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ABSTRACT
Water quality monitoring is essential to human health, ecological stability, and
scientific research but remains hampered by Large, expensive, inflexible, and sometimes
unreliable systems. To address these problems, an open source, flexible, and inexpensive
sonde was designed and created capable of meeting research needs, along with a buoy
system to support its use. A new optical UV based sensor was created to help measure
phosphate ion levels. Together these technologies could further ecological research and
help safeguard ecosystems.

vii

1. Introduction
1.1 Significance
Water quality monitoring is critical for modern waste and drinking water
treatment, as well as understanding, tracking, and controlling humanity’s ecological
impact. Furthermore, most scientific studies of water quality are limited by spatial,
temporal, and chemical resolution. Real time water quality monitoring by small
inexpensive networks could enable fast response, ensure 100% reporting, and provide
critical temporal and spatial resolution for scientific experiments. Further improvements
in phosphate sensors could allow such systems to react to eutrophication early.
Contaminated drinking water supplies in the US result in 19.5 million illnesses
annually [1]. This in no small part stems from the duration of system failures, with the
average microbial failure lasting as long as 44 days, and the average chemical failure
lasting >120 days [2]. Most outbreaks are associated with ground water contamination
[1] from poor treatment of waste water. Contaminated ecosystems can impact
aquaculture by making food toxic [3] causing illness and significant economic harm [4].
Contaminated water also results in 1.1 million illnesses from exposure on beaches with
over 20,000 days of beach closure in the US annually [5].
Waste water run off impacts many other problems outside of human health. Poor
waste water and run off control leads directly to the vast majority of algae blooms [6].
Other non-eutrophic pollution can also disrupt the food web [7]. Poor control can also
lead to the direct addition of contaminants to water supply [8]. All this is hampered by
limited reporting and monitoring by the EPA because of the extreme costs associated
with wide spread environmental observation [9].
These same limitations also impacts ecological research. Collection of water
quality data by hand, and experimentation in laboratories results in significantly less data
at high cost and significant labor [10], [11]. Temporal resolution is extremely limiting
for mesocosm analysis [10], and spatial resolution can be very restrictive for many
studies on biodiversity [12].
Remote sensing platforms, organized in inexpensive distributed networks have
often been looked at as a possible solution to these problems in many environmental
1

fields [13]. However significant challenges in design, cost, and robustness have
continued to hamper development in water [14]. The goal of this thesis is to examine
these problems, purpose solutions and test designs allowing for remote sensing buoys
capable of detailed water quality monitoring.

1.2 Requirements
The goal of this thesis is to develop a sonde, buoy, and sensors to support water
quality research and monitoring. It is thus critical to first examine the needs of groups
that are immediately interested in the implementation of these solutions. These groups
are principally: the Vertical Profiling Group at the Darren Fresh Water Institute (DFWI),
the Mesocosm Group at the DWFI, the 3 Helix fellowship, the Sawyer Working Group,
and Professor Bystroff’s lab.
Table 1: Requirements for a sonde & buoy system
Source

Requirement

Specification

Value

Unit

Vertical Profiling Group

Open source

Modifiable by researchers

----

----

Vertical Profiling Group

Can stay in water all testing season

Power lasts spring to fall

6

Months

Vertical Profiling Group

Sonde works independently

Sonde works independently

----

----

Vertical Profiling Group

Drop in replacement

Communicates with YSI system

----

----

Vertical Profiling Group

Collects research quality PH

Range

0-14

PH

Accuracy

0.1-0.2

PH

Range

0-70

ppt

Accuracy

0.1

ppt

Range

0-200

mg/L

Accuracy

20-Feb

mg/L

Range

-5-50

C

Accuracy

0.01-0.05

C

Range

375-825

mmHg

Accuracy

1.5

mmHg

Range

0-4000

FNU

Accuracy

0.3-20

FNU

Range

0-50

mg/L

Accuracy

0.1-2.5

mg/L

Range

0-10

ppm

Accuracy

0.01

ppm

Vertical Profiling Group

Vertical Profiling Group

Collects research quality salinity

Collects research quality nitrate

Vertical Profiling Group

Collects research quality temperature

Vertical Profiling Group

Collects research quality pressure

Vertical Profiling Group

Vertical Profiling Group

DFWI

Collects research quality turbidity

Collects research quality DO

Collects phosphate data

Vertical Profiling Group

Low power

Average power consumption

100

mW

Mesocosm Group

Self-powering

Solar provides average power

0.2

W

Energy storage

4.8

Wh

2

Mesocosm Group

Mesocosm Group

Collects research quality chloride

Easy data collection

Accuracy

0-70

ppt

Range

0.1(1%)

