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Falkenstein, FErez Avigdor (Ph.D., Electrical Engineering)
Characterization and Design of a Low-Power Wireless Power Delivery System

Thesis directed by Professor Zoya Popovié¢

This thesis focuses on a design methodology for low-power non-directional
far-field wireless powering. The power receiver consists of one or more antennae
which receive plane waves transmitted by the powering source, and deliver the RF
power to a rectifying element. The resulting DC power is optimally transferred
to the electronic application via a power management circuit. The powering is
independent of the electronic application which can include wireless transmission
of sensor data.

The design and implementation of an integrated rectifier-antenna at low in-
cident power densities (from 25-2004W /cm?) is presented. Nonlinear source-pull
measurements and harmonic balance simulations are used for finding the optimal
rectifying device RF and DC impedances for efficient rectification. Experimental
results show that an antenna design with a specific complex impedance reaches
the highest rectification efficiency. Several examples of the design methodology are
shown. In specific, characterization of a linearly polarized rectifying patch antenna
at frequency of 1.96 GHz is detailed, with an optimal RF impedance of 137+ 5149 ()
and an optimal DC load of 365¢2 resulting in RF to DC conversion efficiency of
63% (simulated) for the rectifier alone and 54% (measured) for the total rectifying
antenna. A compact design (eliminating SMA connector) of a dual-polarized rec-
tifier antenna integrated with two rectifiers, one for each polarization is detailed.
The complications and issues of combining the powers from the two polarizations
are addressed. A analysis of required RF and DC isolation in multiple-rectifier

integrated rectifier-antenna is developed and confirmed. Measurement results of a
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2.45 GHz integrated rectifier antenna show conversion efficiency of 56% and very
small dependance on rotation angle between powering polarization and receiving

rectifier antenna (ratio of maximum to minimum power as the antenna is rotated

of 1.09).
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CHAPTER 1

INTRODUCTION

Thought is a strenuous art - few practice it, and then only at rare times.

—David Ben-Gurion
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MOTIVATION

INTRODUCTION

Many electronic devices operate in conditions where it is costly, inconvenient or
impossible to replace a battery, or deliver wired power. As a result there has been

an increased demand for wireless sensors for data gathering and transmission. Often
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the data is gathered at locations with accessibility issues, sensors need to be covert
and where the sensor maintenance is not trivial. Some examples are implanted
sensors for medical diagnostics and therapy [5], structural monitoring sensors [6],
sensors inside hazardous manufacturing or other hazardous environments, sensors
for health monitoring of patients or in assisted living environments [7], aircraft
health monitoring [8], sensors for covert operations, etc. For any low power sensor
that operates at a low duty cycle, and in an environment with low levels of light or

vibration, RF wireless powering offers the potential for maintenance-free operation.

BACKGROUND SURVEY

In the past, wireless power beaming with directive antennas has been demonstrated
for various applications such as solar power satellite (SPS) where power would
be collected on large solar panels and beamed to earth or power transfer from

one part of a satellite to another as illustrated in Fig 1.1. [9, 10, 11, 12, 13]. In

(a) (b)
Figure 1.1: Microwave power transmission experiment in space on a small satellite
and on the International Space Station.

most of this work, directive antennas were used with high power densities, on the
order of a few 10*uW /cm? with efficiencies ranging from 20% to 80%. In 1975
Jet Propulsion Laboratory (JPL) and Raytheon demonstrated power transfer on

gourd to validate this concept [14]. In this experiment power was transferred over

2



1.6 km. The transmitted power was 450 kW and the DC power recovered by a the
rectifying antenna with an area of 24 m? was 30 kW. The proposed SPS in [10], is
a satellite placed in geostationary orbit and generating very high power levels, on
the order of 5 GW. The power would be generated by solar cells and be transmitted
at a frequency of 2.45 GHz to the rectifying antenna on the ground, a photograph
of the proposed rectifying antenna is seen in Fig. 1.2. The rectifying antenna array
is composed of 256 sub-arrays, each composed form 9 elements totaling at 2304

elements.

Figure 1.2: The rectifying antenna array used in Shinohara’s field experiment at a
frequency of 2.45 GHz. The size is 3.2m x 3.6 m.

In [15], a large dipole array (8 by 6) with a 5 W /cm? incident power density
was coupled to a single rectifier with a corporate feed. This is the first low-power
density rectifying antenna work reported in the literature, the power densities
are a factor of 10000 times less than the previous work. Since a corporate feed

is used, the incident power to the rectifying diode is the power collected by all



array elements and is on the order of 20 mW. According to [15], that is the power
level where efficiency is maximized for the diode used in that work. Combining the
power from all elements of the array increases the power to the rectifier, but the
non-directive properties of the single element rectifying antenna are lost. In [16],
64 spiral antenna elements with integrated Schottky diodes with connected DC
lines, seen in Fig. 1.3, were used to receive and rectify very low power densities in
the yW /cm? range. In this work, each antenna element is connected to a rectifying
diode, keeping the non-directive properties of each element. In addition, the power

is collected from any arbitrary polarization incident on the rectifying antenna array.

vertical
LHCP
element

vertical
RHCP
element

SAUN sBIq (] PUR ped U002 (]

4 x4 —»>
sub-array

2x2
sub-array

series pair

f 18.5 cm I
Figure 1.3: Layout of the 64-element array. Received RF power is rectified at each

spiral locally and the combined dc power for all elements is extracted using two dc
collection lines at the edges of the array (not shown).
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Wirelessly powered devices include RFIDs, these devices are widely used for
supply chain management and inventory control. The RFIDs are powered by the
interrogating radio-frequency wave, typically in the UHF frequency range [17]
[18]. Usually, the RFID distances are short and the device operates only when the
interrogating wave delivers sufficient power density to the usually inefficient RFID
antenna. Since the wavelength used for powering is larger or on the order of the
powering range, the antennas on the power transmitter and RFID tag are in each
other’s near fields, and the energy is transferred via either capacitive or inductive
coupling. In recent years, the field of active RFID has been evolving. Active RFID
tags have a built in power supply, such as a battery, as well as electronics that
perform specialized tasks independent of the interrogating signal. Since the tags
have a power supply that needs charging, the fields of active RFID and far-field
wireless powering are merging [19, 20]. However, the approach in this thesis differs
from active RFID in that the powering is done independent from the interrogation
signal.

In addition to RFIDs, other near-field powered RF devices include toothbrushes,
implants [5], resonantly powered devices [21] and recently, different phone and
tablet-computer chargers [22]. The principle of operation is of a power transformer,
where by magnetic induction, the power is transferred form the primary coil to
the secondary coil. In [22] the efficiency is increased by using resonant structured
for the transmit and receive coils at the same frequency. A photograph of a 60 W

light-bulb powered from a 2m distance is shown in 1.4.

LOW-POWER NON-DIRECTIONAL WIRELESS POWERING

In this work, we investigate single integrated antenna-rectifier elements with incident
power densities in the 25-200 4W /cm? range. This thesis focuses on a design

methodology for low-power non-directional far-field wireless powering. In the block



Figure 1.4: 60 W light-bulb being lit from 2m away. Note the "obstruction" in the
center. The loop radius is 25 c¢m and the frequency is 9.9 MHz.

diagram in Fig. 1.5, the power receiver consists of one or more antennae which
receive plane waves transmitted by the powering source, and deliver the RF power
to a rectifying element. The resulting DC power is optimally transferred to the
electronic application via a power management circuit. The powering is independent
of the electronic application which can include wireless transmission of sensor data
[7].

Table 1.1 gives an overview of example far-field power receiving devices described
in the literature. It is important to note that the efficiencies are listed as reported
in the papers, but they cannot be directly compared due to the different power
levels and perhaps more critically, different efficiency definitions. For example, most
work, does not include the antenna efficiency or coupling efficiency from antenna
to the rectifier. The power incident on the rectifier is measured in a circuit with no
antenna or estimated from simulation. In some cases, the incident power density is
also provided. In [23, 24, 25, 26, 30] power levels incident on the diode are in 100mW
range with 40% to 82% rectification efficiency. In [30], the rectifier was directly

connected to a generator, with no antenna. In [27], the 42% efficiency is measured
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Figure 1.5: Block diagram of a wireless powering system. An RF power transmitter
transmits a plane wave incident on a rectenna element or array (RF power receiver).
Following rectification is a DC stage with power management. In this paper, we
consider a narrowband low power non directional power transmitter. The electronic
application for this study is a wireless sensor platform. The power density at the
receiver is between 25 to 200uW /cm?.

Table 1.1: Overview of integrated rectifier antennas and rectifiers described in the
literature.

Ref | f (GHz) Prrin Antenna n
[23] 5.8 50mW LP dipole omni-dir 82%
[24] 5.8 105mW LP dipole omni-dir 67%
[25] 2.45 316mW LP 4 element patch array | 65%
[26] 2.45 100mW LP Patch on FR4 40%
[27] 2.45 0.1mW LP miniaturized patch 42%
[15] 2.45 20mW (5 pW/cm?) | 48 element LP dipole array | 50%
28] | 245 1mW LP Patch 50-80%
[29] 2.45 | 10mW (150 gW /cm?) LP Patch 52%
[30] 5.8 40mW LP printed grounded ant | 59.5%
[16] | 2—18 62 pW /cm? 64 dual CP spiral elements | 20%*
This 1.96 25-200 W /cm? LP Patch 54%*
Work | 2.45 25-200 pW /cm? Dual LP Patch 58%*

* n-Rectification efficiency; includes antenna efficiency,mismatch and coupling.



as the ratio of the DC power and the estimated input power to the diode of 0.1 mW
for a fairly large antenna area whose total dimensions not given in the paper.
In [15], a 48-element dipole array with a corporate feed was coupled to a single
diode, allowing high input power to the diode at low power densities (5uW /cm?),
but loosing the individual rectifier antenna pattern properties and thus, with a
strong dependence on antenna orientation due to high antenna array gain. In [28],
the diode impedance is optimized at the fundamental frequency with harmonic
balance non-linear simulations for ImW of power incident on the diode, however
then the diode is matched to a 50 — €2 antenna. The efficiency calculation was done
by estimating antenna gain when the antenna is not connected to the rectifier,
so at least a part of the antenna efficiency is taken into account by simulations.
[29] reports rectification as well as overall integrated rectifier antenna efficiency
also found from simulated unloaded antenna gain for 10mW estimated incident
power on a 4-diode rectifier. The rectifier is integrated with the antenna on the
same substrate and the overall device is compact. [16] presents 64 DC-connected
dual-circularly polarized broadband spirals with diodes directly connected at the
feeds and with very low incident power density and with at most 20% efficiency
calculated from incident power density and total antenna area.

This work reports both single and dual linearly-polarized patch antennas with
total efficiencies over 50%, including antenna, coupling, rectification and DC network
losses.For 25 — 2004W /cm? to the best of my knowledge, the efficiencies reported
here are the highest demonstrated for the power levels of interest. Because of the
multiple efficiency definitions present in the literature, it is difficult to compare the
efficiency numbers directly. Clarifying and standardizing the efficiency definitions
is important for practical applications of RF energy harvesting, and an attempt of

defining the most conservative approach is given in Section 5.2.2.
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THESIS OUTLINE

This thesis details research performed on non-linear rectifier circuit analysis, ex-
perimental validation, and application to wireless powering for wireless sensor

platforms. The thesis is organized as follows:

e Chapter. 2 discusses wireless sensor platform architecture and integration
and has the goal to explain the requirements for the integrated rectifier and
antenna which act as the far-field RF power front end receiver. In specific,
low-power circuit approaches to the power management and control portions
of the sensor are discussed. This work was done in collaboration with Prof.
Regan Zane’s group and the Colorado Power Electronics Center (CoPEC) at

the University of Colorado.

e Chapter. 3 develops an analysis of nonlinear rectifiers and derives the condi-
tions necessary for high efficiency rectification. The theory is done assum-
ing diode rectifying devices, but is also applicable to transistor rectifiers.
Time-domain waveforms across the rectifying element are derived and the
relationship between their shape and RF-DC conversion efficiency is discussed

in detail.

e Chapter. 4 presents methods for experimental-based rectifier modeling and
non-linear frequency-domain simulations of microwave rectifiers, and the
agreement between them. The close correlation between the two, which follows
trends from Chapter. 3, provides confidence in the non-linear simulation for

future designs.

e Chapter. 5, the integration between rectifiers and antennas for wireless
powering is addressed and a method developed that results in maximized

efficiency. The method is demonstrated in simulation and experiment on



the example of a patch antenna and Schottky-diode single-ended rectifier.
Calibration, circuit validation, impedance matching to nonlinear impedances,
DC collection circuit design and integrated rectifier-antenna characterization

is presented in detail.

Chapter. 6 extends the method from Chapter. 5 to a dual-polarized patch
antenna and presents a comprehensive analysis of required RF and DC

isolation in multiple-rectifier rectennas.

Finally, Chapter. 7 summarizes the thesis contributions and gives some
directions and preliminary results for future research in this interesting area

of microwave engineering.
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CHAPTER 2

WIRELESSLY POWERED

SENSOR PLATFORMS

When you have two alternatives, the first thing you have to do is to look for the

third that you didn’t think about, that doesn’t exist.

—Shimon Peres
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INTRODUCTION

Wireless sensors ar becoming common for many applications, due to the availability
of very low power transceivers (e.g. Texas Instruments CC2500 or Nordic Semicon-
ductors nRF24L01) and microcontrollers (e.g. Texas Instruments MSP430). Usually
the wireless transmission is done in the ISM bands, most commonly 900 MHz and
2.45 GHz, moving towards the 5.8 GHz band. Wireless sensor platforms are inte-
grate sensors, power harvesting and low power controllers and transceivers in to
one unit. The integration and co-design of the platform as a system allows optimal
configuration and overall lower power consumption as is described in the rest of
the chapter.

Many of the sensors are used in different applications where changing a battery
my be hard, expensive or impossible. In addition to examples from Chapter 1
applications include; habitat and environmental monitoring [31], volcano moni-
toring [32], structural monitoring [33, 34, 35], health monitoring of patients [7].
A major limitation of wireless sensors is the limited battery life. One solution is
increasing the battery capacity, but that comes at the expense of size, weight and
cost [36]. Energy harvesting is a solution that could be long lasting and inexpensive
in the long run. Exploiting energy sources that exist in the operating space of
the sensors, raises the possibility of very long lifetime. Since power harvesting
for sensor platforms is done on a small scale, the platform must be efficient at
low powers (efficient at power conversion and low overhead control power) [37].
A wireless sensor platform block diagram is shown in Fig. 2.1 Extensive research
has been conducted on a large scale of harvesting solar, wind ,geothermal energy
and electromagnetic beaming [38, 39]. For sensor platforms that require powering
on a much smaller scale, the problems and issues are very different, and previous

large-scale energy harvesting approaches are not applicable [40].
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Power Power
harvesting management
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Sensors [« Microcontroller [«»{ Tranceiver

Figure 2.1: Basic sensor platform block diagram. The power harvesting could be
one of many sources (solar, electromagnetic, wind, etc). The power management is
responsible for maintaining the correct voltages to all components of the platform
and storing the harvested energy. One or more sensors are connected to the
microcontroller and provide measurement data as demanded. The transceiver
transmits data packets of the sensed data and can receive control commands from
base station. The microcontroller provides all timing and control signals to all of
the components of the platform.

ENERGY SOURCES FOR WIRELESS SENSORS

There are many potential sources of stray energy to be harvested such as solar,
wind, heat, mechanical vibration, acoustic and electromagnetic.

Solar energy is available in many environments and convenient to use. If
the sensor node is exposed to sun light for a big portion of the time this is a
good source. Many sensor nodes were developed for solar harvesting for different
applications [41, 42, 43]. The power density from photo-voltaic is 15 mW /cm? while
exposed to the sun [41]. The power circuitry for optimally loading a photo-voltaic
could become complicated when the illumination conditions change, as a result,
the overhead control power could become significant. Fig. 2.2 is an example of a

small (27 x 67 mm) solar panel powering a Cymbet energy harvesting platform [44].

Wind is a renewable energy source that is widely researched on a large scale.

Research is focused mostly on large turbines for connection to the main power
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Figure 2.2: (27 x 67 mm) solar panel powering a Cymbet CBC-EVAL-09 energy
harvesting platform while measuring temperature. The same board has capability
to harvest power from thermal, vibration and electromagnetic energy as well.
This board is an evaluation board with many test points, a board with the same
capability can be much smaller as seen later this chapter.

grid [45]. Research of small scale wind harvesting is not widely reported in the
literature but, some research has been done in the field and reported in [46, 47, 48].

The main disadvantages with wind power is the difficulty to predict the wind
ahead of time, constantly changing wind strength, unreliability due to may me-
chanical moving parts as seen in Fig. 2.3 and noise due to the moving parts [40].
For applications where turbines are used regardless of power harvesting such as in
[46], wind may be the best solution. Otherwise, for small scale power harvesting,
reliability issues rule out wind harvesting.

Thermal energy or the use of thermal gradient for conversion to electric energy
is done using thermocouples. Thermocouples are devices where an output voltage
is proportional to the temperature difference between the two materials forming
it. Such thermocouples have been arrayed to create large potential differences.
Thermoelectric power generators have been proposed to generate electricity from
body heat or any environment where there is a temperature gradient [49]. Proto-

types of wireless sensors placed on a human body and powered by the temperature
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Figure 2.3: photograph of prototype of sensor node powered by wind energy
harvesting developed by Yen Kheng Tan.

difference have been demonstrated in [50].

Mechanical vibrations are observed in a very wide spectrum of frequencies. The
conversion of vibration to electric power is optimal if the frequency of vibration
matches the eigenfrequency of the mechanical to electric power converter [51].
In some environments with high vibration such as suspended bridges or running
shoes [51, 52, 53], this is a good source of energy although it could be hard to get
a stable constant source of vibrations.

This work focuses on improving efficiency of delivering power wirelessly to a
low-power wireless sensor platform with an electrically small antenna, at most one
wavelength on the side. "Low power" in this work refers to less than 200 4 W /cm? of
incident power density of an electromagnetic wave in the radio frequency range of
the spectrum [16]. Specific frequencies are considered that either are in unlicensed

(ISM) bands, such as 2.45 and 5.8 GHz, or frequencies where power is radiated
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2.3

for other applications and can potentially be scavenged, e.g. the 1.96 GHz cellular
band and S & X radar bands. Far-field powering implies plane wave propagation
between antennae at longer range, can be done without line of sight, and is less
sensitive to the orientation and position relative to the transmitting antenna. Few
applications have taken advantage of this technology for harvesting energy at
sub-milliwatt power levels attributed to the challenges associated with optimizing
the interface between the power reception device, and typical low-power sensor
loads to achieve high overall efficiency. This work addresses a method for improved
far-field powering efficiency at low incident power densities by integrated design of
the power reception device and power management circuit. It differs from radio
frequency identification (RFID) devices in that the powering is independent of

signal transmission and is done at different time scales, power levels and frequencies.

APPROACH

A block diagram for the prototype described in this work is shown in Fig. 2.4. An
antenna integrated with a rectifier receives arbitrarily polarized radiation at levels
at or below 200 uW /cm?. The DC output is managed by a digitally controlled
power converter in such a way that it always presents an optimal DC load to the
energy storage device, which provides power to the microcontroller, sensor and
data transceiver. The sensor data is input to a commercial low-power wireless
transceiver operating in the 2.4 GHz ISM band. The data transmission is the
most power-consuming task and is not done continuously, which is acceptable
for most applications. If there is not enough stored energy, the data cannot be
transmitted and there is danger of damaging the storage device. Therefore, the
available rectified RF power and the available energy stored are monitored in a

closed-loop system allowing for adaptive adjustment of the data transmission duty

16



2.4

Energy Sensor

\4

storage Unit
Integrated antenna SO : ) +
. : ]
rectifier :
Power : Data
> i = .
converter : transeiver
t Y
: | Ly [ 1
DC : I
Sensing ,,,,,,,,,,,, et ettt Microcontroller
Control — ——
Data --—-—

Figure 2.4: . Block diagram of far-field RF-powered wireless sensor. The available
rectified RF power and the available energy stored are monitored (shown in dotted
lines) allowing for adaptive adjustment of the data transmission duty cycle. The low-
power microcontroller provides control to the power management circuit, wireless
transceiver and sensor. The power is collected in the far field of one or more ISM
transmitters at 5.8 GHz or 2.45 GHz, independently of data transmission.

cycle.

RF POWER RECEPTION

An integrated antenna rectifier (often termed "rectenna") is designed to receive
arbitrary polarized radiation at low incident power densities. Integrated rectifier
antennas for reception have been demonstrated earlier with high RF-DC conversion
efficiency, e.g. [23], but for significantly higher incident power densities and with
linear polarization. Discussion of issues, design methodology, simulations and
experiments are detailed in Chapter 3 and 4. In an unknown multipath environment,
the polarization is random, and it has been shown that rectifying two orthogonal
polarizations independently and adding the resulting DC power increases overall
efficiency [16, 54]. Issues and methods of combining power from both polarizations

are discussed in Chapter 6. A photograph of an example dual-linearly polarized
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2.5

patch antenna at 5.8 GHz fabricated on a Rogers 4350b substrate [55] is shown in
Fig. 2.5. Two Skyworks Schottky diodes [56] are connected to the centers of the
radiating edges at the high-impedance points. Each diode rectifies power received
in one polarization, and is in the voltage null for the orthogonal polarization,

providing polarization diversity.

