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Abstract

This thesis describes the design and construction of a wireless sen-
sor network that harvests power for operations from a rectifying an-
tenna. This project represents a proof-of-concept for future systems
that will someday operate without the need of batteries or other con-
ventional methods of storing power. This project was completed as
a senior design project in the Engineering program at The University
of Arizona for Drs. Marcellin and Xin. This project developed the
described system from concept to an operational test in the labora-
tory that demonstrated the system working as expected while being
powered by wireless energy transmission. Node input voltage reached
a steady state near 0.8 V, and remained so for the entirety of the test.
This project was pursued as a group effort.
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Statement of Roles and Responsibilities

This project was a group design effort which included the following members:
Emily Adams, Ayman Albagshi, Khaleel Alnatar, Gregory Jacobs, Alexis
Sparrold, and Nathan Mogk. The work load was shared mostly evenly. Roles
were distributed in the group as follows. All members contributed to the
writing of this document.

Emily Adams Emily was the team lead for the project. Team decisions
were largely democratic, but she kept the team focused and on track
and dealt with a lot of the weekly administrative things.

Ayman Albagshi Ayman worked a lot with the department stockroom and
took care of a lot of equipment rental as well as helping with meeting
requirements for deliverables.

Khaleel Alnatar Khaleel performed much of the background research and
put together some of the physical components.

Gregory Jacob Gregory was responsible for the user interface and inter-
facing the communications subsystem to process data.

Alexis Sparrold Alexis was responsible for the power subsystem and func-
tional system modeling.

Nathan Mogk Nathan was responsible for the communication subsystem
as well as the power consumption budget. He also put together the
final operational nodes.
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1 Introduction

Wireless sensor networks are a beneficial technology that can be used for
many potential applications. It can be used for monitoring of indoor and
outdoor environments to facilitate the use of energy for climate control effi-
ciently.

Systems that monitor environments often rely on cumbersome wires to
supply power to sensing equipment or energy storage components such as
batteries, which require replacement when they die. This interrupts the
system and may lead to loss of important data. As technologies continue to
advance, the use of self-sustaining, wireless powering becomes more essential
to satisfy challenging requirements that necessitate continuous measurement
and functionality. This project is a “proof of concept” that focuses on the
creation of a wireless sensor network with an emphasis on the implementation
of wirelessly charged sensing nodes using microwave energy.

The project is based on designing, setting up and testing a wireless sen-
sor network for measuring temperature and light. The network nodes are
composed of a rectenna that is provided by the sponsor, sensors, a power
regulator, and a radio transmitter. A rectenna consists of an antenna and a
rectifier that converts the AC power signal received by the antenna into DC
power in order to power the system. In this project, microwave energy is used
to power the nodes in order to eliminate batteries. Batteries cause the system
to be interrupted when they die or need to be replaced or recharged. For this
reason, the microwave energy is used to provide a continuously operable sys-
tem. A wireless set-up is useful for remote locations where no infrastructure
currently exist. Wires can be subject to breakage and damage, which cause
system interruption and failure. Also, wireless set-up is less complicated to
install and to maintain in terms of hardware.

The XBee transceivers on each of the nodes utilize an ISM band of the
radio spectrum. The ISM band is a set of frequencies called the industrial,
scientific and medical band, which is intended for unregulated utility or re-
search use. ISM bands are internationally provided for these usages. ISM
bands often act as a host for unified protocols such as WiFi, Bluetooth, and
ZigBee.

The limitation of a wireless sensor network is power. Because this system
is transmitting energy by converting microwaves into DC power, there is a
limit on the amount of power that can be collected and stored. Since a certain
amount of power must be accumulated to complete a full sensor measurement,
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the rate of data collection is dependent upon the rate of power accumulation.
If a particular user requires rapid monitoring of data, then this wireless sensor
network may not be a feasible option. The rate of data collection constraint
depends on the rectenna area, the conversion efficiency of the rectenna, the
effective power transmission radius, and the distance between the microwave
generated in relation to the rectenna. Another limitation is the loss often
associated with the storage device and inefficiency of the power regulator.

1.1 Scope of the document

The purpose of this document is to lay out the requirements of the project,
and show the planning and implementation steps to the final product. In
order to execute the project, the cost of the project has to be within the
provided budget. Also, the components of the project in terms of hard-
ware and software have to be compatible. This document provides technical
specifications for components used in order to achieve the desired system.
In addition, this document suggests hardware for the project’s components.
The document shows the process of the design starting from the preliminary
design reviews from which the current design has been selected.

2 System Requirements

The system must demonstrate the ability to support three nodes. At least
one node must be powered by microwave energy via a microwave genera-
tor. The system must utilize a power base station provided by the sponsors.
Also, the system must have a central base station where data is monitored
and transmitted. USB must be used to connect a computer to the central
base station. Moreover, the system must operate in low power mode when
inactive. XBee radio modules must be used in order to transmit and receive
data, which implement IEEE 802.15.4 (ZigBee) protocols. Each node will be
equipped with a rectenna that collects power signals from microwave genera-
tor and converts that signal to DC signal to feed the system. The nodes must
consume a low amount of power. The system shall harvest enough energy
to operate efficiently. In addition, the system must not allow base station
interference with node communication. The node must take two consecutive
measurements successfully, then that data must be transmitted to the base
station. The design shall be tested inside an anechoic chamber. Finally, the
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project cost must not exceed the provided budget of $3000.

2.1 Functional decomposition of the System

The system consists of three subsystems. Subsystem 1 is Power Transmis-
sion, subsystem 2 is Power Conversion and Regulation and subsystem 3 is
Communication. See figure 1.

Figure 1: Functional decomposition of the system.

1. Power Transmission Subsystem

(a) Function Generator: Function Generator produces microwave en-
ergy.
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(b) Power Amplifier: Power Amplifier amplifies the signal received
from the function generator.

