance of rectifying
diodes, whose value change can be foreseen in diodes’ I-V characteristics. It should
be noticed that a series of abnormal data points measured at a load of 22kQ may result
from the fluctuation of waveform generated by the RF signal generator. Another
possible reason is a small deviation of the tuned value that appears when manipulating

the potentiometer.
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On the other hand, the values of measured efficiency are much lower than what we
anticipated from simulations. Analyses are carried out as follows in detail and some

possible reasons are presented.

Measured center matching of the fabricated rectifier A Rpgy=10ka
Swp Max v R =15k
‘ -10 dB contour 2.45e+009 x R 4=20kQ
i Ry = 25 KO
® R __,=30kQ
m R, =40kQ
-20 dB contour RI =50 kQ
oad

Input Power
-30 to -10 dBm
Step 2 dB

Figure 24. Measured S11 at 2.45 GHz for diverse input power and load resistance
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Figure 25. Meausred open circuit voltage of the fabricated rectifier
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MPPT: Measured efficiency of the fabricated rectifier
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Figure 26. Measured efficiency of the modified rectifier
Theoretical analyses are presented below to discuss the reasons that account for the

discrepancy between simulated and measured efficiency of the modified RF rectifier.

First of all, loss in medium is a critical factor for the difference between simulations
and measurements. In fact, the substrate material of PCB used for the rectifier is FR4,
whose dielectric tangent loss is approximately 0.02. At the desired 2.4 — 2.5 GHz
frequency range, the resulting dielectric conductivity then cannot be neglected,
degrading the performance of the entire circuit. With an insight inspection, it is
understandable that the moderate substrate resistance influences the quality factor of
impedance matching circuit and divides the current flow that is delivered into the
system load of the rectifier, dissipating a portion of energy harvested from an antenna

or a dedicated RF signal generator.
In general, the complex permittivity is defined as [38]:
— i (24)
E=E lw
where o is the conductivity of a medium, &’ is the absolute permittivity.

The tangent loss of dielectric is expressed as
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tand = ’ =

Thus, the dielectric conductivity of the medium is then calculated:

— (25)
0 = we' - tand = weye, - tand

In this case, the dielectric conductivity of FR4 material at center frequency 2.45 GHz

can be estimated as follows:

0 = WE&YE, - tand

=21 X 2.45 X 10 X 8.854 X 10712 x 4.4 X 0.02 = 0.012 S/m

Thus, substrate resistance can be estimated by the equation (26), where H is the

thickness of substrate in PCB process and A is the copper area of certain nodes on

layout pattern.

H
Reyp = O'_A

(26)

As a conclusion, Table 4 presents estimated areas of connection node in layout pattern

(shown in Figure 28) of the rectifier in the left column and calculated substrate

resistances to the ground plane in the right list. H = 62 mil is used for calculations

below.

Table 4. Estimated node areas and substrate resistance

Node copper area (mm?) Substrate Resistance(k)
A 11.36 11.55
B 7.14 18.38
C 0.96 137.24
D 1.82 72.15
E 2.34 56.06
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Figure 28. Layout pattern of the fabricated rectifier

Figure 29 and Figure 30 are simulated open circuit voltage and power conversion
efficiency of the full-wave rectifier after considering substrate loss in the simulation,
respectively. Based on the simulation results, we can conclude that the substrate loss
has great impact on the overall performance of the rectifier as expected, including
output open circuit voltage and power conversion efficiency, at all levels of power

excitation.
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Figure 29. Open circuit voltage of the rectifier considering substrate loss
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Figure 30. Simulated efficiency of the rectifier considering substrate loss

