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A BSTRACT
Defective wiring, whether due to age or faulty installation, is a serious threat to safety in
the aerospace industry. Wiring problems have led to the catastrophic downing of passenger
airliners, caused countless smaller failures, and forced untimely repairs and maintenance. The rising
cost of dealing with aging wires has prompted NASA, the U.S. Air Force, the U.S. Navy, and the
White House to all strongly urge that aging wires be dealt with.
This design project looked to solve the issue of wire-related sensor failure and limitation
by creating a comprehensive platform for wireless sensing. By utilizing the IEEE 802.15.4
protocol—specifically ZigBee PRO—for low-power wireless communication, thousands of wires
can be replaced with small, battery-powered boards that transmit their readings back to a base
station for real-time monitoring and logging.
The system implementation consisted of sensor boards capable of sensing up to eight
single-ended or four differential inputs for up to eight hours while only spanning 30 mm × 30 mm.
Each sensor board streams its data to a specialized base station that allows for complete
customization in how data is interpreted and displayed. The system supports full temperature
compensation and setting individual alerts to trigger based on custom criteria for each sensor input.
While time constraints prevented fully testing the system, the design is ideal for testing applications
where sensors must temporarily be placed on another system for verification, evaluation, or
troubleshooting.
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Chapter 1

| I NTRODUCTION

On July 17, 1996, Trans-World Airlines flight 800 took flight out of John F. Kennedy
International Airport at 8:19 PM. Within thirteen minutes of being airborne, the Boeing 747 and its
230 passengers and crew crashed into the Atlantic Ocean following an explosion of the center wing
fuel tank. The official investigation commissioned by the National Transportation Safety Board
concluded that the cause of the explosion was a short in the wiring system [1]. Two years later, on
September 2, 1998, the flight crew aboard Swissair flight 111 noticed smoke and a strange odor in
the cockpit. Shortly after, a series of rapid system failures forced the crew to declare an emergency
for immediate landing. Within a minute, all contact with the aircraft was lost and it soon crashed
into the Atlantic Ocean. The subsequent investigation by the Transportation Safety Board of
Canada concluded the cause of the crash to be a fire started by the overhead wiring [2].
In August 2007 during rush hour, the central span of the Interstate-35 Mississippi River
Bridge suddenly gave way, followed by the adjoining spans. The collapse of the bridge, which
carried 140,000 vehicles daily, took with it 111 vehicles and 18 construction workers down to the
river 35 m below. After a 15-month investigation, the National Transportation Safety Board
attributed the cause to steel gusset plates that were inadequate for the increased traffic load on the
bridge and the overlooked 20% increase in dead load from upkeep [3]. A series of load sensors on
the gusset plates would have shown the increased load over the years and could have prompted
preventative measures.
Scientists studying animal migration and conservation often turn to electronic tagging to
track animals remotely in their natural environment. Recent advances in miniaturized sensors have
brought new insights to the migrations of large pelagic marine animals such as sharks. Despite
these advances, research teams urge that technological research priorities focus on improved power
mechanisms, more sensing capability, better attachment techniques, smaller tags, and enhanced
data recovery methods [4].
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1.1 T HE M OTIVATION

FOR

W IRELESS

Between 1989 and 1999, the United States Air Force concluded that 43% of all electrical
failures aboard their aircraft were due to wire failures and identified the need to reengineer wiring
systems [5]. Similarly, the United States Navy commissioned its own independent study of their
fleet and came to the same conclusion [6]. Outside of the armed services, the National Aeronautics
and Space Administration (NASA), the Flight Aviation Administration (FAA), the National
Transportation Security Board (NTSB), and the White House have all prompted strongly-worded
recommendations to address the aging wire issue [7].
While these stories point to some rather alarming safety reasons for major industries to
innovate their wiring systems, upgrading to wireless communication can be of benefit in many
other electrical applications. Over the last few decades, the prevalence of wireless systems has
taken off at a staggering rate. Many instantly turn to cell phones as the key example of this—and
rightly so—but often overlooked is just how extensively wireless has inhabited modern society.
Witness wireless computer mice, keyboards, speakers, displays, phone chargers, inventory systems,
pace-makers guitar amps, video game controllers, refrigerators, and even light bulbs. This
prevalence comes as no surprise considering wireless solutions offer several key advantages over
wired alternatives, such as [8]:


Reduced lifecycle cost in that upgrades, reconfiguration, troubleshooting, and rootcause determination are all easier;



Improved reliability due to the lack of wires and the inherent risks associated with
them;



Increased accessibility because the physical limitations imposed by structural barriers
are nonexistent for wireless units;



Reduced mass due to the lack of cables, brackets, connectors, bulkheads, cable trays,
structural attachments, and reinforcements needed;
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Greater adaptability when upgrades or reconfigurations are required; and



More capability since wireless sensors can be placed on moving parts.

Notably, these reasons are independent of any specific industry or application and, thus,
offer a compelling argument for wireless in most any electronic system regardless of complexity.
On the other hand, wireless systems do have their fair share of disadvantages, such as [9]:


Signal loss and the subsequent loss of data, whether temporarily or permanently, is
unfavorable and especially critical if the information needs to be acted upon in realtime.



Power lines, or rather the lack thereof, make long-term data gathering difficult for
wireless systems that often run off batteries. Even with modules whose batteries can
last them for years, the increased risk of power failure sometimes leads to the tethering
of otherwise wireless systems.



Wireless speed is generally slower than wired systems due to the physical limitations
of broadcasting over air. Additionally, low-power systems often further increase this
speed gap by sacrificing data rate for lower power requirements.



Security is inherently more difficult to implement in a wireless system regardless of
encryption schemes. Whereas an unauthorized third party must physically connect to
a wired system to intercept or compromise data, they merely need an antenna to do so
for wireless communication.

Though many applications can overlook these disadvantages, each one can be critical in
specific applications. As a result, any organization gauging whether to move to wireless should
first carefully weigh the costs and benefits of wireless and wired communication.
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1.2 C ONTRIBUTION
This thesis project focused on developing a neatly-integrated wireless sensor system
(WLSS) for a range of diverse applications. However, since prior revisions of this platform focused
on space systems testing, this theme heavily influenced this revision (see Section 2.4).
Creating any system—let alone a wireless system—rated to either fly in an air- or spacecraft, is expensive and requires extensive testing. Therefore, the likelihood that this revision of the
system will fly is marginal. Interestingly though, while the system itself may not fly, aerospace
testing facilities that require rapid test-bed reconfiguration have identified the need for easilyconfigurable WLSSs. Implementing a WLSS can advance the technology readiness level (TRL) of
a technology much faster than having to rewire a testing apparatus between multiple tests [8]. By
steering this WLSS to fit that need, the overall project has more immediate worth and lower
developmental risk than trying to make it flight-ready.

1.3 T HESIS O VERVIEW
Chapter 2 starts with an exploration of wireless sensor networks, then looks at prior work
done in the field and the legacy behind the proposed system, and finishes by exploring potential
applications. Next, Chapter 3 goes through an extensive explanation of the design and the theoryof-operation behind the proposed subsystems. Then, Chapter 4 describes the results from a series
of tests performed to ensure proper system operation. Finally, Chapter 5 looks at what was
achieved, what was not, and what can be done in the future.
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Chapter 2

| B ACKGROUND

This chapter provides a general-to-specific discussion of wireless sensor networks and
where this project fits into that growing field of study.

2.1 W IRELESS S ENSOR N ETWORKS
Wireless sensor networks (WSNs) encompass a broad range of devices and applications.
As such, a universal definition of a WSN is difficult to find. A good definition can be found in [10],
“A wireless sensor network consists of a large collection of sensor nodes, which are often deployed
in an open area with no traditional wired or wireless network support.” In terms of deployment, “A
sensor network can either be deterministically or randomly deployed but after deployment these
motes have to work in unattended (i.e. non-replaceable and mostly non-repairable) harsh
environment [sic].” [11] The nice aspect of these definitions is how general they are since the
diversity of systems that self-identify as WSNs is too broad for a more specific definition. As [12]
points out, “A diverse set of applications for sensor networks encompassing different fields have already
emerged including energy, machine malfunction, medicine, agriculture, environment, military, inventory
monitoring, intrusion detection, motion tracking, toys and many others.”

Despite the variability of WSNs, over the years, the community has managed to create a
set of standards that help facilitate research. For instance, Table 2-1 gives a list of common terms
often encountered in WSN. However, while the meanings are mostly standardized, slight variations
still exist. Therefore, this table explains the words as they will be used in this document.
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Table 2-1: WSN nomenclature as used in this document

Word

Meaning

Mote

Any individual node on the network.

Sensor

A mote whose primary responsibilty is sensing its environment. Often
called a sensor mote so as not to confuse it with its onboard sensors.

Router

A mote whose primary responsibility is relaying data. Sometimes
called a router mote.

Sink

A router (often just one) to which all data arrives as the final
destination of the WSN. From here, the data is collected by the server.

Server / Base Station

The module where data collected by the WSN is processed. In some
networks, the sink and the server are the same device.

WSN

The collection of motes, the sink, the server, and the network
configuration that comprise a sensing network.

WLSS

The entire set of electrical, mechanical, and software specifications
that make up the components and subsystems in a WSN.

2.1.1 A Typical Wireless Sensor Network
Figure 2-1 shows a very common setup of an ad-hoc WSN configuration (not spatially
representative). In this network, hundreds or thousands of sensors continuously collect data from
the environment, perform limited pre-processing of the data, and then store the results into memory.
While continuously sensing and storing data, sensors duty-cycle their radio usage to conserve
power. Each sensor is connected to one, and only one, router with which it communicates. The
number of sensors is much greater than that of routers, so each router has several sensors under its
jurisdiction. The most physically accessible router in the system is designated as the sink, of which
there is only one. The dashed line between the sink and the server represent the periodic presence
of the server. For the vast majority of the network’s operation, the server is not present, and the
routers and sink are in standby mode.
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...