(c) Antenna: Antenna is used to transmit the power signal from the
function generator to the node.

2. Power Conversion and Regulation Subsystem

(a) Rectenna: Rectenna receives the AC power signal from the func-
tion generator and converts to DC power

(b) Super-Capacitor: Super-Capacitor stores energy received from the
rectenna.

(c) Boost converter: Boost converter increases the level of the voltage
discharged from the super-capacitor

(d) XBee: XBee is a radio transmitter that sends and receives data

(e) Sensor: Sensor reads the temperature and the light measurements.

3. Communication Subsystem

(a) XBee: XBee is a radio transmitter that sends and receives data

(b) XBee Development Board: XBee radio transmitter is mounted on
the Xbee development board. Xbee development board connects
the Xbee to the computer

(c) Computer: Computer displays the collected data.

(d) USB cable: USB cable is used to connect the XBee Development
Board to the computer to send the data collected.

2.2 Description of System Operation

The system consists of a power transmitting base station, nodes, and a com-
munications base station. The power transmitting base station consists of a
function generator connected to an outlet power-supply. The function gen-
erator produces microwave signals. Then, the signal is amplified by a power
amplifier in order to be sent by the horn antenna. The rectenna receives
and converts the AC signal to DC to charge the super-capacitor. The boost
convertor increases the voltage discharged from the super-capacitor to sup-
ply the sensor and XBee radio transmitter on the node. Then, the XBee
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radio collects the data read by the sensor to send it to the communication
base station. The XBee on the node causes the node to sleep long enough
for enough power to be collected to maintain operations. The sleep time for
this system is approximately ten minutes. The XBee radio transmitter at
the communication base station receives and sends data to the computer.
The XBee radio on the communication base station is mounted on a Xbee
development board, which connects the XBee radio to the computer. The
computer is connected to the XBee development board via a USB cable.

2.3 Interfaces

The components of the system interact with each other via physical and wire-
less interfaces. The user receives and displays the data through a computer.
A USB 2.0 cable is used to connect the computer to the communication base
that contains the the radio transmitter. Alligator clip leads are used to con-
nect the nod to the rectenna. A microwave generator sends power at 1.575
GHz to the rectenna wirelessly through a power transmitter. The Zigbee
protocol, specified in IEEE 802.15.4, is used as a wireless communication
protocol between the communication base and the node. This protocol is
implemented by the XBee. The XBee is used as radio transmitter that sends
data at 2.54 GHz. See figure reffig:Ayman2 for an interface summary.

Figure 2: Summary of major interfaces.
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3 Brief Summary of PDR Results

3.1 Other Implementations Considered

The preliminary design review featured four separate designs for our wireless
sensor network system. All four designs included similarities which were part
of the requirements such as three nodes, the use of a rectenna on each node
for power conversion from AC to DC, XBee radio modules, temperature
and humidity sensors, a communications base station, as well as a power
transmitting system. The variation in the designs focused on different data
collection architectures.

Design one, includes a microcontroller on each node. This would allow
for the easiest implementation, but requires higher power usage. Design two
(Table 3.2) is very similar to design one, except this design utilizes a single,
central microcontroller that manages all 3 nodes. Pin-forwarding capabilities
on the XBee radios are used to transfer data from the base station to the node,
and from the nodes back to the communication base station. This design is
more difficult in terms of implementation and the number of data packets,
but beneficial in terms of low power usage and no inter-node interference.
Design three focused on improving the operating conditions of the whole
network by providing an alternative, high gain antenna. This antenna would
be attached to a pan and tilt mount on the power transmitting base station,
allowing the antenna to lock in the position of each of the nodes. This
design offers good charging potential for the nodes, but would also require
the team to far exceed the budget and be quite invasive on the greenhouse
where testing would occur. Design four explores an existing commercial
design. This design in quite similar to design one; however, the networking
architecture is already implemented and the software is already complete. In
addition, this design raises the question of it being “too simple” for the scope
and purpose of the course, and the firmware may or may not be alterable
should the team decide to change it.

3.2 Preferred Implementation

Ultimately, design two (table 3) was selected as the final design. This was
decided based off of a trade off analysis of the functional performance: fre-
quency of measurements, power usage, precision of temperature and humid-
ity measurements; and the utilization of resources: system usability, system
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Table 1: Comparison of designs according to functionality.

Table 2: Comparison of designs according to utilization of resources.

availability, and cost. The low power, frequent availability, and low cost of
design two pushed this contender into the lead position after the trade anal-
ysis. The tables demonstrating these trade analyses can be viewed below.

3.3 Changes made since Preliminary Design Review

During the period between the preliminary design review and the final de-
sign review, some major changes were made to the scope of our project.
Originally, the team had planned to design a user-operational, commercial
system to be used within a greenhouse. It had since been made clear that
our project is intended as a “proof of concept project.” This means all re-
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Table 3: Overall weighted comparison of designs.

Figure 3: Block diagram of selected system.
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quirements dealing with a greenhouse operator or greenhouse structure were
rejected. General functionality and power regulation will be the top priority.
The reason for getting rid of the greenhouse application is because all test-
ing of the system must be performed in an anechoic chamber. The chamber
will be provided in the Electrical and Computer Engineering building on the
University of Arizona campus. All outside frequencies will be deterred and
all enclosed frequencies in the chamber will be absorbed by RF absorbing
cushions that cover the walls and ceiling of the chamber.

In addition, specific components within the system have been changed.
XBee radio transmitter Series 2 has been used instead of XBee radio trans-
mitter Series 1. This change has been taken place because XBee Series 2
consumes less power than XBee Series 1. Also, a microcontroller is no longer
part of the design; instead the XBee development board has been used be-
cause XBee radio is compatible with XBee development board, which makes
software and coding configuration easier. Digital humidity and temperature
sensors have been replaced by analog light and temperature sensors. This
is because the XBee radio had problems reading from the digital sensors.
Moreover, a boost power converter has been used to raise the voltage from
1.5V provided by the rectenna to 3.3V to power the sensor.