ppt

One request collects all data

----

----

Communicates via Bluetooth

----

----

3 Helix

Inexpensive

Total system cost

<1000

$

3 Helix

Easily used

Usable by high school students

-----

-----

3 Helix

Disseminated knowledge

Maintain public source

-----

-----

Bystroff's Lab

Can work in streams and lakes

Resistant to current

-----

-----

Resistant to debris

-----

-----

Has TIA, and phase circuitry

-----

-----

Is easily modified

-----

-----

Sawyer working group

Can be integrated with new sensors

While the goals listed in Table 1 are important to the success of the project, they
should not be considered the upper limit. Core limitations to the successful
implementation of remote sensor networks in water include robustness, power
consumption, individual sensor cost, and sensing diversity.
While systems that possess many of these qualities exist, none contain all of them.
Some metrics, like in situ phosphate (PO4) ion measurements elude measurement all
together despite its critical importance in bacterial and algal growth. As such a new such
sensor will be required.

1.3 State of The Art Networks
The most universal and flexible part of a distributed network is the platform,
which contains the communication, electronics, power, and enclosure necessary for
sensors and components to be integrated. Commercial platforms vary in cost between
~$1,500 to in excess of $100,000 putting them out of reach of most projects (see
Appendix B – State of The Art). Commercial buoys typically exclude communication
protocols because of assumptions of cost, and while rugged, they are not always flexible
in design or implementation. By questioning key assumptions about the commercialized
design, SEMAT (Smart Environmental Monitoring and Analysis Technologies) has
reduced costs for large scale buoys to ~$1,800 [15] and Technical University of
Cartagena has reduced costs down to ~$360 for smaller buoys [16] while creating a
complete sensor network that is both flexible and rugged. However, built in design
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traditions and assumptions still remain that can be removed to improve ruggedness,
flexibility, and cost.
There are on the order of 25 buoys currently available that provide some level of
power, if not communication for sensor systems of varying system sizes. Commercial
buoy design can be broken down into physical enclosure, electronics & power, and
communication. Each of these areas contains assumptions that limit durability, function,
and price.
The physical enclosure accounts for approximately a third of the cost of noncommercial systems [15], and it is likely they form a similar component of the
commercial pricing. They are typically composed of large, custom plastic or metal
casings which while rugged are costly. Because most commercial systems must accept
the use of multiple sensor systems, they are designed for minimal communication, these
sondes are attached by cable which is difficult to make water tight without significant
expense, and results in poor space utilization. The smallest buoy found breaks this
cabling assumption and has exclusively internal sensors [17].
Several core assumptions have also been made about power consumption. While
some systems have attempted to use wave power for its consistency [18], the most
common method of power generation is solar, because of its comparatively high power
output. As is shown in the Figure 1, there is a relationship between the solar panel power
and the buoy size as large panel sizes require more support and ballast.

4

Size of General Sensor Platforms by Power
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Figure 1. Relationship between power and platform size, data from Appendix B

It is not uncommon for buoy systems to provide as much as 180 watts of solar
power. This is significantly higher than other traditional sensor networks [19]. In
addition to controlling size through power generation, power consumption controls
energy storage which is directly related to the system’s ability to handle long term
projects. In these cases, large batteries are required.
However, large solar panels and batteries make demands on the physical
dimensions and sturdiness of the buoy. Consequently, it should not be surprising that
buoys that require large expensive solar arrays, batteries, and physical enclosures are
also more expensive. While most companies do not share cost information, one
company, NexSense, publically shares this information in Figure 2. We can see that size
and cost are directly related.

5
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Figure 2. Relationship between buoy size and cost, data from Appendix B

There is a significant relationship between the power production, size, and cost
of a platform. Buoy power consumption has three main components processing,
measurement, and communication. Assumptions about the shape, size, and density of the
network control the power of the communication system which consumes the most
power in these systems [19]. Non-open source, specialty, commercial sensors consume
more power in exchange for higher accuracy as shown by YSI’s high accuracy but 1.6W
sonde [20]. This power consumption is also directly related to the frequency of
sampling. Although processing power consumption is largely a function of programming
and hardware selection, for specialty commercial system power consumption is also
higher because it forms a smaller part of overall consumption. These problems can
largely be addressed through the use of open distributed networks.
Most platforms use manual collection via data loggers, but as was discussed
earlier; this significantly limits the ability of researchers to collect data. The only
commercially available platforms with built in communication use centralized
communication via satellite or cell tower. These methods are highly reliable and
ubiquitous, but they also consume the most power. Furthermore, these centralized and
commercial platforms tend to be inflexible as researchers in the vertical profiling group
of the Jefferson Project pointed out.