Figure 2.5: Photo of integrated antenna rectifier for 5.8 GHz dual polarization
reception and rectification. The antenna is fabricated on a Rogers 4350b substrate,
and the diodes are soldered to the high-impedance points. The two DC connections
are taken from the diode terminals and through an isolated via in the voltage null
of the patch, which is 1.3cm squared in size.

POWER MANAGEMENT

As seen in Fig. 2.4, the power management, sensing and transmission load are
controlled by a single Texas Instruments MSP430F2132 low-power microcontroller.
In contrast to previous work, the co-design of converter and sensing/transmission
load, as well as the integrated antenna rectifier and power management, is presented
here. This integration allows the microcontroller to dynamically control converter
operation to maximize the harvested power P, and to control the average load

power P, to match P, to P,. The power flow of the system is shown in Fig. 2.6.
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Figure 2.6: Averaged model of the converter, integrated antenna rectifier, and load.

The converter ideally acts as a lossless resistor R.,, at the input port and
transfers input power to the battery at the output port. when presenting the
optimal integrated rectifier antenna load, this operation results in maximum input
power P, from the integrated antenna rectifier. With changing incident RF power
densities, if R.,, of the converter input port is maintained equal to the integrated
antenna rectifier optimal DC load at that density, the optimal conditions are kept.

The power converter implementation, shown in Fig. 2.7, is an asynchronous DCM
boost converter, whose output is a Seiko MS412FE battery with a nominal voltage of
2.5V (other batteries with different capacity and votage could be used, for example
Cymbet EnerChip CBC050-M8C [57]). The battery decouples the converter from
the load by storing or providing any energy resulting from a temporary mismatch
between P, and P,. The converter is controlled by the MSP430 microcontroller
through a gate drive signal that has both a high-frequency period and duty cycle,
Txr and D, and a low-frequency period and duty cycle, Ty r and k, which are altered
in order to extract the maximum power from the integrated antenna rectifier.

When operated in DCM, as is guaranteed at the low power levels present in

this application, the boost converter input port has the desired resistive average
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Figure 2.7: Circuit diagram of the converter portion of the power management
module. [, represents the load on the battery presented by the control, sensing,
and transmission circuitry.

behavior with value
4L

Rem =
DTyrk

(2.1)

which is valid under the assumption V,o > Vi, [7]. This averaging is valid for
frequencies well below Ty r, and assumes input capacitance C, large enough to
maintain negligible voltage ripple across one low-frequency period. Important
waveforms of converter operation are shown in Fig. 2.8. The high frequency
period Ty is chosen based on a tradeoff between the increased control oscillator
current I, required at high frequencies and reduced converter efficiency due to the
discharge of (', during k717 r. Inductance is optimized offline, based on a sweep of
all possible timing parameters and estimated losses in the converter, with results
of the sweep and measured efficiency shown in Fig. 2.9 for a 100 4 H inductor.
Compared to previous circuits, e.g. [7, 58], this implementation has increased
control losses due to the use of a microcontroller. However, in previous demon-

strations a microcontroller was a part of the sensing/transmission load, which was
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out

Figure 2.8: MOSFET switching waveform Ve, Converter input voltage V;,, (with
exaggerated ripple), diode current Ip, and battery load current I caused by the
generation the gate drive signals.

not integrated and thus not included in loss calculations. Significant conduction
losses in the inductor are also present due to its small size and relatively high
equivalent series resistance (ESR). The resulting circuit has higher integration, with
a single Texas Instruments MSP430F2132 low-power microcontroller, controlling
the converter, sensing, and transmission, with board area about 1/5 the size of

that demonstrated previously.
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Figure 2.9: Measured and predicted efficiency of circuit as a function of available
input DC power.

LoAD MANAGEMENT

Referring to Fig. 2.6, the goal of the load management control is to match the
average power consumed by sensing and transmission of data to the average
power harvested from the converter circuit. If the device is not actively sensing or
transmitting, the processor is allowed to go into a sleep mode, waking only into
active mode briefly on the rising and falling edges of the low-frequency interval, as
shown in Fig. 2.8. When the device is sensing, however, the processor remains in
active mode after the kT interval for a period of time long enough to sample
input and output voltages as well as any application-specific sensors, then transmits
the data. The average current taken from the 2.5V battery during one sensing

and transmission cycle is integrated to obtain the energy per transmission,

Wirans = 20.5 pu.J (2.2)

as in [58].
Because the input port acts as a known resistance, R.,,, input voltage sensing

is sufficient to allow estimation of input power, and the transmission period Tsepse
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is set to match the power consumed during transmission to the harvested power:

2
V;n ~ Wtrans
Rem Tsense

P, = Mboost ( (23)

To account for mismatch between P, and P, a battery monitoring routine checks
the battery voltage to determine the state of charge and can enable/disable both
transmission and converter operation if the battery is at risk of overcharging
or discharging completely. For battery voltage below 2.2V (90% discharged), all
transmission is disabled. If the measured input power is below 25 W, the converter
is disabled, the controller enters the sleep mode with 2.5 uWW power consumption,
and the Rem load on the integrated rectifier antenna is no longer maintained. For
battery voltage above 2.85 V| the converter is shut down so that no further power
is sent to the battery and transmission is allowed to continue at the highest duty
cycle until the battery voltage drops below 2.8 V. When the entire circuit is tested
in an anechoic chamber as a function of incident power density, the results shown
in Table. 2.1 were measured. The transmission duty cycle adaptively decreases
with RF power decrease.

Table 2.1: Adaptive transmission test results using 5.8 GHz patch integrated rectifier
antenna. Negative [, indicates net power flow into the battery.

%at SRF VRectenna T;@%ce 1 bat

V] | [pW/em?] | [V] [Hz] | [pA]
150 0.826 5 -63.1
Regular 105 0.697 1.5 | -57.2
operation 2.5 50 0.505 1.5 |-234

conditions

30 0.342 0.4 -10

12.5 0.182 - -0.4

Overcharge | 3 50 0.801 20 132
Discharge 2 50 0.501 - -43.5

A photograph of the fabricated circuit board including the boost converter,
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control circuitry and temperature sensor is shown in Fig. 2.10.

Figure 2.10: The 2.1x1.7 cm circuit contains both power management and sen-
sor/transmitter circuitry.

The transmission current diagram is shown in Fig 2.11, with a sleep current of
less than 1 pA at 2.5 V. The wireless sensor platform is capable of transmitting

bursts of 2 Mbps of data with less than 8 mA.
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Figure 2.11: Measured total current consumption of the circuit described in Fig. 2.4
and shown in Fig. 2.10.
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2.7 SUMMARY

In this chapter, the integration of a wirelessly powered wireless sensor platform is
discussed. The architecture is focused on low-power low duty cycle data transmission
and is used to explain the requirements for the integrated rectifier and antenna
which act as the far-field RF power front end receiver. In specific, low-power
circuit approaches to the power management and control portions of the sensor are
overviewed. The discussion of the sensor as a system shows how the theory and
experiments in this thesis enable low-power maintenance-free wireless sensors. The
work presented here was done in collaboration with Prof. Regan Zane’s group and
the Colorado Power Electronics Center (CoPEC) at the University of Colorado.
The contributions from this thesis in the context of sensor platform integration

are presented in the following publications: [58, 59, 60, 61]
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CHAPTER 3

MICROWAVE RECTIFIER

ANALYSIS

Anyone who has never made a mistake has never tried anything new.

—Albert Einstein

CONTENTS
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3.4 Summary . ... 60
INTRODUCTION

For microwave rectifiers at low input power levels (a few mW) the full-wave rectifier

approach is not efficient and a single-diode rectifier should be considered [62, 63].



3.2

As the input power is lowered, the forward bias voltage (which is constant) becomes
more significant in relation to the input RF voltage. Since the forward bias voltage
is constant, the power loss within the diode increases in relation to the total power
as the input power lowers. A single-diode rectifier allows turning the diode on
only once during each cycle and dissipating power only during that forward bias
period. The diode is a nonlinear device that provides harmonic content to the
system. In order to create a rectifier with high RF-to-DC conversion efficiency
the following conditions must be met: (a) low reflections at the fundamental
frequency, maximizing power transfer to the diode; (b) harmonic terminations
reducing voltage and current overlap; (c¢) the DC load maximizing the DC power
(0 order harmonic).

The rectifying element used in this work is a Schottky diode. The conversion
of RF-to-DC power is the result of a nonlinearity provided by the Schottky diode.
In this chapter, the theoretical rectification concepts are discussed, starting with
a simplified diode model and building up in complexity to a model that closely
predicts the device behavior and explains power conversion and dissipation within
the diode. The non-ideal elements of the diode are evaluated to give a frame for
diode selection according to Spice model parameters. Some 1.96 GHz and 2.45 GHz
Agilent ADS simulation results are provided to illustrate the analysis concepts.
Similarities to the waveforms of high efficiency amplifiers are addressed and some

topologies of amplifier /rectifier classes are discussed.

TIME-DOMAIN ANALYSIS

Time-domain voltage waveforms as a function of input RF voltage and DC load and
the diode I-V curve give quantitative insight into efficiency improvement possibili-

ties. In [23], time-domain analysis was used to determine rectifying diode impedance
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maximizing power transfer to the diode but neglecting harmonic conditioning to
further efficient rectification.

Consider the simplified model of a rectifying diode shown in Fig. 3.1, where
the junction is an ideal switch with a constant voltage drop as described by the
ideal IV curve in Fig. 3.2. Notice that while the switch is open the voltage across
the diode is equal to the input voltage and no current is flowing through the diode,
hence, no power is dissipated in the diode. When the switch is closed, the voltage
across the the diode is the forward bias voltage and current can flow through the
diode. In this period, power is dissipated in the diode since current and voltage
exist simultaneously. In the ideal case where V; = 0, the rectifier would be 100%
efficient since there is no overlap of voltage and current through the rectifying
device. On the other hand, using the model described in Fig. 3.3 where during the
forward bias period a voltage (V) exists and there is a current through the diode

(I3), there is some loss. The current can be written as:

I;=0 diode off
I; = (3.1)
Iy =Vgrp/R; diode on

Using the diode model of Fig. 3.3, high RF-to-DC conversion efficiency is
reached by minimizing the portion of the cycle during which the diode is forward
biased, and therefor, reducing loss in the diode. For this simplified theoretical
model, efficiencies in the high 90’s (depending on the forward bias voltage) can
be reached, and the model gives insight in to the balance of dissipated power and
output DC power.

Fig. 3.4 shows an example input voltage waveform Vzpr across the diode termi-
nals, as well as the voltage Vj; resulting from the interaction with the nonlinear
elements of the diode model from Fig. 3.2. The resulting V; is a clipped sinusoid
at the forward bias voltage V; and follows the the input wave during the reverse

bias period from 60; to (2 — ), where 26, is the forward bias period. Vj; has a
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Figure 3.1: Circuit model of an ideal diode with constant forward bias voltage
connected to an RF choke and a DC load. R; is a small on resistance, in the ideal
case it is a perfect short, in a more realistic model it is a few ) to a few tens of €.
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Figure 3.2: I-V curve for an ideal diode with constant forward bias voltage (R; =
092).

DC component that is always higher than —V/, since the input is connected to the
same node as the diode and the DC load, the signals add, and the input sinusoid is
offset by that DC voltage value. The DC current flows through the RF choke and
load. Therefore, the load resistance changes the DC level and controls the level
that the input signal is added to. This gives the ability to control the portion of the

period of forward bias by adjusting the DC load, as can be seen in the waveforms
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Figure 3.3: I-V curve for an ideal switch diode model with constant resistance
R; = 50Q.

Voltage (V)

Phase (rad)

Figure 3.4: Generator Voltage waveform (red) and the resulting voltage waveform
across the diode Vj from Fig. 3.1 (blue) following the IV curve in . 3.2 . The
points of transition from forward bias to reverse and vice verse are labeled (6;)
and (27 — 6;). Notice that the forward bias voltage is a non zero value.

in Fig. 3.5 and the corresponding values in Table. 3.1. Assuming no reflections,

the total power is the sum of the power on the DC load and the power lost in the
diode, and the powers can be found as follows.

The generator waveform is

Vgen = — Va1 cos(6) (3.2)
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Where Vy; is the voltage amplitude.

The resulting waveform across the diode is

Vo — Vi cos(6) diode off
v, — do a1 cos(6) (3.3)
-V diode on
where the value for Vi is found by observing V; at the transition from forward

to reverse bias, found by setting both parts of (3.3) equal and solving for the phase
013

— Vi = Vo — Vi cos by

Vi
Vi = 3.4
40 Vi1 cos 6y (3:4)
From (3.4) (3.3) (3.2), the DC voltage can be calculated as
v L viao s [ Wi~ Vineos@) do+ [ v, a6
e = %[/0 Vpdd+ [ Vin —Viacos@)] a0+ [ <V, ]
6 7 V.
m m m

The DC load can be found by the ratio of the DC voltage (3.5) to the DC

current
Ine = 1 /91 Vo — Vi1 cos(0) a0 + 2ﬂ_€10d9 N 2r Vo — Vgr cos(0) 49
27 | Jo R; theta 2761 R;
1 .
- B [Vaoy — Vi sin(6,)] (3.6)
resulting in
V)
Ry =< (3.7)
Ipc
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Similarly, the diode impedance at the fundamental frequency can be found as the

ratio of the voltage and current Fourier coefficients at that frequency, as follows

V(fO) = Qy1 +jbv17 (38)
where
Ay = 71r _/O%Vd(ﬁ) cos(6) dé’}
17 727 )
b = | /O V,(0) sin(0) d@} . (3.9)

Solving for a,; and b,;, we obtain

1 01 27 —01
@ = — l ; —V cos(6) do +/9 Vo cos(#) df (3.10)
1
2m—01 2
- Vi cos(6)*do — Vi cos(0) d@]
01 2m—64

1
= = [—2Vysin(6y) — 2V sin(6y) — Vi (m — 61) 4 Vi sin(6;) cos(64)]

1 01 2r—01
by = - [ / —V; sin(6) d + Viosin(6) dé (3.11)
™ |Jo 01
2m—61 21
- Vi cos(8) sin(6) d6 — / V; sin(0) d@] —0
01 2r—01
since V; is an even function.
The current expansion is similarly
I(fo) = an + jba (3.12)
ag = 1 [/91 Vio cos(8) — Vi cos?(6) 40+ 27 Vo cos(0) — Vi cos?(6) 49
™ |Jo R; 20, R;
=L ovsin(0) + v (3.13)
T R’ do 1 a1 :
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biy = 0. Using the definitions (3.3)- (3.13), the DC load, diode impedance at the

fundamental and efficiency can be examined as a function of §; as shown in Fig. 3.5

130

o W, m W, 2n M, 3m M, 4n
Phase atof(rad)

Figure 3.5: Diode voltage V;; (blue) and current through the diode I,; (dashed red),
for conduction angle 6, = 7/2, 7/3 and 7 /4.

Fig. 3.6 shows the dependance of ¢, on the DC load. The values are for the
diode model characterized by Fig. 3.3. Since the values for the DC load are very
high for low values of #; they are not practical because high values of a DC load
are hard to emulate with a boost converter [64].

The dissipated power in the diode and DC output increase as the angle of
forward bias increases. Fig. 3.7 shows these trends for the same model used in
Fig. 3.3. It is interesting to note that the ratio of the powers changes throughout the
changes in 6; indicating that the efficiency is changing as well. The maximum DC
output does not necessarily represent the maximum efficiency point. For this model
the amplitude of the input voltage was kept constant, since the diode fundamental
impedance changes as a function of the forward bias angle, the input power to the

model is not constant. Therefor, the efficiency (3.14) is the parameter of interest
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Table 3.1: Summary of DC load and diode impedance at the fundamental frequency
for the waveforms from Fig. 3.5

0, | RL(Q) | Ry(Q)
7/4| 433 | 163
/3| 174 | 79
72| 29 22

10

R, (kQ)

T T 3n 21 T
0 /10 /5 /10 /5 /2

0, (rad)

Figure 3.6: Dependance of the forward bias period 26; on the DC load resistance
while keeping the voltage amplitude constant. Notice that reaching very small
values of 6; is not practical since the DC load climbs to values of many k€2 ’s
rapidly.

and it can be calculated as the ratio of DC power to the total power:

Ppc

U (3.14)

B Ppc + Puissipated
Since the input used to calculate the efficiency is a voltage across the diode, this
calculation does not include matching and coupling losses.

As can be seen in Fig. 3.8, the efficiency increases as the forward bias period 26,
gets smaller. Although the efficiency is increasing, the output power is decreasing

as the angle gets smaller as seen in Fig. 3.14. This is because the fundamental

34



3.5

2.5

(mw)
N

15! -7

0.5¢ -

-
-
-

Figure 3.7: red - DC power on the DC load, Blue - power dissipated in the diode.

The powers are for a constant input voltage amplitude while sweeping the DC load
to adjust the forward bias angle theta.
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Figure 3.8: Rectification efficiency for the circuit in Fig 3.1 as a function of the
forward bias period calculated using (3.14).
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impedance increases with the DC load (Fig. 3.9) and the input power decreases

according to (3.15) for a constant input voltage:

1 1
Prr ==V |2+ — 1
4 10
18
3,
,6,—\
-7 C
-7 =
f”’ ’40:
12
——
O 2 4 6 8 10 12 14 16 18 20

R_(kQ)

Figure 3.9: Output DC power (blue) and diode impedance at the fundamental
frequency (red) as a function of the DC load Ry,

From Fig. 3.9 it can be seen that the DC load has a direct impact on the diode
impedance. This is a design advantage since the lower fundamental frequency
impedances, 10 to 200€2 are impedances that are practical to match to. a higher
impedance would make the matching a very challenging task. This region in the
shown in Fig. 3.10 a zoomed in version of Fig 3.9 showing the relevant impedances
of the region.

The discussion above and Fig. 3.5 to Fig. 3.10 give insight to the importance of
controlling A, in order to achieve maximum RF-to-DC conversion efficiency. Fig. 3.8
shows an improvement in efficiency as the conduction angle #; is minimized. For a

realistic diode model, the diode must be forward biased for a long enough period
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Figure 3.10: Zoomed in version of Fig. 3.9 showing that the practical impedances
in terms of impedance matching are in the region of high DC power.

to create all of the harmonic power needed while minimizing the loss. Any diode
will have in addition to the nonlinear resistance, a constant series resistance, series
lead inductance, package capacitance and finally a nonlinear junction capacitance
as seen in the circuit schematic in Fig. 3.11.

The package parasitics L, and C, are constant and can be addressed by
using a simple matching network that would cancel their effect on the circuit.
Fig. 3.12 shows the nonlinear circuit used in simulation for the rest of this chapter.
Assuming the source (the antenna) is perfectly matched to the rectifier and DC
load combination, the circuit from Fig. 3.12 is reduced to Fig. 3.13.

In an attempt to make a realistic diode model, the junction resistance is
modeled using the I'V curve of the diode at DC conditions Fig. 3.14. The I'V curve
is obtained from [V simulations using the model from [65]. Closer inspection of
the model in Fig. 3.13 gives insight to the nonlinear behavior of the diode. The
junction impedance is a parallel combination of the nonlinear resistance as shown

in Fig. 3.15 and the nonlinear capacitance as shown in Fig. 3.17.
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Figure 3.11: Detailed circuit model for the Skyworks SMS-7630-79 Schottky diode
including package parasitics and nonlinear junction characteristics.
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Figure 3.12: Circuit schematic using the detailed nonlinear resistance, nonlinear
capacitance and series resistor as the rectifying element.

The capacitance is modeled according to (3.22). The diode capacitance is a
sum of the depletion capacitance and of the diffusion capacitance. The depletion
capacitance of the junction is caused by the junction potential barrier [66]. As

the bias voltage of the diode is changes to reverse bias, electrons and holes are
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Ci(Vrr) =

Figure 3.13: Simplified diode model. R, is the series resistance of the diode, R;
and C; are the junction resistance and capacitance as a function of V. Ry, is the
DC load connected to the diode through a low-pass filter.

1/
-4 -35-3-25-2-15-1-05 0 05
v, (V)

Figure 3.14: I-V curve for the SMS-7630-79 diode obtained from simulations using
the manufacturer Spice model.