Sensor

Router
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Sensor

Sink

Server

...

Sensor

Router

Sensor

Figure 2-1: A typical WSN logical setup, adapted from [11]

When time comes for the server to gather data, “the server sends out a query to a root sensor
and the root sensor spread [sic] the query to the sensor network. The data are then routed from the
source sensors to the root sensor,” [10] where the root sensor refers to the sink. Once a router
receives the sensed data from its sensors, it aggregates the data and transmits them either to the sink
directly or to another router. The former can occur only if the sink is close enough to the router.
However, because a WSN typically spans an area greater than the router’s range, the data has to
hop between routers until it arrives at the sink. From here, the sink transmits each router’s
aggregated data to the server as they arrive. The server then aggregates this data and begins
processing them. Once all data have been collected, the server leaves the network to continue
processing, and the routers go back into standby.
A common alternative to this setup is where the routers are connected to mains power and,
thus, are always on. Without a standby state, the network is more responsive to the server. This is
useful in a setup in which the server polls for data more frequently.
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2.2 W IRELESS P ROTOCOLS
The evolving needs of those implementing this technology have forced the creation and
obsolesce of many protocols that have been used to construct WSNs. A few of the most popular
protocols are summarized in Table 2-2.
Table 2-2: Comparison of relevant wireless protocols [9], [13], [14], [15]
WiFi

Bluetooth

Ultra
Wideband

IEEE 802.11

IEEE 802.15.1

IEEE 802.15.3

IEEE 802.15.4

2.4 GHz

2.4 GHz

Variable

2.4GHz, 915MHz, 868MHz

Wireless LAN

Cable
Replacement

Indoor ShortRange

Home and
Office

Industrial
Process Control

150 Mbps

1 Mbps

1.6 Gbps

250 kbps

< 250 kbps

30

7

200+

65,000

65,000

100 m

10 m

5m

100 m

100 m

Star, Tree

Star, Tree

Star, Tree, Mesh

Star, Tree, Mesh

Star, Tree, Mesh

Power
Consumption

High

Medium

Very Low

Very Low

Very Low

Complexity

High

Medium

Medium

Low

Very High

Built on
Frequency
Bands
Primary
Application
Data Rate
Nodes
per Network
Range
Topologies

ZigBee

ISA100.11a

For this project, ZigBee offers the best set of features for its tradeoffs. Though this decision
was made during a prior revision of this project and carried over, the low date rate of each mote,
the limited available power, the range of the system, and the needed network topologies are all
accommodated best by ZigBee. WiFi and Bluetooth consume too much power and lack mesh
capabilities, ultra wideband does not have the needed range capabilities, and ISA100.11a would be
too excessive (for more information on ISA100.11a, refer to Section 2.3.5).
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2.2.1 ZigBee and ZigBee PRO
In 2007, the ZigBee alliance branched the ZigBee standard into the ZigBee and ZigBee
PRO feature sets. A comparison of both platforms is given in Table 2-3. The PRO feature set offers
much more sophisticated networking capabilities and was used in XUIP. Unless expressly written,
ZigBee refers ZigBee PRO for the remainder of this document.
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Table 2-3: Comparison of features for ZigBee and ZigBee PRO [13]

ZigBee

ZigBee
PRO

Network coordinator selects best channel at startup.

Yes

Yes

During operation can detect interference and change channel
operation.

Yes

Yes

Distributed address assignment.

Yes

No

Stochastic address assignment.

No

Yes

Supports group addressing.

Yes

Yes

Many-to-one routing.

No

Yes

128-bit Advanced Encryption Standard (AES) with message
integrity code (MIC).

Yes

Yes

Trust center can be any device or coordinator in the network.

Coordinator

Any device

Network scale up limited to address assignment scheme.

Yes

No

Message fragmentation is permitted.

Yes

Yes

Supports buffering for message fragmentation.

Yes

Yes

Supports commissioning tool.

Yes

Yes

Device keeps information about its neighbor devices.

No

Yes

Offers high-security mode.

No

Yes

Tree and
mesh

Mesh

Network topologies.

2.2.2 ZigBee Topologies
The three most popular topologies for WSNs are star, tree, and mesh—all of which ZigBee
supports (Figure 2-2). In ZigBee terminology, a sensor mote is known as an end-device and the
sink is known as the coordinator (there are important distinctions between a coordinator and a sink
in ZigBee, but they are not pertinent to this discussion). When establishing a personal area network
(PAN), the coordinator selects a channel (11 through 26 on the 2.4-GHz band), a power level, a
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PAN ID (PID) and an extended PAN ID (EPID). When a device joins the network, the coordinator
assigns it a PID and an EPID to use for transmitting messages.

Figure 2-2: ZigBee network topologies

2.2.2.1 Star
In this setup, a series of end-devices are connected to a single router: the coordinator. The
advantages are that this network is very easy to set up and all packets go through at most two hops
to reach their destination. The disadvantages are that the coordinator may be easily bottlenecked
by high traffic, there are no alternative paths from source to destination, and the network size is
limited by the range of the individual motes [13]. This setup is popular in smaller WSNs.
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2.2.2.2 Tree
A tree setup consists of a coordinator, routers, and end-devices. Each end-device connects
to the nearest router (in general), which may be the coordinator. The routers are connected in a
single-parent hierarchy and pass packets up or down the tree from source to destination. An enddevice cannot be a parent. The advantage of a tree network is the expanded range brought by the
routers: end-devices need not be within range of the coordinator to operate in the network. The
disadvantage is that no alternative paths exist for data to travel [13].

2.2.2.3 Mesh
A mesh, or peer-to-peer, network consists of routers connected to multiple other routers
instead of just one parent. This offers many advantages over star and tree such as the following,
which is taken directly from [13]:


The range of a network can be increased by adding more devices to the network.



It can eliminate dead zones.



A mesh topology is self-healing, meaning during transmission, if a path fails, the node
will find an alternate path to the destination.



Devices can be close to each other so that they use less power.



Adding or removing a device is easy.



Any source device can communicate with any destination device in the network.

As a result, however, a mesh topology requires greater overhead and uses a more complex routing
protocol. Despite this, mesh networking has become the most popular topology for larger WSNs
because of the many benefits it offers.
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2.2.2.4 Fully Connected Mesh
The fully connected mesh network, sometimes called a web network, is a special case of
the mesh network in which all motes except for the coordinator serve as both sensors and routers.
While the resiliency of the network is greatly increased, the compromise is the increased power
usage. As a result, this setup is not often used when motes have a limited battery capacity.

2.3 R ELATED W ORK
Work on WSNs and WLSSs as a versatile tool to solve many common problems caused by
the limitations of wires spans back to before some of the discussed protocols of the previous section
were even invented. The following are a few articles on wireless sensor networks in chronological
order. As these articles show, the research in wireless sensors is a large and growing field. The
sheer scale of the technology has led to research in both entire systems and many specialized topics,
illustrated in Figure 2-3.

Figure 2-3: Classification of the related work in WSNs [16]
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2.3.1 Partial Network Coding, June 2006 [10]
In this article, a team of researchers from Simon Fraser University and Hong Kong
University of Science and Technology investigated how to better store and collect data from sensor
nodes. In many WLSSs, sensors collect data continuously, yet the server only gathers this data from
its sensors periodically—once every few days or even weeks. In such a setup, the motes have to
store data locally until the server requests data. This tends to impose challenging limitations on the
system because of the limited memory available to each mote. To make matters worse, the server
can often only reach a random subset of motes. Thus, data have to be stored redundantly throughout
the network (this scheme is known as blind access).
A potential solution some turned to was network coding: a method that distributively
manipulates the data in each node such that all 𝑁 data segments are equivalent to each other in
decodability. The result is that the server can decode all of the original data if it collects all 𝑁
combined data segments. While the scheme is fast, its limitation arises when motes have to remove
obsolete data to make room for new data.
The team sought to improve this algorithm with what they call partial network coding.
Unlike regular network coding, which has full cardinality of each combined data segment, partial
network coding varies cardinalities from 1 to 𝑁. Combined with a custom data replacement
algorithm on each mote, partial network coding effectively solved the problem of removing
obsolete information in coded data segments.

2.3.2 WLSS Reliability, December 2008 [11]
In a collaboration between the Indian Institute of Information Technology and Devi Ahilya
University, researchers explored the reliability of a mesh WLSS with separate sensor motes and
router motes. They attempted to quantify the reliability of the network by evaluating the software
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and hardware components of sensors, routers, and the sink. While their work does not offer any
universal conclusions, they created an evaluation metric that can be adapted to any WLSS to gauge
its reliability.