6

1.3.1

Research Platforms
Because of the intense interest in using sensor buoys to monitor water quality in

real time with the high spatial resolution already discussed, many groups have begun to
create their own sensor networks which are less expensive and appropriate for their
applications. Several groups have reduced the cost of their own buoy networks by
questioning the assumptions built into many commercial systems about power,
communication, and physical layout.
Most research systems reduce the total amount of power production required for
standing buoys to below that produced by 20W solar panels. The Technical University
of Cartagena built a system using only 5W of solar panels given an expected 15%
efficacy, as they estimate a sensor consumption of 0.5W and communication
consumption draw of <0.3mA [16]. This dramatically reduces the overall size of the
system by requiring only two small 18x11cm panels.
Other types of networks have used distributed communication to achieve
significant power reduction [19]. These systems have been very effective in gathering
concentrated data in agriculture [21], vehicle tracking, and much more [13]. This can be
attributed to the

attenuation of communication power, so multi-hop short range

communication is far more efficient and can lower per unit costs [19]. While not all
systems are distributed [22] many new research buoys are moving in this direction [10],
[15], [16], [23].
Most commercial systems are segmented with the sonde and the buoy being
separate to mix and match sensors to buoys. This is critical because sonde companies
often only sell complete systems to be used in that or competing buoys. Most research
projects further reduce size and cost by integrating systems [24]. However, a lack of
modularity can make designs very application specific, and not easily transferable.

1.4 State of the Art in Situ Sensors
Unfortunately, because there are hundreds of metrics to be detected, and many
methods for detecting each, the field of in situ sensors is far too expansive to cover in its
completeness here. However, the core sensing techniques that are widely used for a
variety of measurements include spectrometry, selective membranes, ion selective
7

electrodes (ISEs), and chemical reactions. However, there are challenges to
implementing of these techniques.
Photometric and Spectroscopic methods have been growing as a method of in situ
measurement since the 1990s, because they are both rugged, and provide a large amount
of information on varied metrics simultaneously [25]. These systems are large,
expensive, and power hungry as they often require powerful lights and photodetectors
[26]. The lowest detectable limit (LDL) of these systems is often determined by the
quality of the source and detector. Thus in situ sensitivity is limited by the use of CCDs,
as photo multiplier tubes (PMTs) are too costly and frequently fail unexpectedly.
Selective membranes are much smaller and inexpensive which can be used with a
number of different kinds of ISEs and even spectroscopes to determine chemical
concentrations. While membranes struggle with some interfering ions, they remain
relatively selective. Unfortunately ISEs can easily become fouled and require
replacement. They also tend to develop increasing levels of ions over time causing
natural drift. Consequently, they are not often used for long term sensing.
ISEs are a very wide class of sensors where specific ions are electrically detected,
often by interaction with an electrolyte contained by a selective membrane. ISEs are
used almost exclusively for handheld measurements of water quality as they must be
calibrated and adjusted at least once a week [27]. They do, however, provide high
accuracy and relatively low LDL.
Chemical reactions on the other hand have consistent accuracy and no drift. They
are well established and are central to most lab chemistry. They can be highly specific,
and provide amazingly accurate results. However, they require material either be stored
or supplied. Most such processes contaminate the water they use, and so those samples
must be stored and discarded properly, or the use of special degradable chemicals is
required. This results in expensive, large, and failure prone electromechanical and
storage systems.
1.4.1

State of the Art Phosphate Sensors
Among the requests from researchers of a phosphate ion (PO4) sensor for long

term, in situ measurements. There are roughly three kinds of measurements currently in
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use: dyes (various fluorescent and chromagraphic measurements of a reaction), ISEs,
and Bio/ISE hybrids [28].
Dyeing or reaction based measurements are by far the most common and are
used in most laboratories and field kits. Commercial kits are typically composed of
ammonium heptamolybdate and ascorbic acid, which when mixed together with
phosphate ions reduce to a blue dye which can subsequently be compared to included
standards of color or measured with a colorimeter. Such field methods often have
sensitivity of ~0.1 ppm [29]. However, the measurement, like most others, produces
waste that must be disposed of properly. Similar methods of radiometric, luminescent,
fluorescent, amperometric, voltammetric, and conductivite dyes are also available with
their own tradeoffs [28] with some amperometric methods having accuracy down to
~0.01 ppm [30].
There are a few ISEs available using cobalt, tin, or nickel electrodes [28]. These
ISEs do not produce toxic chemicals that must be disposed of and require very little
labor such that they could be used remotely. However, these electrodes tend to have
relatively short life spans on the order of 14 days, lower sensitivity of >0.1 ppm, and
have numerous interfering ions [31].
Bio based ISEs are an area of significant interest for phosphate sensors as
enzymes may reduce and react with phosphates in predictable ways remotely, are
extremely ion selective, and allow direct voltermetric measurement as a normal ISE.
These sensors offer higher sensitivity 0.01-0.05ppm and high selectivity, at the cost of
shelf life, but do not directly address problems of drift [28].
For remote real-time monitoring and research of phosphate ions a sensor must
have long term stability, selectivity, and sensitivity to at least 0.1ppm without generating
significant waste and requiring human data collection. There is, in this way, significant
need for a reagent-less optical measurement of phosphate ions.