4 Top-level Design of Final Design Concepts

The final subassembly is broken into 3 parts:

� Subsystem 1: Power Transmission: A signal generator produces AC
signals that are amplified by the power amplifier in order to be sent by
the horn antenna.

� Subsystem 2: Power Conversion and Regulation: The rectenna receives
and converts the AC signal to DC to charge the super capacitor. The
boost converter increases the voltage discharged from the super capac-
itor to supply the sensor and XBee radio transmitter.

� Subsystem 3: Communication: An XBee radio in the communication
base station receives and sends data to the computer.
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Figure 4: Test setup functional block diagram.

5 Subsystem and Interface Design

5.1 Subsystem 1

The first subsystem is comprised of a signal generator that passes a 1.5 dBm
RF signal at 1.575 GHz through an isolator which acts as switch. Once
the signal has passed through the switch, it is then amplified by a power
amplifier. The power amplifier has a power source, which is providing a DC
voltage. This boosts the signal to 38.5 dBm. Then the signal is sent through
a directional coupler. The directional coupler couples a defined amount of
the electromagnetic power in a transmission line to another port where it
can be used in another circuit. An essential feature of directional couplers
is that they only couple power flowing in one direction. Power entering the
output port is not coupled. This signal is also sent to the spectrum analyzer,
which is connected to a computer for data recording. The signal is then sent
to the horn antenna. By this time, the signal gain is 40 dBm. This means
that 10 Watts of power are being broadcast from the horn antenna. At the
rectenna, the received power is much lower at around 0 dBm or 1 mW.
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5.2 Subsystem 2

Subsystem 2 is comprised of the rectenna, super capacitor and part of the
actual node. The rectenna is 1-1.34 m away from the horn antenna. This
rectenna is a half-wavelength dipole antenna on that receives the power from
the horn antenna. A half-wavelength dipole antenna is consists of two poles,
or sections, that are equal in length. The received signals are taken away
from the receiver through a feeder. The feeder serves to transfer the power
to or from the antenna with as little loss as possible. The total length of the
dipole is a half wavelength, which makes each section or leg of the dipole a
quarter wavelength long. In order for power to flow into or out of an antenna,
there must be associated currents and voltages. The voltages and currents
vary in a sinusoidal manner along the length of the antenna. The voltage is
low at the middle and rises to a maximum at the ends, whereas the current
falls to zero at the end and is at a maximum in the middle as figure 4 shows.
This provides a low impedance feed point. A low impedance feed is ideal
because it makes it convenient to match. The feed impedance is measured
at the point in the antenna where the feeder is connected and matching it
ensures that the maximum amount of power is transferred between the feeder
and the antenna.

Then a series inductor acts like a bandpass filter. The bandpass filters
blocks the re-radiation of harmonics, which are generated by the rectifying
diode. Diodes are nonlinear devices so they always generate some frequency
harmonics. By blocking those harmonics, they will be reflected at the band
pass filter and go back to the diode so that they will eventually be rectified
again and improve RF-DC conversion efficiency. The energy is then sent
through a rectifier known as a Schottky diode. A low-pass filter is used to
bypass DC and block RF current toward the load. The rectifier diode gen-
erates DC and harmonics. It is only desired to have DC and not harmonics.
A 10F super capacitor is used as a storage device for the boost converter.

The node is comprised of a boost converter, another super capacitor on
the output of the boost converter, a Xbee radio, and 2 sensors. The super
capacitor from the rectenna is placed on the input of the boost converter. The
boost converter then boosts up the voltage to 3.3V. During initial designs
the boost converter was connected straight to the radio, however during
experimentation, it was determined that the radio would quickly drain the
energy in the super capacitor before the radio could send a message. By
placing another super capacitor on the output of the boost converter, we
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Figure 5: Diagram of rectenna and node.

were able to charge up secondary super capacitor and allow for more time,
so the radio could send a message. The super capacitor on the output of
the boost converter is a 0.1F super capacitor. The energy is then sent to the
Xbee Radio. The Xbee is configured to sleep for 10 minutes so that power can
be allowed to recharge once a measurement has been transmitted. Once 10
minutes have passed, the Xbee radio will wake up and have the temperature
and light sensors send data. This is then communicated to a base station
where a coordinator Xbee radio will be listening for the transmissions.

5.3 Subsystem 3

The final subsystem is comprised of a coordinator Xbee development board
which as a Xbee radio configured for this role. This radio will be listening for
the transmissions that the 3 nodes will be communicating. This is connected
to a computer that will monitor the input using LabVIEW as a GUI (graph-
ical user interface). The data that is collected will be shown in a diagram to
indicate how much light or what the temperature is for the different sensors.
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Figure 6: Picture of node showing major components and layout.

6 Algorithm Description and Interface Doc-

ument

The system is largely a hardware demonstration, so software is not a main
focus of the project. Some programs are used to interface with components
and log data. A graphical user interface was implemented for ease of use as
well.

The first program that needed to be made is simply a data logger to keep
track of the voltage on each of the three capacitors throughout testing. The
user interface is very simple, requiring only a save file name to log the data to.
On the program side, the computer had to read in data from three separate
channels of an oscilloscope and then average that data before writing to a
spreadsheet.

A more formal way to look at the program design is to consider a flow dia-
gram. The flow diagram shows the order in which processes are executed and
can be dependent on data. LabVIEW is actually a graphical programming
language where the code resembles are flow diagram. For simplification, a
flow diagram was created outside of LabVIEW to explain the kinds of sub-
routines needed.
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Figure 7: Flow diagram to record voltage data from nodes.

