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ABSTRACT

Powering wireless communication devices remotely is necessary when a user of the
communication device has limited access to battery power or the resources necessary to
constantly replace the batteries. This research is focused on remotely charging a communication
device by using the power of the received signals at each antenna to dictate whether the system
operates as a data transfer communication system or rectification device. The proposed
communication system functions as a rectenna when the difference in power of the received
signals is appreciable or as data transfer system when the received power is negligible. The
WRCS system is also capable of harvesting energy that impinges the communication system.
The size of the wireless communication system is designed based on the physical dimensions of
the rectifier, the rectifier’s impedance, as well as the operating frequency of the data transfer
system. The overall objective is to maximize the power transferred to the system for storage

while still being to operate effectively using the corresponding modulation system.
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1 INTRODUCTION

Ever since Raytheon first demonstrated the ability to power a helicopter using
microwaves in 1964 [1], engineers have been excited at the potential of remotely powering and
harvesting energy to power electronic devices of all sorts. Since then wireless communication
systems have become an integral part of everyday life in the United States and throughout the
world. Due to both natural and man-made energy sources, an abundance of RF energy is
propagating throughout the surrounding environment and constantly impinging on these wireless
communication systems [10]. For example, atop the Golden Gate bridge in San Francisco
wireless sensor networks have been deployed to collect various information related to the
structure of the bridge [12]. Bridge related wireless sensor networks, such as the one depicted in
the figure below, have been instituted to monitor the health of the bridge’s infrastructure [12]. In
wireless systems such as these where there is limited access to the device, it is often necessary to

replenish dissipated energy without replacing the battery.

San ) — Sausalito
Francisco

Povrer
Tringfer

Wireless Sensor Network

Figure 1" San Francisco's Golden Gate Bridge with Wireless Sensor Network (Adapted from [12] — Health Monitoring of
Civil Infrastructures Using Wireless Sensor Networks)



Wireless sensors, such as those depicted above, are basically used to communicate with
engineers and scientists on the ground to warn of any known dangers to the bridge. After a
period of time, however, the batteries on these type of devices have to be replaced. Due to
extensive traffic along the bridge and since the distance from the ground to the location of many
of these devices located at the peak of the bridge is significant (550 feet in the case of the Golden
Gate Bridge), it is not always feasible to easily replace the batteries.

Using wireless power transfer as a means of powering wireless devices allows the
communication system to be self-sustainable for a longer period of time, relying less on the
manual changing of batteries and reducing the need for the system to constantly be maintained.
This can reduce the cost of maintenance for wireless communication systems, particularly those
systems embedded in walls, buildings, bridges, etc. Thus, wireless power transfer has the
potential to give wireless communication devices the ability to remotely-charge and obviate the
need of the end user to constantly replace the batteries.

Ultra-low power sensors require 1.5 volts or 2.2 volts to operate [13]. For power sensors
requiring 2.2 volts, storing power over a specified time frame can provide the power necessary to
sustain the electronics for various tasks [13]. In order to power these sensors and better operate
as an efficient wireless power transfer system, the receiving system should be able to rectify a
maximum amount of energy within the antenna’s frequency range and convert that energy to
usable power.

Rectennas, which are a combination of an antenna and rectifier that convert received
energy from alternating current (AC) to direct current (DC), can be used as means of wireless
power transfer. However, because the overall objective of a rectenna system is to maximize the

amount of power rectified, most rectenna systems do not provide for both wireless power



transfer and communication. This is because the energy collected for power storage is rendered
useless for communication purposes after it is truncated at the point of rectification. Thus, for
communication systems to operate effectively they require the ability to communicate. That is,
the system must be able to transfer data using a specific modulation scheme and be able to
demodulate the received signal. For a system to operate as both a rectenna and a communication
system, the functionality of the communication system must remain intact.

The purpose of this research is to render a rectification device that maximizes power
rectification and provides a communication system that provides for both communication and
rectification while maintaining low cost. While the concept of energy rectification is not new
(corporations such as Nokia and Intel are researching ways to maximize harvesting capability
[8]), the ability of a communication system to utilize its antenna system both as a rectenna and
communication device has not been studied in depth. For example, [1], [3], [4], [5] describe
rectennas that focus on rectification alone. That is, they do not take into account that once the
AC signal is converted to DC, it can no longer be utilized to transfer data. Others have studied
the ability to use the same antennas for both data and power transfer [5, 14, 15]. However, they
have not specifically focused on maximizing the rectified voltage through the use of power
differences as opposed to forced phase differences. This research seeks to combine rectification
and communication capabilities to maximize the rectified power while maintaining
communication integrity.

In this research, a Wilkinson power combiner is manipulated using natural power
differentiation to provide for both wireless power transfer and communication. A second

broadband antenna can be added as part of the communication system to serve primarily as an



energy rectifier. The combination of energy obtained from the primary and secondary antenna

systems combine to provide additional DC power to the communication system.
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2 REVIEW OF RELATED LITERATURE

2.1 Introduction

Modern communication systems require an abundance of power in order to operate
effectively. For example, RFID systems generally require 1.5 V to 2 V to operate effectively.
There are many types of rectification systems that focus primarily on harvesting energy from
ambient sources. A majority of the literature does not focus on using the same antennas for both

wireless power transfer and wireless communication.

2.2 Rectenna, Rectenna Array Designs, and Data Telemetry for Wireless
Power Transmission

The basic configuration of a rectenna consists of an antenna, a matching circuit, a
bandpass filter, a diode model, a low-pass filter, and a load. The matching circuit matches the
antenna to the impedance of the rectifier. The bandpass filter prevents harmonics generated by
the diode from being reradiated by the antenna. The diode rectifies the energy received at the
antenna. The low-pass filter prevents the RF signal from being radiated by the load and allows
only the DC voltage to be provided to the load. A rectenna design is judged primarily by the
amount of voltage rectified and the conversion efficiency of the rectifier.

In [1], a wireless power transmission rectenna was designed for RFID and Wireless
Sensor Networks to operate at 2.45 GHz with a square patch antenna. The RFID rectenna
consists of a rectangular patch antenna, an adaptation circuit, a bandpass filter, a diode, low-pass
filter, and a load. For a microwave power transmission of 33 dBm and a receive power of 13
dBm with a 453 ohm load, the DC voltage across the load ranged between 1.6 V to 0.2 V for
distances between 40 cm and 200 cm. The efficiency was calculated at 72%. A photograph of

the RFID rectenna and corresponding rectified voltage are shown in the figures below.



Figure 2: RFID Rectenna designed with a single diode at 2.45 GHz [1].
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Figure 3: DC voltage measured at between 40 cm and 200 cm
with a 453 ohm load, transmit power of 33 dBm, and receive power of 13 dBm [1].

RFID rectennas can be used to provide DC voltage to an RFID system having a battery
for DC storage or a batteryless RFID using a capacitor to temporarily store energy. In [2], an
RFID rectenna was designed for batteryless RFID sensors to operate at the 2.45 GHz ISM band
to harvest ambient power. The RFID rectenna consists of an antenna, a transmission connected
to a power divider, shorted stubs, and two voltage doublers. The RFID rectenna utilizes a two-

stage Dickson zero-bias Schottky rectifier circuit. Using the HSMS-2852 diode in two voltage



doublers, the rectifier is able to provide a DC voltage of 1.6 V to the batteryless RFID sensor,
exemplified by the powering of a 1.6 VV LED. The PCB layout and circuit layout for the low-

profile rectenna is shown in the figures below.
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Figure 4: PCB layout and circuit layout for Low-Profile Rectenna for Batteryless RFID Sensors [2]

In [3], an RFID rectenna was designed to operate at 2.45 GHz for use in wireless power
transportation. This paper focuses on identifying the areas of inefficiency in the rectenna and the
means of improving the rectification circuit. The rectenna, as pictured below, includes a
matching circuit, bandpass filter, the HSMS 2860 diode, and a low pass filter. For an RF input

power of 15 dBm and 300Q load, the efficiency obtained was 79.3%.
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Figure 5: RFID Rectenna operating at 2.45 GHz with matching circuit, bandpass filter, diode, low-pass filter [3].

Rectennas have also been designed to operate in the unlicensed 5.8 GHz ISM band. In
[4], a circularly polarized rectenna is designed with a single diode connected to a shorted annular
ring-slot structure. The purpose of the design is to provide a rectenna having circular
polarization, which is not typical in the majority of rectenna designs. The benefit of having a
circularly polarized rectenna compared to a linearly polarized rectenna is that constant DC can be
attained even when there is a change in the rotation angle of the rectenna compared to the
transmitter. The shorted annular ring-slot structure rectenna operated at two frequencies, 2.45
GHz with a 49% efficiency and 5.8 GHz with a 14% efficiency. A schematic of the shorted

annular ring-slot rectenna and the rectified DC voltage are depicted in the figures below.
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Figure 6: Shorted Annular Ring-slot Rectenna [4].
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Figure 7:Measured rectifier output dc voltage (Vout) and efficiency (Eff) at two different input power (Pin) levels.
Vout@Pin = - 5 dBm; Vout@Pin =0 dBm; E_@Pin =-5dBm; _ E_@Pin =0dBm [4].
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Wireless power transfer systems often utilize rectenna arrays in order to meet minimum
power requirements. Rectenna arrays consist of a series of antennas whose output is rectified and
combined using a rectifier. In one embodiment, each element of the antenna array has a diode at
its output to rectify the voltage. The voltage is then combined in series, parallel, or a series-
parallel combination. In another embodiment, an array of antennas may have a single diode
rectifier at its output. There are a plethora of rectenna arrays that have been used to harvest
energy at 5.8 GHz. However, like the single element rectennas, the majority of rectenna arays
focus on using the antennas only to harvest energy, not for communication purposes.

In one example, in rectenna arrays are used for wireless power transmission in electric
vehicles [5]. Powering the vehicle using a wireless power transmitter has the potential to
eliminate the need for plugging in the vehicle into an electrical outlet in order to recharge the
battery. The vehicle is equipped with a 4 x 4 rectenna array operating at 5.8 GHz. The electric
vehicle utilizing wireless power transmission with the rectenna array configuration is shown in

the figure below.

Lok
4

Fhased arvay anticn
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Figure 8: Electric vehicle using wireless power transfer at 5.8 GHz [5].
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The rectification system uses the HSMS 8202 diode as a rectifier. The input power of the
rectenna is 0 dBm and provided by a 4 horn antenna configuration. For the input power of 0
dBm, the rectified voltage is 230 mV. The efficiency was calculated as 49% at 200 mm and 75%
at 400 mm. The experimental set-up as well as the 16 patch rectenna, wireless power

transmitter, and output voltage are shown in the figures below.

Figure 10: Wireless Power Transmitter at 5.8 GHz [5].
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Figure 11: Output voltage for input power between -0.2 to 1.2 mW [5].

In [6], 5.8 GHz circularly polarized dual-patch, 6 patch, and 16 patch dual-diode rectenna
and rectenna array are presented for microwave power transmission. The dual-diode
configuration has a conversion efficiency of 76% and provides double the output voltage of the
standard single diode rectenna. For DC combination, the rectenna uses a linear device model,
which allows the dc combiner to work in series, in parallel, or in the series-parallel combination
as shown below. A maximum output voltage of approximately 20 volts was achieved for the

cascaded combination with a 150 ohm load and 18 mW/cm?2.
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Figure 12: 4 Element Rectangular Patch Rectenna Array and corresponding rectified output voltage at 5.8 GHz [6].
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Connection. (c) Parallel connection. Vdi 7 Rdi are equivalent voltage & resistance of the rectifying circuit. li and Vi are
the current and voltage provided from the rectifying circuit to the output load. RLi is the load resistance [6].

In [7], broadband circular dipole rectenna arrays are designed to increase the amount of
rectified voltage compared to a single element rectenna. The voltage rectified from each dipole
rectenna is combined in series. The four element array is designed to rectify voltage from 2.4 to
6.6 GHz. The peak rectified voltage for the 4 element array is around 75 mV with a conversion
efficiency expected to be less that 50% (calculation of efficiency not completed at the time of
publication). The amount of DC voltage rectified was less than the rectified voltage for a single

rectenna and was attributed to the coupling between the antennas.

Voitage (mi)

Figure 14: 2x2 Circular dipole rectenna array operating from 2.4 GHz to 6.6 GHz with a rectified voltage of 75 mV [7].
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Spiral rectennas have also been used in wireless power transmission in order to rectify
microwave power over a broad range of frequencies. In the spiral rectenna configuration, the
rectifying diode is placed at the input feed of the spiral. There is no matching network placed
between the diode and the arms of the antenna. The objective in the spiral rectenna design is to
provide a constant impedance to the spiral over the specified frequency range. For example, in
[8], a spiral rectenna is designed to operate between 1.5 GHz and 3 GHz. An HSMS 2850 diode

is placed at the center of the spiral as depicted in the figure below.

Figure 15: Spiral Rectenna with diode place in center for rectification [8].

The spiral antenna is heavily diode dependent because its center length is based on the size
of the diode. Thus, the spiral rectenna must first consider the physical parameters of the diode
when design the spiral rectenna. For the spiral rectenna designed in [8], a voltage doubler
rectifier configuration was used with an 18 kQ load place at the output. The fabricated design

and corresponding DC output power are shown in the figures below.
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Figure 16: Spiral Rectenna operating from 1 to 3 GHz and the corresponding DC output power [8].