2.3.3 Router Placement in a 3-D Grid, June 2009 [17]
At Queen’s University, engineers figured out a way to optimize connectivity in a WLSS
built for forest monitoring. More specifically, they first proposed models for mote deployment and
then proposed an optimal solution for a 3-D router node optimization problem.
Currently, the two most common methods of deploying sensors and routers in the field are
randomly or on a 1-, 2-, or 3-D grid. While comparable reasons exist for both methods, the team
chose to focus their research on a 3-D grid because, “It can precisely limit the search space, simplify
the formulation of the placement optimization problem, easily isolate any faulty node, efficiently
provide possible paths to the Base Station (BS), and provide scalability and flexibility because of
its well-organized structure.” [17]
As a note, while the motes were aligned to a grid, their placement within the grid was still
random. Furthermore, in certain scenarios, their network also employed a fourth type of mote,
which they called a cluster head (CH), that aggregated data from sensor motes before relaying the
data to the base station via routers.
At the heart of the research, the optimization problem they sought to answer was, “Given
a specific sensing task with pre-specified SNs, CHs and BS locations, determine the number and
positions of RNs that maximizes the connectivity between the SNs (or CHs) and the BS with
constraint on the maximum number of RNs.” [17] Their solution to this was a three-step strategy
that involved first constructing an optimal-connectivity grid based on the given locations of motes
and the base station, then formulating a semi-definite optimization program, and finally using
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integer linear programming to solve that problem. The results showed a clear advantage in
connection reliability within the network.

2.3.4 ZigBee Performance during Severe Interruptions, October 2011 [12]
In this paper, the researchers evaluated the reliability of ZigBee modules used to monitor
electric power systems. The modules would have to routinely handle “High noise level in 13 to
16kV HV systems, impulsive transients of 10 to 34kV according to IEEE Std. 792 turn-to-turn tests
as well as partial discharge activities in 4 to 24kV free space.” [12]
The results showed that both the ZigBee coordinator and device units offer reliable
performance in general, but the system has to be willing to deal with periodic service interruptions.
For example, the noise measured at the nodes was −70 dBm at 6 m away from the source. This is
much greater than the typical receiver sensitivity of −96 dBm of a ZigBee radio and, consequently,
resulted in the system dropping 40 out of 91 transmitted packets in one test. In another test involving
electromagnetic impulses, a ZigBee coordinator placed within close proximity to the source lost
connection with its network when the impulse approached 30 kV but operated reliably for impulses
of lesser magnitude.

2.3.5 ZigBee Performance vs. ISA100.11a, March 2012 [15]
The NASA researchers behind this study wanted to determine which of two IEEE 802.15.4
protocols would be better suited for crewed spaceflight in varying levels of interference. ZigBee
PRO and ISA100.11a correspond to the higher-level layers stacked onto the IEEE 802.15.4
standard that extend the communication stack to support more than just point-to-point networking.
Assuming both are operating in the 2.4 GHz band, the major difference between these two standards

17
is that a ZigBee network uses one of its available 16 channels for traffic whereas ISA100.11a uses
all 16 simultaneously.
To test each architecture, the researchers set up both networks in a single-hop (star)
configuration and placed them in a simulated habitat with varying levels of WiFi interference. The
ZigBee system operated reliably with low interference but degraded to a delivery rate of only 66%
when the WiFi system was transmitting at full speed. In comparison, the ISA100.11a system saw
absolutely no degradation in reliability despite the level of WiFi interference.
The researchers noted that this makes complete sense based on the intended markets of the
two wireless standards. ZigBee radios are inexpensive and fast; their primary purpose is networking
in home and office (i.e. tame) environments. In contrast, ISA100.11a radios cost an order of
magnitude more because they are designed specifically for industrial environments. Furthermore,
setting up an ISA100.11a network is a lengthy process thanks to the high complexity of the network
required to provide such a resilient connection. (As a side note, ZigBee PRO is now intended for
industrial applications as well.)

2.3.6 Distributed Wireless LAN Performance Monitoring, March 2013 [18]
Through a joint effort amongst Michigan State University, HP Labs, China City University
of Hong Kong, and Hong Kong University of Science and Technology, researchers created a
ZigBee WLSS, called WizNet, to measure the signal-to-noise ratio (SNR) of WiFi transmissions,
estimate channel utilization rate, collect client statistics, and detect rogue access points.
Interestingly, each sensing node within the network required no more than the ZigBee radio
itself to make these measurements. This is because each radio has a built-in register called the
received signal strength indicator that measures the power of signals emitted by nearby WLAN
devices—or rather the power in a fraction of the WLAN bandwidth since a ZigBee channel’s
bandwidth is smaller than that of a WiFi channel.
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With such a simple setup, the team was able to monitor wireless performance for 3 months
on a signal battery per sensor. The deployed system monitored the SNR of the WLAN with
noteworthy accuracy.

2.4 P RIOR W ORK

AT

P ENN S TATE [8], [9]

Between 2010 and 2011, researchers at The Pennsylvania State University tested a wireless
sensor network in NASA’s Aerodynamic Heating Facility (AHF) and Interactive Heating Facility
(IHF). This system was referred to as CUIP, named after NASA’s Constellation Universities
Institutes Project that funded it. This system was developed as a replacement for the various sensors
placed on the heat shields of spacecraft during reentry. The motivation behind the effort was that
wired sensors pose a serious threat to a mission’s success when the craft goes to eject the heat
shield. In current systems, the power and data lines running from inside the craft to the exterior
sensors on the shield must be physically cut in order to eject the heat shield. Failure to properly do
so results in a single-point failure for the mission.
At the time of testing, CUIP was still a prototype built specifically to fit inside a sample
block of the test facility’s thermal protection system and not optimized for size, mass, or power. A
single sensing unit consisted of three circular boards with a diameter of 70 mm and connected by
a vertical bus (Figure 2-4). This modular arrangement increased the ease of assembly and flexibility
for testing since it separated the circuit into three subsystems: the signal conditioning board, the
controller board, and the power board. The team could quickly swap any board for another of the
same type if problems arose.
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Figure 2-4: CUIP sensing unit

The system collected data at approximately 60 Hz and transmitted it in real time at 2 Hz to
a software base station. It proved reliable both electrically and mechanically despite having to
function in close proximity to plasma and test electromagnetic interference. After both tests
concluded, the team had shown that the developed wireless sensor system was indeed a viable
option for replacing legacy wired systems used in reentry.

2.5 T HE N EXT R EVISION
Despite its success, the funding for CUIP from CUIP soon ended. When NASA’s
Constellation program was canceled, keeping the same name for the next revision of the system
seemed unfitting, so it was renamed to XUIP: a meaningless acronym with a debated pronunciation.
However, the name stuck and the legacy continued. Without funding, project development paused
for a few years before starting back up again only recently. As further described in Chapter 3, XUIP
owes many of its requirements, features, and design choices to CUIP.
XUIP is not a traditional WSN (as compared to those described in Sections 2.1 and 2.3).
At the very core of all its differences, XUIP’s motes have to transmit data in real time. This
requirement results in a unique system that does not conform to a normal WLSS. For example, the
battery life for each mote is measured in hours, not weeks or months. A complete discussion of the
system’s unique requirements is given in Chapter 3.
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2.6 T ARGET

AND

P OTENTIAL A PPLICATIONS

The target application for XUIP is as a sensing platform to facilitate testing in aerospace
facilities. While this may seem skewed from CUIP’s goal of replacing wired sensors on heat
shields, jumping straight to this goal would greatly increase developmental risks (see Section 1.2).
Once the system is established to work in test environments, further testing can evaluate whether
the system is viable for flight.
While its viability aboard air- or space-craft during flight remains to be seen, a
miniaturized, wireless, real-time, sensing system would be very beneficial in many applications—
especially for the testing and evaluation of large systems. Here are just a few examples:


Testing automobiles in experiments where custom sensors must be temporarily
installed on the vehicle(s).



Mapping how a voltage signal travels through a large electric system.



Evaluating heating, ventilation, and air conditioning efficiencies inside a residential or
commercial building.



Recording product changes during simultaneous stress tests of multiple units.



Assessing structural flexing at key points of a bridge for varying levels of traffic.



Profiling acoustic propagation inside an auditorium.
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Chapter 3

| D ESIGN

The decisions driving the design of XUIP are a blend of the requirements of its predecessor
and the goal to shrink the system into a tiny, yet versatile, package.

3.1 S YSTEM R EQUIREMENTS
Table 3-1 details the requirements that influenced the system as a whole.
Table 3-1: System requirements
1

Provide an architecture to collect, retrieve, and process data from a variable number of remote
sensing nodes equipped with a variable number of sensors dispersed non-uniformly throughout an
environment.
Gathering data is the primary objective of any remote sensing platform. Because XUIP is not
limited to any individual application, the system must support as many configurations as
possible to account for the diverse nature of its intended usage.

2

Operate in an environment without the need to run wires to or from individual nodes.
The capability of wireless operation lies at the very heart of wireless sensor systems. The
system’s existence is unnecessary unless this requirement is met.

3

Use only standardized parts, protocols, and interfaces.
The more standardized the system is, the easier and less expensive it will be for the user to
integrate it with their systems or modify it to suit their needs. Furthermore, standardization
allows for future expansions of the system to retrofit onto older boards. More importantly
though, avoiding specialized features increases the longevity of the system because it cannot
be rendered obsolete by any single specialized feature leaving the market (such as if the
company drops support for it or goes out of business). Obsolesce would require an industry
to replace a standard, a process that often takes many years to pan out.

All subsystem requirements derive from these system requirements. Of the subsystems, the
primary focus of this thesis was the individual sensing platform (the sensor board) that serves as
both the sensor mote and/or router mote depending on its software configuration. Additionally, the
system includes two more subsystems: a simple mating board that allows sensors to easily connect
to the system (the input board), and a computer program to interface with and collect data from the
individual sensor boards within its wireless domain (the base station).
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3.1.1 Sensor Board Requirements
These requirements had the general intention that XUIP should be able to interface with as
many sensors and sensor types as possible while adhering to the general intention of keeping size
and power usage down. Many of these requirements draw directly from what is necessary to
incorporate the ZICM357SP2-1-HT: a ZigBee system-on-a-chip selected for its high temperature
range, small footprint, and built-in power amplifier.