The subroutines are very straightforward here, but some explanation fol-
lows. The oscilloscope is connected with a USB port, so this communication
is established. The channels then have the correct limits set on the vertical
axis so that the data is easily readable. Once all three waveforms are read
in, each waveform is individually averaged into a single value, because the
signal is not varying with time. Data is then displayed on the screen to
monitor the health of all three nodes and is logged to a spreadsheet for post
processing. Due to the large size of the waveforms, one run through reading
the waveforms takes about 3 seconds. This process continues until the user
stops it.

The second program, and visual front end to the system, interfaces with
the XBee radios. It looks for the start byte to our XBee’s transmission, 7E,
and when detected it proceeds to read in the rest of the string. It runs some
subroutines to identify which XBee the data is from, extract the sensor data,
and log the data to a spreadsheet file. The user interface is very easy to
work with. It is a passive experience for the user, unless he wishes to change
the location of the data file. Besides that there are also some indicators that
announce when data is being read in and whether or not it passes a checksum
test. There is also a thermometer and light indicator corresponding to each
sensor. A sample of the GUI can be seen here.

A more formal way to look at the program design is to consider a flow dia-
gram. The flow diagram shows the order in which processes are executed and
can be dependent on data. LabVIEW is actually a graphical programming
language where the code resembles are flow diagram. For simplification, a
flow diagram was created outside of LabVIEW to explain the kinds of sub-
routines needed.

The subroutines will be covered briefly. Initiating the serial port allows for
communication between the XBee’s installed on nodes and the coordinator
at the computer. It identifies the serial port and sets the parameters to work
correctly with the radios, especially the baud rate.

To read in a byte a command is sent to the serial port to take the first
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Figure 8: Graphical user interface to communicate with network nodes.

byte in its buffer. Each XBee transmission sends a string of bytes. If no byte
is available at the time, the program will wait until there is one available.

Each transmission contains the same start byte, 7E in hexadecimal. If
the first byte read in matches this start byte, then the program knows it is
time to see what information the string might contain.

To read the rest of the string, the read command is used again. It first
reads in two bytes, which contain information on how long the strong is.
After knowing how many more bytes to read in, it reads in the rest of the
string, which can be upwards of 20 bytes.

A subroutine is run to simply extract the most interesting parts of the
hex string. Specifically, it picks out the serial number of the radio that the
string came from, the data from its sensors, and runs an algorithm to make
sure the checksum is correct and the data is not corrupt. It is possible to
know where this information is because the same API frame type is used for
all transmissions.

If the checksum algorithm equates to FF in hexadecimal, then the data
is not corrupt. Also, the serial number is checked against the three possibly
XBee serial numbers. This allows the program to know which indicator to
update, and will throw out any data that may come from an XBee outside
of the sensor network.

Finally, the data is displayed on screen for the user examine. Afterwards,
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Figure 9: Caption: Flow diagram to communicate with network nodes.

the program goes back to look for another start byte and repeat the process.
If the string had been from a stray XBee or was corrupt, this step would be
skipped.

7 Analysis

We were able to charge the super capacitor on the rectenna to 0.8 V. This
became an equilibrium point between the super capacitor on the rectenna and
the boost converter on the node. Once we were able to stabilize the voltage,
we were able to take measurements from the sensors using the Xbee Radios.
The blue line in figure 10 shows a test that was successfully conducted in the
anechoic chamber. This test was operated for 1800 seconds or 30 minutes.
The super capacitor would temporarily discharge as the measurement was
being taken. The graph indicates these measurements, by the drips in the
blue line on the graph. This was due to the fact the measurement required
quite a bit of energy. However, with a duty cycle of 10 minutes we were able
to charge the rectenna’s super capacitor to 0.8V and maintain its equilibrium
point. A secondary node was placed in the chamber and exposed to the horn
antenna’s radiation. However because the secondary rectenna was not placed
directly in front of the horn antenna, it was not able to maintain voltage.
This is due to the fact that horn antennas are directional, it usually have
one main lobe with several side lobes, as figure 11 indicates. The lack of
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Figure 10: Super capacitor voltage of nodes taken within the anechoic cham-
ber.

alignment with the horn antenna did not allow for proper charging, this in
turn causes the capacitor to discharged as measurements were taken. In
addition, the red node was taking measurements at a rate much faster than
the rectenna could sustain. The analysis of this behavior indicates that, with
proper alignment with the horn antenna, this system is able to maintain itself
for indefinite periods of time at a constant rate of 0.8V input, allowing for
measurements every 10 minutes.

8 Development Plan and Implementation

Development progressed mostly from the plan outlined in the Critical Design
Review Report. All subsystems were developed concurrently and incremen-
tally. The node power portion of the power subsystem was the first to begin
to undergo testing. A boost converter was set up to emulate its role on
the node. It was discovered that there was a under voltage lock out that
was causing problems with the voltages we were expecting to get from the
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Figure 11: Radiation pattern of horn antenna [1].

rectenna. This led us to modify the boost converters to lower the lock out to
an acceptable level. The boost converters were then combined with a super
capacitor and a simulated sleep test was carried out with the capacitor being
charged at a comparable rate to the real system. The boost converter drew
power from the super capacitor and fed it to a resistive load that represented
a node in sleep mode. The system stabilized, and there was one final test
before the completed nodes were set up for final testing. This last compo-
nent test was set up similarly to the test described before, except that the
super capacitor was being charged by a rectifier receiving RF power through
a coaxial cable.