9

2. Development of a New Platform
The bulk of the requirements for this work require an effective platform to base
sensors off of that is open, rugged, small, effective, and inexpensive. No current
platform meets all of these needs. However, by far the most demanding requirement is
expense, which drives the network to be small and distributed, rather than the typical
large and centralized design. These changes reduce cost to 1-5% the cost of commercial
platforms and 33% the cost of the next lowest reported platform at just over $100.

2.1 Concept
5km ranged centralized communication and the resulting low spatial resolution
requires expensive and complex structures; including 1-2m towers, 180W power
production to cover several watts of power consumption, and custom housing. While
power and communication components must be above water for high transmission
quality, by reducing the transmission distance the antenna height can be reduced.
Furthermore, replacing custom components with simple PVC piping parts will reduce
cost and complexity.
The users have already specified a method of communication – bluetooth – for
usability reasons. Unfortunately, as it is shorter range and higher power consumption
than many alternatives [19]. However by making use of bluetooth low energy, we can
reduce the power requirements to 1/5th that of what they would be otherwise, which
makes the design still feasible. Furthermore, while the amount of data transmitted is
significant, by setting up the buoys as a distributed network: we can reduce power
consumption, continue using bluetooth, and reduce the work of the users.
Power consumption can be further reduced by appropriate planning and
programming making it possible to get away with half the power consumption of other
comparable systems. Arduino Pro-micros provide an open source, low power solution.
Using these changes, it should be possible to make a small, robust, and dramatically less
expensive system.
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2.2 Modeling Networks
The first requirement is that the system be able to collect and communicate data
efficiently. A minimalist routing table design for a communication network is one of the
best possibilities for a long term static network with low energy requirements [19]. It’s
expected that the power consumption will be linear with node count for the node that is
closest to base station (user’s cellphone). However, to model the power actually
consumed a Matlab script that evenly places the nodes in a given shape was written. A
second script then finds the shortest path to base station for each node and calculates
total number of hops and overall distance travelled using a distributed Djikstra method.
Because of the limited storage capacity of each node and large amount of data collected,
it is impossible for a node to hold the data for more than just itself, so it must all be
dumped sequentially. The frequency of transmission, the size, and the type is then
recorded for the layouts to estimate the worst possible scenarios, and the normalized
power consumption is shown below:

Figure 3. Power consumption by node in Postenkill. Color represents power consumption when a
data request is called from node at (0,50).
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The power consumption is linear for all nodes in the stream network as it’s
approximately a long line. However, in a mesocosm (with a large array of experiments)
it’s only linear for the node that has to transmit all the data as shown in Figure 4.

Figure 4. Power consumption for a network of sensors in an equally spaced mesocosm array

Clearly in either case, it is ideal to be able to switch the location of data requests
to not consume power in a lop-sided manner. However, in the worst case scenario where
users will only use the closest node, it is possible to estimate the number of step before
information returns to base, power consumption, and hence the energy storage
requirements. It is assumed that forwarding should not consume more than 30% of the
total power reserves of any particular node. The resulting power consumption estimate
with this model and some simple power consumption measurements of components is
given in Table 2.
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Table 2: Power consumption by use
Power Consumer

Average Power Consumption (mw)

IDLE BLE

5.994

Active Microcontroller

0.0667

IDLE Microcontroller

0.0337

Temperature Sensor

0.0099

Salinity Sensor

0.0069

BLE Transmitting

0.0056

BLE Active

0.0035

Light Sensor

0.0007

PH Sensor

0.0003

DO Sensor

0.0003

Temperature Sensor

0.0003

Total

6.1219

With a power consumption estimate and a estimate of the power generation
capacity of a solar panel, it is possible to surmise that a solar panel of >=2.5W should
provide adequate power to this system with a >=15Wh storage capacity. A physical
layout is then possible.

Figure 5. Physical layout of sonde in Solidworks

With a complete list of components a rough estimate of cost is possible. The
system cost for the platform itself (excluding sensors) has indeed been cut down to
significantly less than that of other research systems. Such that buoy cost is now dwarfed
by the cost of sensors which now dominates all other costs as shown in Figure 6.

13

Buoy Price
$48.79
$28.35

$9.95
$17.5

$606.8

$9.85

Physical Enclosure
Power Systems
Electronics
Communications
Cables
Sensors

Figure 6. Pie chart break down of total system cost

However, while sensor costs are important, they form a totally separate and
challenging problem. Each sensor used has different design flaws and while ideally there
would be enough time to create an improved version of each, significant compromises
will need to be made.

2.3 Experimentation

To begin development, the system was setup and tested without an enclosure.
However, several flaws in the system shown in Figure 7 were discovered.