In [8], the DC output power as a function of the load resistance with an input power of -42
dBm is shown. As can be seen from the graph, the DC power output by the rectenna is extremely
low (-83 dBm and -80 dBm) likely caused by mismatch between the HSMS 2850 diode and

spiral antenna.

Spiral rectenna arrays are also used to increase the amount of DC power supplied to the
load. An example of a spiral rectenna array is designed in [9]. The same principles for
designing the single spiral rectenna relative to the physical parameters of the diode apply to the
design of the spiral rectenna array, except that the output DC voltage must be combined using a

DC combiner as depicted in the figure below.
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Figure 17: Example of Spiral Rectenna Array operating between 2-18 GHz [9].

10 110

= "N | A ——— PG =17.508m
£ -0 110
2 20 \,/'\‘ ”,,/1 b PG =75dBn  {-20
& i
3 30 1-30
= P /G =155 dBm
o =0 - {—40
Z p
] osop o meeem 50

.of 600

2 4 6 8 0 12 14 16 18
Frequency [GHz]

Figure 18: Rectified DC power for the 64 element spiral rectenna array between 2 GHz - 18 GHz [9].
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Practical wireless communication systems designed for wireless power transmission must
be able to generate DC voltage as well as perform necessary communication functions. For
example, in [10] a wideband circularly polarized microstrip patch rectenna is designed to operate
as a WLAN communication device at 5.15 GHz to 5.35 GHz and as a rectenna at 5.5 GHz. The
circular polarization characteristic of the antennas allows the system to receive both left hand and
right hand polarized signals. When the communication rectenna receives right hand polarized
signals, it acts as a communication device. When the communication rectenna receives left hand
polarization, it acts as a rectification device. In essence, the switching between communication

and rectification is caused by the polarization of the received signal.
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Figure 19: Circularly polarized microstrip patch rectenna is designed to operate as a WLAN communication device at
5.15 GHz t0 5.35 GHz and as a rectenna at 5.5 GHz [10].

Figure 20: Circuit and fabrication of circularly polarized microstrip patch rectenna is designed to operate as a WLAN
communication device at 5.15 GHz to 5.35 GHz and as a rectenna at 5.5 GHz [10].
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In [11], a power and data system was designed to operate at 2.45 GHz using a technique
used to force a phase shift between both antenna inputs. The system utilizes a Wilkinson
combiner with an extended microstrip length in order to be able to the rectify voltage. To force a
phase-shift difference at the combiner input ports, the transmission lines at input ports 1 and 2

were designed with unequal lengths as indicated in the figure below.

Figure 21: Power and data transfer circuit with forced-phased shifter operating at 2.45 GHz [11]

As can be seen from the figure below, using the HSMS 2852 diode, the system was able to

rectify 0.7 volts at the resonant frequency with an input power of 3 mW (4.7 dBm).
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Figure 22: Results of power and data transfer circuit. [11]
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Another example of a system that is able to perform both data transport and rectification is
exemplified in [12]. In [12], a reconfigurable stacked patch antenna is designed for both wireless
power reception and data telemetry. The reconfigurable rectifier and communication system
operates as a rectenna at 5.8 GHz and as a communication device at 2.45 GHz. The
communication rectenna switches between rectenna mode and telemetry mode using control
circuitry. An HSMS 2862 is used as voltage doubler with a 200 ohm load. The reconfigurable
stacked patch communication rectenna is shown in the figure below. For an input power density
of 1 mW/cm?, the conversion efficiency is 85.5% and the rectified voltage varies between 0.6 V
and 2.8 V for distances ranging from 70cm to 160cm. When the designed reconfigurable circuit
is place inside concrete, for a transmit power of 7 W the rectified voltage is 2.1 V. The circuit
design for the reconfigurable stacked patch communication rectenna, the rectified DC voltage,

and the conversion efficiency of the rectenna are depicted in the figures below.

Control cocuis for
ﬂ;ﬁ}k\?d patch mode
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Figure 23: Reconfigurable stacked patch communication rectenna and voltage doubler for rectification at 5.8 GHz and
communication at 2.45 GHz [12].
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Figure 24: DC voltage and conversion efficiency for reconfigurable stacked patch communication rectenna for 3 V
received voltage [12].
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Figure 25: Example of the Reconfigurable stacked patch communication rectenna performing rectification and data
communication in a concrete slab with a rectified voltage of 2.1 Volts [12].

A summary of the important parameters in this literature review for the rectenna, rectenna

arrays, and communication rectenna configurations are shown in the table below.
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2.3 Benefits of Current Research Over Prior Art

The benefits of the Wireless Rectenna Communication System (WRCS ) described in this
dissertation over the art cited are several. For example, in addition to increased rectified voltage
(1.7 V for single diode versus 1.2 V for a voltage double configuration), the benefit of the WRCS
system over [12] is that the WRCS system does not require a forced-phase shift in order to
rectify voltage. The WRCS system uses the difference in received power at the antenna input
ports to rectify voltage. The addition of a microstrip line to force the phase shift in [12]
increases the dimensions of the rectenna system which can lead to additional cost. The benefits
of the proposed WRCS system over [10] is that the single rectenna WRCS system operates as an
array when in communication mode. The system described in [10] utilizes only a single antenna
and thus does not have the advantages of an array over a single antenna system. In [12]
additional MEMS circuitry is added to the device in order to perform rectification. The
additional MEMS circuitry increases cost and intricacy of the communication rectenna. Thus,
compared to the WRCS system designed in this research, the added complexity and cost does not
overcome the simplicity and utility of the WRCS system designed to rectify by simply using the

power difference at each antenna port.
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3 WILKINSON RECTENNA COMMUNICATION SYSTEM

3.1 Introduction

The Wilkinson Rectenna Communication System (WRCS) is a communication system
that combines both a rectenna and combiner into a simple communication system capable of both
power and data transfer. A second spiral rectenna can be added to the system to function as an
always-on rectenna. The WRCS is based on the Wilkinson power combiner and functions as part
of the rectenna communication system.

The figure below exemplifies the harvesting and communication structure of the
Wilkinson Rectenna Communication System. Amplitude modulation can be used for data
transfer on a 5.8 GHz carrier signal. The spiral rectenna is capable of rectifying energy between

8 GHz to 12 GHz.
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Figure 26: WRCS Transmitter

27



Receiver

Impedance
Matching
Network

Storage

Impadance
Maltching
Network

Data

- - | FRECEY

Storage
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The two-element array connected to the Wilkinson rectenna consists of mictrostrip
rectangular patch antennas operating at a narrowband frequency of 5.8 GHz. The rectangular
patch antennas toggle from communication system to rectenna based on the differences in power
received at the antenna input ports. When the power levels received at the antennas are
relatively equal, the WRCS works as communication system, transferring data to the remainder
of the system. When the power received at the antennas is not equal, the WRCS works as a
wireless power transfer rectenna.

A Wilkinson power combiner is modified for both data transfer and DC conversion. The
resistor normally used in the Wilkinson power combiner is replaced by a rectifier. When the
rectangular patch antennas receive signals and there is a power difference between the received

signals, a voltage difference develops across the rectifier. This causes a current to flow through
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the rectifier. The rectifier then converts the current to DC which can then be provided for power
storage. When the rectangular patch antennas receive signals that have the same power, there is
no or minimal voltage difference across the rectifier and the rectifier provides minimal DC to the
load. The received signals flow through the WRCS system as data to the demodulator, which
then demodulates the signal.

The always-on spiral rectenna is a broadband rectenna operating between 8 GHz to 12 GHz.
When the spiral rectenna receives energy within this frequency range, it immediately rectifies the
energy for power storage. The spiral rectenna can be coupled to its own energy storage unit or
be coupled to the energy storage device that is connected to the Wilkinson rectenna. The energy
collected from both the Wilkinson Rectenna and the spiral rectenna can be combined to provide

the energy required to power low power devices.
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3.2 Wilkinson Combiner

The Wilkinson power divider is a matched three port system that receives power at port 1
and divides the power evenly between ports 2 and ports 3 using arms 1 and 2 and a resistor [2].
In addition to dividing power between ports 2 and 3, a primary benefit is that the Wilkinson
power divider provides isolation between ports 2 and 3 by way of the resistor [2]. To accomplish

isolation, ports 1, 2, and 3 each have impedances of 50 ohms, arms 1 and 2 each have impedance
of 70.71 ohms and a length of % and the resistor has a resistance of 100 ohms. lIdeally, the

isolation provided by the resistor allows the combiner to be reciprocal, lossless, and matched [4].
A Wilkinson power divider is shown in the figure below. The figure shows a power divider with

a receiving port and two arms separated by a resistor where the power is equally split.

Port 2

Arm1

Resistor

Arm 2
Port 3

Figure 28: Wilkinson Power Divider

30



As stated previously, the Wilkinson power combiner is simply the Wilkinson power divider
operating to combine power instead of dividing power. The Wilkinson power combiner receives
power at ports 1 and 2 and combines the power at port 3 and provides isolation between ports 1

and 2 [1]. A typical microstrip Wilkinson power combiner is shown in the figure below.

Port 2
Arm 1

Resistor

Arm 2
Port 3

Figure 29: Wilkinson Power Combiner

To analyze the Wilkinson power combiner, an Even mode — Odd mode analysis has been
developed [1, 2, 3, 4]. The equivalent transmission line circuit of the above Wilkinson power

combiner is shown in the figure below. As is the case with a typical power combiner, the
characteristic impedance of each arm is: v2Z,. The length of each arm is %. The resistance of

the resistor is then: 2Z,.
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Figure 30: Equivalent Transmission Line Circuit of the Wilkinson Power Divider

To analyze the Wilkinson combiner, two separate modes of excitation are defined, the even
mode and the odd mode. From [1], the Even-Odd Mode analysis uses the symmetrical
equivalent of the transmission line circuit shown in the figure below. As can be seen from the
figure, in order to perform the even mode — odd mode analysis, voltage generators with voltages
Vg2 and Vg3 are placed at the output ports [2]. The output arms each have an associated

resistance of 1. The arms connecting port 1 to ports 2 and 3 are each a quarter-wave in length

and have an impedance v2Z,. Coupled at port 1 are two resistors each having a value of 2.
From this symmetric equivalent line circuit, the operation of the Wilkinson power combiner is

described using two modes: even mode and odd mode.
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Figure 31: Symmetric Equivalent Transmission Line Circuit

By definition, during the even mode [2],

ng = Vg3 == 2V

Because the voltages are equivalent, current does not flow between the transmission line
inputs nor the r/2 resistors [2]. As a result, a “line of symmetry” [3] or bisection [2] can be used

to describe the operation of each mode. The bisected network is shown below.

2,

Figure 32: Bisected Circuit - Even Mode Excitation
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The even mode excitation is shown in the figure. During the even mode of operation, the
voltages at the input ports 1 and 2 are in phase, current is not flowing between the transmission
lines at port 1 or through the resistor as “all points along the symmetrical line are open” [3].
Using the bisected circuit, it is now necessary to compute the input impedance looking towards

port 1 from port 2. The input impedance is shown in the bisected circuit below.

Port2

2V,

0c OcC

Figure 33: Bisected Circuit - Even Mode Excitation - Input Impedance

As adapted from [2] and [4] and the figure above, the input impedance can be written as:

ZZ
Zin=—
In order to have Zi, matched at port 2
Z=A\2
and
VE =V,
because
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From transmission line theory [2], the voltage on the transmission line can be determined using:
V(x) = V*(e /B* + re=Jbx)

Thus, at a quarter-wave length on the line, i.e., x = (— %),

VE=V A
F=V(=7
and
. A . A
Ve = V* (e IFCD 4 reIFED)
When
_ 2T
b= J)
then
21w, A 2T A
Ve = V(e TR + reITCD)
which yields

Ve =V*(elz + e ™/z)

Using trigonometric identities yields
Vi =v* [(cosE +jsinz) + I' (cos Iz + sinz)]
2 2 2 2

Breaking it down to
Vi =V*(j—jI)

Extracting j yields
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Vf=jvt@-T)
Thus

Vi=jvt(1-r)=V,
Solving for V*in terms of V5 yields

+ 41
ja-=r)
and further
L IV
(-1+1)
Now solving for V£ in terms of V,
Ve =V(0)

Vle = V+(e_jﬁ(0) + re_]ﬁ(o))

which yields

VE=V*(1+T)
Plugging in V™ yields

vz
Vg = (r—21) (r+1)

I' can then be found using the reflection at port 1

Solving for V¢ plugging in the value for I" yields

. Ji% 2 -2
“‘G—ﬁ_o%+ﬁ+”
2+2

which yields



Ve = —jvsV2
and finally, recalling that V7 = V
Vi = _]'Vo\/E

By definition, during the odd mode [2],

Vg2=—g3=2V

Because the voltages are opposite, the middle of the circuit has a voltage null [2]. Asa
result, the circuit can be bisected, i.e., it is grounded the two points on the midplane, resulting in

the bisected circuit below [2].