"pulled" away from the barrier region, this results in changes to the barrier width
and charge quantity in the region. This change in width and the concentration of
positive and negative charges on each side of the region is similar to a structure
of a parallel plate capacitor [67] with a voltage controlled distance between the

plates. Similar to the capacitance value of a parallel plate capacitor in(3.16)

€A

C=

(3.16)
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Figure 3.15: Diode junction resistance as a function of voltage. The data is
extracted in Agilent ADS form SPICE model parameters at DC for the Skyworks
SMS-7630-79 Schottky diode.

where, the region width is d and the cross section of the diode is A, the junction
depletion capacitance changes with bias voltage, as the reverse bias changes towards
forward bias and the width of the barrier region reduces the capacitance of the
junction increases. This is held true up to the point of forward bias. (3.22) is an

approximation for the capacitance that holds for uniform doping profile of the

diode

N(z) =N, (3.17)
where
N,  is the surface doping in (%)

x  depth through active layer in (um)

and leads to a zero bias capacitance of

(3.18)

where
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A area (m?)
q  electron charge (e)

€ permittivity ( %)

Many foundries however do not use uniform doping. In [68] a explicit formula
relating Schottky diode capacitance (Cjo) to the bias voltage (V') and Gaussian
doping profile (k) is developed. A Gaussian doping profile is convenient since by

changing k, various profiles can be considered.
N(z) = N,e ** (3.19)

where

k Gaussian coefficient, and for each value of k, the junction capacitance is given

by N 0.5
A (222" 4
C;(V) = ( QV‘J;) 0.5+1A3 (3.20)
(1 vi)

where A, A; and A; are functions of the Gaussian characteristic (k), the derivation
can be found in [68]. For £ = 1-100 a polynomial fit to A;, A; and Ajs as a function
of (k) yields

Ay = 1—2e*k+ 1e %k — 1e k3 (3.21)
Ay = 1.24 —2e?k — de *k* + 5e Ok?

A; = 6.5¢ 3k —2ek? + 6 °k3

Fig. 3.16 shows capacitance curves for three different doping curves; the capacitance
for doping profile £ = 0 is the highest. In the analysis in Fig. 3.5 to Fig. 3.20
the effect of worst case of doping profile in terms of junction capacitance, on the

waveforms and RF-to-DC conversion efficiency is examined. The dimensions of the
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diode have a big effect on the capacitance as well, the analysis below uses values

for the Skyworks SMS — 7630 — 79 Schottky diode.
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Figure 3.16: Junction capacitance versus bias voltage for three Gaussian doping
profiles (k = 0,k = 50, k = 100) for Shottky diode with area of 150pum? used in
the analysis by Salameh and Linton.

Using the circuit model in Fig. 3.13 where the nonlinear resistor is identical
to the one in the previous analysis as described by Fig. 3.1 and the nonlinear
capacitance is described as Fig. 3.17, analysis of efficiency and the dependance on

0, and Ry is done.

C

(1 B %>0.4
For SMS — 7630 — 79 Schottky diode, the grading coefficient is m = 0.4, which is

C;(V) = (3.22)

different from the typical square root dependance usually seen for a P-N junction.
The grading coefficient depends on the nature of the junction change, when it
changes abruptly from P to N, then m = 0.5, and when the P region changes
linearly in to the N region then m = 0.33. Fig 3.17 shows example capacitance

approximation values for Skyworks SMS-7630-79 [56] at reverse bias voltages.
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Figure 3.17: SM S — 7630 — 79 Schottky diode junction capacitance as a function of
voltage using (3.22). This is a simplified approximation to the junction capacitance
not including the diffusion capacitance effect.

Schottky diodes are majority carrier devices and as such, the junction capacitance
is dominated by depletion capacitance. Parasitic diffusion capacitance caused
by minority carrier injection mostly for high currents exist at forward bias. The

parasitic diffusion capacitance can be estimated by

0
Cdiff(V) =T:- W[d. (323)

where 7 is the carrier transit time.
Simulations show it has very small effect on the waveforms hence it can be neglected
in this analysis [69].

Fig. 3.18 shows the current waveform for an added capacitance of Cjy = 0.14 pF'.
The nonlinear capacitance adds loss to the system and decreases the efficiency.
The high values of the capacitance around the forward bias voltage create a low
impedance at that part of the period, since the capacitance is in parallel with
the resistive part of the junction, the low impedance dominates and a higher

current flows which in turn increases the loss. Notice that the current is non-zero
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Figure 3.18: diode voltage V; (blue) and current through the diode /; (red) for

different values of (0;), 7/4 (a) and 7/2 (b) for a diode model including junction
capacitance (3.22)
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throughout the whole reverse bias period and hence adds loss through that period

that was not existent using a diode model with no capacitance as seen in Fig. 3.5.

4
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0 ! /5 ! 10 /5 ! 5
8, (rad)

Figure 3.19: red - DC power on the DC load, Blue - power dissipated in the diode.
The powers are for a constant input voltage amplitude while sweeping the DC
load to adjust the forward bias angle 6;. In contrast to Fig. 3.7 the model used
to evaluate the powers pesented in the plot include the effects of the paracitic
nonlinear junction capacitance.

Fig. 3.19 shows that the parasitic nonlinear capacitance adds loss for all values
of 0;. The added loss due to current flowing through the parasitic capacitance is
much larger for small values of #;. Since the loss is high in comparison to the DC
output power for small values of 6, the efficiency is low at those #, values.

Fig. 3.20 shows in contrast to Fig. 3.8 that the value of #; for maximum
efficiency is not as small as possible. The selection of #; for maximum efficiency
is a balance between DC power created in the diode and the power dissipated in
the diode. The smaller Cjy which leads to smaller overall junction capacitance, the
smaller the value of ¢ for maximum efficiency.

All of the analysis up to here has assumed a cosine voltage wave across the
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Figure 3.20: Rectification efficiency for the circuit in Fig. 3.13 as a function of the
forward bias period calculated using 3.14.

diode. The RF generator in a wireless powering application is the receiving antenna
and can be modeled as a voltage source with an internal impedance as in Fig. 3.12.
For a given antenna the internal impedance is a constant at the fundamental
frequency. The diode impedance is changing in time within the period according to
the biasing conditions. The voltage generated by the source is the total voltage on
both the internal impedance and the diode. Since the diode is a complex impedance
there is a phase shift ¢ between the source and the diode as seen in Fig. 3.21. The
dashed lines indicate the DC voltage across the load and the DC voltage across

the nonlinear part of the diode model. The generator voltage can be expressed as:
V=V + Vicoswt (3.24)
The voltage across the nonlinear elements of the diode can be expressed as:

—Va=Va — Vycost (3.25)

where(wt — ¢ = 64)
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Figure 3.21: Example voltage waveforms: input voltage V' across diode (red) and
voltage V; across nonlinear portion of the diode model (blue). The dashed red
line shows the DC components of the input waveform and the blue is the DC
component of the voltage across the nonlinear portion of the diode while it is
reverse biased.

where Vg is the DC component and Vy; is the fundamental amplitude during the
reverse bias period, V} is the forward bias voltage, 20, is the forward-bias period,
and ¢ is the phase shift with respect to the input voltage.

In [70] time-domain analysis is done where the capacitance is defined as a

monotonic increasing function of V,; and is expanded as follows
C; = Co+ Cj cos (wt — ¢) + Cy cos (2wt — 2¢) + ... (3.26)

Using (3.26) ¢ is derived in detail in [70] and found to be

C cos b,

Vo

¢ = arctan

At the transition points between forward and reverse bias, The relationship in

3.25 leads to
Vf + Vo

3.28
v (3.28)

cos ) =
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and minimizing #; implies an increase in V;y assuming the other parameters do
not change. The DC voltage on the load is in reverse polarity to the forward bias
voltage V. Since the magnitude of the reverse breakdown voltage V;, is much
larger than the forward bias voltage Vy, the DC voltage can be larger than V.
The limit on increasing the DC voltage during the reverse bias period is the the
reverse breakdown voltage V;,.. The sum of the fundamental amplitude V;; and the
DC component Vg should be smaller than V}, in order to prevent an additional
source of harmonic generation and additional power dissipation in the diode. This
means that for improved efficiency, the diode should be in forward bias as little
as possible during each cycle, however, it still needs some amount of forward bias
to provide the nonlinearity. as described in the previous analysis that includes
junction capacitance. This is in agreement with the earlier statement that power is
mostly dissipated in the diode during forward bias period. The assumptions made
while minimizing #; in (3.28) are valid since V is a constant that is determined by
the diode used and Vj; is determined primarily by the RF impedance presented to

the source at the fundamental frequency.

1 201 27
Voo = — V v d6+/ Vio — Vi cos(6) d6
21w |Jo 26,
0 0 V.
Vbe = —fol + Vao (1 — 1) + L sin (61) (3.29)
T T T

Examining the The DC component of the junction voltage waveform from Fig. 3.21,
the expression in 3.29 can be derived. While 6; is approaching 0 and Vp¢ is
approaching Vo the junction voltage is formed to be a pure sinusoid around V.
This indicates the need for harmonic termination in order to create a high efficiency
rectifier.

In the model in Fig. 3.13, the junction can be replaced by its Norton equivalent

current source. The antenna is an open circuit for DC currents and is the source of
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the waveform to the diode. hence, the DC current can only flow from the Norton
current source to the DC load RL and thus a larger Ry implies a larger DC output
voltage and higher efficiency within the limits described above. For a larger value
of Ry, the blue waveform in Fig. 3.21 shifts upwards, and the diode is forward
biased during a smaller portion of the period, thus increasing the DC rectified
voltage and increasing the efficiency. It is interesting to note that this is opposite
to reduced-conduction angle efficient power amplifiers, where the DC bias voltage
is reduced for higher efficiency [71], which will be discussed in the next section.

Harmonic balance simulations using Agilent ADS were performed with a varying
DC load for a constant input RF power of 10dBm. Fig. 3.22(a) and (b) shows the
diode voltage and current waveforms for R;, = 60 2 and 460 2. The spectral content
of the voltage shows that for the optimal load, the ratio of the DC rectified voltage
(Vi) and the fundamental voltage amplitude (V) is small and Vg + Vg ~ V.
The efficiencies corresponding to the two loads are 41% and 52%, respectively.

As in the case of power amplifiers, harmonic terminations can be used to
improve efficiency. Fig. 3.22(c) is the result for a high impedance presented at all
even harmonics, resulting in a 65% efficiency. For this increase in efficiency, the
optimal load is reduced to 3602 to avoid voltage breakdown.

The harmonic content of the dissipated power is similar in all cases but the
distribution of power between the harmonics can differ. In the optimal case all the
harmonic content will be in the DC term. When the input power is swept, the load
can be adjusted to maintain Vg 4+ Vy; < V4., and maintain the correct conduction
angle the efficiency can be maintained. As the input power decreases further than
a few dBm, the efficiency will drop, since the diode will not get in to deep forward
bias region and its series impedance is high during the current flow through it,
as summarized in Table 3.2. For the simulated case, the best efficiency of 70% is

achieved for P, = 5dBm for R; = 1210¢2.
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Figure 3.22: Simulated time-domain voltage and current waveforms and corre-
sponding voltage spectra for (a) R, =60€2; (b) R, =4602; and (c) terminated
even harmonics and Ry, =360 ) for an input power of 10dBm. Note that the best
efficiency is obtained for the harmonically terminated case when the time-domain
waveform is closest to a pure sinusoid.
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3.3

Table 3.2: Efficiency simulation rectifier results for sevral input powers. R, is the
optimal load

Fin (dBm) | Ry, () | Fow (dBm) | 7 (%)
10 360 8.18 65
5 1210 3.42 70
0 1260 -1.99 63

HARMONIC ANALYSIS

Any periodic signal can be expressed as a sum of sine and cosine signals [72, 73] as:

ft) = % + i lay, cos (nwt) + by, sin (nwt)]
n=1
where:
a, = i/if(t) cos (nwt) dt
and
b, = 71T _ﬂ f(t)sin (nwt) dt (3.30)

In circuits incorporating nonlinear elements such as diodes, the voltage and current
time-domain waveforms are clipped at the threshold voltage point. These clipped
waveforms in the time-domain contain harmonics in the frequency domain. In the
case of a nonlinear system such as a rectifier, higher frequencies are generated
by the non-linearity [74]. Applying correct impedances at the specific harmonic
frequencies, will modify the voltage and current at those harmonics and in turn, the
overall shape of the waveforms [75, 76]. The impedances presented to the diode at
the frequencies of the harmonics are referred to as harmonic terminations. In order
to prevent power dissipation at the harmonics, the magnitude of the reflection is
set to unity |I" = 1|, and the phase of the reflections is used to control the waveform
shapes. All circuits at every configuration have an impedances that varies with
frequency. The impedances at the higher harmonics are not always part of the

design. For linear circuits the harmonic impedances do not matter, since there
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3.3.

1

will be on content at the frequencies higher than the input signal. For circuits
that include nonlinear elements such as diodes or transistors, higher frequency
components at integer multiples of the input signal are generated. Since there
are higher frequencies than the fundamental present, the impedances at those
frequencies effect the waveforms and the response of the circuit [71, 75]. By correct
design of impedances at the frequencies of the harmonics, specific reflections can
terminate the current or voltage at each harmonic frequency. A termination of
a low impedance (close to short), will create a reflection of I' = —1 and would
eliminate the voltage component while allowing current at that frequency. On the
other hand, a termination in a high impedance (close to an open), will generate a
reflection of ' = 1 and eliminate the current while allowing voltage. In both cases
the termination eliminates power dissipation at that frequency since current and

voltage do not coexist.

AMPLIFIER AND RECTIFIER CLASSES

The ability to present different impedances at different harmonics gives the ability
to form the waveforms in ways that enhance the performance. Amplifier designers
have been using this technique as early as 1932 [77]. Different amplifier topologies
of shaping the voltage and current waveforms have been suggested in order to
maximize output power, linearity and/or efficiency. Most of the theoretical work
assumes all harmonics are terminated but, for practical circuits, only a finite
number of harmonics is considered. A comprehensive analysis for a finite number of
harmonics in amplifier design is discussed in [78]. Much of the amplifier efficiency
analysis is similar to that of rectifier, since the main effect on efficiency is offsetting
the voltage and current time waveformes across the nonlinear device terminals.
In [79] a class-E amplifier analysis is modified for rectifiers, and in [80] rectifier

classes E,F, E~1 and F~1 are analyzed and compared. In this work, a class-C
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reduced-conduction angle rectifier is presented. In this class, the device is in cutoff
for over half of the cycle. The advantage of class-C is high efficiency, but with high
distortion at the output and reduced output power [71]. Since the conduction angle
is small, the current peaks to high values in a short time, hence class C rectifier
configuration gives high efficiency but at low power.

In the remainder of this chapter several harmonically terminated classes of
power amplifiers are overviewed and their applicability to rectifiers is discussed

Class F is an amplifier topology where the odd harmonics are terminated with
[' =1 (open) and the even harmonics are terminated in I' = —1 (short). Infinite
harmonic terminations would create a voltage waveform that has only odd harmonic
content and is a square wave in the time domain. On the other hand, the current
has only even harmonic content and is a clipped sinusoid in the time domain. The
figure below is generated in Agilent ADS harmonic balance simulation with an ideal
switch as the nonlinear device. The 2nd, 4th and 6th harmonics are terminated with
quarter-wave open stubs that present shorts at the plane of the switch and 3rd, 5th
and 7th harmonic quarter-wave stubs that present opens the switch plane. Initial
simulations of the rectifier while applying Class F finite (7 harmonics) harmonic
conditions, shown in Fig. 3.27, look promising with efficiencies ngr_pc well into
the high nineties but, further investigation reveals compatibility problems for this
topology with integrated rectifier antennas. The simulated input impedances for
the switch model are over 1k€2, which would make matching in microstrip extremely
hard or impossible. Another problem is the need for a dutycycle of the waveform
to be 50%, As the DC voltage builds up on the DC load, it adds with the incoming
wave from the generator. The addition of the two signals shifts the voltage across
the rectifier, and as a result, the duty cycle varies from 50% and the waveform
shapes differ from the theoretical class-F shapes. The sensitivity to duty cycle

change, forces the use of a small DC load in order to ensure a small DC voltage
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Figure 3.23: Voltage (blue) and current (dashed red) time-domain waveforms
corresponding to class-F harmonic terminations. Obtained from harmonic balance
simulations in Agilent ADS using an ideal switch with R,,=12 and R,s;=5 M
with the switch transition at V;=0 and a DC load of 190€). The harmonic conditions
are created using six A/4 stubs for harmonic terminations, shorts at even harmonics
and opens at odd harmonics.

offset. Further, the class-F rectifier topology is very sensitive to parasitic reactance.
Any addition of small capacitance in parallel with the switch, creates big variations
from the ideal case waveforms and drops efficiency. The parasitic capacitance is
effectively connected in parallel to the harmonic terminations, and thus the open
terminations have very small to no effect in the parallel combination. Finally,
applying the class-F finite (7 harmonic) terminations to a more realistic Skyworks
diode Spice model [56] result in waveforms that dissipate over 80% of the RF power
in the diode, as seen in Fig. 3.24.

Class-F~! is an attractive topology since, as in class F, it offsets the current
and voltage waveforms across the nonlinear device, theoretically reaching 100%

efficiency. The F'~! mode has a duty cycle of 50% and a clipped sinusoid voltage
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Figure 3.24: Voltage (blue) and current (dashed red) time-domain waveforms,
obtained from harmonic balance simulation in ADS using a Skyworks schottky
diode Spice model. The input power is 10dBm at a frequency of 2.45 GHz. The
harmonic conditions where created using six harmonic terminations, with the same
stubs used in the previous class-F simulation with the ideal switch.

while the current is square. The class F~! conditions are achieved by terminating
all odd harmonics in shorts and all even in opens. Amplifier design experiments
show that class-F'~! can preform better than class-F [81, 82]. This gives reason
to explore the topology in rectifiers as well. Agilent ADS harmonic balance using
an ideal switch were performed at f=2.45 GHz enforcing shorted odd harmonics
and open even harmonics with six stubs. The resulting waveforms are presented in
Fig. 3.25. Although the current waveform differs quite a bit from a square wave
(due to the limited number of harmonic terminations), an efficiency of 92% is
simulated assuming perfect match at the fundamental frequency and an optimal
DC load of 352. Additional simulations, where the ideal switch is replaced by the
Skyworks Spice model [56] were conducted. For the Skyworks SMS — 7630 — 79
Schottky diode model case, it is interesting to see that the DC load for best

rectification efficiency is much higher (215€2) than for the ideal switch model case.
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Figure 3.25: Voltage (blue) and current (dashed red) time-domain waveforms cor-
responding to class-F'~! harmonic terminations. Obtained from harmonic balance
simulations in Agilent ADS using an ideal switch with R,,=1§2 and R,s;=>5 M
with the switch transition at V;=0 and a DC load of 190€2. The harmonic conditions
are created using six A\/4 stubs for harmonic terminations, shorts at odd harmonics
and opens at even harmonics.

The waveforms from this simulation are shown in Fig. 3.26 and the RF-to-DC
efficiency is 51%. As with the class-F termination case, the high DC voltage at the
output forces the driving signal from the generator to have an offset and changes
the duty cycle so the diode conduction angle is smaller than half the period and
hence, the waveforms differ from the theoretical ones. The same argument of
the device junction capacitance as in the class-F case applies to the harmonics
terminated in opens.

Class-C is a class that has been used in power amplifiers since the beginning of
the last century [77, 83]. For this class, the current waveform takes the form of a
train of short pulses, witch have a low DC component but also a low fundamental
frequency component [71], as shown in Fig. 3.27. This makes this topology extremely

nonlinear which could be an unattractive property for power amplifier design, but
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Figure 3.26: Voltage (blue) and current (dashed red) time-domain waveforms,
obtained from harmonic balance simulation in ADS using a Skyworks schottky
diode Spice model. The input power is 10dBm at a frequency of 2.45 GHz. The
harmonic conditions where created using six harmonic terminations, with the same
stubs used in the previous class-F~! simulation with the ideal switch.

it has many attractive rectifier benefits. Since the current pulses have a low DC
component, the power dissipation in the series resistance of the diode is small. The
current pulses are formed by allowing the diode to be forward biased for a very
small fraction of the full cycle. This is controlled by the DC voltage that is in turn
controlled by the DC load, as mentioned in section 3.2. An advantage over the
other rectifier classes discussed above, is that the increase in DC voltage value
and the change of duty cycle of the waveforms pushes the waveforms into deeper
class-C mode. On the other hand, using this topology, a diode with relatively
high breakdown voltage should be selected so that the high voltages do not reach
breakdown, Vpe + Vi, < V.. An implementation of class-C can be generated by
providing shorts to all harmonics beyond the fundamental frequency. An example
circuit is shown in Fig. 3.28, where the 2nd to 7th harmonics are terminated in

shorts. Starting from the 2nd harmonic on the left side of the circuit and moving to
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Figure 3.27: Voltage (blue) and current (dashed red) time-domain waveforms
corresponding to class-C harmonic terminations. Obtained from harmonic balance
simulations in Agilent ADS using an ideal switch with R,,=1§2 and R,s;=5MQ
with the switch transition at V;=0 and a DC load of 190€2. The harmonic conditions
are created using six A/4 stubs for harmonic terminations, shorting the harmonics.

3rd, 4th and 5th towards the right. Finally, the 6th (15° @ f;) and 7th (12.8° @ f;)
are the two stubs at the diode plane. The stubs are placed at distances that insure
short terminations at the diode plane for each of there corresponding frequencies.
Notice that in this circuit, the DC path is not part of the harmonic terminations.
There are many different ways to implement these harmonic terminations, this is
one example that was used for simulations in this section. The short harmonic
terminations and the waveform offset by the DC voltage creates conditions so that
the diode is forward biased for a short portion of the period, and no harmonic
power can be dissipated in the diode Fig. 3.27.