Figure 7. Testing component layout as used in sonde, shared publically [32]
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The original design called for a flow cell to regulate and control sampling. This is
completely infeasible as the motor was quickly clogged with leaves and twigs.
Moreover, it consumed 20mW with duty cycle to be sustained for any period of time.
However, it seems that most such systems deal with this problem by exposing the
sensors directly to the water as the YSI sondes do.
Based on this new model a new sonde was developed with dimensions that match
the YSI module already in use by the DFWI for possible replacement and integration.
This new model was outfitted with only a single sensor, temperature, to test viability
before significant resources were expended in testing procedure. This resulted in the
device shown in Figure 8.

Figure 8. The first sonde prototype put together, shared publically [32]

Subsequently, a program for connecting multiple devices together through an
adhoc routing table was written the system design tested indoors which can be found on
Github [33], [34]. The primary functions of the program include setting up sensor
networks, checking power levels, and downloading the network sensor data to the phone
for subsequent upload. The program written is shown in Figure 9.
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Figure 9. An android phone application for network communication, shared publically [32]

The water quality sonde communicating both with other sondes, and with a base
station final testing for sealing and longevity was required indoors. In particular, any
potential leaks or weak points were found (there were several days at the base of the
solar enclosure) as shown in Figure 10, and the system was left for days at a time.
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Figure 10. Initial testing for leaks and long term stability, shared publically [32]

After completing final testing of the original prototype, the system was placed
outside as shown in Figure 11. Several problems not accounted for in testing emerged.
Testing occurred in late December and early March. Principally, ice flow carrying large
objects damaged the enclosure, and while not completely destroyed, there was
significantly damage. Furthermore, the light levels were low given the time of year, and
nearly completely dark for several days in a row, resulting in power and data loss.

Figure 11. Testing buoy in Postenkill stream, shared publically [32]
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While the system could theoretically, have worked with YSI’s controller, access
to the controller was never obtained. Furthermore, a research sensor was never requested
so no transimpedance amplifier (TIA) and phase locked loop (PLL) was installed.
2.3.1

Challenges
Discovered in this process were a myriad of challenges in enclosure, power, and

communication systems. The most serious and troubling were those found in the
enclosure. While the system had been submerged and subjected to collision tests, the
initial buoy proved less rugged than expected. Key improvements required are to make
the solar enclosure out of a single piece and to add a rubber bumper.
Making the solar enclosure with a single piece would help with another problem,
power. The bond across the top of the enclosure cast a shadow on the solar panel that
reduced over all power output. While testing occurred under worse case late winter
scenarios, testing still shovel a need for more battery backup power.
2.3.2

Addressing Challenges
A further goal was realized when funding was proposed for mesocosm

monitoring in addition to a vertical profiling sonde making use of the modularity.
Subsequently a buoy was designed such that the solar panel housing was separated from
the sonde via a water tight conduit. As shown in Figure 12.

Figure 12. Minor alterations to sonde to make it appropriate for mesocosm, and testing
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This was left in a mesocosm of tap water as data was collected. This was then
retrieved via Bluetooth and the temperature data compared to local weather histories
[35]. Implying relatively accurate temperature data Figure 13.

Temperature Measurement
Measured Temperature (C)
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4:48
Time
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Figure 13. Temperature data collected for the first day of testing

Temperature Measurement
Measured Temperature (C)
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Troy Weather Data -- Temperature (C)
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Figure 14. Temperature data compared to local weather data from that day [35]

The two largest potential sources of error stem from shading, and local
temperature variations.
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2.4 Future Work
This work is currently on hold pending funding. However, before full scale
implementation, a version containing all sensors desired for the relevant application
should be completed and tested. This requires minor housing modifications, installation,
and wiring. Testing should include a full summer’s use in a stream or mesocosm where
data will be useful.
Some interest has been expressed in miniaturizing the system further to fit in a
sphere of radius 50mm. The platform can fit into this size, however, significant work
would be required to miniaturize the sensors. Furthermore some testing would be
required to determine viability for systems outside of mesocosms, such as streams and
rivers, where debris form a serious barrier. Overall, the results from this prototype were
positive as shown in Table 3
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Table 3: Comparing goals to results

