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Floods are the most common natural disasters, causing thousands of casualties every
year in the world. In particular, flash flood events are particularly deadly because of
the short timescales on which they occur. Classical sensing solutions such as fixed
wireless sensor networks or satellite imagery are either too expensive or too inaccurate.
Nevertheless, Unmanned Aerial Vehicles equipped with mobile microsensors could be
capable of sensing flash floods in real time for a low overall cost, saving lives and greatly
improving the efficiency of the emergency response. Using flood simulation data, we
show that this system could be used to detect flash floods. We also present an ongoing
implementation of this system using 3D printed sensors and sensor delivery systems on
a UAV testbed as well as some preliminary results.
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Chapter 1

Introduction

Floods are one of the most commonly occurring natural disasters, and caused more than
120,000 fatalities in the world between 1991 and 2005 [1]. Floods are a major problem
in many areas in the world, and are expected to become worse due to global warming,
which causes more extreme weather events around coastal areas. In 2010, floods were
not only responsible for more than 4000 deaths worldwide but also caused considerable
economic loss. The 2009 Jeddah floods claimed hundreds of lives and caused hundreds of
millions of dollars of property damage, with for instance more than 10,000 vehicles lost.
While these natural disasters are unavoidable, the intensity of the loss can be minimized
by a proper warning system, which will also give emergency responders real time data
to organize their operations.
Though rain monitoring systems have been used for flood prediction and estimation
before [7], flood caused by extreme rains cannot be accurately predicted with these systems, as flood propagation models require hundreds of parameters which are difficult to
know beforehand. Similarly, fixed water level sensors are only adapted to river monitoring, and are unsuitable to desert environments in which the location and the extent
1
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of a flood cannot be estimated reliably. In a large scale coastal city such as Jeddah,
the surface of the hydrological basin to monitor is in the orders of thousands of square
kilometers, as illustrated in Figure 1.1, which makes a fixed monitoring infrastructure
economically infeasible.

Figure 1.1: Satellite view of Jeddah hydrological basin. This picture represents
a 70 km × 30 km area surrounding the city of Jeddah, Saudi Arabia (credit: Google
Earth). As can be seen from this picture, the hydrological basin covers about 1000 sq
km. Instrumenting such a large area with fixed sensors would be prohibitively expensive.

A recent effort to directly measure water levels in a river was investigated in [6], but
this technology only applies to rivers and cannot monitor large hydrological basins in
which new water channels that cannot be predicted in advance are formed during floods.
Other such efforts involve the use of indirect measurements from rain stations or from
meteorological data, combined with flood propagation models that attempt to predict
flood parameters such as the extension of flooded areas, water velocities and levels. The
main drawback with this approach is the lack of accurate model parameters. The inaccuracy of these model parameters can drastically change the predicted flood behavior,
leading to a very unreliable flood warning system.
A new form of sensing known as Lagrangian sensing makes the use of mobile sensors, and
has been recently investigated in the context of hydrological sensing in [23]. Lagrangian
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sensing is very promising for large scale sensing, or on demand sensing, as it requires
minimal infrastructure. While operating costs during sensing operations are higher in
Lagrangian sensors than in their Eulerian (fixed sensors) counterparts, the relatively rare
occurrence of floods makes the Lagrangian sensing very suitable to flood monitoring. An
added economic benefit is the possibility to redeploy the mobile sensors on demand.
The latest advances in unmanned aerial vehicles (UAVs) significantly improved their reliability and increased their application range. As a result, an abundance of UAV-assisted
projects has been witnessed recently. A Global Hawk UAV was deployed in Japan to
assess the damage inside a nuclear plant in the aftermath of an earthquake [8]. A micro
UAV has been adopted for evaluating possible hazards after seismic activities [13]. A
European project has been launched for the exploration and measurement of volcanic
activities [10, 19]. Adams et al. [5] presented a damage assessment-based UAV system
for hurricane events. A novel UAV-based erosion monitoring system was proposed lately
in [12]. All of these recent applications and more (see [4], for instance) leave no doubt
that UAVs will play a major role in future remote sensing technology. This thesis contributes to the efforts of developing reliable real-time UAVs-based disaster monitoring
systems.
This project proposes the use of UAVs as a platform for Lagrangian flood sensing using
microsensors. In this framework, a swarm of UAVs would drop small disposable wireless
sensors over the areas to monitor. These wireless sensors would be buoyant, and would
be carried away by the flood. UAVs will receive signals from these sensors, and will
map the extent of the flood, transmitting back this data in real time to a fixed ground
station for processing (in particular estimation, forecast or inverse modeling). This direct
measurement data will provide the authorities with a real-time flood map and accurate
short term forecasts of the flood propagation, allowing more efficient emergency response
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and saving lives. In addition, this direct measurement data will allow an accurate
estimation of local flood parameters (inverse modeling), which will in turn increase the
accuracy of flood prediction for future occurrences.