3.1.1.1 Signal Processing Requirements
A list of all sensor board requirements are shown in Table 3-2. Because of its heritage, a
primary focus was to ensure the system could at least interface with type J and type K temperature
probes and Gardon heat flux gauges.
Table 3-2: Sensor board signal processing requirements
4

Support 8 single-ended, 4 differential, or any intermediate combination of sensor inputs (channels)
Since the vast majority of simple sensors output single-ended voltage signals, such as the
temperature sensors mentioned above, supporting single-ended inputs was an obvious goal.
The second most common sensor output is a differential voltage signal, such as with heat
flux gauges. While this does not account for all sensor output types (such as current outputs),
supporting these sensing methods allows XUIP to interface with the mass majority of
conventional sensors.

5

Provide 16-bit resolution on all channels
The ADC chosen to read the single-ended or differential voltage readings from the connected
sensors must do so with 16 bits of voltage resolution. This provides enough resolution for
most applications—anything lower would not make the system worthwhile to use because
several ZigBee modules feature integrated 12-bit ADCs.

6

Support channel inputs between ±VCC
This allows sensors to output voltages up or down to VCC. This way, the ADC can handle
any sensor output if the sensor board is providing power to the sensor (refer to Table 3-3).

7

Have an independent, adjustable input gain for each channel
While accepting inputs between ±VCC at 16-bits resolution is useful for sensors that require
the full range, many sensors will only use a small portion of that. To accommodate this, the
sensor board must have an onboard programmable gain amplifier (PGA) or “zooming”
capabilities to account for small-single inputs.
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8

Collect data in real time by supporting a sampling rate of at least 10 Hz on each channel
Real-time data collection implies that a human observer can monitor changes in the
environment as they are occurring. 10 Hz is a legacy requirement that is adequate for most
sensing needs in a test environment.

9

Transmit data in real time by supporting a transmit interval of at least 1 Hz for each channel
While the system can sample much faster than 1 Hz, the goal is that the data be transmitted
to the base station at 1 Hz minimum to ensure real-time monitoring. 1 Hz is a legacy
requirement that provides a continuous stream of data for the human eye at the base station.

10

Have an onboard temperature sensor for temperature compensation of the ADC and the radio
The sensor board is designed to operate in a wide temperature range (refer to Table 3-4). As
the temperature changes, ADCs and radios experience changes in performance. While not
all errors can be compensated for perfectly, software correction can greatly help keep the
system operating as intended.

3.1.1.2 Power Requirements
For the sensor board’s power subcircuit, the general intention is that these boards run on a
3.7-V battery attached to the board. However, the objective that the board could adapt to alternative
power sources from the user or from future expansions forced many of the requirements in Table
3-3.
Table 3-3: Sensor board power requirements
11

Be powered without a wired tether
The sensor board must be powered internally. Having to run wires to power each board
defeats the purpose of having wireless sensors.

12

Maintain a battery life of at least 8 hours in receive mode (standby)
This is legacy requirement from CUIP derived from the length of an all-day test for space
systems.

13

Maintain a battery life of at least 2 hours in transmit mode (active) at 20 dBm
This is legacy requirement from CUIP derived from the length of an all-day test for space
systems. 20 dBm is the maximum legal transmit power allowed for ZigBee. In many cases,
the actual power will be significantly lower and thus the battery life will be longer.

14

Support running off a 3.7-V battery
While CUIP also operated off a 3.7-V battery, 3.7 is a very common battery voltage for
small, battery-powered applications and thus makes sense to use.

15

Operate nominally at 3 V via an LDO
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3 V comes from the voltage rating of the chosen ZigBee module. The LDO provides greater
efficiency at voltages above 3 V than a buck-boost switching regulator would provide despite
its greater input range.
16

Source at least 300 mA for sensors or other external circuitry
Some sensors require an active power source or external support circuitry to work. The user
may also want to connect a daughter board for use with the sensor board. Whatever the
reason, 300 mA is an adequate amount of power for sensors and expansions.

17

Have a power switch for the LDO
This is an overall power switch for the board when the LDO is to be used and shuts down
the LDO when it is to be bypassed by another power source.

18

Provide vias for a 100-mil header to directly access VCC and GND
This serves two functions: First, the regulated 3-V supply can be used to power sensors or
other external circuitry. Second, the LDO can be bypassed by an external power source.

19

Have an LED indicate if VCC is active
This indicates when the ZigBee, ADC, etc. have power regardless of where the power is
coming from.

20

Provide a standard connector for a battery or other power source to connect to the 3-V LDO
A standard power connector allows users to modify the power source to fit their needs with
minimal cost and allows for future expansion of the power source (attaching a wireless power
daughter board for example).
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Provide a location on the board to glue the battery onto or attach another power source
Essentially, the power source should be not hanging off the board or moving around while
in use.

3.1.1.3 General Requirements
Situated above the signal processing and power requirements were the general
requirements of Table 3-4. These influenced the sensor board’s design decisions in tandem with
the requirements specified above.
Table 3-4: Sensor board general requirements
22

House a standard mini-JTAG/SW header for programming
The chosen ZigBee module runs on an ARM Cortex-M3 processor. This is programmed
using the Joint Test Action Group (JTAG) or Serial Wire (SW) protocols. While this module
should ideally be used with a specialized programmer with a unique programming header,
using it would be contrary to the push for standardized protocols as described in Table 3-1.

23

Reset if the reset pad is shorted to GND

25

This is to reset the ZigBee module.
24

Operate between −40 °C and 85 °C
This temperature range will allow the sensor board to operate in various harsh environments
such as those typical in aerospace testing.

25

Support 3- or 4-point mounting using #2 screws
Mounting a board inside an enclosure or to another system using #2 screws is typically very
simple. While 4-point mounting is more stable, the anticipated small size of the board may
force a sufficiently stable 3-point mounting setup.
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Occupy a PCB of no more than 30 mm × 30 mm
The sensor board’s printed circuit board (PCB) has to be exceptionally small to integrate into
larger systems easily and without getting in the way.

3.1.2 Input Board Requirements
The input board is a passive daughter board that simply routes signals into the sensor board.
It was to be as small as possible while still meeting its short list of requirements. A list of these
requirements are shown in Table 3-5.
Table 3-5: Input board requirements
27

Be a mating board to connect sensors to the sensor board
Due to the small form factor of the sensor board, the connector will likely be very small as
well. Having a simple breakout board for the user will facilitate adoption of the system.

28

Accommodate 100-mil headers
100-mil spacing is the most common of all headers.

29

Provide sensors direct access to VCC and GND from the sensor board
This will allow active sensors easy access to the power they need.

3.1.3 Base Station Requirements
A software base station is necessary to collect the data from the network of sensor boards.
While a future revision of the system may include a dedicated logging module, the current base
station will be a USB ZigBee module with a computer program to collect data. This will be the
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interface with which the user can interact with the system as a whole. Table 3-6 summarizes the
base station requirements necessary to create this interface.
Table 3-6: Base station requirements
30

Remotely toggle connected sensor boards between standby and active mode.
Switching between these modes conserves battery life and is ideal for applications of periodic
testing with a considerable gap between tests or to account for the time it takes to physically
place all sensing nodes in the environment.

31

Display, plot, and log all data from networked sensor boards as data arrives
For the user to monitor and review data collected in real time.

32

Set high and/or low alert thresholds for every monitored channel
These alerts will immediately notify the user if any sensors exceed a specified critical value.

3.2 S YSTEM S PECIFICATIONS
The final implementation of the system has successfully met or exceeded all the
requirements detailed above (except arguably one, but more on that later). The following is a
description of the final design of each subsystem.

3.2.1 Sensor Board Specifications
Figure 3-1 shows the complete schematic for the sensor board, Figure 3-2 is an annotated
rendering of the front of the PCB, and Figure 3-3 is an annotated rendering of the back.
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Figure 3-1: Sensor board schematic

28

Figure 3-2: Annotated rendering of the front of the sensor board

Figure 3-3: Annotated rendering of the back of the sensor board

The following is a discussion of how each subcircuit of the sensor board fulfills the
requirements specified in Section 3.1.1.
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3.2.1.1 Signal Processing Subcircuit Specifications
Figure 3-4 shows the subset of the schematic containing the signal processing components:
a 16-pin connector, eight lowpass filters, two ADCs, and a temperature sensor. This circuit is
designed to fulfill the requirements in Table 3-2.

Figure 3-4: Sensor board signal processing subcircuit

The ADS1115 is a quad-channel ADC capable of measuring four single-ended or two (true)
differential inputs (Req. 4). The reason two ADS1115s were used instead of a single eight-channel
ADC was because of their incredibly small package occupying a mere 2 mm × 1.5 mm, trivial
power consumption of 0.45 mW at 3 V, and their extended sensing capabilities needed to realize
multiple requirements at once.
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Some of these capabilities include 16-bit resolution (Req. 5) for signals up to ±VCC (Req.
6). Additionally, the ADS1115 has an internal PGA with a programmable gain between 2/3 and 16
that equates to a resolution setting of 187.5, 125, 62.5, 31.25, 15.625, or 7.8125 per bit (Req. 7).
In terms of data collection, the ADS1115 has a programmable sample rate between 8 and
860 SPS (Req. 8). One caveat to note is that, because of the small form factor of the chip, it can
only read one input at a time through an internal MUX. While this greatly decreases the effective
sample rate of each channel, it does not decease it to below 10 Hz. This data is then collected by
the ZigBee module through Inter-Integrated-Circuit (I2C) and transmitted immediately (Req. 9).
The lowpass filters on each channel input are nominally set to a 3-dB frequency of 100 Hz.
This helps eliminate high-frequency noise from the environment and also the 2.4-GHz noise
induced by the ZigBee radios from the multiple sensor boards in the area.
Positioned near the ADCs is the TC1047A: a temperature-to-voltage converter notable for
its extended-grade temperature range and low power usage. The voltage output is read by one of
the built-in ADCs on the ZigBee module for temperature compensation of the ADS1115s’ readings
and the radio’s transmit power (Req. 10).
Finally, at the beginning of the sensing subcircuit is the 15-15-016-2601-000 connector.
The Har-Flex family is a versatile line of connectors remarkable for their small size, high data rate,
and military-grade temperature range.