Another advantage to this topology of rectifier is that a quarter-wave long stub
at the fundamental frequency terminated with a shunt capacitor will provide an

open at the fundamental and shorts to all even harmonics (as long as the capacitor
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Figure 3.28: Microstrip circuit example of a harmonic terminated class C rectifier.
The terminated harmonics are 2nd to 7th. Each stub is a A\/4 length at its harmonic
frequency. The design is done using the diode plane as the reference plane. Starting
with the higher harmonic stubs at the reference plane and adding the lower harmonic
stubs at a distance that transforms there impedance to a short at the diode plane.
All lengths in the figure are in electrical degrees at the fundamental frequency. The
fundamental is assumed to be matched.

still provides a short). The single quarter-wave long stub is used for many harmonic
terminations, while also providing a path for DC. The reuse of the same stub leads
to reduction in the size of the circuit. Applying the terminations used to generate
the waveforms seen in Fig. 3.27 to the Skyworks SM S — 7630 — 79 Schottky diode
Spice model [56], simulated results in Fig. 3.29 are obtained.

The voltage waveform of the Skyworks SM S — 7630 — 79 Schottky diode Spice
model [56] keeps the same shape as the ideal switch model, the current differs from
the ideal switch, but still keeps the high current periodic pulse form. Although
the RF-to-DC efficiency drops down to 65% is is still the highest efficiency of
the topologies above when using the Spice model which includes the nonlinear

capacitance and packaging parasitics.
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Figure 3.29: Voltage (blue) and current (dashed red) time-domain waveforms,
obtained from harmonic balance simulation in ADS using a Skyworks schottky
diode Spice model. The input power is 10dBm at a frequency of 2.45 GHz. The
harmonic conditions where created using six harmonic terminations, with the same
stubs used in the previous class-C simulation with the ideal switch.

SUMMARY

In summary, this chapter develops an analysis of nonlinear rectifiers and derives
the conditions necessary for high efficiency rectification. Both time-domain and
frequency-domain Fourier analysis are presented assuming diode rectifying devices,
with ideal as well as non-ideal diode models. Time-domain waveforms across the
rectifying element are derived and the relationship between their shape and RF-DC
conversion efficiency is discussed in detail. For best efficiency, it is shown that
harmonic frequencies of the incident RF wave need to be appropriately terminated at
the diode terminals in order to accomplish required wave-shaping resulting from the
time-domain analysis. An interesting relationship between harmonically-terminated
and reduced-conduction angle power amplifiers and rectifiers is presented, and the

analogy used to demonstrate efficiency improvements that harmonic terminations
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can result in for rectifiers. Although the theory is focused on single-ended diode
rectifiers, it can be extended to transistor rectifiers for higher power applications.
The contributions in this chapter are detailed in the following publications: [84,

85]

61



CHAPTER 4

RECTIFYING ELEMENT
SIMULATIONS AND

MEASUREMENTS

Miracles sometimes occur, but one has to work terribly hard for them.

—Chaim Weizmann
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4.2

4.6 SUMMArY . . . . . oo e e e e 81

INTRODUCTION

The goal of this chapter is to present a method for measuring and predicting the
nonlinear diode impedance that will transfer all of the incident power to the diode,
and to accurately define and measure the conditions that maximizes rectification
efficiency. The optimal complex impedance presented to a rectifying element for
best rectification efficiency depends on frequency, incident RF power level and the

DC load:

Ppe

NRF-DC = = 77(f> PRF,in, RL,DC)- (4-1)

PRF,in

The DC rectified power will be maximized for a specific load. A network analyzer
could be used to measure the impedance of the diode, provided enough power
range is available at the network analyzer port, proper calibration is performed,
impedance tuners are integrated into the system and a controlled DC load is added.
However, these additions are not straightforward and there is no real advantage

for using a network vector analyzer over only source-pull with tuners.

RECTIFYING DIODE IMPEDANCE

Matching the RF generator to the rectifier is a difficult task since the rectifier has
a input impedance that is a function of several variables: frequency, power, DC
load and harmonic terminations. The main contributor to the diode impedance
is the junction nonlinear resistance R;(V;). The junction nonlinear capacitance
C;(Vy) is in parallel with the junction resistance R;(V;) and gains influence as the

frequency increases. The remaining linear components are; the series resistance
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R, in with the series package inductance L,, both in parallel with the package

capacitance Cp, see section 3.2.

1 -1

Zdiode(w, V) = ((]WCJ(Vd) + Rj(l‘/d)> + RS + Ls) + ij’p (42)

Since C;(Vy) and R;(Vy) are extremely nonlinear and their functions change with
frequency and power level, (4.2) can only be used to predict the diode impedance
under small signal conditions. For large signal impedances at different power
levels and frequencies, harmonic balance nonlinear simulations are used. The
harmonic balance simulation uses a diode model [65, 56] that is extracted through
experiment at various frequencies and powers. The experimental procedure is not
straightforward as in the case of linear circuits, where a circuit can be connected
to a vector network analyzer. However, there are several problems which make a

vector network analyzer measurement inadequate for rectifier design:

(1) The diode impedance can be found only for a specific RF pre-matching

condition at the diode terminals;
(2) Rectified power trends for varying RF load conditions cannot be obtained;

(3) For different incident power levels, the match to the diode varies, and so the

exact power across the diode is not known;

(4) Tt is not straightforward to include both a power amplifier and a variable
DC load in a vector network analyzer. Thus, a modified load-pull technique

is used here to fully characterize the rectifier element.

In order to determine the optimal diode impedance for rectification, a Focus Mi-
crowave load-pull system is used in a modified source-pull RF to DC configuration,

as shown in Fig. 4.1,
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Figure 4.1: Block diagram of the source-pull RF-DC measurement. The rectified
voltage is measured across a DC load resistor while the RF power to the diode
(DUT) and the impedance presented at the diode input are varied.

where the source impedance, looking in to the device under test (DUT), is swept
with a computer-controlled tuner. The tuner used in this work is a Focus Microwave
single stub tuner, while giving the ability to sweep the fundamental frequency
impedance but, with no control of impedances at the harmonic frequencies. A
photograph of the test bench is shown in Fig. 4.2. The harmonic terminations
vary arbitrarily if no terminations are presented by the test structure that the
diode is mounted on. Multi tuner and/or active harmonic load pull systems are
available commercially, but are extremely expensive and complex [86]. A simple
fixed harmonic termination source-pull is possible by presenting terminations on
the diode test structure. For each different harmonic terminations set, a new test
structure must be fabricated and a separate source-pull measurement performed [87].
TRL calibration standards bring the reference plane to the diode, and the input
power is varied while directly measuring DC power into a variable DC load [88].
Fig. 4.3 shows a photograph of TRL standards fabricated on a Rogers 4003c
substrate covering frequency rage 700 MHz to 3 GHz.

First, rough measurements in a 50 {2 environment are used to predict the range

of impedances for which the rectifier yields high efficiency. As can be seen in Fig. 4.4
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Figure 4.2: Photograph of the source-pull RF-DC measurement. The rectified
voltage is measured across a variable DC load resistor while the RF power to the
diode (DUT) and the impedance presented at the diode input are varied. This is
repeated for several values of the DC load resistor.

the measurement resolution is higher closer to the center of the Smith chart.

Once this is estimated, a pre-matching circuit is designed to bring the impedance
close to the range where reflections are low Fig. 4.5. Using a \/4 impedance
transformer constructed from a 80¢2 line, the 50¢2 environment is transformed to
a 128() environment at the test plane. Note that 1202 will therefore be chosen
as the characteristic impedance. This enhances the measurement accuracy, but
requires careful calibration.

Therefore the TRL standards in Fig. 4.3 are implemented with 80 — € lines. In
order to obtain accurate diode characterization, the substrate permittivity and
thickness are chosen so that a 802 microstrip line is close in width to the diode
leads. For example, in the 802 TRL kit shown in Fig. 4.3, used to characterize

diodes in a plastic packages, a Rogers 4000c substrate with €, = 3.55 and 0.762 mm
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(a)

Figure 4.3: (a) TRL calibration and (b) test circuit used in the source-pull. The test
circuit is narrowband and designed to move the impedance of the diode towards

(b)

the middle of the Smith chart at the design frequency.
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Figure 4.4: Distribution of source-pull measurement points in a 50 — €2 environment

(Z = 509).
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Figure 4.5: Distribution of source-pull measurement points in a 50 — € environment
(Zy = 50Q) transformed by a A/4 long 80 — 2 line.

(30 mil) thick, resulting in a 0.7mm wide 80 — € line [55].

Figure 4.6: Measured rectified power contours for 10 dBm input power. Optimal
load R;, =460 at 1.96 GHz. The Smith chart is normalized to 120 ).
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To obtain the impedance that needs to be presented to the diode for most
efficient rectification, the input RF power is varied through a calibrated power
amplifier. The voltage across the DC load is measured while the input RF power,
input impedance, and DC load resistance are varied at a given frequency. An
example of the results of source-pull measurement is shown in Fig. 4.6.

The results of the source pull measurements are of high importance not only
to the design of the integrated rectifier antenna and RF circuitry but, also to the
design of the DC - CD power converter that provides the DC load to the integrated
rectifier antenna, discussed in more detail in Chapter. 2.

The optimal load for rectification efficiency is extracted from the measured

data and displayed in Fig. 4.7.

7

DC Power (mW)
w H )] (@)

N

'_\

O 200 400 600 800 1000 1200
DC Load (Q)

Figure 4.7: Measured DC power for 10 dBm incident power at 1.96 GHz for optimal
RF impedance for each load (blue). Load sweep of a Thevenin equivalent voltage
source and resistor (red). The Thevenin values were calculated using the data from
the maximum output power point on the measured curve.

Each point on the blue curve corresponding to a DC load, is a maximum DC
power point from a source-pull measurement sweeping the whole Smith chart. The

curve of maximum power is obtained by adjusting the RF fundamental frequency
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4.3

impedance at each DC load. The resulting curve has the characteristics of a
Thevenin equivalent circuit [10, 89], required for power converter design [58, 90],

as illustrated in Fig. 4.8.

Figure 4.8: Schematic circuit description of the Thevenin equivalent of the rectifier
circuit.

HARMONIC BALANCE SIMULATIONS

The source pull measurements give useful design data, but are time consuming, and
need to be repeated for different configurations of the diodes, harmonic terminations
and different frequencies. To establish a nonlinear simulation which is validated
by measurements, a Spice diode model [65] using manufacturer’s data is used in
harmonic balance simulations in Agilent ADS, as shown in Fig. 4.9. The simulation
circuit is slightly different from the measurement circuit, The RF choke and DC load
are connected directly to the node the diode is connected to. In the measurement
setup, the DC load was connected before the tuner, still in the 50 €2 environment.
The location of the RF choke and DC load are not important, as long as the RF
impedance to the diode is not impacted by it. The location of the RF choke and
DC load can become significant if the structure is designed with as a distributed

circuit and provides different harmonic impedances.

70



DC Block RF Block

Rectifier

____N___
Ooll
e
+
B
>

|
|I

Figure 4.9: Block diagram of Agilent ADS harmonic balance simulations corre-
sponding to the source-pull measurement of Fig. 4.1. Notice that in this case, the
DC load is in a transformed RF impedance environment, not 50¢2 environment as
in Fig. 4.1. The location of the DC load connection in not important, as long as
the RF impedance it presents is an open, the the RF impedance presented to the
diode is unchanged.

Harmonic balance is a frequency domain method for nonlinear circuit anal-
ysis [91, 92]. In this method, the circuit is exited at the fundamental frequency,
the simulator iteratively satisfies Kirchoff’s laws at all nodes of the circuit, at the
fundamental frequency and all harmonics defined by the user. At a given input
frequency, and for each input power and DC load, the magnitude of the reflection
coefficient at the port is varied from 0 to 0.95, as a compromise between accuracy
and computational complexity. For each value of reflection coefficient magnitude,
the angle is swept from 0° to 360° in steps of 5°, as shown with the blue points
in Fig. 4.10. In this way, constant output DC power contours, shown in red, are
obtained for a particular input RF power at a given frequency.

Fig. 4.11 shows results obtained by simulations for the mismatch between
the source pulled diode impedance and a 1202 characteristic impedance. The
TRL trace transforms the tuners characteristic 50 (2 impedance to 128 €2. The
120 €2 impedance is chosen since, it is close to the center of the Smith chart and

places the plotted data in the center of the plot, as described in Section. 4.2. The
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4.4

Figure 4.10: Simulated constant rectified power contours at 2dB increments at
1.96 GHz for a 460 2 DC load resistance. The results are for a 10 dBm input power
for a single Skyworks SMS7630-79 Schottky diode connected to an 80 €2 input line.
The maximal rectified power is 7.7 dBm. In this case, the RF-to-DC conversion
efficiency is 58%.The Smith chart is normalized to 120 €.

contours describe constant DC rectified power (in dBm) for a range of mismatched
amplitudes and phases. Note that the same DC power output can be obtained for
two RF reflection coefficients, but the maximum output power is obtained within

a magnitude range of 0.1 and a phase range of a few degrees.

COMPARISON OF HARMONIC BALANCE AND
SOURCE-PULL

Harmonic balance simulations are compared to source pull data for several cases.
Examples shown in Fig. 4.12 and Fig. 4.13 are for different DC loads, frequencies
and input powers. The measured and simulated contours track well over a range of
DC loads from 10 to 1250 €2 and for input power levels of 0 and 10 dBm and at the

cellular phone frequency 1.96 GHz as well as ISM frequency of 2.45 GHz for the
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Figure 4.11: Simulated contours of constant DC power for a range of magnitude
and phase mismatch between diode impedance and reference impedance, for two
values of input power (red and blue traces). The plot shows that the same rectified
power can be obtained for multiple values of diode impedance mismatch relative
to a 120 €2 characteristic impedance.

same diode(Skyworks SMS7630-79 Schottky diode). Fig. 4.12b shows the case for
the optimal DC load at 1.96 GHz. The optimal rectification impedance is used for
antenna input impedance design at a given frequency and incident power density.

The initial characterization work and model definitions were done at 1.96 GHz.
Source-pull measurements were performed at 2.45 GHz as well, and demonstrating
good agrement with simulations as seen in Fig. 4.12. The agreement between
simulation and measurement show that the diode model can be used for design
with confidence, the model and simulations agree for a variety of different DC
loads and frequencies, but not the maximum DC power. Measurements have shown
higher output power than the simulations. The impedance is predicted accurately.
In all cases investigated in this thesis, the measured power was higher than the
predicted by Agilent ADS simulations. In addition, the design is based on the

input power and the output power level show the correct trend, even though the
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output powers may be 1.5dB off at the maximum DC power point. Away from the
maximum DC power point the simulation and measurement DC powers track well.

The power and small impedance differences are summarized in Table 4.1

0 N

STAYA W |
L

(c) (d)

Figure 4.12: Simulated (blue) and measured (red) rectified power contours for
10dBm input power. R, = 60 (a) and optimal load R, = 4602 (b) are at
1.96 GHz. R, = 608 (c) and optimal load R, =485 (d) are at 2.45 GHz.The
Smith charts are normalized to 120 (2.

The measurements have been repeated for 0 dBm as seen in Fig. 4.12, again
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showing agreement with simulations. The model and simulator can be used for
predicting the rectified DC power, over a large range of input power, frequency,

DC load and input impedances.

(c) (d)

Figure 4.13: Simulated (blue) and measured (red) rectified power contours for 0 dBm
input power. R, = 632 (a) and R, = 10502 (b) are at 1.96 GHz. R, = 60
(c) and optimal load R, = 1165 (d) are at 2.45 GHz. The Smith charts are
normalized to 120 (2.
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4.5.

1

Table 4.1: Summary of measured and simulated rectified power for optimal RF

and DC impedance at the diode terminals seen in Fig. 4.12 and Fig. 4.13

f Pinrr | Rpc Ppc ZrrQfo NRF-DC
(GHz) | (aBm) | (@) | (dBm) (©) (%)

Meas | Sim Meas Sim Meas | Sim
0 460 | 8.1 7.2 | 137+j149 | 146+j151 | 64.5 | 524
L 96 60 5.6 55 | 109+j33 | 97+j51 | 36.3 | 35.5
0 1050 | -1.64 | -2.15 | 94+j253 | 110+j235 | 68.5 | 61.0
60 | -5.84 | -5.93 | 142+j52 | 108+j60 | 26.1 | 25.5
0 485 | 7.7 6.8 | 1784147 | 114+134 | 58.8 | 47.9
5 45 60 5.6 | 4.04 | 87+31 90+43 36.3 | 25.4
0 1165 | -1.85 | -2.56 | 73+j203 | 80+j200 | 65.0 | 55.5
60 | -5.6 | -6.08 | 79+j81 98+j64 | 27.5 | 24.7

HARMONIC BALANCE SIMULATION AND LARGE
SIGNAL SCATTERING PARAMETERS ANALYSIS

As seen by the simulations in Section 3.3.1 the waveforms deviate from the ideal
waveform significantly. By comparing the rectifier and amplifier classes of waveforms,
it is clear that the class C (reduced conduction angle) topology deviates the least, as
seen in Fig. 3.27 and Fig. 3.29. The voltage waveforms are identical in both figures,
while the current waveforms, although not identical, share many characteristics.
Large Signal Scattering Parameters (LSSP) simulations can give insight to the

reasoning of this finding.

LARGE SIGNAL SCATTERING PARAMETERS

The LSSP feature of Agilent ADS computes S-parameters for nonlinear circuits

using harmonic balance techniques for each input power level and frequency point.
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4.5.2

Since LSSPs are for nonlinear circuits, they are power dependant. As in the case of
small signal S-parameters, LSSPs are defined as the ratio of reflected to incident

waves [93]:

where the incident are reflected waves are defined as:

4= Vit 2ol o Vi~ Zili (4.4)

J 9 \/R>Oj ’ J 2 \/R_Oi

and:

Vi and V; are the voltage Fourier coefficients, and I; and ; are the current Fourier
coefficients for the fundamental frequency at the ports i and j. Zy; and Z; are the
reference impedances of the ports ¢ and j and Ry and Ry; are the real parts of

ZOi and Z()j.

For a two port system, port, is terminated with the complex conjugate of
its reference impedance. Then using a source at port; whose impedance is the
conjugate impedance of that port, a signal is applied at power level P;. Next, using
harmonic balance, the currents and voltages at port; and port, are calculated. The
information is used to calculate S7; and Sg;. Next, for calculating Sy, and Sia,
port, is terminated with the conjugate of its reference impedance and a power
P, is applied at porty where Py = |Sy|*P; using a source with port, conjugate
impedance. Again, using harmonic balance, the voltages and current are found

and Sy and Syo are calculated [93, 94].

SIMULATION RESULTS

The circuit in Fig. 4.14 is simulated using Agilent ADS LSSP simulation. Simulation
results are shown in Fig. 4.15, for the Skyworks SMS-7630-79 diode [56].
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Figure 4.14: circuit used to simulate input impedance of the diode as a function of
input power at 2.45 GHz. The harmonic balance technique using 25 harmonics is
used to find the voltages and currents at every node.

For an input power sweep from —30dBm to 30dBm at 2.45 GHz using 25
harmonics for analysis, the 10 first harmonic impedances are plotted. The complex

input impedance at each frequency is calculated from the S-parameters using

1+ 51

"1-5,

(4.5)

The results are plotted in Fig 4.15, where the real part of the impedance is in red
and the imaginary in blue. The real part of the fundamental frequency is dashed
red and the imaginary is dotted blue, the rest of the harmonics are plotted in
solid lines (both real and imaginary components get closer to zero as the order
of the harmonics increase). Notice that the both components of the impedance
change in a very nonlinear way as a function of input power. Further investigation
leads to examining the capacitance of the diode. Subtracting R, from the diode
impedance results in the parallel combination of R; and C;. Separation of the
parallel combination yields the junction capacitance and resistance separately. The
capacitance is changing with the input power, as seen in Fig. 4.16. It is interesting

to see that for low powers (up to —20dBm) the capacitance stays constant for
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Figure 4.15: Simulated input impedance of the diode as a function of input power
at 2.45 GHz. Blue - real part of the diode impedance, dotted - fundamental , solid
- harmonics. Blue - imaginary part of the diode impedance, dashed - fundamental ,
solid - harmonics. Based on measurements, we trust the model on to 10 dBm.

the fundamental and the harmonics at 0.32 pF, at higher powers, the capacitance

exhibits strong nonlinear behavior, different for each driving frequency.