The communication subsystem also went through incremental develop-
ment. The first radios that were purchased were from an older model that
needed to be updated. This was discovered over the course of early testing.
The updated series of XBee radios had more features and used less power
overall. The first true test of the communication system was performed by
“chatting” over wireless between two computers. This was a simple test, but
demonstrated raw communication between nodes. The next test involved
reading simulated analog data and transmitting it to a central coordinator.
Once packet communication had been established, the next step in devel-
opment was to increase the number of nodes in the network. After the
configuration had been determined, adding another node was a trivial task.
The last piece of development that had to occur before node integration was
developing a sleep program for the nodes. Upon completion, the nodes were
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sent for final testing. Debugging continued on the communication system
until two weeks before the end of the project.

For a brief period, the logic of the whole system was evaluated. Two
options of either using Bluetooth communication or adding a low power mi-
crocontroller were weighed against using only the XBee with analog sensors.
A microcontroller would allow the use of digital sensors, but would introduce
more complexity into the system. The final system used only XBee radios
reading analog sensors. Future development efforts may want to reexamine
this choice to expand the possible sensors available. Digital sensors use much
less power than analog sensors in general.

9 Requirements Review / Acceptance Test

Results / Performance

9.1 Requirements Review

Since the CDR report, the system requirements have not undergone any revi-
sions besides the type of sensor data that will be collected. They still reflect
a proof-of-concept scheme. Table 4 shows the current set of requirements
and the resulting ability of the current system to meet them.

Table 4: Requirements coverage summary

Number Description Priority Satisfied

1.1 TSS be able to support 3 nodes Must Yes
1.2 System nodes shall be powered by mi-

crowave energy
Desired Yes

1.2.1 At least one node shall be powered by mi-
crowave energy

Must Yes

Continued on next page
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Table4 – continued from previous page

Number Description Priority Satisfied

1.3 TSS utilize the power base station pro-
vided by the sponsors

Must Yes

1.4 TSS monitor data to transmit to a central
base station

Must Yes

1.4.1 TSS monitor temperature and light data Desired Yes
1.4.2 TSS monitor electrical performance char-

acteristics of the nodes
Desired Yes

1.5.1 TSS allow computer connections to the
base station via USB

Must Yes

1.6 TSS accept data retrieval requests by the
user at any time

Desired No

1.7 TSS buffer measurements until the data
are collected by the user

Desired No

1.10 TSS register an error message on the com-
munications base station should the sys-
tem fail

Desired No

1.11.1 TSS operate in low power mode when in-
active

Must Yes

2.1 TSS be built using COTS components Desired No
2.2 TSS use transceiver to transfer data to the

base station
Must Yes

2.2.1 TSS use XBee radio modules Must Yes
2.3 TSS use IEEE 802.15.4 (ZigBee) protocols

for communication
Must Yes

2.4 TSS have nodes equipped with rectennas
for power collection

Must Yes

3.1 TSS take between 2 and 6 temperature and
humidity measurements every hour

Desired Yes

Continued on next page
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Table4 – continued from previous page

Number Description Priority Satisfied

3.2 TSS be able to collect temperature read-
ings ranging from -10 C 60 C

Desired Yes

3.3 TSS be able to collect ambient light read-
ings ranging from no light to direct light
exposure

Desired Yes

3.4 TSS measure temperature with a precision
of 0.1 C and an accu- racy of 0.5 C

Desired Yes

3.6 TSS allow nodes to operate up to 5 meters
away from the base station

Desired Yes

3.7 Nodes shall respond in less than 4–10 sec-
onds

Desired Yes

3.8 The nodes must consume a low amount of
power

Must Yes

4.1 TSS not expose the operator or any by-
stander to more than the rec- ommended
microwave energy intensity according to
ANSI/IEEE- C95.1

Must Yes

4.2 The system microwave transmitter shall
not supply enough energy to damage sur-
rounding environment

Must Yes

4.3 TSS not allow base station interference
with node communication

Must Yes

4.8 TSS not exceed a cost of $3,000 Must Yes

The system has been designed to definitively meet most of the defined
requirements. Those that were not met fall under the category of “Desired,”
and they have been deemed unnecessary for the scope of the project or have
been compensated for in other ways.

9.1.1 Unmet Requirements

The incoming system data is being read immediately and saved to a file path
set by the user. These aspects have revoked the need for the system to accept
data requests from the user at any time and that the system buffer data until
collected. User input is not needed to view or retrieve the data. Changing
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the system to a “proof-of-concept” project eliminates the need to provide
error messages for the user should the system fail. Testing involves hands-on
involvement from the user, meaning debugging will be a continuous part of
the testing and proof-of-concept scope. The requirement that the system
be built using commercial-of-the-shelf components has not been met because
some of the components have to be put together from scratch. Also, the
rectenna itself is not a commercially available product.

9.2 Acceptance Test Plan

Successful tests are completed by meeting minimum set requirements that
are able to demonstrate whether the system does in fact prove that wireless
charging of sensor nodes is a working concept. For this reason, the system
may not necessarily demonstrate consistent success, but the success should
be repeatable. The major requirements that must be met are the system
shall take at least two consecutive measurements, contain three nodes on the
network, and harvest enough power to operate indefinitely without charging
or changing batteries. Clearly, an indefinite testing period is not feasible, so
the system must demonstrate that the average charge rate equals the average
discharge rate to demonstrate the operation is sustainable.

All final tests were performed in an anechoic chamber to absorb any
harmful microwave radiation or signals that may stray from the system once
emitted by the horn antenna. Also, any external frequencies that may in-
terfere with functionality are blocked out by the chamber. Voltmeters were
hooked up throughout the system in order to monitor the output voltages
of the super capcitors onboard the rectennas, as well as the output voltage
of the super capacitor onboard the boost converter. This verifies whether
there is enough power being supplied to and stored on the nodes in order to
successfully transmit data to the communications base station. If the cur-
rent that enters the node maintains a level that is sufficient to send a data
measurement, then the system is working properly and should theoretically
maintain this level indefinitely.