Requirement

YSI

NexSens 950 SWG

Open source

No

No

Yes

Can be integrated with new sensors

YSI only

Uses YSI

Yes

Inexpensive

20,000

~10,000

100

Small footprint

7.5 m^3

5.79 m^3

0.001 m^3

Easily used

No

No

Yes

Collects Phosphate data

No

No

10ppm

Collects Research Quality PH

0.01 pH

0.01 pH

0.05pH

Collects Research Quality Salinity

0.01 ppt

0.01 ppt

0.3ppt

Collects Research Quality Nitrate

0.01 mg/L

0.01 mg/L

0.1mg/L

Collects Research Quality Temperature 0.001 C

0.001 C

0.01

Collects Research Quality Pressure

0.1 mmHg

0.1 mmHg

0.1mmHg

Collects Research Quality Turbidity

~0.1 FNU

~0.1 FNU

0.3 FNU

Collects Research Quality DO

0.01 mg/L

0.01 mg/L

0.2 mg/L

Low power

1-10 W

1-10 W

0.006 W

Self-Powering

Yes

Yes

Yes

Collects Research Quality Chloride

0.01 mg/L

0.01 mg/L

0.01 mg/L

Modular and separable sonde

Yes

Yes

Yes

Can work in streams and lakes

Yes

Yes

Yes
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3. Development of Phosphate Sensors
There is currently no long term in situ phosphate sensor available on the market as
they struggle with shelf life, drift, and toxic chemicals. The potential for an optical
measurement to provide important, automated, in situ long term data collection is
immense. So to address immediate need, an optical sensor was developed. While the
sensor struggles with sufficient sensitivity and accuracy, it does hold the possibility of a
stable, selective, and low power measurement and could have significant impact.

3.1 Concept
The UV spectrum of water is significantly less absorbing, by three orders of
magnitude, than the rest of the spectrum [36]. Furthermore, over short portions of the
UV spectrum (10-15nm), it is possible to assume that there should be very few
absorption peaks in water, and so it is possible to measure specific ions like nitrate [37].
Phosphate also has a peak at 263nm with continued absorbance in the 250nm-270nm
range, albeit two orders of magnitude smaller [38]. Measurements of the spectrum of in
situ water and theoretical estimates show very few absorbing ions in the 250-270nm
range which implies it may be open for exploration [39]. Due in part to practical
constraints of both the size of the peak and availability of sources and sensors, this
possibility largely unexplored. However, significant progress in UV LEDs and
photodetectors has opened up new possibilities. In particular this is possible because UV
LED prices have dropped considerably to as low as $10 for a 280nm LED, and power
output of 1.5 mw.
To take advantage of this, a short linear approximation of the spectrum around
phosphate’s known absorption peak is found, and then the peak’s absorption change
relative to the background absorption can be measured. Ideally one LED before the peak
at ~245nm, and one after at ~275nm would be used for the linear approximation, and a
LED one at the peak of absorption, ~263nm, would be used to measure concentration.
To help reduce environmental noise from other light sources, the SiC photodetector has
a responsivity cut off of ~350nm.
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3.2 Modeling
This method of analysis is very common for some ions [26], although it has not
been applied to phosphate ions before. Consequently, some modeling is required to
explore the problem. First, a simple model of the system was created by laying out the
spectral power distribution (SPD) of LEDs in relation to the spectral absorbance of
phosphate ions as shown in Figure 15.

Figure 15. Spectrum of phosphate absorbance [38] & LED emission spectrum [40]

Then, the approximate signal, as recorded by the sensor was calculated for each
wavelength at different phosphate concentration level. The result shows a clear linear
trend between the transmission and phosphate levels, as expected and shown in Figure
16.
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Measurement Signal Intensity
-0.705
Absorbance (Relative)

-0.71

0

1

2

3

4

5

-0.715
-0.72
-0.725
-0.73
-0.735

y = -0.0109x - 0.699
R² = 1

-0.74
-0.745

Concentration (ppm)

Figure 16. Relative transmission of sample with phosphate concentration based on spectra

To further test the sensitivity, we examine possible sources of noise by including
expected light from the environment [41], the absorbance spectrum of water [42], and
the absorbance of the photodetector [43] using the commonly known beer’s law where T
is transmission, C is concentration, l is pathlength, and

is absorbance constant:

( )
The transmission for each set of wavelengths is found:
0.00029
0.00024

1ppm 240nm LED
1ppm 265nm LED

0.00019

1ppm 280nm LED
0.00014

3ppm 240nm LED
3ppm 265nm LED

0.00009

3ppm 280nm LED
0.00004
230

240

250

260

270

280

290

300

Figure 17. Detection of various LEDs by detector broken down by wavelength and concentration.
Concentration intentionally exaggerated for clarity.

And then the resulting photodetector gain can simply be used to determine the
output signal strength as shown in Figure 18. To measure at the 0.01ppm level would
require accurate sensitivity at the picoamp range.
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Phosphate Measurement Estimate
Signal Difference (mA)

-0.1048
-0.1048

0

0.01

0.02

0.03

0.04

0.05

-0.1048
-0.1048

y = 3E-07x - 0.1048

-0.1048
-0.1048
-0.1048

Concentration (ppm)

Figure 18. Expected measurement & sensitivity to concentration relation

From this we know that we need a sensor accuracy of ~1nA to read 1ppm values.
This is technically possible, but it is extremely desirable to have measurements down to
0.01ppm. For this, new sensors with on the order of 15A/W are required with low SNR
and high saturation points.
However, using only commercial parts, some detection is possible. Furthermore,
power consumption of this sensor can be estimated from the LED and sensor
consumption as being 0.49W when on, and 0.49mW average power consumption after
duty cycling. Since it seems to work theoretically, a physical layout for such a system
was created as shown in Figure 19.