3.2.1.2 Power Subcircuit Specifications
Figure 3-5 shows the subset of the schematic containing the power components: a JST
connector, an enable switch, an LDO, and an LED. This circuit is designed to fulfill the
requirements in Table 3-3.
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Figure 3-5: Sensor board power subcircuit

Not pictured in either the schematic or the renderings is the battery. For this original model
of the sensor board, a rechargeable, 3.7-V lithium polymer battery (LiPo) will be providing all the
necessary power to avoid having to tether the boards for power (Req. 11). The chosen battery
occupies 20 mm × 30 mm × 6 mm of space and supplies 300 mAh. Compared to the ZigBee radio,
the remainder of the components’ power usage is three orders of magnitude lower. Therefore, a
suitable power usage rating can be estimated using just the radio. In receive mode at −103 dBm
and transmit mode at 19 dBm, the selected radio uses 34 mA and 150 mA at room temperature,
respectively. This equates to 8.8 hours in standby mode (Req. 12) and 2 hours in active mode (Req.
13). If the transmit power is brought down to 3 dBm, the active mode battery life is comparable to
that of standby mode.
After the battery lies the TPS79530 which has upper input limit of 6 V, well above the
battery voltage of 3.7 V (Req. 14). The TPS79530 regulates the battery voltage to 3 V for use across
the circuit (Req. 15). This LDO can also source up to 500 mA continuously. At the ZigBee module’s
upper current rating of 175 mA, this leaves more than 300 mA for use by sensors or external
circuitry (Req. 16).
The TPS79530 also includes an enable pin to trigger the device on or off based on whether
the pin is connected to the battery voltage. By tying the board’s on/off switch to this pin instead of
a direct kill switch for the battery, the user can bypass the LDO in favor of another power source
(Req. 17). This can be done by connecting the power source directly to VCC and GND by means
of two vias sized and spaced to fit a 100-mil header toward one edge of the board (Req. 18).

32
Regardless of the power source and regulation method, a subtle LED will light up when the circuit
has power (Req. 19).
If the LDO is to be used, the chosen power connector for the power source, battery or
otherwise, is a 2-pin connector commonly known as a Japan Solderless Terminal (JST) connector
(Req. 20). JST has become a standard for LiPo batteries, so using it on the sensor board makes
sense.
Occupying most of the backside of the board is a metal frame connected to ground (ground
connection not shown in the schematic). This frame pairs with a metal radio-frequency (RF) shield
that covers the signal processing circuitry (Figure 3-6). While the apparent reason would appear to
be signal integrity, this was just a bonus. The actual reason for the RF shield is to provide a location
to glue the battery or external power circuitry (Req. 21). By using the frame and shield model, the
power source can be swapped without having to re-solder a new RF shield. While this is not a very
elegant solution, the size restrictions of the board severely limit the available space for a battery—
especially when the ZigBee module occupies 53% of one side of the board and the chosen battery
would occupy 67%.

Figure 3-6: Sensor board with RF shield
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3.2.1.3 General Specifications
Figure 3-5 shows the subset of the schematic containing control components: The ZigBee
module, a header to program it, and a jumper. This circuit is designed to fulfill the requirements in
Table 3-4.

Figure 3-7: Sensor board control subcircuit

P2 is a 5 × 2, 50-mil programming header connected to the ZigBee programming pins such
that any programmer with a mini-JTAG/SW cable can directly connect to the board (Req. 22). It is
worth nothing that this ZigBee module has a separate general and JTAG reset, so a set of SMD
pads can be shorted on the board to reset the module (Req. 23). Both pads are 75 mil wide and
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spaced 50 mil apart in order to accommodate most small headers and wires that the user may want
to attach.
Table 3-7 shows a summary of temperature ranges of all the components used on the sensor
board. The goal was that all components be able to survive a range of −40 °C to 85 °C (Req. 24).
Looking at the table shows that every component except the JST connector operates fine within
this range. This means that if the user is expecting the module to operate in below −20 °C, they
should directly solder their power source to bypass the JST connector or use the VCC and GND
vias. Although, during the thermal test described in Section 4.2, the JST connector was brought
down to near −40 °C with no issues. On the other end of the thermal range, all of the electrical
components except for the LED and the ZigBee module can operate up to 125 °C. Additionally,
the sensor header and the RF shield can also operate at up to 125 °C. Therefore, in theory, the
sensor should be able to handle operating up to at least 110 °C if the user is willing to tolerate some
possible melted plastic on the JST connector, power switch, and JTAG header.

Mechanical

Electrical

Table 3-7: Sensor board component temperature ranges
Temperature Range (°C)
ZigBee Module
-40
ADCs
-40
Temperature Sensor -40
LDO
-40
Resistors
-55
Capacitors
-55
LED
-40
JST Connector
-20
Power Switch
-40
JTAG Header
-40
Sensor Header
-55
RF Frame and Shield -40
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As shown in Figure 3-2 and Figure 3-3, the sensor board has mounting holes in three of its
four corners. These are sized to fit #2 screws with a reasonable clearance for the bolt head or a nonconducting washer to fit on the backside of the board (Req. 25). As predicted, the small size of the
board combined with the large size of the ZigBee module and the RF frame prevented a fourth
mounting hole. Fortunately, the entire circuit did fit on a 30 mm × 30 mm PCB (Req. 26). A notable
exception is that the sensor header was allowed to hang off the board by a couple millimeters to
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allow for a mating board. Finally, the board has a mass of 11.1 g without the battery and 17.17 g
with it.

3.2.1.4 Sensor Board Firmware
The bulk of the firmware for the sensor board was auto-generated by Ember Desktop, a
graphic front-end for configuring and auto-generating code for EM357-based modules. This code
spans a couple hundred files, so a discussion on it would be impractical. Essentially, these files
provide the bare code necessary for an operational module. What follows is a discussion of the
additional code written specifically to fulfill XUIP requirements.
Figure 3-8 shows the firmware program flow. Once the sensor board powers on, it executes
an initialization routine and searches for a specified network. Once it finds the network, it enters
standby mode. From here, the device will toggle between active and standby mode if it receives the
appropriate message from the coordinator.
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Figure 3-8: Sensor board firmware program flow

In active mode, the device continuously transmits a unicast to the coordinator with its board
temperature and sensor inputs. The message structure is a comma-separated list of the temperature
in degrees Celsius and the sensor inputs in volts extended to an appropriate number of significant
figures based on the input’s gain setting (see Section 4.3 for more information). Once the
coordinator receives the message, it outputs the line shown in Figure 3-9 for use by the base station.

Figure 3-9: Coordinator output upon receiving message

Before use, each sensor board must be configured to interact with its sensors; this is done
by quickly changing the settings in “Config.h”. In this file, the network configuration can be set
by setting a series of preprocessor macro definitions:
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Default coordinator EPID: This ensures the sensor board will connect to the right
network.



Default radio channel: This ensures the sensor board will search for the network on the
right channel.



Default transmit power in dBm: This sets the transmit power for the module.

Furthermore, the file contains a series of preset macro definitions as options for configuring the
ADCs:


Input on or off: These eight settings toggle whether the sensor board should read the
respective input or skip it.



Single-ended or differential: These four settings set each pair of inputs as either two
single-ended inputs or one differential input.



Input range: These eight settings configure the PGA for each input.



Data rate: This sets the global data rate for all inputs.

A zero is transmitted for any input that is turned off or configured as the negative to a differential
input.

3.2.2 Input Board Specifications
Figure 3-10 shows the complete schematic for the input board, Figure 3-11 is a rendering
of the front of the PCB, and Figure 3-12 is a rendering of the back. The following is a discussion
of how the board fulfills the requirements specified in Section 3.1.2.
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Figure 3-10: Input board schematic
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Figure 3-11: Rendering of the front of the input board

Figure 3-12: Rendering of the back of the input board

The 15-25-016-2601-000 is the right-angle female mating connecter to that of the sensor
board (Req. 27). These connectors were chosen for the reasons described in Section 3.1.1.1. The
connector breaks out to two sets of vias sized and spaced for 100-mil headers (Req. 28). The last
set of 100-mil holes is for VCC (Req. 29), for which there is another via placed such that it aligns
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with the VCC via of the sensor board when connected. The overall board size is 18 mm × 22 mm,
if not including the overhang of the connector, and has a mass of just 2 g.

3.2.3 Base Station Specifications
The software developed to fulfill the base station requirements is a comprehensive,
adaptive, and intuitive platform for controlling the network and for plotting, monitoring, and
logging sensor data in real time. Figure 3-13 is a screenshot of the application when first launched.
Before the program can process data, the user must first configure the network and the desired
plots.

Figure 3-13: XUIP base station
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3.2.3.1 Network Setup
Upon clicking the “Network Setup” button, a dialog will pop up showing the current
network status and a console to talk with the coordinator over a serial communication (COM) port
(Figure 3-14). To establish connection, the user simply enters the COM port and baud rate of the
coordinator they plan to use. If the port opens successfully, the program will automatically send a
request to the coordinator to return network information. Once complete, the network setup dialog
displays core network information and provides an interface to send commands manually to the
coordinator (Figure 3-15). For this setup, the coordinator was the ETRX2USB USB ZigBee
module.