Port2 1

2V,

Figure 34: Bisected Circuit - Odd Mode Excitation

The odd mode excitation is shown in the figure. During the odd mode of operation, the
voltages at the input ports 2 and 3 are out of phase, transmission lines at port 1 are shorted and

current flows through the resistor [3].
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2 Portj/ A4 2 3 2V,

Figure 35: : Bisected Circuit - Odd Mode Excitation - Input Impedance

The input impedance at port 2 is .

To match the input impedance to the remainder of the circuit

r=2.
In addition,

Ve =V,
and

Ve =0

When matched loads terminate ports 2 and 3 the input impedance can be determined. The

terminated Wilkinson power divider is shown in the figure below.
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Figure 36: Wilkinson Power Divider with Terminated Matched Loads

Because V, = V5 current does not flow through the center resistor and the equivalent circuit

can be represented by the figure below ignoring the resistor.

Figure 37: Wilkinson Power Divider with Terminated Matched Loads - Bisection
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With the center resistor ignored, Z being equal to Z = /2, the input impedance is

computed using
Zin = %(‘/E)Z =1
Using the Even-Mode and Odd-Maode analysis, a generic version of the bisected Circuit
can be generated [1]. Both the Even-Mode and Odd-Mode bisected circuits are shown in the
figures below. Notice that the resistive element is now replaced with a generalized circuit Gekt

whose purpose is to allow the capacitive element to be considered in the design of the overall

system.

Figure 38: Bisected Circuit - Even Mode Excitation with Generalized Circuit
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Figure 39: Bisected Circuit - Odd Mode Excitation with Generalized Circuit

From both the bisected even-mode and odd-mode excitation circuits it can be seen that

there are several variables of interest:
o, Zo1, Gekt, and L,
where
o is a constant;
Gekt is a variable that includes the resistance R and capacitance C of the rectifying circuit

L is the length of a transmission line; and

Zo1 is the impedance of a microstrip transmission line of length L.

Each variable of interest can be used in the design of the Wireless Rectenna
Communication System. The bisection of the power combiner of the Wilkinson Rectenna
Communication System is similar to that of the Wilkinson power combiner except the resistor is

replaced with the diode and the length of the three arms of the power combiner are now
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dependent upon the diode’s impedance. During the even mode of operation, the rectifying
portion of the Wilkinson Rectenna Communication System is treated as an open circuit. Thus,
the system is able to function as a communication device. The equal power mode of the WRCS
system is shown in the figure below [1]. The circuit replaces the open circuit resistor with both a

resistor and a capacitor [1].

2Z

oC ocC

Figure 40: Even-Mode Circuit

The goal is to develop a generic system for a diode that allows for the determination of
the length L that corresponds to both the resistance and capacitance of the diode that allows the

rectifier circuit to be matched to the power combiner [1].

From [1], the length of L can be represented generically as L:

S SN
—Ban (a)RC)

21

For the case when C = 0 (the capacitance for the generic circuit is 0) and g = -

the length of the combining arm is %. That is,
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PR
—Etan (6)

This shows that for a generic circuit having no capacitance and where R is Zo, a is 1, Zo1 isvV2Z,,

the power combiner is a basic quarter-wave power combiner shown above.

As stated in [1], when the bisected circuit is in even-mode,

a=2
and
ZOl = ZZO

As stated previously, the process of bisecting the power combiner of the Wilkinson
Rectenna Communication System is similar to that of the Wilkinson power combiner except the
resistor is replaced with the diode and the length of the three arms of the power combiner are
now dependent upon the diode’s impedance.

During the odd mode of operation, the rectifying portion of the Wilkinson Rectenna
Communication System is treated as a short. Thus, the system is able to function as an energy

harvesting device. The odd phase mode of the WRCS system is shown in the figure below.
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L

2Z

wa ::zfm A
7L

Figure 41: Even-Mode Excitation Generic Circuit

As stated in [1], when the bisected circuit is in odd mode,

7 = R
07 4
and
L= 1t R
=g Gre)
When the capacitance is not equal to 0, as is the case with a diode rectifying circuit, then
C+0
and
L+ A +ni
4 n
where
n=201,2,..
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Thus, when the generalized circuit has a capacitance not equal to 0, then the length of the
arms to make the power combiner matched to the generalized circuit, which in this case is a
rectifying circuit, is determined using

L—lt 1L
-t (a)RC

In the actual design the Wilkinson combiner in RF communications, the input arms of the

combiner are made of microstrip transmission line and the dimensions can be calculated using

LineCalc as shown below.

Component
Type {MLIH | m [ MO DEFALET ]

-Substrate Parameters

Physical
m [Wsm_peraT =1 o T
1 i = L {85170 mm >

B 2330 A = T

wur 1,000 A T ﬁ

H 0:508 >

— = “Syrithesize: Analyze

H ECTCT " Calausted Resuls -

T 0034 mm % 4] | I (W= Tema

Cord [4.127 | T R
| S i % ‘ = — e— SkinDepth = 0.001
Componert Paraiietars = {50000 = ~

Freg [5500 fee =] i =]
Wati i fri = hin =]
Wal2 [l | i

[Values sre eonmstent

Figure 42: Calculation of length and width of microstrip arms of Wilkinson Rectenna using LineCalc

Component:
Type [MLIN ] m M pilm_DerAT Bl
Subeirate Parameters
~Physical - -
m [msus_pEFALLT =l b !"“'5553” i =]
L |sizzr7a0 [
Er [zea un =)= — |
Muir 1,000 it - — |
H 0,508 ™
o ’m J;'T—_'_j i Syrithiegize Analyze R
I fooss  fom = [4] J I R = 1560
cond [21e7 [ = e A _DB=0013
T e o | EE e 3 Shiplekch = 0981
|
Component Parametsrs £ B [sooo0  Jea =
Freg 5,800 I TofA
Wall | i |
Waliz |mil | i

Values are consistent

Figure 43: Calculation of length and width of 50 ohm microstrip arm of Wilkinson Rectenna using LineCalc
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The lengths and widths can be determined using the impedance of the Schottky diode and
the characteristics of the microstrip [1].

From [1], the impedance Zp of the rectifying circuit is represented by:

Zp=X+Yi
where
X is the real portion of the measured value of the impedance; and
Y is the imaginary portion of the measured value of the impedance.
From [1], [2], and [6], the length of input arms 1 and 2 are found using the following

equations:

1
)

——arctan
(wRC

Larm1 =
Barm1

Y
R=X(1+ (Y

Y

X
OX(1+ (1))

Barmi = kov €effarmi

C =

and
w = 2nf
where
Barmz IS the wave number of the microstrip transmission line;
o is the angular frequency;
R is the resistance of the rectifying circuit;
X is the real portion of the measured value of the impedance;

Y is the imaginary portion of the measured value of the impedance;
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C is the capacitance of the rectifying circuit; and

f is the operating frequency

With an approximation of the effective dielectric constant given as:

e +1y e, —1 10n -1
Eeff“””l:( 2 )+( 2 )(Hwarml)z

where

h is the height of the substrate;
eris the dielectric constant of the substrate; and
eeffarm1 1S the effective dielectric constant of the microstrip line.

Due to the symmetry of the power combiner, the length of the first arm and the second

arm are equivalent [1]. Thus, the length of the arm 2 is:
Larm2 = Larm1

With the lengths of arm 1 and arm 2 having been calculated, the widths of arm one and

arm two can now be calculated.
From [2], the width of the arm can be calculated using:

e —1

0.61
(ln(Earml ~1) 4039 — ))

€r

2
Warmi = h; (Earml -1- 1n(ZEarml - 1) +

T

377m

arml = m
From Visser [1], in order to match the power combiner to the rectifying circuit the

formula for the characteristic impedance of the arm is:

R
201=E
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Due to the symmetry of the power combiner, the width of the first arm and second arm

are equivalent [1].

Warmz = Warma

From [2], the width of the arm 3 can be calculated using:

2 e —1 0.61
Warms = h— (EarmS -1- 1n(ZEarm3 - 1) + (ln(EarmB - 1) +0.39 - ))
s 2€, €r
. . 37Tm
arms 2Z grm3VeEr

From [1], the characteristic impedance of arm 3 can be calculated using:
Zarmz = 2Z,
where
7 = R
°7 4

From [2], the length of the arm 3 can be calculated using:

T
90(7gp)
arm3 = k—
0. €effarms

e +1 e —1 10h -1
eeff“rm:( 2 )+< 2 )(1+Warm3)2

The lengths and widths of arms 1, 2, and 3 can be calculated based on the impedance of the
rectifying circuit and the characteristics of the microstrip line and substrate. The inherent
characteristics of the power combiner allow for the formulation of the of the design parameters

based on the phase of the input power and the The formulas were ascertained based on [1], [2],
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and [6] (Visser, Pozar, and Bolanis respectively) and show that it is possible to design the
Wilkinson Rectenna Communication System that works both for wireless power transmission

and data communication.
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3.3 Rectification Circuit
A rectifier is used to convert alternating current (AC ) to direct current (DC). For low power

wireless power transmission, the Schottky diode is the heart of a rectenna, as the conversion of
AC to DC in a rectenna generally requires the use of a diode that utilizes minimal energy to
operate. The electrical parameters of the Schottky diode affect the size of both the antenna and
the rectifying circuit. For a Wilkinson rectenna, the design of the antenna and circuit are based
on the electrical parameters of the Schottky diode. For the spiral rectenna, in addition to the
electrical parameters, the design of the antenna is based on the physical parameters of the
Schottky diode.

The diode is used for rectification purposes in the rectenna. The equivalent circuit of the

diode is shown below.

_:vw\v/(‘/‘

Rs Rj

G

Figure 44: Diode Equivalent Circuit

Rs is the series resistance;
R; is the junction resistance of the diode; and
Cj is the parasitic junction capacitance.

The voltage-current characteristic of a diode is expressed as:
q
1) = 1 (o 1)

where
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Ipis the current through the diode;

Vpis the diode voltage;

Igis the saturation current;

q is the charge of an electron;

n is the ideality factor;

k is Boltzmann’s constant; and

T is the temperature in kelvin [10], [11].
The junction resistance is:

R 8.33x10~°nT
T L L

where
Ip is the externally bias current in amps [5].

The current-voltage equation above does not include the packaging effects of the Schottky
diode. The packaged Schottky diode includes a parasitic inductance Ly and a parasitic
capacitance Cp, which are shown in the equivalent circuit for a packaged Schottky diode shown

in the section below.

The Schottky diode is the type of diode generally selected for low power wireless power
transmission because it has a fast switching time, does not require a separate bias current, and
utilizes minimal power to perform rectification. Due to the Schottky diode’s relatively low
junction capacitance, it is more suitable for high frequency applications (unlike the pn junction

diode which is not suitable for high frequency applications because of its high junction
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capacitance) [9,10]. Compared to standard diode, the Schottky diode has a higher switching
speed due to its low voltage drop (0.15 — 0.45 volts compared to 0.6 — 1.7 volts for the standard
silicon diode) [17]. The switching speed of the diode for systems requiring high frequency, low
power consumption and AC to DC conversion is best described in [1].

Generally, there are two types of Schottky diodes that are used for rectification purposes:

(1) zero biased diode; or

(2) externally biased diode [1].

The n-type silicon is used for externally biased diodes and requires an external bias for small
signal operation. Zero bias diodes use p-type silicon and do not require external bias for
operation [1]. In addition, the p-type Schottky diode is relatively inexpensive and has a reduced
size [1]. The externally biased diode is generally not used in energy harvesting applications
because it requires an external bias that reduces the amount of energy harvested by the system.
There are other advantages to utilizing the zero bias Schottky diode in rectenna design, including
reduced flicker noise. However, it is not necessary to discuss the theory of flicker noise in great
detail for this application. For further information regarding flicker noise the reader can refer to
[2].

In order to properly assess the Schottky diode for appropriate selection, the equivalent
circuit of the diode including packaging parasitic inductance and capacitance must be described
in detail. The equivalent circuit of a Schottky Diode can be represented by the circuit shown

below.
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Figure 45: Schottky Diode Equivalent Circuit [3]

For the Schottky diode equivalent circuit,
L, is the package parasitic inductance;
Cy is the package parasitic capacitance;
Rs s the parasitic series resistance;
R; is the junction resistance of the diode; and
C;j is the parasitic junction capacitance.

The junction resistance equation for Rj is

_ (833x107°) xnxT
2 I, + I

where, as stated previously,

T is the temperature in Kelvin;

Is is the saturation current;

Ip is the external bias current, and

n is the ideality factor [3].
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The above equivalent circuit is also used as the Schottky model in ADS as shown below

[4].

) |
7
Cp
C=CpF
O AN, —AAN £ 5
Port  ~ R R Port
P - Rs R P2
Num=1 —=tP H R=Rs Ohm R=Rj Ohm Nt
VAR1
It=ls + Ib
Rj=(8.33"1e-5"n"T)/(Ib +s) =
=7
C
C=CjF

Figure 46: Schottky Diode Model in ADS

Although not necessary for implementation of the current rectenna system, the impedance

of the Schottky diode can be calculated using closed form formulas from [6]-[7]. Confirmation

of the mathematical procedure is evidenced in [8].
TR,

Zd =
Oon . . T — O,y .
cosf,, (cos@on smHon) + jwRCi( c0s0,, + sinf,,)

and
TR,
taneon - 9071. == —I/b
R, (1+ 70‘)
where

Rs is the series resistance;
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Cj is the junction capacitance;

Bon is called a dynamic variable that is dependent on the diode’s input power;
Vi is the built in voltage of the diode in the forward bias region;

V, is the output voltage at the load resistance; and

RL is the load resistance.