0.35

0. : : : : :

—%O -20 -10 0 10 20 30
Pin (dBm)

Figure 4.16: Input capacitance of the diode as a function of input power at 2.45 GHz

and the first nine harmonics. For each curve the circuit is exited by one frequency
at a time over the range of powers.
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In the shunt diode configuration of the rectifier, the diode capacitance is
in parallel with any harmonic impedance presented to the diode. In a parallel
combination, the lower impedance is the dominant and as so, any high impedance
presented at the harmonics to the diode is not significant. This means that all
open terminations of the harmonics are in parallel to a capacitor. The capacitive
impedance gets lower as the frequency increases, and hence the parallel harmonic
open termination, has very small effect on the total impedance, and therefore on
shaping the waveforms. The magnitude of the diode impedances changes with

incident power and frequency as shown in Fig. 4.17. As the input power increases,

25
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Figure 4.17: Magnitude of the input impedance of the diode as a function of input
power at fo = 2.45 GHz and the first ten harmonics.

the impedance magnitude decreases and makes the open terminations insignificant.
The open terminations lose effect as the frequency and power increase. Since the
class-F and class-F ! rectifier topologies have open terminations at every other
harmonic, they are not suited well for operation with the diode. Any topology
that is based on short terminations such as the reduced conduction angle class-C

topology will work well with a diode that exhibits this nonlinear capacitance
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4.6

behavior.

Source-pull measurements where the input power was above 10dBm at the
diode plane, resulted in damage to the diode. The diode does not complectly
burnout, but its rectification performance degrades. The damage to the diode
was observed also in measurement and characterization of the integrated rectifier
antenna, when power densities were such that the input power to the diode was
above 10dBm. The damage to the diode is due to voltages above the breakdown
voltage and high currents through the diode as a result of the high incident power.
Due to these observations, the model for Skyworks SMS-7630-79 Schottky diode
can only be trusted up to an input power level of 10dBm. The simulation results

seen in Fig. 4.15 to Fig. 4.17 should also be trusted only up to that input power.

SUMMARY

This chapter presents methods for experimental-based rectifier modeling and non-
linear frequency-domain simulations of microwave rectifiers using harmonic balance.
The goal of the work shown in this chapter is to extend the theory and analysis
presented in Chapter. 3 to design-oriented simulations and experimental validations
of the nonlinear models. The simulations are performed using harmonic balance in
commercial circuit simulators (Agilent ADS), while the experimental validity of the
diode nonlinear model is demonstrated with a modified source-pull power-amplifier
method developed specifically for rectifiers. The close agreement between the
two, which follows trends from Chapter. 3, provides confidence in the non-linear
simulation for future designs. The validation is specifically performed for diodes
used in this work, but also demonstrates a method by which the model validity
can be determined more generally.

The contributions of this work are reported in the following publications: [85, 84]
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CHAPTER 5

ANTENNA AND RECTIFIER;
DESIGN, INTEGRATION AND

MEASUREMENT

The highest activity a human being can attain is learning for understanding,
because to understand is to be free.

—DBenedict de Spinoza
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ANTENNA DESIGN FOR INTEGRATION WITH
RECTIFIERS

For many integrated rectifier antenna designers, e.g. [95, 96], the design involves
matching to a 502 antenna load. Rectifiers, are often designed with an input
match of 50 2 as well [96, 63]. The intermediate 50 2 impedance, makes the rectifier
portion of the system testing simple. The rectifier integration with the antenna then
seems as a natural and straightforward process. However for integrated rectifier
antennas, the intermediate 50 €2 impedance is meaningless, since there is no need
for integration or connection to any 50 €) system. Avoiding the 50 2 match allows
for less matching circuitry, and thus reduces loss and compact design. As discussed
in earlier chapters, the diode impedance is mostly capacitive and creates a large
magnitude of I" with respect to 50 (2. Therefore, any matching circuit to 50 2 will
have high insertion loss [97]. The available power at the antenna port would go
through an unnecessary attenuation before it reaches the rectifier. The match to
502 adds a design constraint that can be avoided. The method developed here
attempts to design the matching to the experimentally-determined optimal diode
impedance by antenna input impedance co-design.

This chapter is devoted to detailing the co-design procedure on the example

of a narrowband 1.96 GHz cell-phone frequency patch antenna integrated with a
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1.

1

Schottky diode. The steps of the procedure are: (A) antenna design for complex
impedance feed point and validation of antenna impedance performance; and (B)
validation of integrated antenna, matching circuit and bias line performance and

finally, integrated rectifier antenna performance test.

ANTENNA FEED POINT DESIGN

Antenna full-wave simulations (Ansoft HF'SS) are used with the goal of obtaining
the highest radiation efficiency, desired radiation pattern and determining the feed
with a complex impedance presented to the diode for best conversion efficiency, as
determined by HB simulations or source-pull measurements. Most antenna simula-
tions refer to the magnitude of the reflection coefficient, while in the integrated
rectifier antenna design process, both the real and imaginary part of the impedance
are of interest. Rather than matching to the standard 50 {2, the design attempts
to obtain a match to the optimal diode complex impedance. Fig. 5.1 shows the
geometry of a patch antenna in which several feed points (labeled 1-7), the different
feed points are simulated and measured in order to determine the sensitivity of the
complex impedance to patch feed location and parasitic reactance associated with
the connector. Fig. 5.2 shows the simulated and measured complex impedances for
patch geometry from Fig. 5.1. The dashed line is the result of a simulation where
a H0() coaxial feed is excited with a waveport, while the solid line, which closely
matches the experimental data, includes the full 3-D SMA connector model in
the simulation. From these results, it is clear that the complex impedance of the
antenna is extremely sensitive to the feed structure and parasitics associated with
the feed connector, even at this relatively low frequency [98, 99, 100]. Notice also
that the reactance is much more sensitive than the resistance, and thus a plot of
|S11] (or return loss) would not show this sensitivity. The use of a connector in this

simulation allows a modular approach to design and measurement, the response of
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1

.2

Figure 5.1: Geometry of patch antenna with 3D detailed SMA connector imple-
mented in Ansoft HFSS. The antenna was simulated with 7 different feed point
locations. For validation, the same geometry was fabricated. The feed points are
located along the center axis that is parallel to the non-radiating edge of the
antenna. Feed number 1 is at the radiating edge feed number 7 is 6 mm away from
the center, the rest of the feed locations are evenly spaced between them.

the connector modifies the impedance to the connecting external circuits and must
be taken into account. Once the design is finalized and validated, a more compact
and integrated approach excluding connectors between the antenna and matching

circuitry is implemented. An example is discussed in Chapter 6.

ANTENNA, MATCHING AND DC LINE DESIGN VALIDA-
TION

The impedance range shown in Fig. 5.2 does not reach exactly the optimal diode
impedance. There is an additional degree of freedom in choosing the antenna feed
point, and in the design presented here, a point 14mm off the center of the patch is
used. It is chosen so that the matching network to the diode is simple. In addition,

simulation and measurement have excellent agreement at that point. Note that
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—*— Sim (SMA)
----- Sim (no SMA
—— Measured

Figure 5.2: Simulated and measured results of the antenna complex impedance.
The dashed line shows the simulation without the full SMA connector implemented
in HFSS. The Smith chart is normalized to 120 €2.

for different antenna designs and diodes, it might be possible to eliminate the
matching circuit altogether.

The next step in the design procedure is validation of the full passive part of
the integrated rectifier antenna, including the matching circuit and DC output
line. A series of steps are taken to validate the performance of the passive part
of the integrated rectifier antenna, prior to adding the diode. First, a trace from
a connector to the calibration reference plane where the diode will be connected
is inserted (this trace is not needed after validation and can be removed). This
TRL-calibrated measurement validates that the exact source-pull determined diode
impedance is obtained with the fabricated antenna and matching circuit as seen in
Fig. 5.3.

The match between the antenna and the diode can be obtained in many ways.

In this example, the method of a stepped impedance line is used. Fig. 5.4 describes
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g
GND_ Diode

Figure 5.3: Photograph of impedance validation circuit. The SMA connector on
the left that is assumed to be connected to the complex impedance feed of the
antenna. The stepped impedance circuit is matching the antenna impedance to
the diode impedance at the fundamental frequency. The impedance is validated by
measurement at the diode. The TRL calibration portion of the circuit on the right
can be removed after validation.

the match progression. The antenna impedance including the connector impedance

Desired Measured
+0.5 137+j149Q | | 149+j147Q
RN
¢
+0.
¢

I "
-0 75.0

—j0.5 —j2.0

1.0

Figure 5.4: Measured impedance presented at the diode reference plane is within
a few ohms from the desired complex impedance. The red data point shows the
antenna impedance at the feed point. The blue trace shows the transformation
due to the matching circuit. The curves connecting the measured points show the
matching procedure. The Smith chart is normalized to 120 €.
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is labeled by the red diamond. The first microstrip trace form the right in Fig. 5.3
is a 50 €2 line that transforms the impedance to a real impedance. The diamond-
shaped thick line is a \/4 transformer that transforms the impedance to the correct
IT'|. Finally, an additional 502 line changes the phase of I' and transforms the
impedance to the desired diode impedance. The blue trace in Fig. 5.4 describes
this progression.

Patch antennas are narrow band by nature, on the order of 5% depending on
definition of band-width, substrate and thickness [101, 102]. Since the antenna
and matching circuitry are narrow band, it is important to make sure that the
match will work if any of them are a bit detuned in any direction. If the two are
narrow band and detuned in opposite directions, the performance will degrade
very quickly. For that reason, in this case the match is tested over a band from
1.7 GHz to 2.2 GHz. Fig. 5.5 shows the real and imaginary components of the input

impedance looking in at the diode reference plane for a fixed load. In order to

60 300 135 175
500" 1200
130 1170
_ 400 100 _ ~ ~
a a g <)
= = T 15 2
.i 300 0 ’5 §125 165.&
& E £
200 1-100
120 1160
100 1-200
‘ ‘ ‘ ‘ _ 115 : ‘ ‘ 155
2 18 19 5 21 2299 795 1.955 1.96 1.965 197
f (GHz) f (GH2)

(a) (b)
Figure 5.5: Real and imaginary parts of the input impedance at the diode plane
(a) a close up of the same impedance data in the band of interest (b).

assure the diode will be presented with a impedance that is acceptable for small
frequency variations, the resulting impedances are overlayed with the source-pull

constant DC power contours as seen in Fig. 5.6. As can be seen in the close up in
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Fig. 5.6b, all impedance combinations are well within the maximum power contour,

and assure maximum rectification efficiency.

+1.0

(b)

Figure 5.6: (a) Measured source pull contours at 1.96 GHz in blue for Skyworks
SMS-7630-79 Schottky diode at an input power of 10 dBm. The black symbols are
the complex impedances combinations from 1.7 GHz to 2.2 GHz shown in Fig. 5.5b
and the Red are all possible combinations of each point of the real part of the
impedance with each of the imaginary parts within that band. (b) a close up of
the maximum DC power contour with the impedance combinations. The Smith
chart is normalized to 120 (2.
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The next step is to add the DC collection line, without disturbing the funda-
mental frequency impedance match. The DC line which consists of a quarter-wave
microstrip section and shunt resonant surface mount capacitor shown in Fig. 5.7a.
The resonant capacitor presents a short which is transformed through the quarter-
wave long transformer and presents an open at the fundamental frequency to the
diode plane. While not effecting the RF impedances, the quarter-wave transformer
provides a DC path to the DC load. Other ways of extracting the DC are available,
such as different lumped element bias Tees, or fully distributed configurations. This
configuration is dependant on a combination of a lumped element and distributed
circuitry, and is very repeatable in fabrication. The combination of distributed and
lumped elements gives a reasonable size circuit which is simple to assemble. Another
reason to use the resonant capacitor is that it shorts higher harmonics and as such,
in combination with the quarter-wave at fundamental, provides shorts at the even
harmonics. The quarter-wave line at the fundamental becomes a half-wave at the
second harmonic and a integer multiple of a half-wave line at all even harmonics.
As the frequency increases, it moves farther from the resonant frequency of the
capacitor, and the termination moves away from a perfect short.

The TRL calibrated measurement allows validation that the fundamental
impedance does not change regardless of the load connected past the resonant
capacitor. Finally, after validation, the TRL trace is cut and a diode is soldered
between the diode plane and ground as seen in Fig. 5.7b with a closeup of the
soldered diode in Fig. 5.7c. After testing, the substrate that the TRL trace is on
can be trimmed and a more compact circuit is obtained as seen in Fig. 5.7d. The
specific matching circuit is shown in Fig. 5.8, the measurement results are shown
in Fig. 5.4 with the red data point being the antenna feed point impedance. The
blue trace is a set of transformations for a multiple-section transmission line match

to the desired impedance (137+j149(2), as shown in the inset. The measured
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Resonant
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match TRL

\ Diode

plane

() (d)
Figure 5.7: Photographs of the validation circuits for the antenna, matching, DC
collection circuit and full integrated rectifier antenna. (a) DC collection circuit
added to matching circuit. (b) TRL trace cut at the reference plane for measuring
the impedance presented to the diode. (c¢) Closeup of the cut TRL line and the
diode soldered in place. (d) The full integrated rectifier antenna after trimming
the excess substrate from the validation portion of the circuit.
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Figure 5.8: Layout of the matching circuit used to transform the antenna complex
impedance to the optimal diode complex impedance.

impedance is within a few 2 from the desired one.

INTEGRATED RECTIFIER ANTENNA CHARAC-
TERIZATION

In order to validate that best rectification is obtained for the match closest to
the optimum, three integrated rectifier-antennas were tested. The antenna and
matching circuit are connectorized for measurement purposes and allow validation
of each part. Additional line length between the antenna and matching circuit
moves the diode match from the optimal Al to suboptimal A2 and A3 as seen in
Fig. 5.9. The impedances were chosen to be on DC power contours separated by
approximately 2dB; the exact powers are given in Table 5.1.

All three test integrated rectifier antennas Al to A3, use the same antenna,
matching circuit and DC circuit, but have different length adapters added to change
the matching to the diode, reducing uncertainty due to parasitics and fabrication
tolerances as seen in Fig. 5.10. For each case, the integrated rectifier antenna was

fully characterized, and the efficiencies compared.
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Table 5.1: DC output power from source pull measurement at 1.96 GHz, input power
of 10dBm and DC load of 460 €2 for the three matching conditions of integrated
rectifier antennas Al to A3.

Antenna | DC power (dBm)

Al 8
A2 5.6
A3 4.5

Figure 5.9: Measured diode load-pull contours for rectified DC power with super-
imposed impedances that antennas A1-A3 are matched to (black symbols). This
data is for the optimal DC load for antenna A1, and sub-optimal load for A2 and
A3. The Smith chart is normalized to 120 (2.

5.2.1 MEASUREMENTS AND CALIBRATION

Antennas A1l through A3 were characterized in a calibrated setup as illustrated
in Fig. 5.11. The source is an HP83650A synthesizer feeding a 40 dB gain power
amplifier (maximum power 30 W), allowing far field measurements to be performed
for a range of incident power densities on the integrated rectifier antenna at normal

incidence. The calibration procedure is performed with two equal calibrated AEL
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(a) (b) ()

Figure 5.10: Photographs of the integrated rectifier antenna with three different
matches. (a) integrated rectifier antenna A1, the diode is presented with the optimal
fundamental frequency impedance. (b) By adding a line section between the antenna
and matching circuit the diode is presented with a sub-optimal impedance, A2
and (c) a longer adaptors between the antenna and rectifying circuit moves the
impedance farther away from the optimal, A3.

PC : ( >
‘ (Matlab) | '

Y
RF Source Digitally .controlled
potentiometer
l A
Power Calibrated Horn
Amplifier Antenna » Rectenna

Figure 5.11: Block diagram of measurement setup for obtaining calibrated rectified

power levels and efficiencies over a range of normally incident power densities and
DC loads.

H-1498 broadband horn G(1.96 GHz) = 3.7 dBi antennas. The power density at

the plane of the integrated rectifier antenna is found from:

_ 4mPoar

5(9:00,¢: 900) = m

(5.1)

where G4 is the gain of the receiving calibrated horn antenna and Pgyp is
the RF power measured at the receiving horn output when the aperture is at

the reference plane. Fig. 5.12 shows the alignment of the horn antenna on the
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wooden rack. Notice the red dot in the center of the antenna, the alignment of
the antennas is done using a level with a laser pointer to make sure the antenna
are aligned properly (facing each other and are co-polarized as in (5.1). After the
power densities are calibrated, the horn and power meter are removed, and next,
the integrated rectifier antenna is placed at the reference plane. The rectified power
is measured over precisely controlled DC load values, for incident power densities
from 25 to 200 4W /cm?. The measurements are performed in an anechoic chamber

shown in Fig. 5.12.

Figure 5.12: Photographs of the calibrated AEL H-1498 broadband horn
G(1.96GHz) = 3.7dBi antenna mounted on wooden mount (a). the mount is
equipped with two step motors allowing rotation of the antenna under test in to
axis. After alignment, the mount and measuring equipment are covered with RF
absorber material (b), and the antenna is ready for RF measurements.

The whole characterization procedure is controlled by computer using MATLAB.

Fig 5.11 shows in detail the setup after power density calibration where the
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5.2.2

integrated rectifier antenna is placed at the reference plane. The DC load is swept
in steps of 52 while recording the voltage and current through the load at each

step.

EFFICIENCY DEFINITION

The efficiency is found from

P
""RF-DC = P P _ U(f7 Prrin, RL,DC)- (5-2)
RF,in

By assuming that the effective area of the integrated rectifier antenna is the largest

possible, i.e. equal to the geometric area, Ag:

V3 1
IRE-DC = RS0 = 0°, ¢ = 90°) - Ag

(5.3)

The denominator in (5.3) over-estimates the RF power delivered to the diode,
therefore the efficiencies reported here are conservative lower bounds, and are
precisely calibrated for normally co-polarized incident powering waves. Other
efficiency definitions have been reported in the literature. For example in [29, 103]

P, is the RF power delivered to the diode based on the Friis formula (5.4)

/ o VDQC 1
N"rRF—DC = RL GtGrPt( hy )2

47r

(5.4)

were P, Gy and r are the transited co-polarized power gain and distance of
the transmitter, separately. G, is found from measurement or simulation of an
equivalent antenna without the rectifier. Thus, this definition does not take into
account the non-linear loading of the antenna by the feed, coupling between the
rectifier and antenna, mismatch and ohmic losses. Small errors in r, G,, P;, G,

have a large effect.
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Another definition in the literature, for example [27], uses measured power
density at the integrated rectifier antenna plane and estimates the effective area of
the antenna obtained through gain measurement or simulation:

,'7// _ VDQC . 1
RF—-DC RL S i Aeff

(5.5)

As in (5.4) the antenna gain is found for a fixed (usually 50-€2) load, and does not
take in to account gain changes due to non-linear rectifier loading. A comparison

of (5.3) to (5.5) for a specific integrated rectifier antenna is given in section 5.2.3.

Efficiency (%)

1 1

J

25 50 75 100 125 150 175 200
Power Density (uW/cmz)

Figure 5.13: Measured efficiency using (5.3)-Blue, (5.5)-Red and (5.4)-Black. The
RF power in(5.5) is found by multiplying the power density by the effective area
of the antenna obtained from HFSS simulations with a fixed 502 port impedance.
The input power in (5.4) is obtained from measured power from a reference patch
antenna with same geometry as the integrated rectifier antenna but matched to
5082 and connected to a power meter.

The efficiency definition (5.3) reported in this work gives measured values for
A1 between 43%-54% for power densities of 25 to 200 uW /cm? as shown in blue in
Fig 5.13. Comparing to results obtained from (5.4)-(5.5) with the same measured

data shows that (5.3) cannot over estimate the total RF-DC efficiency. An error
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5.2.3

source for the efficiency definition in (5.3) could be inaccurate gain of the reference
antenna used for power density measurement. The horn antenna used is an AEL
H-1498 broadband horn, with gain calibrated by NIST. The gain was verified by
a measurement with two identical AEL H-1498 broadband horn antennas in the
anechoic chamber. The resulting gain was within 0.5dB from the nist data at
2.45 GHz. Any error in antenna gain will affect the calibrated pwoer density and
therefore, the efficiency defined by (5.3).For example, the efficiency reported for
A1 at a power density of 200 uW/cm? (54%) would range from 48% to 60% with
a gain error of £0.5dB and the efficiency error would change linearly with gain

error.

RESULTS

Fig. 5.14a shows measured rectified power for the optimally matched integrated
rectifier antenna A1. For A1, the optimal DC load at a power density of 200 W /cm?
is 460 €2, and changes by up to 302 for lower power densities. The corresponding
lower bounds on peak conversion efficiencies calculated from (5.3) are shown in

Table 5.2.