Figure 19. Cross section of three part phosphate sensor assembly

3.3 Experimentation
The only viable LEDs in the desired UV range were 255nm, 265nm, and 275nm
LEDs. The actual spectrums as measured by an integrating sphere tied to a spectrograph
is shown in Figure 20.
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Normalized Intesity (A.U.)

Phosphate Sensor
1.2
1
0.8
0.6
0.4
0.2
0
-0.2 230

Phosphate
Absorbance
255 LED Emission
265 LED Emission
250
270
290
Wavelength (nm)

280 LED Emission

Figure 20. Wavelengths as measured

While it is strongly preferable to do linear approximations with either side of the
absorption peak, it is theoretically possible to preform one over one side of said peak via
extrapolation, but with less selectivity. It is hoped that 245nm LEDs should be
sufficiently prevalent to provide improved measurement stability in a few years. To test
the setup a test stand was created as shown in Figure 21.

Figure 21. Testing feasibility of simple transmission measurement

Test samples were created by weighing out diammonium phosphate in water into
10mm cuvettes. Unfortunately, the output of the LEDs is not stable enough (+-20%
variation) to allow a single sensor with calibration to measure transmission. However
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after numerous measurements it was found that use of a second sensor could be used to
reduce error from LED intensity changes. In this way transmission can be found as

The LEDs were placed on more thermally conductive material and attached to a metal
heat sink to reduce warm up and cool down time of the LEDs. As is shown in Figure 22.

Figure 22. Second setup attempt

After further trial and error, it was found that a custom metal core PCB was
required along with a longer path length to both improve the SNR and stability of the
measurement.

Figure 23. Metal core PCB with all three LEDs & 50mm setup
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The 255nm LED that we had received was manufactured out of spec, with peak
wavelength at 268nm, and was thus not useful in this test. However, using the two other
LEDs, a relationship between phosphate levels and transmission at 265nm was found.
This is shown in Figure 24.

Measured Concentration (PPM)

Phosphate Concentration
Measurement
120

y = 0.9792x + 3.0325
R² = 0.9826

100
80
60
40
20
0
0

20

40
60
80
Prepared Concentration (PPM)

100

120

Figure 24. There is an absorption trend using the 0 & 100ppm concentrations for calibration

However, looking at the initial signals over repeated randomized sampling as
shown in Figure 25, it is clear that the error is on the order of 10s of ppm, far too high to
be used in this state.
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Phosphate Absorption
1.5

Out Sensor/In Sensor

1.4
1.3

265nm LED

1.2
280nm LED

1.1
1
0.9
0

20

40
60
80
Concentration (PPM)

100

120

Figure 25. The relative measured transmission of different concentrations

However, replacing the out of spec 255nm LED with one either in spec or even
lower and reducing error should improve measurement. It was found that ~90% of the
error was a combination of optical alignment and water level, both of which can be
solved through setup changes. In particular a first prototype of the sensor was needed as
a fully submerged and fixed alignment should remove both errors.

3.4 Prototype
The results from experimentation indicated that a prototype could be useful by
fixing alignment and ignoring sample filling variation. Thus one was designed and
subsequently fabricated with a 3D printer. The result is shown in Figure 26.
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Figure 26. First prototype design and fabrication

There were significant problems with the original design with some sealing,
alignment, and shading problems that prevented proper data collection. Further
improvements required a larger window aperture from 10 to 15mm for the light to pass
through and removal of any and all partial obstructions to improve signal transmission.
A second prototype was designed and fabricated to address these problems and add
improvements, allowing the windows to be easily removed for cleaning and for better
more concentrated wiring.

Figure 27. Second phosphate prototype

The new prototype worked significantly better with the ability to unscrew and
clean windows and reduced leaking. However, problems with leaking and TIA drift
persisted. However, the initial data implies that there was a 5x improvement in signal
SNR as shown in Figure 28:
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Absorbance Change
1.79
Normalized Absorption

1.69
1.59
1.49
1.39

100 ppm

1.29

0 ppm

1.19
1.09
0.99
255

260

265
270
275
LED Center Wavelength (nm)

280

285

Figure 28. Absorbance from 0ppm to 100ppm diammonium phosphate

This implies there is some shift in the transmission with phosphate doping that
we should be able to measure. However, sealing problems prevented enough data
collection for a definitive measurement of the system. 60Hz noise reduction is also
important to improve accuracy, which can be achieved through Electromagnetic
Interference (EMI) shielding was desired.
As such, a second prototype was constructed to limit electrical interference,
reduce electrical noise, and improve sealing. Further changes to size, shape, and wiring
were made to allow its easy installation into the sonde.
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Figure 29. Third prototype with radial sealing, internal TIA, and EMI shielding

However, there was a significant amount of drift from lens fogging that has still not been
fully addressed which made capturing a large sample size very difficult and ineffective.