From [8], to determine the output voltage Vo, and the output power Poyt, the breakdown

voltage Ver is used, that is,

Vy
Vo = Tr
and
P .= 02
out RL

Using iteration, 6,,, can be determined and the impedance Z,; of the diode calculated

mathematically.

ADS can also be used to determine the impedance of the diode. In ADS, for small
signal applications, an S-Probe is placed in series with the Schottky Diode terminated with 50
ohm ports. As described previously, the parameters used to model the Schottky diode in ADS
are the package parasitic inductance (Lp), package parasitic capacitance (Cp), parasitic series
resistance (Rs), and the parasitic junction capacitance (C;j). R;is the junction resistance of the
diode and is calculated by ADS using T, Is, Iy, n, defined as the temperature in Kelvin, saturation
current, external bias current, and ideality factor, respectively. Below is a schematic used to

calculate the impedance in ADS.
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Figure 47: Schematic in ADS used to calculate Diode Impedance.

For non-linear, large signal applications, the LSSP simulation is used utilizing the
harmonic balance method in ADS [16], [19]. An example of the impedance calculation using

LSSP for the HSMS 2820 diode at 5.8 GHz with 0 dBm input power is shown in the figure

below.
di_hp_HSMS2820_20000301

» ~# D1

+f P_nTone
PORT1 ==

Num=1

Z=50 Ohm

j_ Freq[1]=frq GHz

—— P[1]=polar(dbmtow(Pin),0)

VAR IF"

@ LSSP VAR1
= Zin
LSSP f;?nfo's :
HB1 Zin
Freq[1]=frq GHz Zint
Order[1]=3 Zin1=zin(S11,PortZ1)

Figure 48: Calculating Diode Impedance using LSSP in ADS.
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Due to the minimal amount of power received by the rectenna, the rectifier must be
relatively efficient in order to store enough energy worthy of wireless power transmission.
According to [18], the efficiency of the rectenna should typically be greater than 60%. Thus,
depending on overall system requirements, the Schottky diode with the highest conversion
efficiency is generally the diode that should be selected for rectification purposes.

The efficiency of a rectenna with a load attached is:

p = Lbe
PRF

where Pgr is incident power received at the diode, Ppc is the dc power output by the diode,
which can be calculated using Viead (the voltage across the load); and Ricad (the resistance of the
load).

Examples of efficiency calculations for various diodes have been calculated in the
literature. For example, the efficiencies of the HSMS 2820, HSMS 2850, and HSMS 2860 have
been compared and contrasted showing the importance of diode parameters on rectification
efficiency [12]. In [13], a summarized comparison table was generated using the results in [12].
The table shows the critical parameters of the diodes that have a major effect on performance and

efficiency of the rectenna.

Table 2: Critical Parameters for Schottky Diodes (adapted from [13])

HSMS HSMS HSMS
Parameter Description Units 2820 2850 2860
Junction
Cj Capacitance pF 0.7 0.18 0.18
Rs Series Resistance Ohm 6 25 5

For the given diodes, as demonstrated by Merabet in [12], the HSMS 2860 is has the
highest conversion efficiency compared to the HSMS 2820 and HSMS 2850. However,

selection of the appropriate diode for rectification is application based. According to Avago
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Technologies (manufacture of the HSMS 2820, HSMS 2850, and HSMS 2860), the HSMS 282x
series is likely the appropriate choice for most rectification applications, because it features low
series resistance, low forward voltage at all current levels, and good RF characteristics [15]. The

efficiencies of the diodes are calculated in Chapter 4.
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3.4 Microstrip Antenna Array

The Wilkinson Rectenna Communication System (WRCS) uses an array of two antennas
for power reception and data transfer. Microstrip rectangular patch antennas have been selected
due to the ease of fabrication, limited size requirements, and minimal costs. Industrial,
Scientific, and Medical bands (ISM bands) allow for the operation of these antennas at 5.8 GHz,
which is the operating frequency selected for this work. In one instance, the patch antennas for
the WRCS system can be designed based on the impedance of the rectifying circuit. In another
instance, the impedance characteristics of the Wilkinson combiner itself can be used to design
WRCS. Due to the symmetric nature of the power combiner, when designing the WRCS, the

design parameters for both antennas are equivalent.

IEEE defines a microstrip antenna as a “a thin metallic conductor bonded to a thin
grounded dielectric substrate” and is the “part of a transmitting or receiving system that is
designed to radiate or to receive electromagnetic waves.”[6] Microstrip antennas are designed in
many different shapes and used in communication systems primarily because they are relatively
inexpensive, easy to manufacture, and have decent propagation characteristics. Microstrip
antennas are generally designed to be narrow band [2] operating at a specific frequency, but
some microstrip antennas may be designed to be broadband allowing use of the antenna at
multiple frequencies [4]. In addition, microstrip antennas can be easily embedded onto the

surfaces of different objects (such as packages and vehicles) [8].
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The physical structure of a microstrip antenna consists of a radiation patch, feedline, a
substrate, and a ground plane [5]. The grounded dielectric substrate has a relative permittivity e,
permeability pr, and thickness h [7]. Analysis of microstrip antennas can be accomplished by
using several models, including the:

Transmission Line Model;

Cavity Model; and

Full-wave Model.

Each model has its own benefits. The full-wave model uses the Moment Method and
integrals for analysis and is considered the most accurate and most complex of the models [2].
The cavity model treats the antenna as a resonant cavity, with the patch being the top of the
cavity, the ground plane being the bottom of the cavity, and the patch edges serving as the sides
of the cavity [7]. The cavity model is beneficial because it takes into account the field variations
along the patch’s edges. The transmission line model represents the microstrip patch antenna
using two slots separated by a transmission line. Compared to the full-wave model and the
cavity model, the transmission line model is a simpler form of analysis but is less accurate then

the cavity model and full-wave model [2].

The transmission line model can be used to describe the radiation characteristics of the
rectangular patch antenna [15]. Two parallel radiating slots are separated by a transmission line
and are used to represent to the microstrip patch antenna. Both the rectangular patch and its

transmission line model equivalent are shown in the figures below.
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Rectangular Patch

Figure 49: Rectangular Microstrip Patch

B

1
F e eF e

Figure 50: Transmission Line Model Equivalent Circuit of Rectangular Microstrip Patch

Using the transmission line model, the equivalent admittances of slot 1 and slot 2 are:

Y, = G, + jB,
and
Y, =G, + jB,
where
6 = o (1 = == (ko))
1202, 24
B, = 1207, (1 —0.636ln(kyh))
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1
_ 2
G2 = 120,10(1 24(k°h))

BZZ

T70h, (1 —0.636[n(koh))

and

Thus, for a given value of G, the width W of the rectangular patch can be determined.

The far-field electric field for the microstrip antenna is determined by treating both slots
as a two-element array and adding the fields of each. An array factor can be used since the slots
are the same [2]. As stated previously, the rectangular patch antenna can be represented by two
radiating slots separated by a distance L.

From [2], the radiated fields (total electric field for slots 1 and 2) are:

For the principal E-plane:

. - (koh
koW Vye~Jkor | Sin Tcosqﬁ koL
+j p— cos (

o~e .
%cosd) 2 Sm¢)

for the x-y plane with 8 = 90°, 0° < ¢ < 90°, and 270° < ¢ < 360°

For the principal H-plane:

kOWVOB—jkOr sin (— sin 9) sin ( )
t ~ . .
Eo=+j Y sin @ koh k
5 sin @

for the x-z plane with ¢ = 0°, and 0° < 6 < 180°

where
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I, is the voltage across the slot;
Le is the separation distance; and
W is the width of the microstrip patch.

The directivity of a microstrip antenna is [2]:

6.6 or 8.2 dB for W K A,
D= W
8 (—) for W > A,
Ao
The extended length caused by the fringing fields is AL. From [2], the extended length

can then be approximated as:

(Erers+ 0.3)(% +0.264)

AL = 0.412h( 7
(Eresr+ 0.258) (7 +0.8)

Where the effective dielectric constant

€+1 €-—1 h__1
Ereff= 5 + 5 (1 + 12 W) 2

The effective length of the patch including the extended length is then:

The width of the microstrip patch antenna is determined using [2]:

1 ’ 2
W =
Zfr\/ Ho€op €r +1

Y 2
C2f |e+1

which can be rewritten as:
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where
€, is the dielectric constant of the substrate;

f» is the resonant frequency; and
v, 1S the free-space velocity of light.

Feed lines are used to feed the microstrip antenna [5]. The most common feed lines are the
coaxial probe, microstrip feed line, aperture and proximity coupling [2]. For the microstrip patch
antenna, the feed line is typically a microstrip feed line or coaxial probe. Due to the inherent
design of the microstrip Wilkinson combiner, the microstrip feed line is used to feed the two
rectangular patch antennas. Examples of the microstrip patch antenna with the microstrip feed

line are shown in the figure below.

Microstrip J
feedline % 1 < Length —
with inset feed / 7
e '
4 / Width
4 /.«" ,""u-"

Figure 51: Microstrip Patch Antenna With Microstrip Feed Line

Determination of the resistance of the rectangular patch antenna at its edge is important in
designing the Wilkinson rectenna and is described in detail in [2]. This is because, once the
resistance of the rectangular patch antenna is known, the feedline can be designed to be matched
to the antenna. In addition, the inset feed can be designed based on the antenna’s resistance to
yield a specific impedance at the antenna’s input.

The resonant input resistance of the patch antenna can be represented as:
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1

Ry, =
T 2(61 £ G)

where + is for odd mode resonant voltage distribution and — is for even mode resonant voltage

distribution.

The conductance GLlis:

Gy = —
7 120m2
where
sin(X)
I, = -2+ cos(X) + XS;(X) + ¥
and
X =k,W
Asympotically the conductance can be obtained using:
LEY wea
. =1 90\% °
) wea
1120 \2, 0
The mutual conductance is:
2
1 ™ [ sin (k"zw cos 9) ' .
Gy = o0 L v Jo(k,Lsin 8)sin30d6

The input resistance taking into account mutual effects is:

Rin(y =0) = ——————cos? (Ey )
m 2(G1 £ Gyp) L°

where
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Yo IS the length of the inset feed, shown in the rectangular patch with inset feed below. Once

R;,(y = 0), G,and G,,are known, the length of the inset feed y, can be determined.

)
/I\

[| U L

Figure 52: Rectangular Patch with Inset Feed.

The Wilkinson Rectenna Communication System uses a two element microstrip array for
both communication and wireless power transfer. The two element microstrip array essentially
works as a natural switch toggling from communication to power rectification. When a device,
such as an RFID, is not in communication mode, it can be used to store energy for present or
later use. It is important that the microstrip antenna array be designed to work cohesively with
the communication system, otherwise the device will not be able to function for both data
transfer and energy storage.

For a two-element array the total field can be represented by [2]:

Etotar = E1 + E;

. B . B
kIl ¢ ~Ikrn=(3) ¢ tr=(3)
Etotar = Agjn e - cos0; + TCOS 0,
1
For the far-field:
0,=06,=0
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T =r——cos6
1 2

and
r, =2r+—cosf
z 2

for phase variations and

for amplitude variations.

Employing substitution yields a total electric field of :

.kl le7kT 1
Eiotar = Ggjn 2 ¢S 0 {2 cos [5 (kdcos 6 + ﬁ)]}

Thus, the electric field in the far zone of a uniform two element array is determined by
multiplying the field of a single element times the array factor of the array [2] and is shown
below.

Etotar = Esingle etement X Array Factor
The array factor for a two-element array of constant amplitude is:
1
AF = 2 cos [E (kdcos 8 + ,8)]

Thus, the total radiated field for a two-element array can be written as [2]:

.kl le7kr 1
Eiotar = Qgjn R p— cosf {2 cos [E (kdcos @ + B)]}

The microstrip antenna array is simply an array of microstrip patch antennas. The

microstrip antenna array for the Wilkinson rectenna communication system is a broadside linear
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array with maximum radiation normal to the axis of the array [2]. The array is designed by
designing each patch according to general microstrip patch design principles described above
and ensuring that the spacing between the elements does not produce unwanted grating lobes
(principal maximums at unwanted directions)[2]. In order to avoid grating lobes, the maximum
spacing between the two microstrip patch antennas should be less than a wavelength. That is,

Amax < A

Microstrip patch antennas are vital to the design of Wilkinson Rectenna Communication
Systems. The ability to design the microstrip antennas to be of limited size and weight allows
for the antennas to be fit easily in RFID systems as an array. For such a system, the means of
determining the length and width of two rectangular patch microstrip antennas for the Wilkinson

Rectenna Communication System has been provided.

71



3.4.1 References
[1] H.J. Visser, Approximate Antenna Analysis for CAD, John Wiley & Sons, Chichester, 2009.
[2] C.A. Balanis, Antenna Theory: Analysis and Design, Third Edition, Wiley, New York,

2005.

[3] T.A. Milligan, Modern Antenna Design, Second Edition, New Jersey, 2005.