Figure 3-14: Base station network setup dialog when not connected to coordinator
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Figure 3-15: Base station network setup dialog when connected to coordinator

With the network configured, closing the dialog will bring the application into standby
mode (Figure 3-16). From here, clicking the “Enter Active Mode” button will broadcast
“Mode=Active” to the entire network. This message triggers each end-device into active mode and
the base station into data collection mode. (However, since no plots have been configured yet, no
data are shown or logged.) Clicking the button again will broadcast “Mode=Standby” to the
network and toggle end-devices back into standby mode (Req. 30).
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Figure 3-16: Base station in standby mode

3.2.3.2 Plots Setup
Upon clicking the “Plots Setup” button, a dialog will pop up showing the current plots in
the system (Figure 3-17). From here, the user can either import a setup they previously generated
or start building a new configuration. Each configuration is stored locally in an extensive markup
language (XML) file. The current configuration is saved as “Current.xml” in the same directory
as the application. When the program initially launches, it searches for and loads this file
automatically if it exists. A copy of the current configuration can also be exported to the file system
with a custom name.

44

Figure 3-17: Base station plots setup dialog with no plots

In order to maximize the program’s adaptability to the diverse range of potential
applications the user will want to use it for, each plot is configured independently of the network
configuration such that, when the user adds a new plot, it is not directly tied to any end-device.
After configuring basic settings such as the plot’s bounds and appearance, the user adds sensors to
the plot. Here, a sensor refers to a single input (single-ended or differential) from an end-device
that will be plotted on the graph. The user can also select the end-device’s board temperature instead
of a sensor input.
Adding a sensor requires selecting an end-device by its EPID—the program can
automatically scan the network for and display available EPIDs—and an input from that enddevice. The user can then enter a custom third-order polynomial equation to automatically
transform incoming raw voltages to scientific values. Finally, the user can specify an optional alert
to trigger when the sensor’s value triggers certain criteria (see Section 3.2.3.5). The user can add
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as many sensors from as many end-devices as desired; although, each plot only has sixteen colors
for its legend, so sensor colors will start repeating after sixteen. Figure 3-18 shows an example
setup for a single plot that monitors four external temperature sensors from the same end-device
and Figure 3-19 shows the preview of the plot that the program auto-generates during configuration.
Once the changes are saved and the dialog is closed, the program will generate all plots within the
main window (Figure 3-20).

Figure 3-18: Base station plots setup dialog with an example plot
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Figure 3-19: Base station plots setup dialog showing a preview of the example plot
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Figure 3-20: Base station with an example plot

3.2.3.3 Temperature Compensation
In order to increase accuracy and adaptability, the base station supports linear temperature
compensation as data arrives. Each added sensor has an associated temperature profile set within
the plots setup dialog. These profiles exist separately from the plots and are saved in
“Temperature Profiles.xml”. When the plot setup dialog opens, it searches for and loads
this file automatically if it exists and creates it if it does not. Within the plots setup dialog is a
“Manage” button, which, upon clicking, will launch the temperature compensation profile dialog
shown in Figure 3-21.
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Figure 3-21: Temperature compensation profiles dialog with default profiles

When first launched, three default temperature profiles exist for convenience. The first,
“No Compensation,” is a read-only profile that cannot be deleted; it does not alter incoming data
in any manner. The second, “Single-Ended,” is an empirically determined compensation profile for
single-ended sensor inputs. The third, “Differential,” is an empirically determined compensation
profile for differential sensor inputs. More information on how these two were calculated may be
found in Section 4.2.
Figure 3-22 shows an exaggerated example temperature profile. Below the input fields are
two plots that graph the lines used to determine the gain and offset to apply to the input signal. This
transformation is then applied to the raw voltages prior to the polynomial transformation. For the
given example parameters, a voltage input of 0.875 V at 35.0 °C would become:
𝑣out = gain × 𝑣in + offset

3-1

𝑣out = (𝑚gain × 𝑇 + 𝑏gain ) × 𝑣in + (𝑚offset × 𝑇 + 𝑏offset )

3-2
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𝑣out = (0.021 × 35.0 °C + 1) × 0.875 V + (−0.018 × 35.0 °C + 0.85) V
𝑣out = 1.74 V

Figure 3-22: Temperature compensation profiles dialog with example profile

By utilizing profiles instead of per-sensor compensation parameters, the user can quickly
adjust temperature compensation for a large group of sensors simultaneously. This is especially
useful when using a large number of sensors or when reusing equipment from one test to the next.

3.2.3.4 Collecting and Logging Data
Clicking the “Enter Active Mode” button starts a new data collecting session. When
collecting data, the program automatically routes the necessary data to each plot as it arrives even
if multiple plots request the same data. At the same time, a copy of all the collected data is stored
in a series of auto-generated comma-separated values (CSV) files (Req. 31). For every data
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gathering session, the program creates a new directory with the date and time and one CSV file for
each plot within the directory. This is especially critical because each plot only displays a finite
number of points and all prior data is cleared from the plots when a new session starts. Because the
logging structure mirrors the plots configuration, if no plots are set to display a certain sensor input,
then that data is not stored; this is to avoid logging unused sensor inputs. Figure 3-23 shows a demo
configuration collecting simulated data for 27 sensors from eight end-devices onto six plots.

Figure 3-23: Base station demo

A major hurdle during the design of this program was how to handle the unpredictable rate
at which data arrives at the base station. This unpredictability is due to three major factors: First,
end-devices with more sensors will take longer to measure their inputs. Second, data will take
longer to transmit as the distance or number of hops between the end-device and the coordinator
increases. Third, due to the nature of wireless, occasional dropped packets are to be expected. The
solution to this problem was to implement a sampling rate into the base station that the user can
specify in milliseconds prior to starting a session. As data arrives, the program stores them inside
a temporary buffer that has one entry for each sensor requested by the plots. The temperature
compensation and polynomial transformations occur while inside the buffer. When the sampling
timer ticks, all data in the buffer are passed to the respective plots, the plots update their display,
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and the buffer is cleared (similar to the sample-and-hold technique used in many ADCs). If multiple
data points for the same sensor arrive between samples, only the most recent is held in the buffer.
Conversely, if no data arrive for a sensor between samples, the plot is passed a value of zero for
that sensor. For this reason, the user should try to find a sample rate that allows enough time for all
end-devices to submit their readings.

3.2.3.5 Alerts
As previously mentioned, each sensor has optional settings to alert the user when its latest
reading meets certain criteria (Req. 32). The program supports four alert scenarios that can satisfy
the vast majority of users’ needs:


Alert when above threshold;



Alert when below threshold;



Alert when outside bounds; and



Alert when inside bounds.

During operation, each new value of the sensor is compared to the specified threshold or bounds
and an alert is triggered if the criteria is met. The alert propagates from the sensor to the plot to the
program in order to notify the user at the highest level and then let them locate the specific sensor.
The alert is cleared as soon as the value of the sensor no longer meets the alert criteria. This alert
system was designed for real-time monitoring, so alerts are not stored for retroactive viewing.
Figure 3-24 shows the demo configuration from earlier with two alerts. First, the aberrant
sensors are highlighted in red to make them easily identifiable from a distance. Next, the plot’s
border is changed to red for emphasis. Finally, the top line that indicates the program’s status
changes to red and the word “Alert” blinks in red at the top of the program. This ensures that the
user sees the alert even if the plot is not in the current view.
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Figure 3-24: Base station demo with alerts

3.2.3.6 Bonus User-Interface Features
This application was built from the beginning to support a set of user interface features that
greatly enhance the ability of the user to monitor massive amounts of data. Unlike most monitoring
software for which the display is static, the XUIP base station allows the user to interact with the
display even during operation.
At any point, the user can simply click and drag any plot to a new location on the virtual
canvas where it snaps along a grid to make aligning plots easier. Plots may overlap other plots and
clicking on any plots brings it to the front. As a plot reaches the edge of the canvas, it automatically
expands with scroll bars to accommodate the change. This is shown in Figure 3-25. The size of
canvas is confined only to the memory limitations of the computer it runs on. The user can also
click the “Auto Arrange” button to reposition the plots automatically based on their size and the
width of the window (only having to scroll vertically is much easier than having to scroll in both
directions).
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Figure 3-25: Base station demo with plots rearranged and canvas expanded

Additionally, the virtual canvas fully supports zooming in and out to either view a large
number of plots or to better focus on a few plots (Figure 3-26 and Figure 3-27). Even when zoomed
out, the sensor-level alerts are still very noticeable. Unlike many programs, which simply scale the
rendered pixels to accommodate the zoom, all the plots within the canvas are composed of vector
graphics and are dynamically re-rendered at the zoom scale. This ensures minimal aliasing when
zoomed out and increased detail when zoomed in.

Figure 3-26: Base station demo zoomed out
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Figure 3-27: Base station demo zoomed in

Finally, if the user wants to focus on a subset of sensors on a busy plot, they can quickly
do so by clicking any sensor’s label in the legend. This will toggle the visibility of the sensor on
the plot, demonstrated in Figure 3-28. Even though the data are hidden, any triggered alert will still
be visible.

Figure 3-28: Base station demo with some sensors hidden

Despite all these features, the use of threading and various optimizations ensure responsive
operation even with the sample rate set to its maximum of 1 kHz.
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Chapter 4

| T ESTING AND R ESULTS

The majority of the testing for the sensor board was characterizing the ADCs’ performance.
Unfortunately, as Section 4.4 will expand on, unresolved technical issues have prevented
programming the sensor board, so actual testing of the entire system was not performed.