9.2.1 Pre-Chamber Test Results

Testing was done in stages in order to verify the functionality of separate
components of the system. The first test consisted of a coaxial version of
the rectenna hooked up to the boost converter circuit in order to analyze
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Figure 12: The anechoic testing chamber.

Figure 13: The arrangement of nodes and multimeters.
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Figure 14: Initial testing where the a coaxial rectenna charged the super
capacitor with a sleeping node analogue.

the charging capabilities of the rectenna as well as the output of the boost
converter. This test presented positive as well as puzzling results. Below is
a graph of the input voltage to the boost converter when hooked up to the
coaxial rectenna:

The oscillations were perplexing at first, but further research concluded
this behavior to be common with boost converter components. However, once
we were able to see that the rectenna appeared to be successfully charging
the super capacitor and supplying sufficient charge to the boost converter, it
was acceptable to move to the next stage of testing in the anechoic chamber.

9.2.2 Test Setup Overview

In order to test the wireless charging capabilities of the rectennas, the ane-
choic chamber was utilized for testing. These tests required a complex test
setup specified to the team by a post doctorate student.

As explained in section 5, the test setup began with a signal generator
set to a 1.5dBm signal that is connected to a power amplifier powered by a
high-power DC power supply. The power amplifier is used to boost the signal
to 38.5dBm, and this signal is sent through a directional coupler. The signal
is sent through a directional coupler. After the coupler, the signal is sent to
the spectrum analyzer that is connected to a computer to read data, as well
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Figure 15: Setup for the coaxial rectenna test.

Figure 16: Test setup functional block diagram.
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Figure 17: Actual test setup and equipment.

as to the horn antenna in order to emit the specified frequency of 1.575 GHz
at 40dBm.

The horn antenna is provided its frequency through a cable that is fed
beneath the door of the closed anechoic chamber. Within the chamber are
two towers one for the horn antenna and one for the rectennas. These two
towers are limited to about 5 ft of separation distance due to the constraints
of the chamber walls. Testing for this system’s purpose was typically done at
around 1–2 meters. Once the signal is passed through the coaxial cable to the
horn antenna, 10 Watts of power are being sent from the directional antenna
to the rectenna. The rectenna converts the AC power into DC power, which
is stored on the super capacitor. Lead cables from the super capacitor are fed
under the chamber door to the nodes located outside of the chamber. The
nodes containing the sensors, boost converter, super capacitor, and XBee
radio are then connected to an oscilloscope whose data is being fed into a
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computer/monitor to readily display the rectenna super capacitor values to
the user.

In addition, the computer serves to interface with the coordinator node
as the communications base station. The computer powers and configures
the coordinator XBee through an XBee Development Board connected by a
USB cable. This programs the coordinator to request and receive the sensor
data from any nodes within the network. The data is then displayed on a
graphical user interface for quantitative temperature and ambient light sensor
measurements. Node measurements and the collected data strings are also
displayed for easy user interfacing.

Figure 18: Screen capture of the system Graphical User Interface.

9.2.3 Chamber Test Results

Setup involving the chamber was extensive, leading to the choice to test one
node’s functionality before implementing all three nodes. After connecting
a node configured with sleep mode, a test was run with the complete test
setup. The charging profile of the super capacitor connected to the rectenna
demonstrated successful charging; however, once the node began to take
measurements, the power would subsequently drop drastically and no data
would be received. Based on the sleep cycle and the timing of the power
loss, it was concluded that the XBee’s were most likely waking up and at-
tempting to send a measurement, but the node lacked the power to transmit
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the message. This led to the decision to add a super capacitor to the boost
converter circuit in order to create a power reservoir. The hope here was to
acquire some extra time and power to successfully send a message to the base
station. Upon testing this configuration, the node was able to successfully
send consecutive data measurements to the base station.

Final testing consisted of testing all three rectennas, each connected to a
separate node outside of the chamber. Variation was somewhat high in this
testing due to the differences in design and orientation of the three rectennas
used. Upon completion of the first test, one successful node was able to send
data measurements in time increments of around ten minutes. Three suc-
cessful measurements were recorded over the course of approximately thirty
minutes, and the input power level from the rectenna super capacitor would
always charge back and sustain itself at around 0.8 V. The second node had
a connection problem within the chamber that could not be alleviated until
the test was complete. The third node was able to take measurements, but
the super capacitor was never able to charge back up to sustain functionality.

Figure 19: Comparison between a successfully implemented node (blue) and
an unsuccessful node (red).

This graph demonstrates a successful node, as well as an unsuccessful
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node (due to an inefficient rectenna and higher sampling rate). As shown by
the graph, the input voltage to the node from the efficient rectenna super
capactor was around 0.8 V. The sudden drop in voltage represents the node
draining power in order to send a measurement. Gradually, this power is
regained as the rectenna slowly recharges its super capcitor. The duty cy-
cle on these nodes was around ten minutes, providing sufficient time for the
rectenna to recharge. Although this data only pertains to a single node, a
sensor network containing three nodes with rectennas of identical design and
efficiency would theoretically produce a sensor network that would success-
fully sustain three nodes through wireless charging indefinitely.

Again, a major area of variability involved the rectennas. Part of this
variability was not under the jurisdiction of the team because this “proof-
of-concept” system is building off of previous work and research done by the
graduate students under our sponsors. These areas that are out of the scope
of the project include general rectenna design and construction. Therefore,
the only rectenna available for use were the three rectenna provided to the
team, each containing a different design and consequently different perfor-
mance capabilities. Moreover, these rectennas were constructed years ago
and suffer from inevitable deterioration over time. This variability became
especially evident when a certain rectenna did not appear to be charging
while another rectenna appeared to be operating more efficiently than other
rectennas.