Table 5.2: Measured optimal efficiencies for the 3 antennas

Antenna Al | A2 | A3
n(200 uW /em?) (%) | 54.2 | 36.5 | 28.0
n(25 uW/ecm?) (%) | 43.6 | 30.9 | 23.4

Fig. 5.14b shows the RF to DC conversion efficiency for the varying DC load
and power levels. Notice, that the efficiency stays above 53% over the range of
power densities of 75 to 200 uW /cm? and constant DC load of 460 2. The efficiency
surface takes a very different shape than the DC output power surface shape;

small output power deviations translates to large changes in the efficiency. This is
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important in order to accurately determine the range of power densities and DC

loading that the integrated rectifier antenna is suited for.
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(b)
Figure 5.14: (a) Measured co-polarized rectified power for Antenna A1l at broadside
for power densities 25 to 200 W /cm?. Every intersection of the black grid lines
and black curves is a measured data point.(b) RF to DC conversion efficiency
calculated from measured data in (a).
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For the integrated rectifier antenna A2, the impedance looking in towards the
antenna at the diode plane is 460 4 7520 €2. The DC power source pull measurement
at that impedance was 5.6dBm at 10dBm input power. Fig. 5.15 shows the
measured power and efficiency. Notice that the gradient is smaller than in Fig 5.14
although, the overall efficiency is lower and the peak efficiency is at a higher DC
load. The match to the diode is not as good as the in the case of the optimal A1,
and part of the available power is reflected. Because some of the power is reflected,
the incident power to the diode is lower. A higher DC load is needed in order to
get the DC voltage up and shift the waveform to the optimal conduction angle, as
explained in Section. 3.2. The broader range of high efficiency values in comparison
to Al, is due to the lower incident power, which prevents the diode from reaching
its breakdown voltage at higher DC loads, and hence, the second nonlinearity that
induces loss is not introduced as in the case of A1. The mismatch to the diode
at integrated rectifier antenna A3 is the greatest mismatch tested; the impedance
measured at the diode plane was 220 — 7220 2. The measured DC power form
source-pull at that impedance is 4.5 dBm. As expected, the output DC power from
this rectifier antenna combination is the lowest of the ones tested (Al to A3), and
can be seen in Fig. 5.16a.

A result not expected in this test is the lower optimal DC load for this rectifier
antenna integration, as can be seen in Fig 5.16. In this case, the incident power
to the diode is low (high reflection), and at lower power, the voltage may not be
high enough to forward bias the diode. In addition, the nonlinear behavior of the
diode has an effect on the optimal DC load. In contradiction to previous results,
the optimal DC load is lower than the optimal DC loads for A1 and A2. Fig. 5.17
gives insight to the unexpected shift to a lower DC load seen in Fig. 5.16.

The impedances selected for the test integrated rectifier antennas Al to A3 were

chosen according to the data presented in Fig. 5.9, where the source pull data was

100



\\\\\\\\\\\\\\§§§§\\\\\\\\\\\\\\\\\\\\ |

DC Power (mW)

DC Power (mW)
o = N w ESN

S (UW/cm?) DC Load (kQ)
| _ o P
g 30 R 2
2 - S 2
5 R N L 430 S
25 : N el
175 B
T 125 26
75 L 0.75
5 25 0.25%3
S (WW/em™) DC Load (k2)
(b)

Figure 5.15: (a) (a) Measured co-polarized rectified power for Antenna A2 at
broadside for power densities 25 to 200 yW /cm?. Every intersection of the black
grid lines and black curves is a measured data point.(b) RF to DC conversion
efficiency calculated from measured data in (a)..

for a fixed DC load of 460 €2. Examining Fig. 5.17 it is clear that while changing the

DC load, the constant DC power contours scale in a non-linear manner. Notice the
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Figure 5.16: (a) Measured co-polarized rectified power for Antenna A3 at broadside
for power densities 25 to 200 uW /cm?. Every intersection of the black grid lines
and black curves is a measured data point.(b) RF to DC conversion efficiency
calculated from measured data in (a).

order of powers in Fig. 5.17b where, the DC powers in order of largest to smallest

are Al, A2 and A3. At the a higher DC load, the same trend of the order of DC
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Figure 5.17: Source pull constant DC contours overlayed with the impedance of
each of the test antennas Al to A3 (a) A low DC load of 112Q.(b) Optimal DC
load of 460 2. (c¢) High DC load of 1200 2. The Smith chart is normalized to 120 €.

powers is kept, seen in Fig. 5.17c. On the other hand, in Fig. 5.17a, the order is
not kept, where the power at Al is still the highest but, second is A3 and finally
the smallest is A2. This non linear scaling with change of DC load and change of
constant DC contour shapes, explain the unexpected shifts in the optimal DC load
observed in Fig. 5.18.

A summary of test results for the three integrated rectifier antennas Al to A3,
at power densities 200 uW /cm? and 25 yW /cm?, is shown in Fig. 5.18. The shifts
in optimal loads is clearly seen at the higher power density.

These results confirm that the optimal match between the antenna and rectifier
yields considerably higher efficiencies than the sub-optimal match cases. Fig. 5.19
shows the rectified output efficiencies for antennas A1l and sub-optimally matched
antennas A2 and A3 at a range of power densities 25 to 200 uW /cm?. As the
impedance deviates from the optimum, the rectified power decreases significantly.
The optimally complex-impedance matched integrated rectifier antenna gives the

highest rectified power. Note that the optimal DC load shifts, as expected from the
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Figure 5.18: Rectifier antennas Al1(Red dashed) A2(Blue dash-dot) and A3(Black
solid) at power densities of 25 and 200 W /cm?.

source-pull measurements. For practical applications it is important to notice that
the value of DC load decreases with increasing incident power, as seen in Fig. 5.20,
and discussed in Section 3.2

The optimal loads for each of the integrated rectifier antennas A1l to A3, at
power densities 25 to 200 uW /cm? are shown in Fig. 5.20. The three integrated
rectifier antenna optimal loads match the source pull measurement data, notice,
that the load differs only by approximately 30€2 form the lowest the highest power
densities in order to keep the rectifier operating at the optimum efficiency. This is
useful for the DC-DC power converter design [64, 60, 61]. The range of loads that
it needs to present is small and a simple lookup table [58] or a maximum power
point tracking algorithm [90, 54] can be used to configure the load presented by
the DC-DC converter.
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Figure 5.19: Measured efficiencies for the three test integrated rectifier antennas (A1l

to A3) plotted on the same efficiency scale for power densities 25 to 200 uW /cm?
at broadside. (a) Antenna Al (b) Antenna A2 and (c) Antenna A3.
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Figure 5.20: Measured integrated rectifier antenna optimal DC load sensitivity to
incident RF power, for the three antennas.

5.3 INTEGRATED RECTIFIER ANTENNA PATTERNS

MEASURED AT DC

5.3.1 INTRODUCTION

A wirelessly-powered sensor has an integrated rectifier antenna which receives
power radiated from a transmitter in the far field, and couples it in to a rectifier.
As a result of the variety of locations that sensors can be placed at, and the
different orientation of the sensor relative to the power transmitter, it is important
to characterize the performance of the integrated rectifier antenna from different
angles and different incident power densities. DC power pattern characterization
has been done by direct measurement of the DC output power at the different
orientations [104, 16]. In other work, e.g.[105, 106, 107] the RF power pattern of
the antenna alone is characterized which gives insight in to the performance of the

integrated rectifier antenna at different angles but, neglects the dependance of the
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5.3.2

5.3.3

rectifier on input power. A more accurate estimation proposed here, is to multiply
the RF power pattern with the integrated rectifier antenna efficiency, obtained
both from simulation and measurement at broadside for different power densities,
resulting in an efficiency as a function of the input power. Simulations are done
in Agilent Advanced Design System (ADS) for the rectifier and Ansoft HFSS for
the antenna. The efficiency drops rapidly at lower input powers consistent with
other published results [23, 58]. The nonlinearity of the rectification process can be
used to explain and predict the difference between patterns of integrated rectifier

antenna compared to antenna radiation pattern alone.

RECTIFIER ANTENNA EFFICIENCY

In Section, all further references to efficiency of an integrated rectifier antenna
will be according to the definition in (5.3). Measurement results of a 1.96 GHz
patch integrated rectifier antenna are presented in Fig. 5.21, These results are
compared with separate simulations for the rectifying circuit and the antenna done
in ADS and HF'SS, respectively. For this plot, the efficiency for each input power
to the rectifier is multiplied by the antenna efficiency in order to get the total

rectifier-antenna efficiency.

RF & DC ANTENNA POWER PATTERNS

Before the antenna is connected to the nonlinear rectifier, its power pattern can be
characterized with a fixed matched load (power meter). For this work an antenna
with identical geometry was fabricated and matched to 50Q2. The E & H patterns
of the antenna were measured in an anechoic chamber. As seen in Fig 5.22 there is
very good agrement between HFSS simulations and measurements for wide angles
off broadside. The difference in traces at 90° off broadside are due to the mount for

the antenna and power sensor. At broadside all metal of the mount is behind the
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Figure 5.21: Measured integrated rectifier antenna efficiency (dashed red). ADS
diode rectifier simulation efficiency multiplied by the HFSS simulated antenna
radiation efficiency (blue).

ground plane of the antenna, thus as the antenna rotates more metal is exposed

and can cause interference.

Once the antenna RF pattern is characterized and the rectifier efficiency for
the power range of interest is obtained from measurement or calculation, the
DC pattern can be constructed. Note that, it is important to obtain efficiencies
at much lower power than expected at broadside for each power density. The
power supplied to the rectifier from the antenna could drop significantly as the
orientation of the antenna and the source change (this would vary for different
antennas) and the correct efficiency for that power must be used for the DC power
pattern. An example comparison is showed in Fig 5.23 where the normalized RF
antenna pattern is shown together with predicted and measured rectifier-antenna
DC patterns.

It is interesting that the DC pattern is approximately 3dB below the RF power
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(b)
Figure 5.22: (a) E-plane normalized power pattern (b) H-plane normalized power
pattern. For both (a) and (b) the green trace is measured pattern for a 50€2 matched
patch and the magenta is HFSS simulation.

pattern. This is excellent agreement to maximum measured efficiency at broadside
of 54% of this integrated rectifier antenna at power density of 200u¥/cm?. As can

be seen from Fig 5.24 the prediction of DC power patterns can be scaled to other
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Figure 5.23: Normalized measured 50€2 patch antenna pattern (green). Predicted
DC power pattern for a power density of 200 uW /cm? (blue). Measured rectifier-
antenna pattern at power density of 200 uW /cm? (red).

power densities. As mentioned before, there are some variations at angles that are
approximately 90° off broadside due to mounting.

The DC performance of a integrated rectifier antenna is a non-linear function
of not only 6 and ¢ but also of the efficiency 7. It is clear from the measurement
that characterizing a integrated rectifier antenna with its RF power pattern alone
does not accurately predict performance. The method presented in this section
integrates the rectification efficiency in to pattern calculations and is shown to
be an accurate predictor of the integrated rectifier antenna performance. The
omni-directional characterization is important for determining the power budget

of a wireless powered sensor.
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270

(b)
Figure 5.24: DC power pattern for incident power densities of 100uW/cm? (a)
and 25uW/cm? (b). Blue: Predicted DC power pattern. Red: Measured integrated
rectifier-antenna DC power pattern.

SUMMARY

In this chapter, the integration between rectifiers and antennas for wireless powering

is addressed and a method developed that results in maximized efficiency. The
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method is demonstrated in simulation and experiment on the example of a patch

antenna and Schottky-diode single-ended rectifier. It is shown that the order of

steps taken in rectifier-antenna integration is critical, and should follow as discussed

below:

(1)

Characterize rectifying device (diode in this case) by harmonic balance
simulations or modified source-pull measurements to determine the optimal
device complex impedance range for maximizing rectification efficiency over
a given range of incident RF power levels. This modeling results in both RF

and DC impedances for efficient rectification over a range of input powers.

Use the obtained RF impedance as a starting point for antenna design, in
addition to other antenna-specific requirements, such as shape, size, mounting
environment, etc. The antenna design for a complex input impedance might

require an additional non-50 €2 matching network.

Design DC collection circuit for a given antenna and rectifier combination to

maximize DC-RF isolation.

Design calibration standards to validate the passive part of the integrated

rectifier-antenna. After validation, remove validation and calibration circuitry.

Characterize the rectifier-antenna. The output of the characterization is a
DC Thevenin equivalent representation of the rectifier-antenna which can be
used to determine efficiency and to design the power management circuit for

the wirelessly powered sensor platform described in Chapter. 2.

The characterization in step 5 above required development of a free-space

calibration procedure, described in this chapter. The RF-DC conversion efficiency

of an integrated rectifier and antenna is not a straightforward parameter to measure,

and several efficiency definitions are overviewed. In this chapter, a conservative
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definition which determines the lower bound on efficiency and is straightforward
to measure in a standardized way, is defined and discussed.
The contributions from this chapter are reported in the following publica-

tions: [108, 84, 109]
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DUAL POLARIZATION
INTEGRATED RECTIFIER

ANTENNA

A consensus means that everyone agrees to say collectively what no one believes
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6.

1

INTRODUCTION

The incident powering wave will in general arrive to the rectenna at different
polarizations, depending on the radiating source and propagation environment [110,
111, 112]. Since the orientation of the integrated rectifier antenna is not always
known, the dependency on alignment of the source to the receiver should ideally be
eliminated. In the case of a linearly polarized source, a linearly polarized receiver

antenna will receive a power
PRec = ancPLF = nljznc’ COs wp‘Qa (61)

where, the polarization loss vector (PLF) takes in to account the polarization
misalignment w.r.t. the transmit antenna [113] as described in Fig. 6.1 . If a
linearly polarized source is used, a circularly polarized receiving antenna will
receive 3dB for a line of sight link. In a multipath propagation environment for
a verticaly polarized antenna the electric field at the receiving antenna will on

average contain equal power in the two orthogonal polarizations. therefore, if a

4‘

Einc ol \Vp A,

— /
k IIinc /

mnc ’

Figure 6.1: PLF for transmitting and receiving linear wire antennas .

dual orthogonal linear polarization antenna is used all of the power of the wave

will be received. This chapter goes through the design considerations, as well as
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experimental data, in order to be able to rectify RF power regardless of rotation

angle of the integrated rectifier antenna.

BACKGROUND

The need for a dual-polarized receiving element is recognized by many of the
integrated rectifier antenna designs in the literature. In [54, 27, 114] dual linear
square patches are used with a rectifier for each of the polarizations where the
DC output of the rectifiers are combined and share a single node. Examples
of DC output variations of different antenna orientations is shown in Fig. 6.2.
Georgiadis’s [114] DC output voltage is shown in Fig. 6.2a, and Paing’s [54]
integrated rectifier antenna DC output power is shown in Fig. 6.2b.

In [115] a circular polarization patch is used, in this case, one port is terminated
in 50 €2 while the other is used for power reception, so the rectifier antenna needs
to be configured according to the incoming wave. A crossed dipole is used in [116],
where the DC output of the two rectifiers are connected to the same node and
DC load. The rest of the chapter will concentrate on simulations and experiments
showing the advantages of isolating the DC path for each of the polarizations and
feeding two different DC-DC converters in order to provide the optimal conditions

to each of the rectifiers.

THIS WORK

The methodology developed in the previous chapters is used to design an integrated
patch rectifier antenna at a frequency of 2.45 GHz. In contrast to the design in
Chapter 5, the size and volume of the antenna are taken into account, and a
stack of substrates is used with via connections between the two, eliminating the
SMA connectors used in the 1.96 GHz design. The substrate stack seen in Fig. 6.3

consists of 30mil thick Rogers 5880 with ¢, = 2.2 [117] for the patch antenna
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Figure 6.2: Dc output voltage variation for different integrated rectifier antenna
orientation angles relative to the input signal polarization(f = 2.45 GHz, Ry, =
6.2k(2).(a). Measured histogram of DC power levels for an incident power level
of 170 uW /cm? for different orientations of the dual-polarized integrated rectifier
antenna element, corresponding to different incident polarizations. The incident
RF power is linearly polarized. (b).

element substrate and 30 mil thick Rogers 43500 with €, = 3.66 [55] for the rectifier

substrate, with a shared ground plane. The Rogers 5880 was chosen for the antenna
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6.2

because of its low loss tangent of 0.0004. The low loss tangent results in high
radiation efficiency (95% simulated in HFSS). The rectifier circuit was built on
Rogers 43500, which is rigid and easy to work with, and has a dielectric constant
of €, = 3.66 which reduces the circuitry dimensions in comparison to free space or

Rogers 5880.

Cu patch s l
Rogers 5880 Via Via

Rogers 4350b

GND

| |
\ /
Microstrip feeds

Figure 6.3: Layer description of the substrate and copper stack-up used for a
dual-polarized integrated rectifier antenna at 2.45 GHz.

The simulations for this design were done in two separated parts, the antenna
feed and part of the microstrip line going to the rectifier, were simulated in a full
3D simulator (HFSS), and the matching circuit and nonlinear device (diode), were
simulated in Agilent ADS using harmonic balance techniques. The point where
the circuit is split for the two simulations is at the 50-¢2 line between the antenna
feed via and the rectifier 50-2 microstrip input line. At that point, there are no
geometry transitions, thus splitting the circuit at that point will have limited effects

on performance and simulations can be cascaded.

DuAL LINEAR POLARIZATION PATCH INTEGRATED

RECTIFIER ANTENNA

A circuit providing short harmonic terminations to the even harmonics and the
3rd and 5th harmonics was designed on 30 mil thick Rogers 43500 €, = 3.66 [55].

In order to minimize the total area of the circuit, the \/4 DC feed line @ the
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fundamental frequency, is meandered, resulting in a total size of the dual rectifier

circuitry of 20 mm x 20 mm.

Figure 6.4: Photograph of the dual rectifier circuit fabricated on Rogers 4350b. (1)
via to antenna feed, (2) diode location, (3) quarter-wave long DC feed line. The
line is meandered in order to make the overall dimensions of the circuit smaller
(4), Resonant capacitor location, (5) DC output, (6) GND, (7) 3rd harmonic stub,
(8) 5th harmonic stub. (6) and (5) are common to both rectifiers on the circuit.

The Smith chart in Fig. 6.5 shows S1; of one of the rectifier circuit from Fig. 6.4
from 2.45 GHz to 12.25 GHz. Port 1 in the simulation is the diode plane (2 in
Fig. 6.4) and the other ports are terminated in 50 2. The terminations at the
other ports do not effect the harmonic impedances seen form port 1. An identical
rectifier circuit was fabricated with a TRL line connected to the diode plane as seen
in Fig. 6.10a. The Sy; is measured from 2.45 GHz to 12.5 GHz so it includes the
first five harmonics. The results are plotted in Fig. 6.6. The harmonic impedances
are located at the low impedance region of the Smith chart, the 2nd, 3rd and
4th harmonic impedances are capacitive while the 5th is inductive. The diode
package has some parasitic inductance (0.7 nH) according to the manufacturer, the
inductance is distributed between the two diode package leads [56]. Including the
inductance with the measured data shifts the impedances as seen in Fig. 6.7. The
harmonic terminations are wanted at the diode junction it self, as so the package

parasitics must be included in the harmonic termination design. This is in contrast
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Figure 6.5: Simulated S;; from 1 GHz to 12.25 GHz of a single rectifier circuit
while the three ports are terminated with 502 and port 1 is at the diode plane.
The diamond markers are at the 2nd to 5th harmonics of the fundamental. The
scattering parameters and the Smith chart is referenced to 50 €2.

to the fundamental frequency impedance that is simulated and measured to a
reference plane at the package of the diode.

As seen in Fig. 6.7 the package inductance shifts the harmonic impedances, the
higher the harmonic the larger the shift, as expected. The 5th harmonic is shifted
away from a short and is inductive (5.7 + j25), since the power generated by
the nonlinearity decreases at the higher harmonics, the weight of each harmonic
termination decreases as well. The accuracy of the harmonic terminations at
the 2nd and 3rd harmonics are much more significant to the overall RF-to-DC
conversion efficiency than at 5th and 6th harmonics. In simulation, the difference
in efficiencies between a perfect short and 5.7 + 725 €2 termination is 0.02 %, hence
the design is not modified.

In order to find the optimal feed impedance to the rectifier, an ADS harmonic

balance source pull simulation is performed using the manufacturer diode model
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Figure 6.6: Measured S from 2.45 GHz to 12.5 GHz of a single rectifier circuit
while port 1 is at the diode plane port 2 is connected to the antenna feed and port
3 (The DC port) is open. The diamond markers are at the 2nd to 5th harmonics

of the fundamental. The scattering parameters and the Smith chart is referenced
to 50 €.

for Skyworks SMS-7630-79 [56] and the rectifier layout. The input of the layout
in simulation is the wide side of the microstrip tapered line (1 in Fig. 6.4). The
characteristic impedance at that point is 50 ( W = 1.66 mm on 30 mil thick
Rogers 4350b). Additional length or other matching circuitry will be added (if
needed) in a later point of the design to match to an antenna feed point impedance.
The harmonic balance simulations have been carried out at input powers varying
from 0dBm to 10 dBm, while keeping the DC load constant at 360 €2. The input
impedance of 16.9 4+ 75.8 ) is found to be the optimal value for input power of
10dBm, as seen in Fig. 6.8. The efficiency of the rectifier is above 50 % for the
whole power span, while keeping input match and DC load constant. Above 10 dBm
which is the maximum power expected, it drops rapidly. From Section 3.2 it is
known that the efficiency slope drops rapidly and, the diode could be damaged

at higher powers if breakdown voltage of the diode is reached. The efficiency is
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1

1.0

Figure 6.7: Measured S}; including package inductance from 2.45 GHz to 12.5 GHz
of a single rectifier circuit while port 1 is at the diode plane port 2 is connected to
the antenna feed and port 3 (The DC port) is open. The diamond markers are at
the 2nd to 5th harmonics of the fundamental. The scattering parameters and the
Smith chart is referenced to 50 2.

maximized for the maximum expected power of the design and drops gradually for

a decrease in power.