4.1 D ESIGN V ERIFICATION
Verifying the design of the system involved ensuring that key components and interactions
all worked as expected. These key components were the sensor board’s power subcircuit, the sensor
board’s signal processing subcircuit, the connectivity between the sensor board and the input board,
and the digital connection from the programming computer to the microprocessor of the
ZICM357SP2 (the high-temperature version of the module was not yet available, so the regular
model was used instead for testing).
For the power subcircuit, both usage scenarios were tested: power through the onboard
LDO and external power bypassing the LDO. Both usage scenarios work exactly as expected.
Testing the signal processing subcircuit involved verifying the temperature sensor and the ADCs.
A quick oscilloscope test showed that the TC1047A output approximately 0.7 V at room
temperature, as it said it would, with very little noise. Because the module could not be
programmed, an external ARM microprocessor (an MBED) was used in its stead to interact with
the ADCs. Over I2C, the ADS1115s could be successfully set and read from without conflicting
with one another. In order to test whether the ADCs were detecting the correct voltage, the input
board had to be connected to provide access to the inputs. This simultaneously proved the ADCs
were operating correctly and showed that the physical connection between the sensor board and the
input board is quite firm. Finally, the sensor board was connected via its programming header to
an ARM J-Link debugger. The debugger was able to successfully find the Cortex-M3 processor on
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the module, connect to it, read its memory, halt the processor, and step through its programming.
The debugger just was not able to program it.

4.2 T HERMAL C HARACTERISTICS
As per the requirements in Section 3.1.1.3, each sensor board must operate between −40 °C
and 85 °C. In order to maximize the versatility of the system, temperature compensation was a core
requirement originating from CUIP. While onboard temperature compensation was a possibility,
data integrity considerations dictated that the sensor boards only transmit raw voltages and the
temperature at which those voltages were sensed back to the base station, and the base station then
be solely responsible for optional temperature compensation in accordance to user specifications.
As mentioned in Section 3.2.3.3, the base station has two temperature compensation profiles:
single-ended and differential. The following is a discussion on how the parameters of these two
profiles were determined.

4.2.1 Test Setup
Creating a temperature profile entailed a voltage sweep at various temperature points
between −40 °C and 85 °C. To control the temperature, a sensor board was placed inside the
cryogenic oven pictured in Figure 4-1. To control and read from the sensor board, a series of wires
were soldered to the board and connected to other wires running out of the oven (Figure 4-2). These
wires provided 3.7 V DC power to simulate the battery, an I2C connection to the MBED, and the
test input signal.
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Figure 4-1: Cryogenic oven used for temperature characterization

Figure 4-2: Sensor board with breakouts for temperature characterization

According to the datasheet for the ADS1115, its accuracy varies differently for singleended than differential measurements. As such, each scenario was tested independently. For the
single-ended test, the first input of the first ADC was connected to the positive end of the signal
and referenced to ground along with the negative end of the signal. For this test, the input was a
0.01-Hz sine wave varying from 0 V to 3 V. For the differential test, the first input of the first ADC
was connected to the positive end of the signal and the second input of the first ADC was connected
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to the negative end of the signal. For this test, the input was a 0.01-Hz sine wave varying from
−1.5 V to 1.5 V. For both tests, the ADC transmitted its readings over I2C to the MBED and then
saved. Approximately three periods of the input were recorded for each test (about five minutes).
A test occurred at every 10° between −35 °C and 85 °C. Prior to each test, the system was first left
to sit at the target temperature for several minutes to allow the electronics to arrive at the ambient
temperature.

4.2.2 Test Results
When finished, each of the 26 tests provided about 2700 data points for analysis. However,
all the measurements were out of phase with one another (Figure 4-3) because the input was not
reset for each test. This was anticipated, and two periods were extracted from each test so that all
the data would align. Next, a ground truth sine wave was generated for the single-ended and
differential tests such that it aligned most closely with the room temperature data of the respective
tests.

Figure 4-3: Voltage readings of each temperature test
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From here, the first low-to-high half-period of the ground truth wave was extracted for use
as the independent axis (such that the values only increase). The same subset was then extracted
from the measured waves and plotted against one another to create a series of curves that show how
the linearity of the measured signal changes over temperature. Figure 4-4 shows the results of the
single-ended tests and Figure 4-5 shows those of the differential tests. The almost indistinguishable
lines actually indicate that the system is barely affected by temperature changes.

Figure 4-4: Single-ended linearity at various temperatures
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Figure 4-5: Differential linearity at various temperatures

Even if small, any thermally-induced trend amongst the data will result in the lines
arranging themselves in order when the plot is zoomed in enough. Figure 4-6 and Figure 4-7 show
a close-up of the middle of the single-ended and differential, respectively, linearity plots. A visual
inspection indicates that no such trend exists.

Figure 4-6: Single-ended linearity at various temperatures (zoomed into middle)
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Figure 4-7: Differential linearity at various temperatures (zoomed into middle)

This lack of any trend exists for almost the entire input range, but a clear trend does emerge
right at the upper end of the input range (about 0.05 V from the end) for both the single-ended
(Figure 4-8) and differential tests (Figure 4-9).

Figure 4-8: Single-ended linearity at various temperatures (zoomed into upper end)
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Figure 4-9: Differential linearity at various temperatures (zoomed into upper end)

This correlation at the upper end of the signal is incredibly slight, almost insignificant.
However, the 8-mV change in the signal over the entire thermal range is still almost an order of
magnitude greater than the noise in the system (see Section 4.3 for a discussion on noise), so
temperature compensation is still worthwhile.

4.2.3 Temperature Compensation
The base station offers linear temperature compensation. This means that the program is
capable of perfectly addressing temperature effects provided that all the curves in the figures above
are linear. Obviously this ideal scenario is not possible, but a linear regression approximation using
the normal equation method returns an 𝑅2 value greater than 0.99999 for every test. From here, the
gains and offsets of each approximation are compiled into separate vectors. Another linear
regression approximation was then applied to each vector. Finally, the inverses of these
approximations for the gains and offsets were used as the temperature compensation profiles.
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Figure 4-10 and Figure 4-11 show this process for the single-ended and differential tests,
respectively.

Figure 4-10: Creating the single-ended temperature compensation profile

Figure 4-11: Creating the differential temperature-compensation profile

The final results show that the linear compensation profiles can be modeled by
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Single-ended gain:

(−0.000019 × 𝑇 + 1.000406) V

4-1

Single-ended offset:

(+0.000018 × 𝑇 + 0.005424) V

4-2

Differential gain:

(−0.000005 × 𝑇 + 0.998349) V

4-3

Differential offset:

(−0.000001 × 𝑇 − 0.031340) V

4-4

where 𝑇 is the temperature in degrees Celsius. Considering that the ideal equation is a constant of
1 for the gain and 0 for the offset, these equations show that temperature is a very minor concern
for the system.

4.3 N OISE C HARACTERISTICS
Evaluating the noise on the system was done by examining the same data used for the
temperature characterization. Specifically, the magnitude of each linearity plot was subtracted by
its linear approximation. The resultant curves are shown in Figure 4-12.

Figure 4-12: Single-ended and differential noise

In each plot, the major error is due to the nonlinear performance change due to temperature
and, thus, can be ignored. Of interest, then, is the higher-frequency noise present throughout every
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signal. A visual inspection shows that this noise is independent of temperature and thus corresponds
to internal board noise. Measuring this noise indicates that the signal fluctuates by approximately
1 mV. Since the 16-bit ADC was set to scale between ±4.096 V, a 1-mV error corresponds with
eight bits of error. This means that the three least-significant bits are susceptible to noise. This, as
it turns out, corresponds exactly with the listed noise level in the ADS1115 datasheet. Such a
correlation implies that the sensor board does not introduce any noise greater than the intrinsic
noise of the ADCs.
With eight bits of noise present, transmitting an excessive number of significant figures is
not helpful if the precision is lower than the noise floor. Therefore, the input range determines the
number of decimal places transmitted by the sensor board to the base station as according to Table
4-1. As a note, the input range of ±6.144 V should never be used since the ADCs can only tolerate
input voltages of ±VCC—nominally 3 V.
Table 4-1: Decimal places transmitted based on input range

Input
Range (V)

Error Per
8 Bits (µV)

Decimal Places
Transmitted

±6.144

1500

3

±4.096

100

3

±2.048

500

4

±1.024

250

4

±0.512

125

5

±0.256

62.5

5

4.4 P ROGRAMMING
Despite adhering to all standards and verifying all other functionality, neither the Keil
ULINK2 nor the SEGGER J-Link debuggers were able to flash the memory on the EM357 with
new code. Every other step in the programming sequence both before and after flashing the memory
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worked perfectly fine (full sequence of events shown in Figure 4-13). This scenario, however odd,
ruled out any hardware issues as the cause because the JTAG/SW port clearly worked.
Documentation on this issue was also sparse because of how heavily Ember recommends the
EM357 be used only with their ISA3 debugger and custom programming header.

Figure 4-13: Sequence of events for programming the EM357

A series of dialogs with IAR Systems (which makes the compiler), Silicon Labs (which
owns Ember), and SEGGER led to the source of the problem: Ember intentionally prevents the
Cortex-M3 on the EM357 from interfacing with other debuggers for licensing reasons. Fortunately,
Ember has authorized SEGGER to program the EM357 using J-Flash, a SEGGER flashing
program, and the ARM J-Link debugger. Unfortunately, this solution was only verified days before
this document needed to be finished, so the anticipated network testing of the system cannot be
referenced here (see Section 5.2 for a list of tests).
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Chapter 5

| C ONCLUSIONS

While much work still remains on the sensor board’s code, the system so far is a very
promising wireless sensor system that many industries stand to benefit from. The following is a list
of accomplishments, an overview of future work, and a discussion of potential extensions to the
project.