Secondly, parasitic loss of discrete components, including rectifying diodes and LC
elements on the rectifier, can have negative impact on the overall efficiency of the
rectifier. In this design, although it is much convenient to use two tunable capacitors
to match the desired center frequency of the rectifier, the quality factor of these
capacitors can be as low as one at 2.45 GHz according to the graphs provided by the
manufacturer. And the estimated series resistance of the tunable capacitors at 2.45
GHz is around several Ohm. The quality factors of each component in this design are

listed in Table 3. After replacing all components on the schematic by models that are
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offered by manufacturers (Murata, Coilcraft), and inserting components of the
calculated parasitic resistance into the schematic, a more accurate result of the
rectifier efficiency is extracted from simulation, combined with the consideration of

lossy substrate, as shown in Figure 31. This result is much closer to what we have in

measurement.
Simulated efficiency of full Wave Rectifier
Considering both LC components models
and substrate loss
AP, =-30dBm, Ropl=15.0 kQ, eta=0.7%
20% r

Input Power « P, =25dBm, R__=14.0ke, eta=2.1%
-30 to -10 dBm in op
P =20dBm,R__=11.0 kO, eta=5.5%
‘\ in opt
O P. =15dBm, R =90k, eta=11.8%
in opt
P_=-10dBm, R__=8.0 k{2, eta=20.2%
in opt

18%
16%

14%

12%
10%
8%
6%

==

Load Resistance (Ohm) x 104

Figure 31. Simulated efficiency of the rectifier considering both substrate loss and LC components models
Illustrated in Figure 32 is the comparison between the results of power efficiency
from measurement and simulation with incident power levels of -30, -20 and -10
dBm. Obviously, the optimal load resistances at each power levels from simulations
are much lower than that from measurement. Generally, the measured curves greatly
fit the curves that are translated from dash-dot lines. An important factor is that the
expected values of load resistance is far higher than the real values implemented
during measurements. Two key features can be the internal resistance inserted from
the multi-meter and the real substrate resistance that is much lower than estimated
ones in Table 4. The other possible reason may be the inaccurate models for tunable
capacitors in simulation. Since no parasitic models offered from online datasheets,

only estimated parasitic components are added in simulation as the influence of
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discrete components. Thus, the models may explain the reasons for efficiency

degradation rather than represent the accurate results.

Efficiency Comparison Between Measurement (Solid lines)
& Simulation (Dash-dot lines)

— AP =30dBm,R_ =220k, n_=1.0%
20% - in opt m
N A--P. =30dBm, R__=15.0 k2, n_=0.7%
in opt s
2 — Pi"=-20 dBm, Rop‘=22.0 ke, r;m=6‘1%
’ —:-P. =20dBm, R__=11.0k}, n.=5.5%
in opt s
P =-10dBm,R__=14.0k2, n_=18.1%
in opt m

P =-10dBm,R__=10.0 k02, n_=19.8%
in opt s
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Figure 32. Comparison of the efficiency of the rectifier between simulation and measurement
Besides, another possible reason explaining for the difference is the inevitable
diversity of discrete components that comes from fabrication process. Among the
impact of those elements, the most important one results from the diversity of
rectifying diodes, in which reverse saturation current I and forward built-in voltage
Vi can vary. A previous work [39] published by the team of Prof. Wu have
discussions about the impact of reverse saturation current I on RF-to-DC power
conversion efficiency of a rectifier with a single rectifying diode. In their paper, the
RF power dissipated in the short circuited stub and in the series matching network

transmission line, as a function of I, are given, as shown in Figure 33.
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And the total harvesting efficiency indicating the saturation current of both SMS7630
and HSMS2850 is also presented in the paper, shown in Figure 34. It is obvious to
conclude that the difference of saturation current can have great impact on the overall

power efficiency.
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Chapter 5. Boost converter module

In this chapter, the integrated device for ultra-low energy harvesting bg25570 from
Texas Instruments is described. And for convenience and the limitation of fabrication
conditions, a commercial bg25570EVM-206 evaluation board is used for DC-DC
voltage conversion and power storage and management. Node connections of the
evaluation module are shown in figures and specified below. A supercapacitor with a
reduced leak current of 10nA is attached to the output of the module. Then is
measured the power conversion efficiency of Boost converter at different power

levels with two source-meters.