SiINGLE DC LoaAD

The optimal simulated input impedance of the rectifier circuit is 16.9 + j5.8Q
as seen in Fig. 6.8. Fig. 6.9 shows the simulated antenna input impedance for
a square patch where the feed point is varies from 2mm to 20 mm away from
the patch center. The rectifier input impedance is directly on the trace seen in
Fig. 6.9, between the, 3mm and 4 mm feed points. A fine sweep of points between
those antenna feed points, found 3.6 mm to match the rectifier feed impedance (the
impedance reference point for both the rectifier and the antenna feed are from the
connecting port looking in to the component, hence, no conjugation is needed for

the match). Verification of the antenna input impedance is done by measurement,
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Figure 6.8: Simulated source-pull contours of constant DC power (in red) where
the power is given in dBm. The input power to the rectifier is 10dBm. The
characteristic impedance of the chart is 50 ) and the simulated tuner impedances
are shown by blue x’s.

with a TRL calibration, as seen in Fig. 6.10a. Simulation and measurement show
excellent agreement, with |I'| < 0.05 between the two values.

Since the rectifier and patch antenna input impedances match, no additional line
or matching circuit is needed. Any addition of circuitry would increase the insertion
loss between the antenna feed and diode, which would add to the degradation of
overall efficiency. After verification of the impedances, the TRL trace is removed
and a rectifier is connected to the antenna. The integrated rectifier antenna is
placed in an anechoic chamber and tested at power densities of 25 to 200 uW /cm?,
as described in detail in Section. 5.2.

The integrated rectifier antenna was tested for both vertical and horizontal
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Figure 6.9: Input impedance at 2.45 GHz of a square patch antenna on a Rogers
5880 substrate, the patch size is 40.3 x 40.3 . The red triangles are simulated points
moving the feed away from the center of the patch from 2mm to 20 mm at 1 mm
intervals, The blue star is a measured impedance. The measurement was done
using TRL calibration at 3.6 mm bringing the reference plane to the antenna feed.

incident wave polarizations. The linear-polarized transmitting horn (AEL H-1498
broadband horn) was aligned with the edge of the patch for the first test (denoted
as poll), and then rotated by 90° to align it with the orthogonal edge (denoted as
pol2). Fig. 6.11 are the measured power density sweeps versus DC load. Notice
that the two polarizations have very close but not identical curves, the peak power
of poll is 6538 uW Fig. 6.11a and the peak power of pol2 Fig. 6.11b is 7180 uWW.
These results are promising in terms of peak efficiency (57%) for these low power
levels. However, they show sensitivity to polarization which was not expected.
Since the goal is to have a integrated antenna that has no output power or

efficiency dependency on the rotation angle, measurements of the DC power as the
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Figure 6.10: (a) Photograph of the ground plane side of a patch antenna with TRL
calibration traces up to the via feed point (vertical trace) and an additional trace
up to the diode plane of the rectifier loaded with the antenna (horizontal trace).
Photograph of the front side of the patch used for impedance verification (b).
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Figure 6.11: Measured rectified power for eight incident power density levels versus
DC load for poll (a) and pol2 (b) co-polarized with the linear-polarized transmitting
antenna.

antenna is rotated are conducted. An estimation of DC output power is based on
the power versus load sweeps conducted under the two polarization conditions, for
a given constant load. The data from Fig. 6.11a is converted into a lookup table,

where for each input power and load, the result is a DC power. The input power is
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estimated from the power density multiplied by the geometric area of the antenna
and the cos? v off the alignment. The same lookup table is constructed from pol2

data. Fig. 6.12 shows the values of the power estimated for each polarization, as
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Figure 6.12: Estimated power contribution from each polarization on a 4002 load.
Blue solid is poll and dashed red is pol2.

the integrated rectifier antenna is rotated 360°. Notice that the power follows the
cos? 1 function as expected, with peaks at the co-polarized angles, and minima,
very close to zero, at the cross-polarization angles [118]. Since the two diodes are
connected through the bias lines to the same node, a measurement of these powers
cannot be conducted separately. The total measured power is the addition of the
contribution from both polarizations. Fig. 6.13 shows the addition of the powers
from the two polarizations from Fig. 6.12 and the measured power on a 400 €2 load
at a power density of 200 yW /cm?. Examining Fig. 6.13, it is obvious that the two
polarization are not independent. The estimated trace and the measured trace
show same range of DC powers but the trends of peaks and minima are not aligned.
A closer look at the configuration of integration of the two rectifiers reveals two

problems: (1) the two rectifiers share the same DC load Fig. 6.14, and (2) the feed
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Figure 6.13: Blue is total power of poll and pol2 estimation and red is the measured
power to a 4002 load at a power density of 200 uW /cm?.

point of the antenna is close to the center of the patch.

// Horizontal

Poll > Y

+
_| Vertical Vai iIdl

Pol2 \f/ ) —
| Y Y Y — § RDC

Figure 6.14: Circuit description of a integrated patch antenna rectifier with a
common DC load for both polarizations.

The repeatability problem with this design is seen in the differences of powers
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between poll and pol2, which is a result of providing slightly different input
impedances to the rectifiers. The change in the antenna input impedance for a
given displacement of the feed point, closer to the center the patch, is greater than
the change in impedance for the same displacement close to the edge of the patch,
as seen in Fig. 6.9. In the Smith chart, the feed point impedances (red markers) are
for feeds separated by 1 mm, and the impedances are much closer to each other as
the probe approaches the radiating edge of the patch [119]. This leads to a design
with an antenna feed closer to the radiating edge of the patch. Small fabrication
tolerances will have less effect on the input impedance, and the two rectifiers will
be provided with input matches that are closer to each other than in the previous
case.

Having the two rectifiers share the same DC load forces the same DC voltage
on both diodes. Section 3.2, discusses how the DC voltage offset of the incident
voltage on the diode and the control of conduction angle impact the DC power
output and efficiency. A harmonic balance simulation in Agilent ADS can be
used to examine the effects of combining the DC outputs of two rectifiers in the
same DC load. The schematic in Fig. 6.15 is the circuit used in the simulation.
The variable power splitter between the two branches of the circuit simulates the
polarization misalignment and potential for power differences between the branches
of the circuit. An even split represents a 1, = 45°, where the power received by
both polarizations is equal.

Fig. 6.16 shows the resulting waveforms when the power splitter is set to an even
split, i.e. the integrated rectifier antenna is oriented at an angle of 45° to the linear
polarized powering antenna. As expected, the voltages and currents are identical
for both branches of the circuit and behave as expected from Section 3.2. As the
rotation angle moves away from 45° toward 90°, the power difference between

the two ports increases [120]. To simulate the effect of polarization mismatch
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Figure 6.15: Circuit schematic used in the harmonic balance simulation to simulate
the time domain waveforms on the diodes in a dual polarization rectifier antenna
with a single DC load. The generator simulates the dual polarized antenna and the
variable power splitter simulates the polarization power split. The Poll branch is
used to simulate the rectifier receiving the higher power and Pol2 the lower power.
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the power split between branches poll, and pol2 were set to be P, = P, — 3dB.
Fig. 6.17 shows the voltage and current across the diodes in both rectifiers. Since
the DC component of both voltage waveforms is equal, the lower powered rectifier
diode is not in deep forward bias, which translates to a small current peak and
low RF-to-DC conversion efficiency. Notice that the current waveforms of the two
diodes track well, except for the high current peak during the forward bias period.
This translates into approximately equal power dissipation, while the output DC
power is much lower for the pol2 branch. The DC component of the voltage is
determined primarily by the DC current through the load produced from the poll
branch of the circuit. The amplitude swing on the pol2 voltage waveform must be
higher than the DC voltage value, in order to forward bias the diode for any part
of the period. If conditions are such that the power difference between branches is

very large and produces a high DC voltage from the co-polarized branch, while the
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Figure 6.16: Voltage (blue solid) and current (red dashed) waveforms across the
diodes. The voltage and current waveforms are identical on both diodes, for ¢, = 45°,
i.e. poll = pol2.

amplitude of the other branch is reduced, the diode will not be forward biased at
all. This large mismatch is simulated by changing the power splitter in Fig. 6.15
to P, = P, — 10dB, with results plotted in Fig. 6.18. In the case of a 10 dB input
power difference between the two rectifiers, the pol2 branch is dissipating power
and not contributing to the RF-to-DC conversion. In Fig. 6.18 it can be seen
that the poll branch has the waveforms of a reduced conduction angle rectifier, a
sinusoid voltage that passes the forward bias voltage for a short period of time and
a current that peaks during that forward bias period. The voltage waveform on
the second branch, is a sinusoid with the same DC value as the first branch, but
its amplitude does not reach the forward bias voltage of the diode at any point
during the period. The current is a sinusoid as well and is phase shifted in relation

to the voltage, which is a result of the capacitive diode impedance.
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Figure 6.17: Simulated poll voltage (dashed blue) and current (red dashed), pol2
voltage (solid blue) and current (dotted red) waveforms across the diodes. The
waveforms of poll are very similar to the expected reduced conduction angle rectifier
waveform, indicating good RF-to-DC conversion efficiency through that branch
of the circuit. On the other hand, the waveforms of Pol2 show the diode is not
deep enough into forward bias, and the resulting RF-to-DC conversion efficiency is
reduced.

SpriT DC LoAD

In an attempt to solve the problems of the previous integrated dual-polarization
rectifier antenna, a new design approach is taken, where: (a) the antenna feed is
moved toward the edge of the patch (less sensitivity to fabrication tolerances),
and (b) isolating the DC nodes corresponding to the two polarizations by splitting
the DC path to two separated DC loads. The same rectifier that was used in the
previous section, Section. 6.2, with an input impedance of 16.4 + j5.92, can be
matched to a point further towards the edge of the patch. Examining the input
impedance trace of the patch in Fig. 6.9, and adding a length of 50 € line (12.5 mm
or 62° at 2.45 GHz), transforms the impedance along a constant VSWR circle to

42 4 749 €). This impedance matches with a feed point 9 mm away from the center
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Figure 6.18: Simulated poll voltage (dashed blue) and current (red dashed), pol2
voltage (solid blue) and current (dotted red) waveforms across the diode. as in the
previous simulated conditions, the rectifier that has the high power is operating
with the expected reduced conduction angle intended for this rectifier. The second
rectifier does not reach voltages that allow forward bias of the diode, reducing the
RF-to-DC conversion efficiency.

of the patch for the given substrate at 2.45 GHz. A harmonic balance simulation
with the addition length of line results in constant DC power contours as plotted

in Fig. 6.20. Fig. 6.19 is a photograph of the rectifier built with the additional 62°

Antenna
feed

12mm extension " +

Figure 6.19: Photograph of the rectifier with the 12.5mm impedance matching
length and a TRL trace for impedance measurement at the diode plane.

50 €2 line for impedance matching. Two rectifiers were fabricated and connected to

the antenna, the DC ports of each polarization were connected to separated DC
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Figure 6.20: The Smith chart has all tuner impedances that were simulated labeled
with blue X’s and contours of constant DC power in red where the power is given
in dBm. The input power to the rectifier is 10 dBm. The Smith chart is normalized
to 50 €.

loads where the power was monitored on each one separately, as seen in Fig. 6.21.
The separation to two DC loads would allow each rectifier to have a different DC
voltage across it, and in that way keep optimal conditions (conduction angle and
peak voltages) for RF-to-DC conversion. In a practical powering application, it
does not make sense to split the power to two loads, but isolation is straightforward
by connecting the two DC outputs from the integrated rectifier antenna to two
DC-DC boost converters, and connecting the converter outputs to a single load.
The separated DC-DC converters each present a real impedance to the rectifier
output and hence the use of two DC loads for testing is equivalent [64, 58].

The integrated antenna rectifier described above was fabricated and tested in
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an anechoic chamber, as described in Section. 5.2, with the addition of a second

DC load and voltage and current meters, to record the DC power.
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Figure 6.21: Circuit description of the separated DC loads of a integrated patch

antenna rectifier.
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Figure 6.22: Measured rectified power versus DC load at incident power densities of
25 to 200 W /cm? for poll (a) and pol2 (b), both co-polarized with the transmitting
antenna. Fach of the measurements was taken with the second DC port unloaded.

First inspection of the results in Fig. 6.26 are encouraging: both antenna
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orientations in Fig. 6.26, show very similar curves. Although the repeatability issue
seems to be solved, the RF-to-DC efficiency, is lower than before (41% Versus 57%).
The efficiency reduction is attributed to an error in fabrication (discovered at a
later time), where the feed point via of the antenna was drilled 9 mm away form
the edge of the patch instead of 9mm away from the center. This error connects
the rectifier to an input impedance of 32 4+ j66 2 which, lays on the constant

DC 6dBm power contour in place of the 8dBm, as seen in Fig. 6.20. In spite
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Figure 6.23: Predicted power contribution from each polarization on a 4002 load.
Blue solid poll, and dashed red pol2.

of the fabrication error, much can be learned from the measurements results of
this integrated rectifier antenna. Following the same procedure as described in
Section 6.2.1, a lookup table was constructed from the measured data to estimate
the power contribution of each polarization. In contrast to the result in shown in
Fig. 6.12, the contributions from the two polarizations seen in Fig. 6.23 are nearly
identical. The addition of the DC powers is plotted in Fig. 6.24. Once again, the
prediction and the measured results do not agree. Notice that the local maxima of

the measured trace are at 45° +n x 90° where: n = 1,2, ... intervals, meaning that
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Figure 6.24: Measured power on the two ports as the rectifier antenna is rotated
360° at a power density of 200 uW /cm? (red). The predicted dependence (blue)

based on assumed DC-separated branches estimations and red dashed is measured
over the DC loads.

the vertically polarized incident wave is split equally between the two polarizations
at the receiving antenna. The local minima are at n x 90° where: n = 1,2, ...
intervals, meaning all of the power is going through one polarization on the receive
side. These observations point to the conclusion that the two rectifiers are not
completely isolated. The design works well when the power to both rectifiers is
identical, but the RF-to-DC conversion efficiency degrades for unbalanced poll
and pol2 branches, as discussed Section. 6.2. A closer look at the current design
seen in Fig. 6.21, reveals that, while the two rectifiers do not share the same DC
load, they are DC connected though the patch antenna. The connection implies
that one rectifier imposes its DC voltage on the other, leading to unnecessary
power dissipation. This problem could be solved by different antenna design, for

example, a cross dipole [116] or adding a resonant DC blocking capacitor between

the antenna feed and the rectifier as in Fig. 6.25.
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Figure 6.25: Circuit description of the isolated DC path and separated DC loads

of a integrated patch antenna rectifier.

An integrated rectifier antenna incorporating the resonant capacitors between

the antenna feeds and the rectifiers, was fabricated and tested. The measured data
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Figure 6.26: Measured rectified power versus DC load at incident power densities of
25 to 150 W /em? for poll (a) and pol2 (b), both co-polarized with the transmitting
antenna. Each of the measurements was taken with the second DC port unloaded.

in Fig. 6.26a and in Fig. 6.26b are almost identical, pointing to good polarization
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isolation. In addition to the good isolation between the polarizations, there is true
isolation between the rectifiers and diodes in this circuit. Since the rectifiers are
isolated from each other, any leakage power form one polarization to the other
will not interfere with the rectifier operation, and the optimal conduction angle
can be found by adjusting the separated DC loads. A DC isolation between the
two rectifiers allows return to feed points closer to the center of the antenna, since
each rectifier is loaded only by it’s own diode. With careful attention to fabrication
and via placements good repeatability is achieved and a reduced size matching
circuit is used, as seen in Fig. 6.31c. As with the previous two integrated rectifier
antennas, lookup tables for each of the tested polarizations were constructed to

estimate the DC power as a function of the antenna rotation angle.
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Figure 6.27: Estimated power contribution from each polarization on a 4002 load
at a power density of 150 uW /cm?. Blue solid is poll and dashed red is pol2.

The prediction of the output DC power is plotted in Fig. 6.27 for each rectifier.
The measured output DC power data is presented in Fig 6.28. The measurement
and prediction have excellent agreement over the all rotation angles. Notice that at

the cross-polarization angles (where the power is close to zero) the gradient of the
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curve is changing slower than at the co-polarized (maximum power peaks) regions,

since the rectifier efficiency drops at lower incident powers.
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Figure 6.28: Measured power contribution from each polarization on a 40012 load
at a power density of 150 uW /cm?. Blue solid is poll and dashed red is pol2.

Finally, the predicted powers for both polarizations are added and compared
with the sum of the measured powers in Fig. 6.29 and Fig. 6.30. In an ideal
case where the rectifier efficiency was constant over all input powers and the two
polarizations are perfectly balanced according to (6.1), the total output power would
have no ripple and would be a horizontal line in the plot. The small oscillations
seen in the total power in Fig. 6.29, are due to the efficiency curve of the rectifier.
At 45° +n90° where n = 1, 2, ... intervals, the power is split evenly between the two
rectifiers, with equal RF-to-DC efficiencies. As the antenna is rotated,the power in
one of the polarizations is increases, and hence the efficiency increases as well. In
the other branch, the power is drops and as does the efficiency, but at a steeper rate.
The higher powered branch will dominate the total RF-to-DC conversion efficiency.
In Fig 6.30, the data from Fig. 6.29 is plotted on a finer scale and the maxima and

minima points are seen much clearer. The lower peak at 180° is probably due to a
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Figure 6.29: Power on the two ports as the rectifier antenna is rotated by 360° in a
power density of 150 uW /cm?. Blue estimated based on the separated co-polarized
estimations and red dashed is measured over the DC loads.

slight misalignment in the antenna placement on the stepper motor in the anechoic
chamber that resulted in a rotation that is not exactly around the antenna axis
and as a result misaligned with the transmit antenna.

This result is the first integrated rectifier antenna that is not circularly polarized
and exhibits this flat of a response with respect to rotation, to the best of the
author’s knowledge. There is not much published data about the behavior of
integrated rectifier antenna when they are polarization mismatched. A meaningful
figure of merit for polarization misalignment is the ratio of maximum to minimum
rectified power as the integrated rectifier antenna is rotated w.r.t. a linearly
polarized transmitter. An ideal antenna would give the ratio of 1. Table. 6.1 shows
this DC axial ratio (DCAR) for the integrated rectifier antenna shown in Fig 6.31
The antenna presented here, results in a ratio of 1.09, In comparison, [7] yields

1.72 and [27] and [114] yield 2.98 and 1.6, respectively.
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Figure 6.30: Power on the two ports as the rectifier antenna is rotated by 360° in a
power density of 150 uW /cm?. Blue estimated based on the separated co-polarized
estimations and red dashed is measured over the DC loads. The power scale has

been changed to much finer in order to be able to see the small differences between
the two traces.

Table 6.1: DCAR overview described in the literature.

Ref f(GHz) | antenna type | DCAR
This work 2.45 Patch 1.09
7] 2.45 Patch 1.72
[27] 2.45 | Cross slot patch | 2.98
[114] 2.45 | Cross slot patch | 1.6
SUMMARY

This chapter extends the method from Chapter. 5 to a dual-polarized patch antenna
integrated with two rectifiers, one for each polarization. A comprehensive analysis
of required RF and DC isolation in multiple-rectifier integrated rectifier-antenna is
developed and confirmed with a series of experimental rectifier-antenna results. A

dual-polarized integrated rectifier-antenna has been shown by a number of authors
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Figure 6.31: Photographs of front side (a) ground plane and the two rectifiers
(b) closeup of the two rectifiers(c), of the DC isolated dual polarized integrated
rectifier antenna.

to improve the variation of efficiency as a function of antenna orientation in a
multipath channel, but to the best of the author’s knowledge, there has been no
report on the required RF-RF, RF-DC and DC-DC isolation between the various
components of a dual-polarization multi-rectifier topology. The conclusion from the
simulations and experiments is that isolation between rectifiers is important at both

RF and DC in order to achieve high overall rectification efficiency. This implies
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that the architecture of a low-power wireless sensor with improved orientation
sensitivity for wireless powering will require a separate power management circuit
(emulated resistance from Chapter. 2) for each rectifier, and that the DC loads of

the rectifiers should have high isolation between them.
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7.1 THESIS SUMMARY AND OUTLOOK

This thesis establishes the required methodology for design and implementation

of integrated rectifier antennas with optimized efficiency for far-field low-power
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non-directive wireless power reception. The research has shown that efficiencies
greater than 50 % can be obtained for power density levels in the 100 xW range,
using the most conservative efficiency definition. Although, to the best of the
authorSs knowledge, the demonstrated efficiencies are the highest reported for
the power levels and frequencies of interest, there remain several areas of possible
improvements, as discussed in the next section of this chapter. In addition, there
are a number of applications which dictate different antenna topologies and will
require system considerations beyond the wireless sensor platform.

Alternative designs in the future can explore:

Different rectifier topologies and devices (Section. 7.2.1);

e Various antenna types depending on the environment, size constraints, circuit

integration, etc. and corresponding integration with rectifiers (Section. 7.2.2);

e Power management circuit, storage, low-power transceiver integration (Sec-

tion. 7.2.3);

System integration which includes transmitter considerations (Section. 7.2.4);

- Different propagation environments (Section. 7.2.5).