Chapter 2

Current Technology

The prediction of flow rate and direction of water during floods can lead to a significant
reduction in loss of lives and property by planning efficient evacuation strategy and providing better protection to more vulnerable and critical locations. To make an accurate
prediction, real time monitoring of water during floods is indispensable. Such accurate
monitoring could be done by a network of disposable and floatable sensors which can be
dispersed in hundreds of number either on dry land prior to floods or in water during
floods. Most areas of the world are not covered with flood sensing systems, with much of
the flood detection, prediction and response efforts relying largely on simulation of water
propagation over hydrological basins. These simulations are often inaccurate because of
large uncertainties on runoff coefficients or terrain altitudes. Another challenge is the
obtention of very high accuracy weather data in real time during these critical events,
which requires a number of low orbiting satellites. In desert areas that are typically very
flat, small errors on altitude data can yield largely different outcomes in the simulation
results. An example of this estimation approach is illustrated in article [7] by Li et al, for
monitoring and predicting floods in Africa. In this article, discharge rates of rivers are

1
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estimated using satellite precipitation data as well as ground precipitation data from
a network of weather stations. Despite the very high accuracy of satellite precipitation data (with a spatial resolution on the order of a few hundred meters), the actual
discharge rates in the rivers can vary significantly from the results of the simulations.
Furthermore, estimating discharge rates in desert valleys would be much less accurate,
as the uncertainty of the runoff coefficients make forward simulation results with real
time weather data questionable at best.
Recent efforts shifted towards adding real time flooding (i.e. water level or water velocity) data to the estimation process, to improve the quality of flood estimates over
pure simulation. Such sensor network technology has for instance been applied to the
detection and forecast of flooding caused by river surges. One such network is described
in Basha et al [6], for monitoring and predicting water levels in an hydrological basin
located in Nicaragua, using direct water-level measurements as well as precipitation
data.
Direct measurements typically yield better results than pure simulations, but the cost of
the required sensing infrastructure is preventing their wide scale implementation. While
monitoring rivers on a large scale is economically feasible [6], monitoring large watersheds
in desert areas is more problematic, since the path of water flow is not known in advance,
owing to the relatively high flatness of the terrain in valleys. Sediments deposition during
floods prevent the use of historical flood data, as the flood path may change between
floods due to changes in elevation. Additionally, placing sensors in areas with relatively
high slope requires these sensors to be reinforced and solidly anchored to the ground,
further adding to manufacturing and deployment costs.
Lagrangian sensors can be an alternative to fixed sensors for water level monitoring. In
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particular, the robotic drifting sensor investigated in [24] for river pollutant monitoring
can sense a variety of parameters (salinity, temperature, pollutant concentration), and
can be steered to some extent to explore the complete domain. While highly adapted to
its mission of monitoring water pollution in rivers, this type of sensor is relatively heavy,
expensive, and has to be placed in water to operate. Its speed is also insufficient for
flash flood monitoring in which water velocity can exceed 10 m/s. Thus, such a sensor
would be unsuitable for flash flood sensing in deserts, as no water is initially present.
In addition, for the reasons detailed above, the path of water during a flash flood in a
desert is impossible to predict reliably in advance. Thus, placing such sensors in the
desert would require a very large number of sensors to be deployed, for limited results.
Other flood monitoring systems exist, in particular satellite-based or UAV-based (unmannedair-vehicle) optical systems. For instance, an UAV-based system has been developed
by [21]. More recently, in 2011, a Predator B drone from the US Customs and Border
Protection office was used for flood mapping in Minnesota and North Dakota. However,
in all of these operations, the main focus was flood damage assessment, not real-time
flood monitoring. All UAVs used in this context mapped the area using cameras, which
cannot be applied to real-time desert flash floods monitoring as visibility is then typically
very low (mist, sand) during such events.
The use of synthetic aperture radars (SARs) in lieu of cameras is also discussed in [21].
While SARs are impervious to visibility problems, and can map areas even during floods,
their resolution is too low for real-time monitoring [21], and are thus only used for post
damage assessment. Typical SARs resolution is between 1 to 20m, whereas only 15
cm of fast moving water can knock an adult over, and only 60 cm of rushing water
will carry away most vehicles, including pickup trucks and SUVs [2]. An additional
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issue with SARs is their sensitivity to turbulence [16], which makes them impractical
for monitoring flash floods, typically caused by large thunderstorms.
Monitoring or detecting floods in large scale watersheds requires a cost-effective technology (prohibiting the use of a large scale fixed sensor network). UAVs are very advantageous since they are able to patrol over large areas quickly, can be deployed, packed,
transported and redeployed easily on demand. However the design of the sensors that
could be used in conjunction with UAV is not straightforward. As mentioned earlier,
SARs and optical systems are not able to monitor floods during bad weather with low
visibility and high turbulence. In addition, measuring the velocity of waves using radars
will lead to very poor results as their velocities are far below the speed of light (transverse
Doppler effect).
In this thesis, we propose a new flood sensing system based on microsensors dropped
by UAVs over the area to monitor. While the idea of dropping sensors from aircrafts
is not new (sonobuoys have been used for decades in antisubmarine warfare, leading to
several new aircrafts such as the P3 Orion), our key contribution is the development
of an economically viable sensing system, with very low construction costs, very low
maintenance costs and low operation costs.