5.1 Bg25570 Programmable Integrated Nano-power Boost Charger IC

The bg25570 device is specifically designed to efficiently extract micro-watts (uW) to
mill-watts (mW) of power generated from a variety of high output impedance DC
sources like photovoltaic (solar) or thermal electric generators (TEG) without
collapsing those sources [40]. In ambient RF energy harvesting, the power received
from the RF-to-DC rectifier is typically on the order of micro-watts. Besides,
according to the measurements above, the voltage extracted to the boost converter is
relatively low. In steady state condition, the bq25570 ensures continuous energy
harvesting from an input voltage as low as 100mV, which is suitable for this

application.

As for the power management part, the battery management features ensure that a
rechargeable battery or other storage devices are not overcharged by this extracted
power, with voltage boosted, or depleted beyond safe limits by a system load [40]. In
addition to the highly efficient boosting charger, the bg25570 integrates a highly
efficient, nano-power buck converter for providing a second power rail to systems
such as wireless sensor networks (WSN) which have stringent power and operational
demands. The buck converter as a voltage regulator at output is vital to set reasonable

threshold voltage limitations for storage devices with different maximum voltage.

One of the most beneficial features of this device is that a controller for maximum
power point tracking (MPPT) is contained inside the IC [40]. MPPT is essential in
energy harvesting applications in order to maximize the power extracted from an

energy harvester source.
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The MPPT controller modulates the input impedance of the main boost charger by
regulating the charger's input voltage, as sensed by the VIN_DC pin, to the sampled
reference voltage, as stored on the VREF_SAMP pin. The MPPT circuit obtains a
new reference voltage every 16 s by periodically disabling the charger for a very short
duration and sampling a fraction of the open-circuit voltage (VOC) [40]. For RF
energy harvesters, the maximum power point is typically 40%-50%. In the evaluation
board we use, two values of 80% and 50% have already been set up for typically
applications. The MPPT regulation point can be internally set by connecting
VOC_SAMP to either VSTOR or GND.

5.2 Efficiency Measurement

The measurement setup is illustrated in Figure 35. The specific equipment used for
the measurement results is presented in Figure 36 and Figure 37. The detailed setup is
described below:

1) Node VIN_DC was connected to a Keithley 2400 source-meter configured as a
voltage source with current compliance (Cmpl) set to the input current of the boost
converter. The voltage source serves as the function of the RF-to-DC rectifier. In this
measurement, the open circuit voltage is set to be 0.5 V and 1.1 V, a typical dc output

voltage receiving from the designed rectifier.

2) Node VOUT was connected to a Keithley 2401 source-meter configured as a
voltage source set to the VOUT voltage. The voltage source is regarded as a
rechargeable battery at the pin VSTOR, whose open circuit voltage is tuned to be a
general operating voltage of the storage device MS920SE 2.6 V. The current getting
into the source-meter (displayed as a negative value) is the output current of the

charger.
Conditions of the measurement are summarized as follows:

1) Input: Keithley 2400, V,-1=0.5V / 1.1V, Iy, varies from 30 to 100 A with

a step of 5 uA.
2) Output: Keithley 2401, V., = 2.6V, I,,,,; iS measured.
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Figure 36. Two source-meters used in measurements



In Table 5, the efficiency is obtained from the expression below:

Figure 37. The Boost converter module connected to source-meters
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Table 5. Measurement of the input voltage and output current of boost converter module