10 Closure

This project set out to demonstrate a prototype of a system that can transfer
power wirelessly to multiple nodes in a network and perform useful functions
once established. This system progressed from concept to implementation
over the course of two semesters, and the final product met all of the major
requirements satisfactorily. The system was able to demonstrate operation
for essentially an indefinite period of time in the laboratory conditions. A
stable equilibrium of rectenna capacitor voltage was reached at 0.8 V and
did not seem to vary with received power.
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10.1 Product Improvements

Regarding the design as it stands, a few “quick” fixes could be made to
improve performance. The majority of these changes would involve better-
ing the test setup for utilization of the system. The current setup includes
multiple lead cables connected together with electrical tape. This practice
contains areas where significant loss could occur. Further, cables could be-
come disconnected with no quick way to ascertain where the disconnection
occurred. Purchasing longer wire to use as cables or soldering lead cables
together would solve this problem and perhaps improve performance consis-
tency and confidence. In addition, the rectenna orientation and placement
on the tower had a large impact its performance. With more time, the team
would most likely construct a testing “stage” for the rectennas. This would
help stabilize and uniformly orient them to optimize the directional frequen-
cies the rectennas were receiving from the horn antenna.

Since the input power was relatively fixed, the boost converter can be
replaced with two voltage doubling circuits which are more efficient and have
fewer unexpected consequences. Such voltage quadrupling would give 3.2 V
nominally which is enough for node operation.

Future improvements to the system could include ruggedizing the recten-
nas and adding a full wave rectifier. The nodes can also be iimproved by
finding components that require less power. The components that were cho-
sen do not use a lot of power, but there is significant room for improvement.
The less power that the node requires, the farther away from the power source
the node can operate. Ideally, the system would be operational at tens to
hundreds of meters from the base station. Another improvement that would
improve the efficiency of the nodes is a switch that can detect when the node
has sufficient power to transmit data, so that nodes would be less sensitive
to rectenna performance or distance from the power supply. Such a feature
would allow the nodes to dynamically update their cycle time to be most
optimum.

This system serves as the first prototype of future generations of networks
that may someday harvest enough energy from the environment to operate
hundreds of miles away from the base station. Such a system could be far
into the future, but the technology concept has been demonstrated now.
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A Budget and Suppliers
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NO. Company Item/Part	  # Description Date Quantity Ind.	  cost Sub-‐total Shipp. Total	  Cost
1 Si	  Labs Si	  Labs	  Energy	  Havesting	  Reference	  Design 1-‐Oct-‐11 1 $43.75 $43.75 $43.75
2 Sparkfun SEN-‐08257 Humidity	  and	  Temperature	  Sensor	  -‐	  SHT15	  Breakout 1-‐Nov-‐11 3 $41.95 $125.85 $8.90 $134.75
3 Sparkfun BOB-‐08745 BOB-‐08745	  Logic	  Level	  Converter 8-‐Nov-‐11 3 $1.95 $5.85 $3.56 $9.41
4 Sparkfun PRT-‐10255 Lipower-‐Boost	  Converter 22-‐Nov-‐11 3 $14.95 $44.85 $44.85
5 Sparkfun WRL-‐08665 Xbee	  1mW	  Wire	  Antenna-‐Series	  1 22-‐Nov-‐11 8 $22.95 $183.60 $183.60
6 Sparkfun SEN-‐08883 ACS712	  Low	  Current	  Sensor 22-‐Nov-‐11 3 $14.95 $44.85 $44.85
7 Sparkfun PRT-‐00339 Polymer	  lithium	  Ion	  Battery-‐1000m	  Ah 22-‐Nov-‐11 3 $11.95 $35.85 $14.08 $49.93
8 Sparkfun PRT-‐10255 Lipower-‐Boost	  Converter 27-‐Jan-‐12 4 $14.95 $59.80 $3.64 $63.44
9 Digikey XBIB-‐U-‐ND Xbee	  Radio	  Interface	  Board 12-‐Feb-‐12 2 $60.00 $120.00 $5.00 $125.00
10 Sparkfun PRT-‐10255 Boost	  Converter 4-‐Mar-‐12 3 $14.99 $44.97 $44.97
11 Sparkfun PRT-‐00112 Breadboards 4-‐Mar-‐12 3 $11.95 $35.85 $35.85
12 Sparkfun BOB-‐08276 Xbee	  interface	  boards 4-‐Mar-‐12 5 $2.95 $14.75 $14.75
13 Sparkfun PRT-‐08272 2mm	  headers	  for	  interface	  boards 4-‐Mar-‐12 10 $0.95 $9.50 $9.50
14 Sparkfun PRT-‐00116 Headers	  for	  interface	  boadrs 4-‐Mar-‐12 3 $1.50 $4.50 $4.50
15 Sparkfun WRL-‐10414 Xbee	  series	  2	  modules 4-‐Mar-‐12 4 $25.95 $103.80 $103.80
16 Newrk/E14 02P6866 MCU	  for	  nodes	  TI-‐MSP430F2012IN 7-‐Mar-‐12 6 $1.83 $10.98 $10.98
17 Newrk/E15 77R3863 LaunchPad	  Dev	  kit	  for	  MCU 7-‐Mar-‐12 3 $4.35 $13.05 $13.05
18 Sparkfun BOB-‐08688 TEMT6000	  Breakout	  Board 8-‐Mar-‐12 4 $4.95 $19.80 $19.80
19 Sparkfun SEN-‐10988 TMP36-‐Temperature	  Sensor 8-‐Mar-‐12 4 $1.50 $6.00 $6.00
20 Sparkfun PRT-‐00339 Polymer	  lithium	  Ion	  Battery-‐1000m	  Ah 1-‐Apr-‐12 4 $11.95 $47.80 $47.80
21 Sparkfun PRT-‐10225 Li-‐power	  boost	  converter 1-‐Apr-‐12 6 $14.95 $89.70 $89.70
22 RC 5436 1.5ft	  USB	  2.0A	  Male	  to	  B	  Male	  cable 1-‐Apr-‐12 3 $0.86 $2.58 $2.58
23 sparkfun WRL-‐10414 Xbee	  Series	  2	  modules 15-‐Apr-‐12 4 $25.95 $103.80 $103.80
24 Sparkfun bob-‐08276 Xbee	  interface	  boards 15-‐Apr-‐12 5 $2.95 $14.75 $14.75
25 Sparkfun prt-‐08272 2mm	  headers	  for	  interface	  boards 15-‐Apr-‐12 10 $0.95 $9.50 $9.50
26 Sparkfun prt-‐00116 Headers	  for	  interface	  boadrs 15-‐Apr-‐12 3 $1.50 $4.50 $4.50
27 Sparkfun prt-‐10255	   Boost	  Converter 15-‐Apr-‐12 2 $14.95 $29.90 $29.90
28 Digikey XBIB-‐U-‐ND Xbee	  Radio	  Interface	  board 15-‐Apr-‐12 2 $60.00 $120.00 $120.00
29 Sparkfun SEN-‐10988 TMP36-‐Temperature	  Sensor 8-‐Mar-‐12 4 $1.50 $6.00 $6.00
30 Digikey 283-‐3489-‐ND CAP	  SUPER	  100MF	  5V	  RADIAL 22-‐Apr-‐12 5 $4.12 $20.62 $20.62
31 CSI KVB-‐30D UV	  Exposure	  Unit 23-‐Apr-‐12 1 $469.00 $469.00 $469.00
32 Amphenol	  RF 19C5332 SMA	  Connectors 23-‐Apr-‐12 28 $12.33 $345.24 $345.24
33 FedEx	  Office Printing	  Poster	  for	  Design	  Day 29-‐Apr-‐12 1 $120.54 $120.54 $120.54