[4] G. Kumar, K.P. Ray, Broadband Microstrip Antennas, Artech House, Massachussets, 2003.
[5] Y. Huang, K. Boyle, Antennas From Theory to Practice, Wiley, West Sussex, 2008.

[6] Antenna Standards Committee of the IEEE Antennas and Propagation Society, IEEE

Standard Definitions of Terms for Antennas, IEEE, New York, 1993.
[7] R. Bansal, Fundamentals of Engineering Electromagnetics, CRC Press, Boca Raton, 2006.

[8] R.A. Sainati, CAD of Microstrip Antennas for Wireless Applications, Artech House,
Massachusetts, 1996.

[9] Y.T. Lo, S.W. Lee, Antenna Handbook — Theory, Applications, and Design, Van Nostrand
Reinhold Company, New York, 1988.

[10] S. Jensen, Microstrip Patch Antenna, Northern Arizona University, December 14, 2010.

[11] P. J. Bevelacqua, Microstrip Antennas: The Patch Antenna, http://www.antenna-

theory.com/antennas/patches/antenna.php#introduction, antenna-theory.com, 2011.

[12] C. Reddy, R. Rana, “Design of Linearly Polarized Rectangular Microstrip Patch
Antenna Using IE3D/PSO”, Thesis, National Institute of Technology Rourkela, 2009.
[13] A. Hashim, “Development of Microstrip Patch Array Antenna for Wireless

Local Area Network (WLAN)”, Thesis, Universiti Malaysia Perlis Malaysia, 2007.

72


http://www.antenna-theory.com/antennas/patches/antenna.php#introduction
http://www.antenna-theory.com/antennas/patches/antenna.php#introduction

[14] A. Alsager, “Design and Analysis of Microstrip Patch Antenna Arrays”, Thesis, University
College of Boras, 2011.

[15] Y. Singh, S. Ghosh, K. Prathyush. S. Ranjun, S. Suthram, A. Chakrabarty, S. Sanyal,
“Design of a Microstrip Patch Antenna Array Using IE3D Software”, Indian Institute of
Technology.

[16] A. Akhtar, H. Alahi, M. Sehnan, Simulation of Phased Arrays with Rectangular Microstrip

Patches on Phontonic Crystal Substrates, Masters Thesis, Linnaeus University, 2012.

73



4 DESIGN OF THE WILKINSON RECTENNA COMMUNICATION CIRCUIT

The Wilkinson Rectenna Communication System includes three microstrip arms, two of
which are connected to two transmit-receive antennas and the rectifying circuit. The third
microstrip arm is coupled to the communication portion of the circuit. When there is a threshold
power differential in the received signals from the two antennas, the rectifying circuit can be
essentially ignored and the two input arms receive the signals and combine the signals into the
third arm. The output of the combiner is then provided to the communication portion of the
circuit. When there is a limited power differential in the received signals, the combiner portion
of the combination circuit is essentially inactive and the received signals are rectified and can be

stored in an energy storage device.

4.1 Microstrip Rectangular Patch - Design and Simulations

The microstrip rectangular patch antennas were designed to operate at 5.8 GHz. The width

of the rectangular patches were determined using :

W_vo 2
S 2f e+ 1

where the dielectric constant of the substrate €, is 2.33, the resonant frequency f,. is 5.8 GHz,
and the free-space velocity of light v,is 2.998 x 10® which yielded W = 0.020029 m.
The lengths of the antennas were determined using

and

(Eress+ 0.3)(% +0.264)
AL = 0.412h(

(Eress+ 0.258) (% +0.8)
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and the effective dielectric constant

P Lk PP

With the height of the substrate h = 0.00508 and the width of the antenna W = 0.020029 m,
the length was determined to be L = 0.016526 m.

The length of the inset feed y, was determined using

1 T
R; =0)=———cos? (-
in(y =0) 2(G, £ Gy) cos (L yo)
which, for Rin = 249.234283 yielded Y, equaling 0.010707 m. The length and width of the
microstrip feed line (calculated using ADS’s linecalc) with Eetf = 90° and Zo = 50 is 9.21 mm and

1.48 mm, respectively.

Figure 53: Rectangular patch antenna operational at 5.8 GHz designed in ADS Momentum
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Figure 54: Simulation results for microstrip rectangular patch antenna operating at 5.8 GHz

Figure 55: Radiation pattern for the 5.8 GHz microstrip rectangular patch antenna
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To minimize grating lobes in the design, the distance between the rectangular patch antennas was

designed using:
d 1
A 1+]sin6,]|

For the microstrip rectangular patch antenna 8, = 90°. Thus, sin90 = 1 and

d< 1
A 1+4|1]

d</1
2

Forc=2.998x108and f=5.8x109 ,

d < 25.88mm

To satisfy this requirement, the distance between the microstrip antennas in the array was
selected to be
d=9mm

The 3D radiation pattern of the designed microstrip antenna array is shown in the figure below.

Figure 56: 3D radiation pattern for the microstrip antenna array coupled to the Wilkinson Rectenna Communication
System
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m1
Theta=0.000
Theta (-90.000 to 90.000) [10*log10(mag(Directivity))=7.50(

4.2 Design and Simulation of the Wilkinson Combiner

The Wilkinson Combiner was designed to operate at 5.8 GHz. Initially, a 100 ohm
resistor was placed between arms 1 and 2 to provide isolation. Arms 1, 2, and 3 were designed
to be resonant at 5.8 GHz. Fifty ohm terminals were placed at the antenna inputs/outputs to
simulate the impedance of the microstrip patch antennas and at the communication port to
simulate the communication portion of the transmitter/receiver. The techniques describe above
in the Wilkinson Combiner portion were used to design the combiner in ADS. The Wilkinson

power combiner is simulated in ADS and shown in the figure below.
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The frequency response of a Wilkinson combiner is shown in the figure below. The
resulting simulation shows that the return loss S11is approximately -36 dB, the isolation S23 is

approximately -40 dB, and insertion loss (S21) is -3.4 dB.

0

.’]07
52 ]
AN AN — 7
0B ]
[aafanjan] _
T T T i

_307

'40 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

1 2 3 4 5 6 7 8 9 10

freq, GHz

Figure 57: Frequency response of a Wilkinson power combiner operating at 5.8 GHz
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4.3 Rectification Circuit Design and Simulations

The rectification circuit was designed in ADS. Numerous diodes were tested to attain a

minimal reactance. As diodes could not be manufactured in the UNM lab to have the desired

reactance (approximately zero), off the shelf high frequency diodes had to be tested to determine

the amount of reactance. Various manufacturers provide off the shelf diodes for immediate use

in rectenna systems. The impedance of numerous high frequency Schottky diodes has been

determined and are shown in the table below.

Diode Manufacturer Component Name Type of Schottky Diode Impedance
Siemens di_sms_bav99 199930908 Voltage Doubler 0.410 +j96.445
Siemens di_sms_bas70 199930908 Single Diode 30.928+j2.591
Siemens di_sms_bas70 04 199930908 Voltage Doubler 16.231+j34.827
Siemens di_sms_bas40 19930908 Single Diode 7.822+j76.864
Siemens di_sms_bas125 19930908 Single Diode 11.909+j69.066
Motorola di_mot_mmbd353It1_ 19930908 | Voltage Doubler 5.766+j47.687
Motorola di_mot_mmbd3521 19930908 Voltage Doubler 4.698-j18.128
Motorola di_mot_mmbd101l_19930908 Single Diode 8.832+j38.597
Hitachi di_hit_hsr276_19930908 Single Diode 3.244-j31.541
Hitachi di_hit_hsr276s_19930908 Voltage Doubler 1.390+j4.644
Hitachi di_hit_hsm88as_19930908 Voltage Doubler 5.986-j7.337
Agilent di_hp_hsms282B_ 20000301 Single Diode 8.102+j43.791
Agilent di_hp_hsms2860_20000301 Single Diode 2.815-j50.276
Agilent di_hp_hsms2862_ 20000301 Voltage Doubler 37.519-j17.405
Agilent di_hp_hsms2820_20000301 Single Diode 7.538+j30.533
Agilent di_hp_hsms282¢_20000301 Voltage Doubler 3.860+j36.350
Agilent di_hp _hsms2852 20000301 Voltage Doubler 7.669-j16.640

Table 3: Impedance values of high frequency Schottky Diodes at 5.8 GHz

The circuit used to determine the impedance in ADS is shown in the figure.
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di_hp_HSMS2862_20000301

L
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P_1Tone
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| | I VAR
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Zin1=zin(S11,PortZ1)

Figure 58: Impedance calculation of high frequency diode using ADS for Wilkinson Rectenna Communication System

After numerous calculations, the HSMS 2862 diode was selected because of its minimal

reactance. The resistance value was then calculated using the equation below:

R=X(1+()?

with X =93.71 and Y =-34.945. A 75 ohm Vishay high frequency surface mount resistor was

selected as the load, which resulted in a total resistance across the rectifier circuit of 106.62 ohms

at 0 dBm.
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4.4 Simulation and Fabrication of the Wilkinson Rectenna Communication
System

Initial design of the WRCS required designing the Wilkinson combiner based on the
operational frequency, antenna selection, the physical parameters of the selected diode, and the
physical parameters of the load. The resonant frequency of the WRCS system is 5.8 GHz
Since the HSMS-2862 was selected as the rectification diode, the SOT-23 physical parameters

shown below were used in the design.

Package Dimensions
Outline 23 (S0T-23)

K B

e

- 8 |-

I
|

I DIMENSIONS {mm)

| s saoL | M. MAX.
T [} 50 [ED

[ 0000 | oo

| A 3 30 [
* i 3 0.08 o
i o px:) i
* 3] 115 1350
e 089 102

o 178 204

Notes; ] 045 080
K-padkage marking 3 210 am
Drawingsare not t sale L s o

Figure 59: Package dimensions of the HSMS-2862 used in the combiner design.

DIMENSIONS in inches (millimeters)
D GASE [ | rnctH WIDTH |THICKNESS| TOPPAD | BOTTOM PAD
— T SIZE Wi 0,005 | TYPICAL | D (=0.005) E (= 0.005)
| T oens | 0:04220.008 0.022 015 0.010 0.010
= 4 “= (1067 =0203) | (0.559) 81 (0.254 (0.254)
L ':t* osos | G0S5+0006 | 0.080 0015 0.010 0.015
! 7 | (.8o7 20452 | (12700 {0281 0254 {0.381)
s = oshs | 0064=0006 | 0.082 0.015 0.012 0.015
2 i1.62620.452)| (0833 (0,281 {D.205) 0281
faps | 008020008 | 0.050 0.015 0.016 £0.008 0.015
| Y les2201452 | (12700 ©0.485) |0406=0203) 0:281)
1005 | 0-105£0:008 | 0,050 0.045 0.015 0.015
2667 = 0208) | (27 0,381 0.281) 0:331)
i 150 | 0:126+0.008 | 0063 0.015 6.020 + 0.005/-0.010
= @m0 -0208| (1.890) {0,287) {0.508 + 0,127/- 0.254)

Figure 60: Physical parameters of the Vishay surface mount resistor used in the design of the WRCS system.
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below.

The resulting WRCS was designed using ADS and Momentum is shown in the figures
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Figure 61: WRCS Rectenna operating at 5.8 GHz with an HSMS 2862 diode
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Figure 62: Wilkinson Rectenna Communication System design in Momentum provided for fabrication.
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The Wilkinson Rectenna Communication System is simulated using ADS. HFSS was used
to generate the radiation pattern. The WRCS system was simulated in both communication and
rectification mode. The frequency response of a WRCS system is shown in the figure below.
The resulting simulation shows that the return loss S11is approximately -55 dB, the isolation S23
is approximately -36.759 dB, and insertion loss (S21) is -3.4 dB, comparable to the values

attained for an ideal Wilkinson Combiner.

m2
freq=5.800GHz
dB(S(2,3))=-36.759

m1
freq=5.800GHz
dB(S(1,1))=-55.030

freq, GHz

Figure 63: Wilkinson Rectenna Communication System operating at 5.8 GHz.

Figure 64: 3D radiation pattern for Wilkinson Rectenna Communication System in HFSS
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As can be seen from the results below, the DC voltage output by the WRCS at resonance
is 0.64 V with a 20 dBm power differential. The DC voltage output is negligible (approximately
0 Voltas) when the WRCS is in communication mode. This shows that the designed WRCS is

operational as expected.

m1
FRQ=5.800
real(Vout1[::,0])=0.844
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Figure 65: Output Voltage WRCS Rectenna with a 20 dBm power differential
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Figure 66: Output voltage of the WRCS at 5.8 GHz with zero power differential at the antenna inputs
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Comparing the results shown above to Figure 22 of the prior art referenced in Chapter 2
of the Literature Review, we can see that a minimal voltage (approximately 0 volts) is provided
to the communication portion of the WRCS when it is is operating as a rectification device. To
increase the amount of voltage provided to the load, the WRCS rectenna array was designed and
simulated using ADS. A 1 kOhm was attached to the array as the load. Each element rectifer has
a 1 pF capacitor attached at the output. The WRCS rectenna arrays were simulated in both
power differential and zero power differential modes. The array of rectennas can be used to
increase the amount of voltage rectified, however, due to the non-linear nature of the device, the
amount of voltage rectified does not necessarily double for each rectenna added to the scheme .