Voc=05V,Vout=26V Voc=11V,Vout=2.6V
I O8N ey | ns | | ) | 0%
30 0.235 -1.41 52.0 0.539 -4.54 73.0
35 0.236 -1.76 554 0.539 -5.46 75.3
40 0.235 -2.08 57.5 0.539 -6.29 75.9
45 0.235 -2.42 59.5 0.540 -7.22 77.3
50 0.235 -2.77 61.3 0.540 -8.09 77.9
55 0.235 -3.11 62.6 0.541 -8.96 78.3
60 0.235 -3.47 64.0 0.541 -9.85 78.9
65 0.236 -3.81 64.6 0.540 -10.73 79.5
70 0.235 -4.14 65.4 0.542 -11.61 79.6
75 0.236 -4.50 66.1 0.541 -12.46 79.8
80 0.235 -4.84 66.9 0.541 -13.36 80.3
85 0.236 -5.17 67.0 0.541 -14.25 80.6
90 0.236 -5.54 67.8 0.540 -15.14 81.0
95 0.236 -5.86 68.0 0.539 -15.96 81.0
100 0.236 -6.21 68.4 0.539 -16.84 81.2

The measured input voltage is approximately a half of voltage provided by a source-

meter. And voltage is refreshed every several seconds. This means that the boost

converter works well as what we expected.

Based on measurements, as we can see in Table 5 and Figure 38, the overall DC-DC

efficiency of the boost converter module is over 50 percent, which is outstanding at
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low power working region among commercial products for applications of low power

DC-DC conversion and energy management. Especially, when the voltage of the

input source-meter is set to 1.1 V that is approximately the open circuit voltage of the

designed rectifier in the thesis, the boost converter can have an efficiency at least 70%

with a provided power of around 15 micro-watts.

90%
85%
80%
75%

=X 70%
65%
60%
55%

50%

30

The efficiency of boost converter module

versus input current
+VOC =05V, Vstor =26V
+VOC=1.1V,V =26V

stor

40 50 60 70 80 90 100
Input Current (uA)

Figure 38. Measured DC-DC conversion efficiency of boost converter versus input current
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Chapter 6. Experimental demonstration of the entire energy
harvester

6.1 Demonstration with RF signal generator

The entire RF energy harvester including an RF signal generator, the fabricated
rectifier, the boost converter evaluation board and a supercapacitor/battery is firstly
set up together to test its performance with desired power excitation, which is shown

in Figure 39 and Figure 40.

Based on datasheet of bg25570 [40], the minimum cold-start input power of the boost
converter is 15 W and the minimum input voltage for cold start is 330mV. Thus, the
boost converter module cannot be activated to work until the DC output from the RF
rectifier reaches these two thresholds. So for our case, the entire power harvester
attaching a 7.5mF supercapacitor is excited with -10 dBm RF signal. The input and
output voltage of the boost converter are measured with two multimeters, as shown in
Figure 39 and Figure 40. The transient voltage of the supercapacitor is illustrated in
Figure 41. First, the input voltage of the boost converter keeps in a voltage of 334mV
for 104s after turning on the -10 dBm RF signal generator, which means the overall
system is on the state of cold starting. After that, the input voltage constantly stays at
around a half of the open circuit voltage of the fabricated rectifier with incident power
of -10 dBm and is refreshed every 15 seconds. Thus, the voltage of supercapacitor is

recorded with an interval of 15 second.

» |

Figure 39. RF power harvesting system at the state of cold starting
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Figure 40 RF power harvesting system at steady state of charging a supercapacitor

According to the result in Figure 41, the overall collected energy over time can be

estimated with formula below

1 1
Estore =5 C- (V2 =) = 575X 1073 - (1.7922 — 0.524%)
= 1.1 x 1072 Joule
Then, the average DC power flows into the supercapacitor during the period of

charging is obtained as follows:

p _ Estore
avg —

= 5.174 pW

Thus, the overall efficiency can be calculated with input power of -10 dBm or 100

MW,

Pavg
= = 5.1740
1 Pin o

Above all, the efficiency of the entire system is about 5.17%.
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Transient voltage for supercapacitor charging