Act.	  budget $3,000.00
Total	  spent $2,346.71
Remaining $653.29
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9/1 9/7 9/13 9/19 9/25 10/1 10/7 10/13 10/19 10/25 10/31 11/6 11/12 11/18 11/24 11/30 12/6 12/12 12/18 12/24 12/30 1/5 1/11 1/17 1/23 1/29 2/4 2/10 2/16 2/22 2/28 3/5 3/11 3/17 3/23 3/29 4/4 4/10 4/16 4/22 4/28 5/4

Task	  Name Duration Start	  Date Finish	  Date %Done

Project	  Management	  Plan 117 9/1/11 5/3/12 100

Deliverables 69 9/5/11 12/8/11 100

Concept	  of	  operations 10 9/5/11 9/16/11 100

System	  Requirements	  Review 7 9/22/11 9/30/11 100

Critical	  Design	  Review	  Report	  &	  Memo 17 11/16/11 12/8/11 100

Requirements	  Development 17 9/8/11 9/30/11 100

Draft	  Concept	  of	  Operations 8 9/8/11 9/17/11 100

Develop	  Concept	  of	  Operations 1 9/19/11 9/19/11 100

Draft	  Requirements 2 9/22/11 9/24/11 100

Submit	  Draft	  Requirements	  for	  Review 1 9/25/11 9/26/11 100

Revised	  requirements 2 9/29/11 9/30/11 100

Submit	  Revised	  Requirements 1 9/30/11 9/30/11 100

System	  Design 34 10/6/11 11/22/11 100

High	  level	  Design 13 10/6/11 10/24/11 100

Design	  Concept	  1 4 10/6/11 10/11/11 100

Design	  Concept	  2 4 10/6/11 10/11/11 100

Design	  Concept	  3 4 10/6/11 10/11/11 100

Design	  Concept	  4 4 10/6/11 10/11/11 100

Identify	  Derived	  Requirements 4 10/6/11 10/11/11 100

Preliminary	  Design	  Review	  (PDR) 9 10/6/11 10/18/11 100

Revise	  High	  Level	  Design 4 10/19/11 10/24/11 100

Detail	  Design	  &	  next	  steps 16 10/25/11 11/15/11 100

System	  Construction 81 1/1/12 4/23/12 100

Construction	  Builds 72 1/1/12 4/10/12 100

Build	  1 34 1/1/12 2/16/12 100

Simulation 5 1/1/12 1/6/12 100

Boost	  Converter 21 1/19/12 2/16/12 100

Build	  2 59 1/19/12 4/10/12 100

Xbee	  communication 47 1/19/12 3/23/12 100

Putting	  Xbee	  in	  sleep	  mode 13 3/23/12 4/10/12 100

Development	  Testing 50 2/16/12 4/25/12 100

Test	  Build	  1 6 2/16/12 2/23/12 100

Rebuilding	  according	  test	  1 3 2/21/12 2/23/12 100

Test	  Build	  2 14 3/23/12 4/11/12 100

Rebuilding	  according	  test	  2 1 4/11/12 4/11/12 100

Testing	  in	  anechoic	  chamber 18 3/29/12 4/25/12 100

Testing	  the	  power 6 3/29/12 4/5/22012 100

Testing	  the	  communication 6 4/10/12 4/17/12 100

Testing	  the	  full	  three	  nodes 5 4/19/12 4/25/12 100

System	  Integration 3 4/17/12 4/20/12 100

Error	  Resolution 10 4/17/12 4/27/12 100

Final	  Report	   23 4/3/12 5/3/12 100

Draft	  a	  final	  report 13 4/3/12 4/19/12 100

Review	  the	  final	  report	   6 4/20/12 4/27/12 100

Finalize	  the	  report 3 4/30/12 5/3/12 100

MayMarch April	  Gantt	  Chart
Microwave-‐Powered	  Wireless	  Sensor	  Network

September October November	   December	   January February
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