For an array of WRCS rectennas, power combiners can be used to combiner the received RF
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signals, whereas DC combiners can be used to combine the DC voltage. The WRCS circuits as

well as the DC voltages are shown in the figures below.

5
ohm
P=polar(dbmtow(20),0)
Freq=FRQ GHz

) oine_frsms2se2_20000301

P_1Tone

MTEE_ADS
Tee2

c1
2 C=1.0pF

MCURVE

MCURVE
Curvet

MTEE_A

Tee3
Subst="MSub1"
W1=W1 mm

MCURVE
Curves
Subst="MSub1"
W=W2 mm

Anglo=A2
Radius=R2 mm

W=W2 mm
1

Radius=R1 mm

MCURV:
Curve3
Subst="MSub1"

P_1Tone
PORTE

Num=

2=50 Ohm
P=polar(dbmiow(20).0)
Freq=FRQ GHz

w:
Angle=A3
Radius=R3 mm

MCURVE

Curvet3

Subst="MSub1*
2 mm

MCURVE
Curvetd

P_1Tone
PORT?
Num=6

0 Ohm
olar(dbmiow(0).0)
Freq=FRQ GHz

urvels
ubst="MSub1"

ngle=A3
adius=R3 mm

MTEE_ADS
T

MCURVE

Figure 67: WRCS Rectenna Array with a 20 dBm difference at the antenna ports.

88




R
RS
R=1kOhm

lgad

P=polar(dbmtow(20).0)
Freq=FRQ GHz

MCURVE

Curves
Subst="MSub1" Els)
=W1 mm

frome

c

c1
Y C=1.0pF

MTEE_ADS
Tee2

MCURVE
Curve2
Subst="MSub1"
2 mm

Curvel
p—

MCURVE [ 2] ci_he_fisms2862 20000301

MCURVE

Curve?

ubst="MSub1"
1 mm

ngl
adius=R3 mm

MTEE_ADS
Te

ee3
Subst="MSub1"
W1=W1 mm

MCURVE
Curved.
Subst="MSub1"
W=W2 mm

Angle=A2
Radius=R2 mm

T
Subst="MSub1"

Figure 68: WRCS rectenna array with input powers equivalent at the antenna input ports.
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Figure 69: WRCS Rectenna Array Output DC Voltage with a 20 dBm power differential at the input ports.
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Figure 70: Rectified voltage at 5.8 GHz when the input powers at the antenna terminals are equivalent.
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The fabrication process for both the Wilkinson rectenna and spiral rectenna took place in the
Antennas Lab at UNM and require the use of the LPKF milling machine to mill the RT/duroid

substrate for fabrication as shown in the figure below.

Figure 71: LPKF Milling Machine

Figure 72: Mobile WRCS System for DC verification and wireless testing.
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The fabricated WRCS system with 2 element rectangular patch array is shown in the

figure below.

Figure 73: Fabricated Wilkinson Rectenna Communication System
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To test the Wilkinson Rectenna Communication System, the following components were
used: a high frequency signal generator (HP83752B - 0.01 — 20 GHz Synthesized Sweeper), the
HP 8517B vector network analyzer (used to test the communication port of the WRCS system),
and the BK Tool Kit voltage meter was used to measure the rectified voltage across the load. To
test the communication portion of the WRCS system for basic functionality, the WRCS system
was coupled to the VNA and the S11 parameters were measured as shown in the set-up below.

For testing purposes, the transmit power at antenna terminal 1 was 18 dBm. 20 dBm could
not be used as the output power of the transmitter because the transmitter had a maximum
transmit power of 18 dBm. The transmit power at antenna terminal 2 was -2 dBm to allow for
the 20 dBM power differential. Losses in the cables were measured in the lab and the input
powers to the terminals were adjusted accordingly. With losses in the channel (i.e., cable in this
case), the received power was measured at approximately 14 dBM.

DC rectification occurred as expected. The average of the rectified voltage is 1.96 V.
Several iterations of voltage rectification to confirm functionality. The difference in measured
voltage versus simulated voltage in ADS can be attributed to the natural constant phase
difference in received signals at antenna ports 1 and 2. The phase difference also causes an
increase in rectified voltage. Over time the rectified voltage can be stored in a capacitor or
battery and used for powering the wireless communication system. RFID sensors requiring 1.4
V to 2 V would be able to use the WRCS system to recharge their batteries or store energy in a
capacitor. Because the measured voltage meets the requirements of the RFID system, no
additional array configuration or spiral configuration is required generate enough voltage to

power the sensors. The results of the rectification tests are shown in the figure and table below.
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Figure 74: Verification of rectified voltage at 1.96 V.
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To determine whether the rectification circuit was primarily rectifying or communicating
at zero power differential, the input powers for each antenna port were both set to 5 dBm. As
can be seen from the measured DC voltages below, the amount of rectified voltage was

negligible, around 76 mV when the antenna input powers were equivalent.

Table 4: Measured DC voltage when WRCS is in communication mode

DC Voltage (Volts)
0.076
0.0763
0.076
0.0763
0.0762
0.0763
0.0762
0.0762
0.0763
0.0762
0.0763
0.0762
0.0761
0.076

A VNA was used to test whether the communication portion of the WRCS system was
operable at 5.8GHz. To determine whether the communication portion of the receiver operated
effectively, the communication port was connected to a VNA to check the S11 parameters as
shown in the figure below. The S11 measured using the VNA at the digital communication port

was approximately -15 dB.
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Figure 75: Wireless Rectenna Communication System test with VNA to ensure the communication system is functional.
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Figure 76: Wireless Rectenna Communication System test with VNA to ensure the communication system is functional.

The Agilent Spectrum Analyzer was also used to test the functionality of the
communication portion of the WRCS system. As shown in the figure below, the communication
port of the WRCS system is operational at 5.8 GHz. The power received at the communication
port is 5.17 dBm in this instance. For the communication port, input powers of 10 dBm were
used for each antenna, with a peak measurement of 6 dBm and a minimum of -10 dBm. The
peak voltage occuring when both the phase of both input powers are closest to being in phase.
Similar tests were conducted to measure viability of the communication for equivalent input
powers of 5 dBm. For these equivalent powers, the combiner output had a minimum value of -

12 dBm and a maximum value of -4 dBm. The peak power reading likely occuring when the
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input powers are most in phase. The received values verify the functionality of the

communication port of the WRCS system.

Mkr1 5.788 GHz|

5.17 dBm}8

Sweep 31.7 ms (1001 pts)

S5, Inpul Overiead;ADC over cange

Figure 77: WRCS System working as a receiver (minimal rectification) with a 5.17 dBm receive signal

Rectenna performance is generally determined using the RF-to-DC conversion efficiency.
The efficiency of the rectenna portion of the WRCS using the power input into the diode and the
power output from the diode. Rectenna efficiency with an attached load is:

p = fbe
PRF

Because of the design of the WRCS, the tools present in the lab do not allow us to

calculate the exact power at the input of the diode. However, based on the transmit power and
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the cable loss, an assumption can be made that the received power was between 17.9 dBm and

17.3 dBm. The efficiency of the WRCS can be calculated and is shown in the figure below.
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Figure 78: Efficiency calculation for the WRCS communication rectenna.

Efficiency is used as the primary tool in measuring the performance of a rectifying
system. (See [1]-[13] of the Literature Review.) In rectification systems, efficiency is defined as
the power rectified by the system divided by the power received by the system. It is not atypical
for rectification systems, especially those using patch based antennas, to have efficiencies above
70%. For example, in A Reconfigurable Stacked Patch Antenna for Wireless Power Transfer
and Data Telemetry In Sensors published in Progress In Electromagnetics Research C in 2012
(See [12] in Literature Review), the rectification system achieved an efficiency of 85.5%. In
Losses Analysis and Performance Improvement of a Rectenna for RFID Systems published by
IEEE in 2008 (See [4] in Literature Review), the rectification system achieved an efficiency of
79.3%. In 5.8-GHz Circularly Polarized Dual-Diode Rectenna and Rectenna Array for
Microwave Power Transmission published by IEEE Transactions on Microwave Theory and
Techniques in 2006, the rectification system achieved a conversion efficiency of 76%. (See [7] in

Literature Review) In Prototype of 5.8 GHz Wireless Power Transmission System for Electric
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Vehicle System from the 2011 2" International Conference on Environmental Science and
Technology, the rectification system was able to achieve up to 75% efficiency. Similar to the
rectification systems cited above, the WRCS was able to yield efficiencies up to 77% (between
50% and 77%), well in line with the efficiency calculations cited in the literature (See Table 1)
and the published works cited above.

As stated previously, the difference in power between antenna ports 1 and 2 dictates the
functionality of the WRCS system. When the difference between the power is maximum, the
WRCS functions primarily as a rectenna. When the difference in power is at its minimum, the
WRCS operates primarily as a communication device. In order to further prove this concept, the

power differential versus DC Voltage was measured in the lab and is shown in the table below.
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Table 5: DC voltage versus power differential at 5.8 GHz.

Power DC
Differential Voltage
Ptl1 (dBm) Pt2 (dBm) (dBm) (Volts)

18 -2 20 1.79
17 -2 19 1.37
16 -2 18 1.35
15 -2 17 1.18
14 -2 16 1.05
13 -2 15 0.92
12 -2 14 0.81
11 -2 13 0.7
10 -2 12 0.63
9 -2 11 0.55
8 -2 10 0.48
7 -2 9 0.42
6 -2 8 0.39
5 -2 7 0.37
4 -2 6 0.33
3 -2 5 0.3
2 -2 4 0.27
1 -2 3 0.24
0 -2 2 0.21
-1 -2 1 0.19
-2 -2 0 0.17

Under this test, the transmit power was decreased 1 dBm and the resulting DC voltage was
measured. As can be seen from the data, there is a smooth transition in DC voltage for a 1 dBm
reduction from antenna input port 1 and antenna input port 2. However, there is a significant
change in voltage (and thus communication) for a substantial drop in transmit power at antenna
input port 1. For example, for a drop of 10 dBm, the amount of DC voltage drops from 1.79 V to
0.4 V rectification. At this point, the WRCS functions more as a communication device then a

rectification device.
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In order to determine whether the proposed WRCS is functional in both communication
and rectification modes with antennas connected, a second WRCS functionality test was
conducted in the antennas lab at UNM. Two sets of antennas were connected to the antenna
input ports, with one set simulating two antennas receiving the equivalent power
(communication mode), and the second set simulating two antennas receiving different power
(rectification mode).

For the rectification mode functionality test, a two element horn antenna array was
connected at the input ports of the WRCS system. The two-element horn antenna array was
selected as the array because it was easier to control the power differential due to the size of the
horns, i.e., the wireless power transmitter could be placed directly in from of antenna 1 to
achieve a maximum power differential between antennas 1 and 2. The set-up of the rectification

functionality tests are shown in the figures below.

Figure 79: Rectification test set-up of the WRCS system (near field).
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Figure 80: Rectification test set-up of the WRCS system (near field).

As with the functionality tests conducted with the high frequency signal generators as
direct sources, the power of the wireless power transmitter was selected to be between 18 dBm
and — 2 dBm. Tests were conducted in 1 dBm increments. Unlike the 17.5 dBm power received
by the WRCS system in previous functionality test, due to limitations in the transmitter and
transmission channel losses, the maximum power capable of being received by the WRCS
system antennas at the input ports was 3 dBm. Thus, for functionality and efficiency
calculations, 3 dBm is the maximum received power for, instead of 17.5 dBm. The

measurement results for the WRCS system rectification test is shown in the table below.
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Table 6: Rectified DC voltage for WRCS system coupled to antennas.

Transmit Power Received Power Ant | Received Power Ant DC Voltage

(dBm) 1 (dBm) 2 (dBm) (Volts)
18 -33.49 3 0.34
17 -33.52 2.12 0.2956
16 -34.6 1.65 0.256
15 -35.69 0.61 0.227
14 -36.51 -0.58 0.1965
13 -38.15 -1.38 0.1694
12 -40.47 -2.54 0.145
11 -40.56 -3.53 0.1259
10 -41.38 -4.53 0.1052
9 -41.85 -5.49 0.0915
8 -42.51 -6.66 0.0776
7 -43.6 -7.96 0.0658
6 -44.75 -8.81 0.0569
5 -45.27 -9.52 0.0472
4 -46.9 -10.49 0.0396
3 -47.45 -11.75 0.0329
2 -48.3 -12.72 0.0274
1 -49.99 -13.76 0.0227
0 -50.16 -14.71 0.0185
-1 -51.75 -15.97 0.0152
-2 -52.32 -16.62 0.0124

Efficiency calculations were also conducted for the WRCS system and are shown in the

table below.
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Table 7: Efficiency calculations for the WRCS system.

Received Power (dBm) DC Voltage (Volts) Efficiency (%)

3 0.34 77.249659
2.12 0.2956 71.506842
1.65 0.256 59.761112
0.61 0.227 59.702216
-0.58 0.1965 58.838805
-1.38 0.1694 52.573338
-2.54 0.145 50.312366

As can be seen from the measured results, the efficiency of the WRCS system for power
levels comparable to the receive power calculations (minimum receive power of -2 dBm) is from
50% to 80%. This is comparable to the efficiency calculations generated for the previous WRCS
system. (See Figure 78)

For the communication mode functionality test, a two element microstrip antenna array
was connected at the input ports of the WRCS system. Microstrip antennas were selected as the
array because it was easier to minimize the power differential in the lab setting because of the
smaller size of the microstrip antennas, i.e., the wireless power transmitter could be placed
directly in front of antenna 1 and antenna 2 achieve equivalent powers. The set-up of the

communication functionality tests are shown in the figures below.