02k 4 M1 Time=104s, Voltage=0.524V
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Figure 41. Transient voltage of supercapacitor charging with -10 dBm
6.2 Comparisons and conclusions
The comparison of this work to the other available power harvesters is shown in Table
6. At 2.45 GHz, the power harvester presented in this thesis performs with an average
efficiency of 5.17% at -10 dBm when charging a supercapacitor by connecting it to
the output of PFM buck converter, the 1.8 V pin V_OUT. When charging a
supercapacitor, the RF sensitivity of our power harvester is around -10 dBm at the
beginning due to the cold-start energy requirements of the boost converter. But once
the pin VSTOR reach around 1.8 V, the system can continue to harvest energy down
to -18 dBm and the PFM buck converter can work to output 1.8 V at the pin V_OUT.
Thus, the barrier of cold-start condition required for activating the boost converter can
be eliminated and the sensitivity of the system can be down to around -18 dBm where
the input voltage is around 120 mV when a rechargeable battery with a voltage higher
than 1.8 V is attached on VSTOR. Based on separate measurements in Chapter 4 & 5,
the estimated efficiency of battery charging can reach around 13%. But the measured
efficiency of battery charging is not available due to the lack of suitable battery to
determine power charging efficiency.

As a comparison, the work from [41] is also implemented with discrete components
on FR-4. This work has the second best sensitivity (including battery charging in this
work) because the combination of a single Schottky diode and an ultra-low input
voltage Seiko charge-pump IC is used to deliver power into a microcontroller

platform. And the rectifier is matched to -12 dBm on average, which maximizes the
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efficiency of the rectifier at this power level. Thus, when incident power is -10 dBm,
the measured efficiency of the system is slightly high than what we have in the thesis

where the rectifier is optimized at a low power level around -30 dBm.

As for the work presented in [42], the technology is a two-metal two-poly 0.5-pm

digital CMOS process. The overall efficiency is decreased due to the use of Silicon—

Titanium Schottky diodes with the relatively high series resistance of 300 Q. But

compared with our RF rectifier, the impact of substrate loss is eliminated.

In addition, the work shown in [43] utilizes a step-up transformer inserted between the

antenna and voltage multiplier of passive wireless microsystems to perform both

power matching and voltage amplification prior to rectification to improve the

efficiency of overall power harvesting microsystems. The technology implemented is
TSMC 0.18-pm 1.8-V six-metal CMOS technology with thick-metal options. The

proposed power matching technique shows a better performance than LC matching.

But the structure of the implemented rectifier is an original voltage multiplier that is

less efficient than the topology in this thesis.

Table 6. Performance comparison of power harvesters

References This work [41] [42] [43]
2.45 GHz
(Simulation)
Frequency 2.45 GHz 2.45 GHz 2.45 GHz 3.85 GHz
(fabrication)
Sensitivity -10 (Output)
(dBm) 18 (Battery) -15.6 -13.5 -12.0
Maximum 1.8 (Output)
output voltage 4.2 (Battery) 2 1.5 1
V)
5.17% @
-10dBm 7.27% @ -10 dBm
System (Output), 6.5% @ -12 dBm 5% @ -13.5 2.7% @ -12
efficiency 13% (est.) @ 4.6% @ -14 dBm dBm dBm
-10 dBm 2.7% @ -15.6 dBm
(Battery)
P Discrete . 0.5 pm CMOS,
Fabrication components on Discrete components Schoftky 0.18pm CMOS
process FRA on FR-4 diodes
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6.3 Improvements and future works

PCB Substrate

As we discussed above, for our modified full-wave rectifier, the FR-4 substrate loss is
not negligible and has a great impact on the performance due to high impedance
nodes at low power levels on the rectifier. Thus, in order to improve the power
conversion efficiency, substrate materials with lower electrical loss and lower relative
permittivity, such as RO4000 series, RT/duroid series, will be selected to demonstrate
the modified rectifier for further research. For example, Rogers RT/duroid 6002
substrate has a dielectric constant of 2.94 and dielectric loss tangent of 0.0012 that is
less than one tenth of that of FR-4 substrate. The dielectric conductivity can then be
much lower than what we have in FR-4, allowing accurate microstrip transmission

line matching with small deviations of center frequency.