It should also be noted that, although most of the work in this thesis was
funded by the National Science Foundation for integration with heterogeneously
integrated transceivers, and the Rehabilitation Engineering Research Center for the
Advancement of Cognitive Technologies RERC-ACT for assistive technology [54],
there has been a significant interest from various companies for specific applications

and designs:

(1) During the research described in this thesis, we have worked with PowerCast,

a company that enables wireless power solutions [121], to enable low-profile

145



915 MHz efficient rectifier-antennas, and one of the antenna candidates will

be described in Section. 7.2.2.

Sierra Nevada Corporation (formerly MicroSat Corporation) [122] has re-
quested a system for scavenging power from cellular phone towers, funded by
DARPA. For this task, a square patch array was developed at a frequency
of 1.96 GHz, described further in Section. 7.2.2. In addition, the SNC space
division has included a small rectifier-antenna array printed on a flexible
substrate as a part of a space-born payload on a satellite, currently still in
orbit. The goal is to determine how much power the rectifier antenna array

can harvest from the satellite transmit antenna sidelobes.

Masco Corporation, a construction company which own a number of other
companies with products ranging from windows to faucets (masco.com),
has shown interest in developing low power sensor platforms for their green
low-energy home products [123]. The main products that would benefit
from low-level wireless powering are light-level sensors, temperature sensors,
occupancy (COy) sensors, mold sensors, and flow sensors for HVAC systems.
The feedback from such sensors can be used to control the house environment
and lead to a reduction in energy consumption and improved living conditions.
As part of the work for Masco, a study of available power densities at different
frequencies was conducted in typical home and office environments and
concluded that the average amount of RF power densities is not sufficient to
power a sensor and that a dedicated power source should be used in order to
power the platforms. A design based on the platform in [59, 58] was used
with a dipole integrated rectifier-antenna array to power a Masco light switch,
and the details are described in a technical report to the company and are

briefly discussed in Sections. 7.2.2, 7.2.3 and 7.2.5.
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7.2

7.2.

1

(4) The Coleman Institute [124] is interested in improving lives for people with
disabilities and has funded work for developing a prototype wireless powering
SdrawerT that would enable universal simple generic powering of wireless
assistive and other devices, without the need for specific wall-plug powering

units, described in Section. 7.2.5.

(5) Cymbet, a leading manufacturer of thin-film batteries [125] has licensed
IP from the University of Colorado and is now developing products which
include our power management designs with various powering sources such as
piezo-electrics, photovoltaics, etc. Recently, Cymbet has decided to include
RF energy harvesting, and the integrated rectifier antennas described in
detail in Chapter 6 have been delivered to Cymbet and have been shown to

work well with their energy harvesting evaluation board [44].

FUTURE WORK

RECTIFIER TOPOLOGIES AND DEVICES

The thesis focuses on simulation and experiments on a single diode rectifier. Other
rectifier configurations can also be considered [126, 27], and two examples are shown
in Fig. 7.1. The source-pull measurements were repeated for these configurations and
are summarized and compared to the single diode rectifier in Table 7.1. From this
measured data, verified with simulations, a single diode gives the best efficiency for
the input power levels of interest, which in turn correspond to the 25-200 uW /cm?
incident power density for the example patch antenna from Chapter. 5. In (b) and
(c), the losses are increased, it takes more power to turn both diodes on, and the
diodes are most likely different resulting in different bias conditions. It is likely

that for high power levels, with well-matched diodes, two-diode rectifiers would
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Figure 7.1: Three diode rectifier topologies were measured and simulated using
the same method: (a) single SMS-7630-79 Schottky diode, described in detail
throughout the paper; (b) SMS-7621-74, two-diode package and (c) two anti-
parallel SMS-7630-79 diodes.

result in higher efficiency. On the other hand, for low power densities where the
RF voltage is not high enough to forward bias the diode, pre-biasing the diode
using power from the energy storage will result in rectification at lower powers,
but with a price of reduced efficiency and increase in circuit complexity. A good
topic for future research would be to investigate particular losses for which the
overall powering efficiency will increase. The amount of benefits will depend on
the pdf of power levels and the type of diode.

Table 7.1: Summary of Measured Maximum Rectified Power for Optimal RF and
DC Impedance at the Diode Terminals

P Configuration | Ppcimaz Z RFopt Rpcopt

A -1.64dBm | 1204j240Q | 1050 Q2

0dBm B -2.24dBm | 33+j126€ | 1000 Q2
C -2.23dBm | 53+j108€2 | 880¢2

A 8.1dBm | 137+j149Q | 4602

10dBm B 7.2dBm | 33+j126€Q | 1005
C 4.8 dBm 60+j25Q | 1030

Although RF-to-DC efficiencies of the integrated rectifier-antennas presented
in this thesis are high in comparison to previous work at these sizes and power

densities, further improvement may be possible. Diode selection is critical, and
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7.2.2

although for the ISM bands presented here the silicon Schottky diodes worked
well, other technologies such as GaAs and GaN (gallium nitride) might prove to
be a better choice for higher frequencies or powers. GaN high electron mobility
transistors (HEMTs) are known for there favorable electric characteristics for high
efficiency power electronics. The high breakdown voltage, low on resistance and
fast switching speeds are attractive for rectifier design as well [127]. The higher
breakdown voltage allows for devices that are smaller than Si devices for the same
power levels. Smaller devices lead to less junction parasitic capacitance, which
is one of the main contributes for power dissipation within the rectifying device.
Nevertheless, no matter what device technology is chosen, the same method as
the one demonstrated on Si Schottky diodes in this thesis can be applied and will
guarantee high efficiency. In addition, it is possible to extend the theory presented
in this thesis to three-terminal transistor rectifiers, which are more complex since
they require a gate drive, but might prove to be good rectifiers for higher power

levels.

ANTENNA AND ARRAY CONSIDERATIONS

In the previous chapters, mainly patch antenna element integration with rectifiers
was presented. A patch antenna has the advantage of being backed by a ground
plane, and for wireless powering applications, this implies that it can be placed on
any surface, and electronics can be packaged on the common ground plane. However,
a patch does not radiate well in the ground plane direction, and there are cases
where omni-directional reception in one plane is required. The antenna for a specific
application should be selected so that the aperture is as efficient is possible. In cases
where the relative orientation between the rectifying antenna and the powering
source (or sources)is known, the gain of the antenna should be maximized in the

source direction. Fig. 7.2a shows an example dipole antenna with an integrated
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rectifier, and Fig. 7.2b a folded slot printed on a flexible substrate [58, 128]. The
goal for the printed dipole design is to reduce the dipole length as much as possible,
while enabling match to the diode optimal rectification impedance. The shape of
the metal on the 60-mil thick FR4 substrate provides reactive loading along the
antenna resulting in a dipole size of 100 mm x 13mm (work done for PowerCast).
In order to match to the optimal diode impedance, a series inductor was added
at the feedpoint. The folded slot antenna can be made on a flexible substrate
without a metal ground plane, where ICs for power management can be integrated
in the slot ground. The slot antenna prototype in the figure has a roughly 100 €2
input impedance at 5.8 GHz, and the measured data for both linear polarizations
is shown in the figure. The slot can also be backed by a ground, resulting in a

doubled efficiency.

(a) (b)
Figure 7.2: (a) 2.4 GHz dipole integrated directly with a diode. (b) Printed dipole at
915 MHz is reactively loaded to reduce the length to 100 mm, with a surface-mount
inductor in the feed allowing for improved matching to the rectifier. (c¢) Printed
5.8 GHz folded slot on a flexible substrate and its measured rectified power. (d)
Dual polarized patch antenna with Schottky diodes directly connected for small
footprint at 5.8 GHz.

Arrays of antennas have been employed for directive beaming, e.g. [15], where

a corporately fed array was connected to a single diode for improved rectification
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7.2.3

efficiency. This approach is only efficient when the transmit and receive antennas
are aligned for highest gain. In a distributed wireless sensor powering application,
where often the sensor position is not known, a directional antenna is not an
advantage. Fig. 7.3a shows a single 1.96 GHz element patch and Fig. 7.3b shows a
patch array used for scavenging power from a cell-phone base-station tower. Each
element of the array contains a rectifier, and the resulting DC power is combined.
In this way, the directivity of the entire array is the same as that of a single patch,
though the edge elements will have a slightly different pattern than the center
elements. This fact was shown earlier in [16] and confirmed by results with an
20-element patch array with a power management circuit based on commercial
components and described in [64]. A similar array (with no diode matching) of
dipole antennas is shown in Fig. 7.3c, designed for 2.4 GHz. Here the dipoles are
coupled, resulting in broader band performance. Fig. 7.3d shows a broadband
self-complementary non-resonant array of printed bow-tie antennas with integrated
dual-polarization diodes, which allows easy scaling to larger size arrays, and can
operate at high or low power densities, but does not provide an optimal impedance

match to each rectifier since the impedance at each feed point is real and around

189 Q).

INTEGRATION WITH POWER MANAGEMENT, STORAGE

AND CONTROL

At the low power levels, the limiting factor for efficiency is the low-cost hybrid
power management circuit, though IC versions have shown to have much better low-
power efficiencies [61]. An example of a low power integrated power management
circuit from [61] is shown in Fig. 7.4. Combining of the sensing, transmission, and
power converter circuits leads to a small size, low-complexity, highly integrated

application circuit and similar approaches in other silicon processes are expected to
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Figure 7.3: Single patch element 30 mil thick Rogers 43500 substrate at 1.96 GHz
from the Sierra Nevada Corporation patch array (a). Patch array on 30 mil thick
Rogers 4350b substrate used for Sierra Nevada Corporation Demo, size 300 mm x
240mm at 1.96 GHz (b). Dipole array on 60 mil thick FR4 substrate used for Masco
Demo, size 60 mm x 60 mm at 2.45 GHz, (c). Bow-tie integrated rectifier-antenna
array. The squares are 1 cm on the side, and there are 16 Skyworks diodes in the
array(d).

result in very efficient power management ICs for various harvesting applications.

The dual polarized rectifying antenna detailed in Chapter. 6, drives the need
for further work on converter architecture. A converter with two isolated inputs
is needed. Rather than having two Boost converters in parallel and each one of

them having it’s own control circuitry, a design reducing the control to a single
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microcontroller that keeps each converter branch at its peak efficiency, could result
in lower overhead control power. A study comparing overall efficiency (integrated
rectifier antenna and DC-DC converter) of the RF and DC isolated dual polarization
antenna to the non isolated integrated rectifier antenna wold lead to optimized
converter and control design.

The energy collected from integrated rectifier antennas must be converted to
a form that can be stored for later use. In remote sensor systems or portable
device applications that use energy harvesting a small rechargeable battery or
storage capacitor is often employed to store the collected energy the system needs
for operation. The drawbacks to each of these storage methods are numerous in
that even rechargeable batteries wear out after a few hundred charge/discharge
cycles and need to be replaced. Super-capacitors on the other hand tend to change
characteristics over time, as well as self discharge rapidly by as much as 20%
per day, causing much of the converted energy to be wasted. Both IPS [129] and

Cymbet [125] offer a solution with solid-state batteries; Cymbet offers the EnerChip
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solid state battery on silicon as the energy storage element in the system to eliminate
the need for replacement since it can support in excess of 5000 cycles and has a
minimal self-discharge of less than 3% per month [57]. This data should be taken
in to account for long lifetime sensor, as those embedded in concrete for structural
monitoring. On the other hand, IPS offers THINERGY Micro-Energy Cells (MECs)
solid-state on thin metal foil, rechargeable, energy storage. These paper-thin MECs
are flexible and provide long cycle life with good power performance. Able to
operate in temperatures ranging from —40 C° to +85 C°, these ultra-thin MECs
offer low self discharge rates, low cell resistance and high power [129].

Although solid-stage batteries have shown a big improvement in self discharge
and trickle charge capability over other battery technologies, they are still sensitive
to discharge below their threshold voltage.

As part of the higher degree of integration, the storage element could be
integrated with the antenna. The thin-film battery can be used as the conductor
for the patch antenna. Fig. 7.5 shows the first prototype which tested this idea, to
the best of our knowledge. In this example, an Infinite Power Solutions thin-film
battery is glued on to FR4 substrate and used as an antenna. The patch antenna-
battery was characterized and showed only a slight frequency shift in resonance
compared to a standard patch antenna on the same substrate, most likely due
to the multi-layer nature of the battery. Such integration will allow further size
minimization of the energy storage element and power receiving antenna.

Further integrations and size minimization can be reached with controller
transceiver integration. An example for such an integration is, the CC1010 from
Texas Instruments. The CC1010, is a true single-chip UHF transceiver with an
integrated high performance 8051 microcontroller with 32 kB of Flash program
memory. The RF transceiver can be programmed for operation in the 300 to

1000 MHz range, and is designed for very low power wireless applications [130].
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7.2.4

Figure 7.5: Photo of a 2.8 GHz patch antenna made from a battery and 60 mil FR4
substrate. Battery dimensions are 25 mm x 25 mm.

WIRELESS POWERING SYSTEM AND TRANSMITTER CON-

SIDERATIONS

An entire wireless powering system consists of the power receiver, which is the
main topic of this thesis, and of power transmitters located in the far field of the
receiver. A general powering scenario is shown in the sketch of Fig. 7.6, where a
powering transmitter operating in an ISM band and compliant with FCC rules (to
be discussed later) sends non-directional RF waves towards sensors that can be
embedded in structures or behind obstacles. Since RF waves propagate around
corners and through most materials (metal excluded), this enables powering of
multiple sensors simultaneously. The sensors are embedded in a self-powered
platform which manages the received RF power in order to transmit data when
sufficient power is available. Note that more than one powering transmitter can
be used in this scenario, either using the same narrow bandwidth (essentially
single frequency), or using multiple frequencies or wider spectrum over which

the integrated rectifier antennas operate efficiently. It has been shown that using
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multiple frequencies for powering increases the efficiency for all cases of incidence
angles and relative time of arrivals [16]. It is also of interest to consider modulating
the transmitter to optimize efficiency. Finally, the transmitters themselves should
be efficient, but since there are no linearity requirements, efficiencies above 80 %
should be possible in the 2 GHz band with a few watts of power using GaN
transistors [127]. Integration of a full system with studies of relative positioning
of multiple transmitters and sensors is an interesting and practical area of future

work.
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Figure 7.6: Multi-sensor, multi-transmitter, general powering scenario

7.2.5 PROPAGATION ENVIRONMENT CONSIDERATIONS

This thesis deals with line-of-sight and/or multipath channel power transmission

from a far-field transmitter. However, a similar approach can be used for envi-
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ronments where waves other than uniform plane waves carry power. An example
of an over-moded rectangular waveguide cavity, referred to as the "power box" is

shown in Fig. 7.7. This device was designed for powering a number of devices

Figure 7.7: Photo of a charging box at 1.96 GHz, the box has two radiators oriented
orthogonally to each other. The metal screening is used as a reflector that keeps
all radiation within the box while the lid is closed. The reflections within the box
make the orientation of the rectifier antenna irrelevant and power is harvested at
all locations.

simultaneously by a complex field due to a number of modes excited in the loaded
cavity. Two transmitting probes designed as patch antennas and fed by 1.96 GHz
transmitters are placed on opposite walls of the box implemented from a metal
mesh with —3 dB transmission at the powering frequency. The patches are fed
through surface-mount circulators by 1 — W PAs with 77% power-added efficiency
at 1.96 GHz, Fig. 7.8. Preliminary measurements, with a power management and
monitoring circuit antenna situated outside of the box and transmitting data, show
that the box effectively powers several devices simultaneously. Future work in this
area requires further studies of optimal mode distribution, resonator design and
feeding, allowable device placement, number of devices, etc. in order to make this

device practical. An example of a low cost < 1 W transmitter assembled from
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7.3

off-the-shelf components is given in Appendix.I.

Similar non-plane wave environments are found in HVAC pipes, where flow
and vibration sensors can be placed for building monitoring. In this case, standard
size pipes are overmoded waveguides at most microwave frequencies, and guided
waves can be used to power the sensors. This would be another interesting area for
future work, since monitoring room occupancy and flow in HVAC pipes can lead to
significant savings in energy, as most rooms are designed for maximal occupancy
but are rarely fully occupied. Finally, it should be noted that the work shown in
this thesis is directly applicable to directive power beaming. The difference would
likely be the type of diode, and the fact that either a larger corporate-fed array or
single high-gain antenna, would be connected to the rectifier. In this case, more
complicated rectifier topologies, such as the ones described at the beginning of
this section, would be practical since the higher power densities would allow for

efficient rectification by multiple diode rectifiers.

(a) (b)

Figure 7.8: The powering chain composed of a VCO, amplifier and circulator (a).
The patch antenna inside the charging box that connects to the powering chain

(b).

THESIS CONTRIBUTIONS

The contributions of the work presented here can be summarized as follows:
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e Chapter. 2 discusses wireless sensor platform architecture and integration
and explains the requirements for the integrated rectifier and antenna which
act as the far-field RF power front end receiver. The architecture is focused
on low-power low duty cycle data transmission and is used to explain the
requirements for the integrated rectifier and antenna. In specific, low-power
circuit approaches to the power management and control portions of the
sensor are discussed. The discussion of the sensor as a system shows how
the theory and experiments in this thesis enable low-power maintenance-free
wireless sensors. This work was done in collaboration with Prof. Regan
ZaneSs group and the Colorado Power Electronics Center (CoPEC) at the

University of Colorado, and is reported in [58, 59, 60, 61].

e Chapter. 3 develops an analysis of nonlinear rectifiers and derives the con-
ditions necessary for high efficiency rectification. Both time-domain and
frequency-domain Fourier analysis are presented assuming diode rectifying
devices, with ideal as well as non-ideal diode models. Time-domain wave-
forms across the rectifying element are derived and the relationship between
their shape and RF-DC conversion efficiency is discussed in detail. For best
efficiency, it is shown that harmonic frequencies of the incident RF wave need
to be appropriately terminated at the diode terminals in order to accomplish
required wave-shaping resulting from the time-domain analysis. The results
are reported in [84, 85|, and add a new paper for MTT Trans expanded
from IMS.

e Chapter. 4 presents methods for experimental-based rectifier modeling and
non-linear frequency-domain harmonic balance simulations of microwave
rectifiers, and the agreement between them. The close correlation between

the two, which follows trends from Chapter. 3, provides confidence in the
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non-linear simulation for future designs. This chapter extends the theory and
analysis to design-oriented simulations and experimental validations of the

nonlinear models and is reported in [85, 84].

In Chapter. 5, the integration between rectifiers and antennas for wireless
powering is addressed and a method developed that results in maximized
efficiency. The method is demonstrated in simulation and experiment on
the example of a patch antenna and Schottky-diode single-ended rectifier.
Calibration, circuit validation, impedance matching to nonlinear impedances,
DC collection circuit design and integrated rectifier-antenna characterization
is presented in detail. It is shown that the order of steps taken in rectifier-

antenna integration is critical, and these results are reported in [108, 84, 109].

Chapter. 6 extends the method from Chapter. 5 to a dual-polarized patch
antenna and presents a comprehensive analysis of required RF and DC
isolation in multiple-rectifier (one for each polarization) integrated rectifier-
antennas. A comprehensive analysis of required RF and DC isolation in
multiple-rectifier integrated rectifier-antenna is developed and confirmed.
Isolation between rectifiers is important at both RF and DC in order to
achieve high overall rectification efficiency. A publication of these results is

planned for the near future.

In conclusion, the area of far-field wireless powering is a promising solution

for low-power low-duty cycle, maintenance-free wireless sensors with increased

lifetimes. This thesis develops several design methods for optimizing efficiency of

power-reception circuitry and demonstrates the method on several experimental

models. However, a lot remains to be done, and this chapter presents some of the

possible future research directions in this interesting area of microwave engineering.
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APPENDIX 1
ErrFiciENT Low CoOSsT

TRANSMITTER

An example of a low cost transmitter made with mostly off-the-shelf parts is given
in below for 1.96 GHz, similar parts are available for the 2.45 GHz ISM band.
Assuming two general DC power supplies, the transmitter consists of an oscillator,

amplifier, circulator and an antenna 7.9. The specifications are as follows:
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Figure 7.9: The powering chain composed of a VCO, amplifier and circulator (a)
and patch antenna(b).

e VCO - CVCO55BE-1650-2150 with 5 dBm output power (26%) [131]
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e Amplifier - REMD FPD3000SOT&89 low-noise high-linearity packaged pHEMPT
presented with input impedance of 4 — j0.4 2 and an output impedance of
13.2 — j2.5Q. The circuit is fabricated on Rogers 43506 30 mil thick. (15%)
[132]

e Circulator - PC1960AG-21H 1930 MHz TO 1990 MHz single junction drop
in circulator. (100%) [133]

e Antenna - a patch antenna with indented feed was designed using ADS

Momentum and is fabricated on Rogers 4350b.

Sample measured data of the amplifier is given in Fig. 7.10.
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Figure 7.10: Measured Power added efficiency for the amplifier described above for
different biasing voltages at 1.96GHz and input power of 18 dBm.
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