Measured Concentration
(ppm)

However, the data collected shows another linear relationship:

Prototype 3 Measurements
120

y = 0.983x - 1.4429
R² = 0.9974

100
80
60
40
20
0
0

20

40
60
80
100
Prepared Concentration (ppm)

120

Figure 30. Measurements from prototype 3 using 0 & 100ppm as calibration
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3.5 Future Work
There are a number of challenges to be overcome before a final design can be
created and distributed. In particular, the sensor must be one to two orders of magnutide
more sensitive, easily integrated, and tested.
The error of the sensor should have a standard deviation of < ±0.02ppm. To be
able to measure 0.1ppm as required by the EPA standards and to meet minimum needs
of the interested research groups. Important remaining steps in reducing noise includes
eliminating individual wires, shielding external cables, switching to temperature
independent resistors, and properly capturing all components. Signal increases can be
made by increasing the pathlength, changing the center LED wavelength to 263nm, and
using an LED at <255nm for the linear approximation.
In order to be used on a vertical profiler as with the Jefferson project, the sensor
must be able to be lowered to 30 meters. This requires the enclosure to be made of metal,
and the seal compression to be increased. Furthermore, to fit on a relatively small sonde
the cross sectional area of the sensor needs to be decreased. Finally, the sensor is
operated via oscilloscope and physically moving wires. To be widely usable this needs
to be replaced by an optional hand held interface or integration into a sonde.
If a final design can be created with sufficient sensitivity to be useful it would need
to be subjected to rigorous in situ testing against a current reagent based measurement.
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5. Appendix A – Specifications of YSI System
Sensor

PH Sensor

Detection

Accurac

Power

Limits

y

Consumption

1-14

0.05

N/A

Cost

Supplier

$36

TB
Aquatics

Salinity Sensor

0-500ppt

<15ppt

N/A

$115

TB
Aquatics

Nitrate Sensor

1-10,000 mg/L

10mg/L

N/A

$270

Careforde

Temperature

-25 to 85

0.02C

5mJ/reading

$10

Spark Fun

0-14bar

0.2mbar

2.5mJ/reading

$60

Spark Fun

5mJ/reading

$2

Spark Fun

N/A

$205

Careforde

Sensor
Pressure Sensor
Turbidity
Dissolved oxygen

0-20mg/L

0.2mg/L

Information from [20]
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6. Appendix B – State of The Art
6.1 Commercial Buoys
Manufacturer

Device

Power Supply (W)

Energy

Buoy

Storage

Size

(Ah)

(m^3)

0

216

0.169

40

100

0.9

60

100

3

60

100

24

24

Cost ($)

PME [44]

LakeLogger

PME [44]

LakeESP

AXYS

TRIAXYS Directional

Technologies [45]

Wave Buoy

AXYS

TRIAXYS Mini Wave

Technologies [45]

Buoy

AXYS

TRIAXYS

Technologies [45]

Currents Buoy

YSI [46]

EMM68 Buoy

20

YSI [46]

EMM350 Pisces

40

YSI [46]

EMM25 Buoy

0

46.8

0.138

NexSense [47]

NexSens CB-50 Data

0

0

0.2

1495

18

17

0.415

2995

30

56

1.179

5995

90

84

4.9

8995

90

84

5.79

11996

CB-1250

180

84

10.27

15995

CB-1450

180

220

9.84

19995

0

35

0.023

with

7.5

Buoy
NexSense [47]

NexSens CB-150 Data
Buoy

NexSense [47]

NexSens CB-450 Data
Buoy

NexSense [47]

NexSens CB-650 Data
Buoy

NexSense [47]

NexSens CB-950 Data
Buoy

NexSense [47]

NexSens
Data Buoy

NexSense [47]

NexSens
Data Buoy

Aanderaa [48]

SeaGuard Platform

39

Fugro [49]

WAVESCAN Buoy

180

736

34.46

Fugro [49]

SEAWATCH

180

9792

37.54

Wind

LiDAR Buoy
Fugro [49]

SEAWATCH Buoy

60

770

20.91

Fugro [49]

SEAWATCH Mini II

60

816

1.44

Midi

108

1088

9.13

Deep

80

1540

41.54

Buoy
Fugro [49]

SEAWATCH
185 Buoy

Fugro [49]

SEAWATCH
Sea Module
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