5.1 A CCOMPLIS HMENTS
Assuming that the code for the sensor board works as expected, this project met every
requirement. The sensor board, the input board, and the base station all embody their intended
purpose excellently. The system as a whole is a unique wireless sensor system for real-time
monitoring that can either replace existing wired sensor systems as well as provide functionality
unavailable to conventional wired systems.
The sensor board is a tiny device with superb adaptability to interface with a large variety
of sensors. Moreover, its moderately low power consumption ensures all-day usage. Alternatively,
the power usage can be ramped up to provide +20 dBm for exceptional ZigBee range. The onboard
signal processing circuit is highly resilient against both thermal changes and noise, the former of
which can be neutralized through compensation. Similarly, the input board does exactly what it
needs to without compromising signal integrity.
The base station is a sophisticated graphic front-end for monitoring data as it arrives. Its
extensive configuration of the network, plots, sensors, alerts, and temperature profiles provide a
versatile program that can adapt to complicated user needs. The program also features a dynamic
plotting canvas for better focusing on data. In addition, the base station’s appearance is visually
appealing and focuses on the user experience.
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5.2 F UTURE W ORK
The first major task is to verify the sensor board’s code. While the code written for the
sensor board should theoretically work, there is no way to be certain without testing it. Once
confirmed, the following tests will be carried out:


Actual battery life at various power levels;



Range of sensor boards in a star network at various power levels;



Message propagation delay in a mesh network;



Transmit interval;



Susceptibility to interference and the frequency of dropped packets;



Security vulnerabilities; and



Recovering from a loss of connection.

Beyond this, more testing of the signal processing circuit would be beneficial. Offset error,
gain error, differential linearity error, and integral linearity error were not thoroughly tested because
of how much time was spent troubleshooting the sensor board.
Finally, the sensor board’s layout contains two minor errors: First, the battery connector is
backwards because it was changed halfway through the design to one keyed in reverse, but this
detail was not caught in time. Second, the RF shield is not directly connected to GND—though a
via was placed near one of the shield’s pads with the intent to connect it, but this was forgotten.

5.3 E XTENSIONS
The system presented herein provides an excellent starting point for a number of powerful
expansions to enhance its functionality and marketability.
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5.3.1 The Sensor Board
Probably the most useful feature for the sensor board that could be implemented in the
current system is over-the-air programming since the ZICM357SP2-1-HT already supports it.
Aside from making each board easier to program, this frees the user from having to buy an
expensive ARM debugger to change the program’s firmware. Additionally, each module could be
programmed in place so as not to disrupt testing.
Another sensor board feature that can be implemented in the current system is tree and
mesh networking to increase the range of the network. The ZigBee module on each sensor board
can function as either a router or end-device depending on the firmware. Unlike most wireless
sensor networks, the routers in this network can continue to sense and transmit data and thus act as
routers and end-devices simultaneously.
On the other hand, the network could be made more like a traditional wireless sensor
network with the addition of a sleepy mode. This would abandon real-time streaming in favor of a
prolonged battery life spanning days or months. In this mode, each sensor board would spend the
majority of its time with the radio and ADCs off and only transmit a single round of readings every
so often.
If a major redo of the hardware were ever necessary, the elegance of the design would
greatly benefit from a better method to attach the battery. Gluing it to a removable RF shield is
rather crude. Likewise, replacing the JST connector, power switch, and JTAG header with ones
rated for 125 °C would immediately bring the board’s temperature rating up to 110 °C (now limited
by the ZigBee module).
As mentioned at the beginning of this document, this system was driven by the hope that
one day it will be used onboard a heat shield during reentry to monitor critical sensors. A crucial
step toward that goal is to achieve a space-certified rating for the sensor board by passing many
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difficult tests. Should the base model prove successful in aerospace test facilities, this would be the
next step.
In typical usage scenarios for the sensor board, the user will have no need to directly access
the electronics. As such, a custom case should be created for the board in order to protect it from
its environment and to increase its production value. It would also provide a more elegant method
for attaching the battery.

5.3.2 Powering the Sensor Board
A major upgrade to the system would be to replace the battery with a more powerful
alternative; namely, a daughter board that plugs directly into the JST connector or the VCC and
GND vias.
One implementation of this daughter board would be a renewable power source—
optionally with a smaller battery or supercapacitor. For example, a solar-powered system would be
very beneficial for outdoor sensing applications. Another implementation would be a battery with
wireless charging capabilities. In such a system, the sensor boards could easily be recharged in the
field without interrupting operation.
The most desirable power system would a wireless one. By creating a daughter board
powered by wireless power inductance, each sensor board in range could be powered indefinitely
while the source system is transmitting. This would eliminate the need to recharge the boards and
would allow for the boards to be placed in locations that are physically difficult to access.

5.3.3 The Base Station
The temperature compensation profile system was coded into the base station well after the
rest of the functionality. In retrospect, profiles would have been a better implementation for
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assigning polynomial values since they are likely to be reused. In fact, the profile method could
really be extended to most other features as well: the network setup, the location of the plots, alert
criteria, etc.
Conversely, the third-order polynomial system used for the input transformation would be
beneficial for temperature compensation, especially since Figure 4-12 indicates that a quadratic
approximation would have provided a much better fit.
Another useful feature would be the ability to name end-devices. Having to select a sensor
from a list of EPIDs is difficult even in a small network. This would be quick to implement and
make setting up plots much easier.
Similarly, the program does not include plot labels or limits when it exports data. This
would prove troublesome when dealing with a large number of plots or when revisiting the data at
a later time. Exporting an additional file of plot metadata would quickly solve this.
As of now, the base station only supports line plots. In order to optimize the user
experience, the program should include various types of plots and meters. Adding radial meters,
bar graphs, pie charts and simple digital readouts would bring the program on par with commercial
monitoring software.
The base station collects data from external hardware and issues alerts inside the program.
To provide a more meaningful alert system, the program could be made to interface with other
external hardware such that alerts could be configured to trigger specified systems.
The base station interacts with the ZigBee coordinator over a COM port. This
communication method is the most common means to control and collect data from hardware.
When designing the base station, the thought of expanding it to interface with more systems than
just XUIP kept the code from getting too specific. With just a few changes and one additional
dialog, the base station could become an independent product for monitoring data from any device
which uses a COM port. This would immediately put it into a category of software only populated
by a few products since most data monitoring programs are designed to only interface with their
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associated hardware. As it turns out, this hardware typically also communicates over a COM port,
so the base station could even stand in as a replacement for that software. This possibility would
make expanding upon the base station a very worthwhile and recommended endeavor.
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Appendix A

| R ELEVANT F ILES

The following is a list of the relevant software and design files that accompany this project.
This does not include the hundreds of additional files that constitute the entire system but were
either auto-generated or not specifically written for this project and thus superfluous to list.

A.1 S ENSOR B OARD H ARDWARE
Input Board.PcbDoc
The PCB design file for the input board.
Input Board.SchDoc
The schematic design file for the input board.
XUIP Final.PcbDoc
The PCB design file for the sensor board.
XUIP Final.SchDoc
The schematic design file for the sensor board.
XUIP.PcbLib
The component footprint library used for the sensor and input boards.
XUIP.SchLib
The component schematic library used for the sensor and input boards.
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A.2 S ENSOR B OARD S OFTWARE
Callbacks.c
Contains the software routines for the relevant EM357 callbacks. This code should be
placed in the auto-generated “ZigBee_callbacks.c” file.
Config.h
Contains the user configurable options for customizing the system for a specific
implementation.
XUIP.c
Contains the core functionality needed for XUIP. It includes functions to setup and
configure the internal ADC for the temperature sensor, the I2C bus, and the external ADCs;
functions for retrieving readings from the temperature sensor and the ADCs; and functions
for aggregating and transmitting data.
XUIP.h
Contains a few constants and the publicly-accessible functions needed to initialize the
sensor board and toggle between active and standard mode.

A.3 B ASE S TATION
App.xaml
Contains global brushes and styles for controls.
App.xaml.cs
Contains application-level constants.
MainWindow.xaml
The frontend for the main application window where plots are displayed.
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MainWindows.xaml.cs
The backend for the main application window where plots are displayed.
Network.xam l
The frontend for the network setup dialog.
Newtork.xaml.cs
The backend for the network setup dialog.
Plot.xaml
The frontend for the custom plotting control used to display sensor data.
Plot.xaml.cs
The backend for the custom plotting control used to display sensor data.
Plots.xml
An empty plots configuration file for reference.
Preview.xaml
The frontend for the preview plot dialog.
Preview.xaml.cs
The backend for the preview plot dialog.
Scan.xaml
The frontend for the scan network dialog.
Scan.xaml.cs
The backend for the scan network dialog.
Setup.xaml
The frontend for the plots setup dialog.
Setup.xaml.cs
The backend for the plots setup dialog.
TempComp.xaml
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The frontend for the temperature compensation profiles dialog.
TempComp.xaml.cs
The backend for the temperature compensation profiles dialog.
TempPlot.xaml
The frontend for the custom plotting control used to visualize a temperature compensation
profile.
TempPlot.xaml.cs
The backend for the custom plotting control used to visualize a temperature compensation
profile.
TempProfiles.xml
An empty temperature profile configuration file for reference.

A.4 T ESTING
Temperature Tests.xlsx
Contains the data collected from the thermal characterization tests.
XUIP.m
MATLAB code to process the thermal characterization data and produce all the thermal
and noise plots in this document.