Bandwidth and matching network

For an ambient RF power harvester, a wider bandwidth is usually desired as the
power excitation collected from environments might come from multiple sources

communicating in different frequency channels.

In this design, a tapped capacitor transformer with discrete LC components is
implemented for impedance matching since tunable capacitors are much easier for
matching design on various conditions (incident power, load resistance). However,
the quality factor of those capacitors decreases rapidly to a value less than 5 at desired
frequency of 2.45 GHz (illustrated in Table 3). As a result, the overall performance of
power harvesting circuits can significantly degrade. Meanwhile, microstrip
transmission line matching is not ideal for the substrate material with high dielectric
loss.

Above all, two possible solutions can be conducted in further research. The one is
that, with a better PCB substrate material, microstrip matching is preferred.
Considering a broadband situation, radial stub is the potential choice for the design of
matching networks, which have been demonstrated in [1]. The other one is to replace
discrete components by tunable capacitors with different technologies, such as RF-
MEMS capacitors, which are characterized by high-Q and high-tuning-ranges. For
instance, [44] has demonstrate an RF-MEMS fractal capacitor [45] with high SRFs.
Measured quality factors are higher than 4 throughout the band of 1-15 GHz and
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reach 18 at 2.5 GHz and as high as 28 at 5 GHz. Theoretically, this type of capacitor
is a potential substitute for variable capacitors with low quality factors at high

frequencies in our design.

Discontinuous waveforms

In the category of this thesis, all that is concerned and studied on continuous
waveforms generated from an RF signal generator. However, as is known to us all, a
most commonly existing energy source type in 2.4 — 2.5 GHz band is Wi-Fi
transmitter. Wi-Fi signals often show the waveform with discrete data transmission,
which can be problems for RF energy awareness and activation of cold start circuit in
boost converter module. Thus, another promising topic in future works may

concentrate on waveform awareness and processing in an RF harvesting system.

Intrinsic improvement

The future works mentioned above can improve the performance of the RF energy
harvester in this work, but cannot completely solve the problem of low PCE at micro-
power region. To essentially increase the PCE and improve the power sensitivity of
RF energy harvester, some further solutions are discussed here.

In order to increase the PCE at low power region, the topic in further studies is to
focus on the structure of diodes. As we can see in the expression of parasitic
efficiency (8), zeros-bias junction resistance R;, and parasitic series resistance R play
a key role in the overall power conversion efficiency. As is mentioned in section
4.1.4, there is a tradeoff between RF-to-DC efficiency that requires a higher R;, and
parasitic efficiency that rather prefers a lower R;,. Therefore, a diode structure with
tunable junction resistance is desired, which can be achieved by special diodes, such
as the spindiode [12],[13]. As for parasitic series resistance R and package losses,
structure of rectifying diodes should be concerned and special care should be given
during the fabrication process. For example, the backward tunneling diode mentioned
in [13], [14] can be a good substitute because of the breakthrough of zero-bias current
responsivity of Schottky diodes [14].
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On the other hand, to improve the power sensitivity of the RF harvesting system. The
first option is to combine the power of multiple power harvesters by building a
rectenna array instead of use a single rectifier. The work [1] has already proposed a
high performance power harvester that integrates nine identical rectifiers with a
minimum sensitivity of -40 dBm. Another solution is to concentrate on the design of
the boost converter module. The activation of boost converter requires a high power
and voltage because of the threshold of a JFET or MOSFET [10], [17]. The future
topic can be the modification of the structure of boost converter or the studies of a
JFET or MOSFET with lower threshold for the boost converter.
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