Figure 81: Communication test set-up of the WRCS system.
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Figure 82: Communication test set-up for the WRCS system (near field).

In order to test the communication portion of the WRCS system, the microstrip antenna
array was placed directly in front of the wireless power transmitter. Because the received power
for the WRCS was too low in the far-field, the received power at the WRCS system was
measured placing the transmit antenna as close as possible to the WRCS to emulate the actual
power that a WPT system is capable of generating to recharge the WRCS system. This allowed
the WRCS system to have a relatively equivalent power differential (+- 2dBm) at the input ports.
(See table 6 below) A table of the power received by the WRCS system for communication

mode is shown in the table below.
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Table 8: Table of verification of communication power level.

Received | Received | Received | Received
Transmit | Power Power Power Power

Power Ant 1l Ant 2 Ant 1 Ant 2 Pcom

(dBm) (dBm) (dBm) (Watts) | (Watts) | (dBm)
18 -6.49 -7.94 0.000224 | 0.000161 | 1.66
17 -7.72 -9.53 0.000169 | 0.000111 | 0.58
16 -8.58 -10.48 | 0.000139 | 8.95E-05 | -0.57
15 -10.15 -11.12 | 9.66E-05 | 7.73E-05 | -1.26
14 -11.06 -12.26 | 7.83E-05 | 5.94E-05 | -2.95
13 -12.78 -13.75 | 5.27E-05 | 4.22E-05 | -3.54
12 -13.11 -14.88 | 4.89E-05 | 3.25E-05 | -4.39
11 -14.14 -15.39 | 3.85E-05 | 2.89E-05 | -5.38
10 -15.93 -16.43 | 2.55E-05 | 2.28E-05 | -6.75
9 -16.94 -17.11 | 2.02E-05 | 1.95E-05 | -7.93
8 -17.82 -18.32 1.65E-05 | 1.47E-05 | -8.53
7 -18.55 -19.35 1.4E-05 | 1.16E-05 | -9.47
6 -20.29 -20.72 | 9.35E-06 | 8.47E-06 | -10.65
5 -21.32 -21.53 | 7.38E-06 | 7.03E-06 | -11.93
4 -22.21 -22.67 | 6.01E-06 | 5.41E-06 | -12.94
3 -22.93 -23.74 | 5.09E-06 | 4.23E-06 | -14.11
2 -24.08 -24.24 | 3.91E-06 | 3.77E-06 | -14.98
1 -25.22 -25.75 | 3.01E-06 | 2.66E-06 | -16.34
0 -26.42 -26.21 | 2.28E-06 | 2.39E-06 | -17.97
-1 -27.4 -27.33 1.82E-06 | 1.85E-06 | -18.45
-2 -28.67 -28.76 | 1.36E-06 | 1.33E-06 | -19.33

As can be seen from the communication measurements, for a receive power of
approximately — 7 dBm, the power provided to the communication port is approximately 1.66
dBm. For approximately - 8 dBm, the power provided to the communication Since levels as
lower than -10 dBm can be provided to the input of communication systems, the amount
provided is an acceptable level for communication for the WRCS system.

Because a significant number of modern wireless power transfer systems are designed to
operate in the near-field to improve the efficiency of the rectenna systems (See [1], [2], [3] and

the figures below), measurements of the WRCS system were conducted in the near-field. Itis
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important to note that there are several applications where near-field wireless power transfer
applications require the use of testing configurations similar those exemplified in this research
[3], [4], [5]. For example, for electric autonomous vehicles requiring wireless power
transmission and communication capability (RFID) (similar to those being developed by, for
example, Tesla and Google), the wireless charging of these vehicles generally does NOT take

place in far-field, but rather in the near-field (See figures below).

Figure 83: Near-field wireless power transfer - electric vehicle using wireless charging in the near field [4].

These wireless autonomous vehicles would be able to use the WRCS system described in this
research to avoid having different sets of antennas for wireless charging and communication. In
addition, the same sets of antenna arrays in the WRCS system would still be able to operate as
communication devices in the far-field, thus making them operable for autonomous vehicle
functionality. These near-field systems have greater efficiencies than those in the far-field
because of the proximity of the wireless power transmitter to the rectification system (See figure

below).
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Figure 84: Near-field Power transfer method in an Autonomous Electrical Vehicle (Source: Oak Ridge National

Laboratory — Department of Energy)[5]

As compared to efficiency calculations in the far-field, the near-field wireless power
transmission efficiency calculations generally result in greater efficiency values than those taken
in the far-field (greater than 40% for varying receive powers). This is in line with efficiency

values calculated for other rectennas placed in the near-field (between 40% and 70%) [3] (See

figure below).
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Figure 85: Near-Field Wireless Power Transmission System with 2.45 GHz Rectenna (a) Lab Test Set-up (b) Rectifying

Circuit Unit (c) Calculated Efficiencies [3]

Thus, for an absolute efficiency calculation in the near-field (calculating the efficiency based on
using the actual power measurements of power received at the receive antennas), the formula to

calculate efficiency remains the same because the rectifier is only concerned with the actual
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power that is receiving, not how the power actually was derived (whether in the far-field or the
near-field such as is the case here) [3].

The fabricated proof-of-concept measurements for the WRCS system were conducted
following procedures similar to those conducted in [3]. In [3], a 2.45 GHz rectification system
was placed in the near-field of a wireless power transmitter and the voltage rectified by the
system was measured. Rectified voltage calculations were taken with efficiencies similar to

those conducted for the WRCS rectification system. The lab set-up is shown in the figure below.
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Figure 86: Lab-set up for near-field Wireless Power Transmission [3].

To extend the measurements to the far-field, the near-field values were mapped to the far-field
using both the Friis transmission formula and the absolute receive powers. These formulas can
be used to describe the relationship between the power received by the WRCS system and the
efficiency. Friis transmission formula is used to describe the free space power transmission

through the atmosphere [6].
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The gain of the transmit antenna can be formulated as:

where Aet is the effective area of the transmit antenna. When the transmit antenna is not an
isotropic antenna (such as the case here), the power density at a distance R from the transmit

antenna is:

_ PGeam
"~ 4AmR2

The power available at the receive antenna may then be calculated using:

_ PGAT

p.=S=-*t_
" 41R?

Aer

where Aer is the effective area of the receive antenna. The receive power can now be formulated

as:

P.G.G,\*
Pr=—"—=

(4mR)
With the power efficiency of the WRCS system being defined as the total dc power (Ppc)
measured at the output of the rectenna system divided by the time-average RF input power, the

relationship between the power received by the WRCS system and the efficiency is

:PDC

Using this relationship for received power values between -6.66 dBm and — 12.72 dBm, the
corresponding efficiency values are shown in the table below. As can be seen from the table, the

efficiencies are significantly less than that of near-field, this is because the efficiency is directly
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proportional to power received (Ppoc / Pr) and in the far field less power is received by the

WRCS then in the near-field.

Table 9: Efficiency values mapped to far-field for WRCS system.
Received Power
(dBm) DC Voltage (Volts) Efficiency (%)
-6.66 0.078 37.21
-7.96 0.066 36.09
-8.81 0.057 32.82
-9.52 0.047 26.60
-10.49 0.040 23.41
-11.75 0.033 21.59
-12.72 0.027 18.73

4.5 Conclusion
The Wilkinson Rectenna Communication System was able to rectify energy as well as

operate as a communication device. Overtime, the energy collected via wireless power
transmission can be collected in a battery or capacitor and provided to a load, while still
performing its fundamental requirement of transmitting data. Although less efficient in the far-
field then in the near-field, only a microstrip Wilkinson rectenna circuit with a diode with
minimum reactance need be added to existing circuitry and still allow for rectification, and thus
less need for manually changing batteries in difficult to reach circuits, such as those embedded in

concrete applications.
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5 X-BAND BROADBAND RECTENNA

5.1 Introduction

In its simplest form a spiral rectenna consists of a spiral antenna and a diode. IEEE
defines a spiral antenna as an “antenna consisting of one or more conducting wires or tapes
arranged as a spiral.”[13] The spiral antenna is of specific importance in energy harvesting
because of the nature of its frequency independency and its ability to receive power at a range of
frequencies. Described first in the 1950°s, Rumsey elaborated on the parameters of the spiral
antenna noting its frequency independency due to its structure being defined by angles [14], [15].

Spiral antennas are known to operate efficiently over a broadband, in addition, spiral
antennas can be designed to fit within a wireless communication device and function relatively
well as part of a spiral rectenna [1], [2]. Ideally, the radiation pattern, polarization, and
impedance of the spiral antenna change only minimally based on the frequency of operation
within its prescribed bandwidth [30]. Spiral antennas have been used for energy harvesters [3],
[4], wi-fi applications [5] , and even nantenna electromagnetic collectors [6]. Spiral antennas
have been used in navigational applications for ultra-wideband car applications [7]. Some spiral
antennas are even reconfigurable and can be used for MIMO communication systems [8].
Although each of the above uses of spiral antennas are desirable, this research focuses on the use
of spiral antennas for broadband applications that require the reuse of power from the

surrounding environment.
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5.2 Analysis, Structure, and Design of the Spiral Antenna

An equiangular spiral antenna is a frequency independent antenna [10]. A frequency
independent antenna is an antenna whose shape is determined solely by angles [11]. In order to
design an equiangular spiral antenna, it is first necessary to describe an equiangular spiral. An

equiangular spiral is shown in the figure below.

Figure 87 - Equiangular Spiral [23], [24]

The shape of the equiangular spiral can be described using the equation below [23], [24],
[21]:

p = pyed(®=%o)

where

p is the radius of the spiral at angle ¢;

po IS the initial radius at an angle ¢,; and

a is the tightness of the spiral arm.

In practice, an equiangular spiral must be finite in length. The length corresponds to the

angle at which the spiral can be truncated. The length of the spiral can be obtained using [23]:
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, 1
L=@=p) 1+

po IS the inner radius of the spiral;

where

p is the outer radius of the spiral.

The arm length is defined as “the spiral length along the center line of the arm.”[32]
Dyson stated that the length of the arm only has to be “comparable to one wavelength at the
lowest frequency of operation to obtain performance essentially independent of frequency.”[32]
That is, according to [32], [25], in order for a spiral antenna to operate effectively as a frequency
independent antenna, the length of the spiral antenna should be equal to a wavelength at the
lowest frequency of operation [25]. Thus, if the lowest frequency of operation of a spiral

antenna is known, the length of the spiral can automatically be determined.

The structure of a two arm equiangular spiral antenna is shown in the figure below.

Figure 88: Equiangular Spiral Antenna(from [9])
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In order to design the spiral antenna, the radii corresponding to each arm must be
ascertained and are shown in the equations below [23], [31]

For the first arm,
p1 = poe®®

and

pz = poe®®=?
where
Po IS the terminal size; and
4 is the rotation angle.
For the second arm, the radii are:

p3 = poe @™
and

ps = poet @8

Note that for the second arm, the first arm is simply shifted 180 degrees [11].

The arm width K of the spiral can then be determined using [23, 25]

K=tz
P1
which yields
K=e9
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Dyson is generally considered the father of truncation as he developed the Truncation
Principle [19]. The truncation principal basically relies on the fact that after a certain distance
along the spiral, current decreases to a point where truncating the spiral does not dramatically
affect the active region of the spiral antenna [19]. That is, according to McFadden citing the
Truncation Principle proposed by Rumsey, “In order to truncate the antenna properly, at any
particular frequency, the majority of the radiation from the infinite antenna must be concentrated
in a finite region.”[19] After this distance, the spiral can be truncated and still allow for the
antenna to be classified as a frequency independent antenna.

An ideal frequency independent spiral antenna would be infinite in length [27]. However,
as stated previously, practical spiral antennas require finite dimensions to operate effectively.
The equiangular spiral antenna can be truncated or tapered at a point along the spiral at which the
current becomes negligible [27], [18]. That is, after the “active region”, where the current is
negligible at approximately a wavelength from the feed point, the spiral can be truncated or
tapered [18]. This truncation sets the low frequency of the spiral antenna [33]. Below is a figure

generated by McFadden [18] showing the active region of a spiral antenna.
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Figure 89: Active Region of Spiral Antenna [20]
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The darkened region indicates the Active Region of the spiral antenna where the currents
are in phase and thus do not cancel each other out [20]. The non-black regions represent the
locations where the currents are out of phase and thus the region is not considered the active
region [20].

Tapering is also a means used to limit the length of the spiral. Tapering allows the lower
limit of frequency independent performance to be minimized [18]. A circle defined by the
diameter at the large end of the spiral is generally used to taper the spiral [18]. Below isa
sample of a figure spiral being tapered as opposed to truncated, after the active region of the

spiral.

Figure 90: Truncated Spiral Antenna (Source: [34])

The main lobes radiated by the equiangular spiral are broadside lobes on both sides of the
antenna and are perpendicular to the spiral antenna [32]. That is, a spiral antenna in free space
radiates on both sides of the antenna. Radiation can be eliminated on a side of the spiral by
mounting the spiral over a cavity. That is, to eliminate radiation on a specific side of the spiral,

place a cavity on that side of the spiral [11].
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Good radiation patterns (those that are consistent and display broadband properties) occur
when the number of turns is 1.25 or 1.5 turns [32]. That is, in order to have a pattern that is
reasonable, the minimum length of the spiral antenna should be 1.25 to 1.5 turns [11]. Radiation

of the spiral antenna is caused primarily by the current in the active region of the spiral antenna
[17]. At a distance of r = %/’l the current is considered at a maximum [12]. The active region is

finite region of the spiral antenna [11].

The microstrip spiral antennas used in this research are planar spiral antennas. Microstrip
planar spiral antennas are circularly polarized and radiate on the front side, since the backside
has a conducting ground plane [9].

Bandwidth with regards to the equiangular spiral antenna is defined as the “band of
frequencies over which the antenna radiates a field such that the axial ratio of the polarization,
recorded on the axis of the antenna, is less than 2 to 1.”[32]

The bandwidth of the equiangular spiral antenna can be written as [28]:

BW = mex

fmin
The upper cutoff frequency is dictated by the feed size of the antenna [32]. The lower
cutoff frequency of the spiral antenna is dictated by the length of the spiral antenna, respectively

[24].

The arm length of each spiral controls the polarization of the spiral antenna [23]. When the
lengths of the arms are a wavelength or greater, the antenna is circularly polarized [30]. Thus,
for general applications, the equiangular spiral antenna radiates both right hand circular
polarization and left hand circular polarization (RHC on the RHC side and LHC on the LHC

side) [29]. The radiated field rotates in the same direction as the current [29].
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The electric field of a two arm equiangular spiral antenna in the far field [26] is:

oo 2)-vi@r) 7"

Ey =~ E)B3A(B)e "

where
cos B (tan %)n e(g) tan~1(a cos6)

sin84/1 + a2 (cos 6)2

A(O) =

and
n
Y(o) = %lnll + a? (cos 0)?| + tan"(a cos )

For the far-field electric field in the above equation:
E, is an excitation strength related constant; and
n is an integer that indicates the order of the Bessel function of the first kind.

For the “most common spiral antenna mode” n = 1. Under the n = 1 mode, a broadside

single side lobe is generated[26].

Radiation patterns for several different modes [9] are shown in the figure below.
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Figure 91: Radiation patterns of a spiral antenna for various modes (Adapted from [9])

The input impedance of the spiral antenna is extremely important in designing a spiral
rectenna. When spiral antennas are being designed for use in a rectenna, the antennas are
designed based on the impedance of the diode. Thus, diode selection is extremely important in
designing the spiral antenna for a rectenna. That is, for a given impedance of the diode, the
width, spacing, and length of arms must be calculated.

For a spiral antenna in free space, the input impedance using Babinet’s principle [22] is

n
/ ==
2
which further reduces to
1 [u
Z== |-
2N €
and
1
7= Ho
2 |erg
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A spiral antenna’s input impedance is a function of the antenna’s mode of operation and
the number of arms [16]. For a complementary arm spiral antenna in free space, the input

impedance is 188.5 Q.

The input impedance of an equiangular spiral antenna at the feed point with a substrate

backing [19], [20] is given as:

7. = o
in 2 (_geff
where
& +1
eff =7
&, Is the dielectric constant of the substrate.
From [21], this can be rewritten as:
Zant

where
Z .ne 18 the input impedance of the spiral antenna without the substrate

Thus, for a given input impedance:

7. = Zant_
mn ,_Seff
where
A Zgne\
geff B Zin
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and

Spiral rectennas provide a means of converting broadband energy to usable power.
Hagerty was able to recycle ambient microwave energy by using an array of spiral rectennas
[1,2]. Others have used single spiral rectennas to recycle energy [3,4]. This research focuses on
utilizing a single spiral rectenna to harvest ambient microwave energy. As stated previously, a
broadband spiral rectenna comprises a spiral antenna and a rectifier. The rectifier (diode) is
placed at feed of the antenna at the center of the spiral. The general layout of a spiral rectenna [1]

is shown in the figure below.

Figure 92: Spiral Rectenna (Adapted from [1])

The design parameters that are of specific concern are the size limitations and the

efficiency required of efficiency required for conversion [35]. The conversion efficiency is a
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function of the power incident on the antenna and the power output by the rectifier. Some
rectennas add a matching network between the antenna and rectifier and are still considered
rectennas. However, the additional matching network adds to the size of the rectenna and thus is
not always considered practical when space considerations are of particular importance in the
design.

A balanced spiral antenna, such as the equiangular spiral antenna, requires a balanced feed
[36]. Note that the initial radius (and thus the diameter of the feed line) limits the upper
frequency of the spiral antenna, and thus effects the bandwidth of the antenna [37]. The lower
frequency is limited by the length of the spiral antenna. Normally, the design dimension of the
feed line for the spiral antenna is flexible, meaning the diameter can be increased or decreased as
needed for the specific application of the spiral antenna. However, when designing a spiral
rectenna, the design of the feed and thus the design of the spiral rectenna is limited by the
dimensions of the diode. Thus, when designing the spiral rectenna, the designer should
determine the diameter of the diode, which will give the initial radius p, required for the design

of the spiral.

Figure 93: Spiral Rectenna Showing Initial Radius (Adapted from [1])
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The DC power is given by the formula [3] below:

By =1re/pe Pre

where

P, isthe DC power;

P, is the available RF power; and
7w e 1S the RF to DC power conversion efficiency.

Maximizing available RF power P,,. for energy harvesting is of critical importance in

designing the spiral rectenna. Minimum and maximum frequencies should be selected that

maximize the amount of power that will be available for AC-to-DC conversion.

5.3 Rectifier Design and Simulations

The diode selected for rectifier design is of particular importance because the diode is
placed at the feed point of the spiral. As the diode is used for rectification, selection of the
appropriate diode with a high conversion efficiency is of vital importance [38]. Recall that when
designing a spiral rectenna, the feed size, and thus the diode package size, dictates the maximum
frequency of the spiral rectenna [1].

The diode package type dictates the design of spiral rectenna. This is because the design
of the spiral rectenna is based upon the length of the diode package, since it corresponds to the
initial radius of the spiral and dictates the upper frequency of the spiral. Selecting the “smallest
package” with no freestanding connectors is ideal because the amount of package parasitic are
reduced [38]. The typical diode package used for the spiral antenna is illustrated in the above

section concerning diodes.
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There are generally two types of diode packages that can be used for high frequency
Schottky diodes: SOT-23 and SC-79. The SOT-23 allows for the placement of two diodes in the
package and is often used for voltage doubling. The SOT 23 package is generally not desirable
for the spiral rectennas because of the third pin that can cause interference with rectification by

basically acting as a freestanding antenna. The two types of packaging are shown below:

Package Dimensions
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Figure 94: SOT-23 Schottky diode package type.
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Figure 95: SC-79 Package Dimensions (Source: Datasheet Skyworks SMS7630-079
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For each rectenna application the parasitic elements of the packaged diode were
considered. Avago Technologies, Skyworks and MA/Com manufacture numerous high
frequency diodes that are used for rectification purposes. The datasheets and application notes of
the diode manufacturer (in this case, Avago Technologies), provide the parameters for use in
system design. Examples of the characteristics and applications parameters and as well there use
in other rectenna applications are illustrated in [15], [13], [18], [19], 20] for the HSMS 2820, [1],
[3]. [5], [21] (remote RF battery charging) for the HSMS 2850, and [x] for the HSMS 2852. The

electrical parameters of several diodes are illustrated the table below.

Table 10: SPICE Model Parameters

Electrical Parameters of High Frequency Schottky Diodes
Parameter SMS7630 MAA4E2054 HSMS 2862 | Units
Is 5.00E-06 3.00E-08 5.00E-08 A
Rs 20 11 6 Ohms
N 1.05 1.05 1.08 -
1T 1.00E-11 0 - s
Cjo 0.14 1.30E-13 0.18 pF
M 0.4 0.5 0.5 -
EG 0.69 0.69 0.69 eV
XTI 2 - 2 -
Fc 0.5 - - -
Bv 1 5 7 Y
IBV 1.00E-04 1.00E-05 1.00E-05 A
Vj 0.34 0.4 0.65 \Y

As with the WRCS system, the impedance of several diodes is calculated using ADS in
order to determine the feasibility of rectification within the desired band of operation, 8 — 12
GHz in this case. However, unlike the diode in the WRCS system, the physical dimensions of
the diode of are of primary concern in order for the diode to fit at the feeding point of the

rectenna. The ADS circuit as well as the impedance of the diodes is shown in the table below.
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Figure 96: ADS circuit for input impedance calculation with an input power of 10 dBm, a load of 1 kOhm, and a DC Pass

filter of 100 pF.
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Figure 97: Input impedance of the SMS 7630-079 rectification circuit.
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Figure 98: Input impedance of the MA4E2054 rectification circuit.
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Figure 99: Input impedance of the HSMS 2862 rectification circuit.

5.4 Broadband Rectenna Design and Simulations

The topology of the spiral antenna design is shown in the figure below.
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Figure 100: Spiral Antenna (Adapted from [40] for diode placement)

To accommodate the design of the Wilkinson Rectenna Communication System, the spiral
antenna was designed to operate within the range of 8-12 GHz. The spiral antenna was designed
based on length of the diode which is 3.13 mm. The inner radius was thus defined to be 1.6 mm.
The number of turns is 1.25. The offset angle was selected to be 90 degrees. After several
iterations, the expansion coefficient was selected as 7.88.  Because the maximum frequency of
operation of the spiral is based on the radius at the input of the spiral (inner radius), the

maximum frequency of operation is greater than the desired frequency [39].

The spiral antenna was designed to operate in the X-band to allow for radar guns to

replenish the charge of a battery. A figure of the designed spiral is shown in the figure below.
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Figure 101: Spiral Antenna designed to operate between 8 - 12 GHz

The simulated 3D gain is shown in the figures below.
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Figure 102: Simulated RHCP gain.
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Figure 103: Simulated LHCP gain.
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Figure 104: Return Loss of a spiral antenna operational at 8 - 12 GHz
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Figure 105: Input impedance of spiral antenna designed to operate between 8 - 12 GHz
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The spiral rectenna was simulated in ADS and is shown in the figure below.
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Figure 106: ADS Circuit for Spiral Rectenna with 10 dBm input power and a 1 kOhm load.

As can be seen from the DC Voltage figure below, the rectified voltage of the spiral

rectenna is relatively constant between 8 and 10 GHz. At 10 GHz, the rectified voltage is 0.64 V.
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Figure 107: Rectified voltage for the Spiral Rectenna with SMS 7630-079, input power of 10 dBm, and load of 1kOhm.
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The circuit for the Skyworks spiral rectenna as well as the resulting rectified are shown in
the ADS schematic and figures below. The DC voltage rectified by the spiral rectenna is between

0.35 V for a 0 dBm input power and 0.95 V for a 20 dBm input power.
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Figure 108: Spiral Rectenna ADS Circuit Layout — Skyworks SMS7630-079
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Figure 109:DC Voltage for the Skyworks SMS7630-079 with a 20 dBm input power
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Figure 110: DC Voltage for the Skyworks SMS7630-079 with a 0 dBm input power

As can be seen from the simulated results, the amount of voltage rectified for a single
broadband spiral rectenna is not significant (between 0.35 V for 0 dBm input power and 0.95 V

for 20 dBm input power).

5.5 Conclusion

A single spiral rectenna alone is not desirable for rectification unless it is coupled with
another source of rectification, such as a spiral rectenna array or the WRCS system. In addition,
the space required for such an array may not be desirable for RFID systems since an array of
spiral rectennas would require additional space not available in typical RFID designs. Additional
options may include, circularly polarized patch antennas or standard rectangular patch microstrip
array configurations. Such options would allow the antenna engineer to increase the amount of

rectified voltage to provide additional power to the WRCS system.
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6 CONCLUSIONS AND FUTURE WORK

The Wilkinson Rectenna Communication System was studied, fabricated and tested and
yielded the desired rectification and communication results as expected. A voltage of
approximate 1.7 volts was measured and provided for the powering of low power
communication devices, while still allowing the device to function as a communication system
with a received power of 5.17 dBm. The system is also capable of being utilized as an energy
harvesting device at 5.8 GHz while in sleep mode. The WRCS system allows for remote wireless
power transmission in systems that do not allow for ease of battery replacement based on the
location of the wireless communication device or cost of replacing the battery.

Future work can focus on developing larger rectenna arrays to generate more DC voltage for
powering high power devices. Because many of the communication systems that use rectennas
are in harsh environments (roads, bridges, etc.), studies can be done to test the effects of the
environment on the WRCS system. The harmonics generated by the diode could be studied and
methods could be developed to improve the system by eliminating the harmonics by adding a
sufficiently sized bandpass filter. A DC bandpass filter can be studied to see the effects the RF
signals having on the load and to reduce the amount of RF signal provided to the load. A forced
phase difference could also be studied and added to the circuit to generate voltage primarily

based upon the phase difference instead of power difference.
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