Chapter 3

Proposed System

3.1

System overview and architecture

In our proposed system, a swarm of UAVs equipped with an array of droppable (disposable) microsensors is sent over the area to monitor, i. e. an hydrological basin on
which a flood could occur. The swarm of UAVs would only be launched on the few days
during which flooding could occur, based on rain forecasts over the region, or based
on other direct measurements (for instance electronic rain gauges). The microsensors,
also known as Lagrangian microsensors would emit an unique ID (similarly to an active
RFID tag) periodically as soon as they are released from the aircraft, until battery exhaustion. After their fall, these microsensors would settle on the ground, and can either
remain static, or be carried away by a flood. The microsensors are designed to be relatively insensitive to wind, having a quite high mass to surface ratio. After dropping the
transmitters, the UAVs would track their evolutions using a passive receiving antenna
(which can be directional or not, for increasing location accuracy). Multiple UAVs can

1
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be used to collaboratively monitor a given area, enabling a map of these transmitters to
be quickly established.
UAVs will also have radio links between themselves, and between a ground control
station. They will share sensor location updates, as well as sensor drop events. UAVs
will also receive updates of the current flood estimates (water level, water velocity, as
well as uncertainty on both variables) from the ground control station, which will enable
them to plan their response optimally, for instance by sensing in areas in which the
uncertainty is high. Obviously, the initial sensing locations will be based on a map of
probability of flood occurrence, which can be generated using historical flooding data.
In return, UAVs will send to the ground station the current microsensor map, which will
be used as input data (together with precipitation data) for the flood estimation and
forecast algorithms.
Finally, the inter UAV communications will serve as a backup communication to the
base station should the direct link fail. Note that this is expected to occur frequently
as UAVs will patrol over valleys, and will thus not necessarily be in line of sight of the
ground control station.
The complete system is illustrated in Figure 3.1.

3.2

Modes of operation

Since multiple UAVs have to be coordinated to accomplish the required mission, different
high level control schemes can be thought of, each with advantages and drawbacks.
Arguably the simplest high level control scheme (path planning and target points for
microsensor drops) would be a centralized controller, at the ground control station level.
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Figure 3.1: Proposed UAV sensing system architecture. This figure represents the interactions between the UAVs and the ground control station during flood
monitoring operations.

The controller would use multiple inputs, such as current flood estimate map (with uncertainty) and current weather nowcast and forecast to plan the path and sensor release
operations of the UAVs. Such a method would offer the advantage of centralizing computational resources, and saving bandwidth as the UAVs would not have to receive flood
estimate maps and weather forecasts frequently. In addition, planning paths in advance
would facilitate collision avoidance. However, this method would require very frequent
positional updates of the UAVs, and low level management (for instance, planning the
UAV path to attempt to detect a sensor) in real time, thus requiring very high quality
radio links with the ground control station (or highly redundant intercommunications
between UAVs).
Another possibility would be to use a decentralized controller, in which the UAVs themselves would locally decide which area to cover, based for instance on an uncertainty
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map periodically sent by the ground control station. Such a method would allow lower
quality radio links between the ground station and the UAVs (or between the UAVs)
themselves, but would require more computational capabilities for the UAVs. In addition, this method would also require distributed collision avoidance schemes to be
implemented in the UAVs, as no high level path planning would be done. Another possible disadvantage is that the UAVs could not explore the physical domain optimally (for
instance most of them exploring the same area), due to the lack of high level coordination. The latter issue can be mitigated to some extent by sending different uncertainty
maps (covering different areas) to each UAVs, and by decentralized coordination between
UAVs (whenever radio links are up).

3.3

3.3.1

System requirements

UAVs

For this type of mission, the most critical requirements for the UAVs are autonomy (up
to ten hours), speed (ability to cover extended areas fast), and manoeuvrability (ability
to fly low above the ground, to be in range of the microsensors). Given the speed
and autonomy requirements, a fixed-wing UAV would be ideal. In addition, a fixed
wing UAV would carry more sensors than a rotorcraft for a given autonomy, maximal
speed and weight. However, a fixed wing UAV conflicts with the task of tracking the
microsensors path, as the speed requirements imply that the UAV would remain in range
of the microsensors for a very short duration (possibly missing them). Flight at very
low altitude is also an issue, since this flight would also have to be at minimal speed (to
remain in range of the sensors as long as possible), with possibly high turbulence due to
thunderstorms.
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The payload is not expected to be a major cause of concern, as the microsensors developed for this project weight about one gram, which would allow commercial light UAVs
to easily carry thousands of these microsensors.

3.3.2

Ground control station

As mentioned before, multiple high level control schemes can be thought of, namely
centralized or decentralized control. Even if decentralized control is considered, some
sort of higher level coordination would be required to ensure that all areas of the physical
domain are reliably explored. Should the path planning be centralized, the ground
control station would have to determine the path of each UAVs, taking into account
their physical capabilities and the mission requirements (uncertainty map).
The ground control station would also be the interface between the UAVs and the flood
estimation server.

3.3.3

Flood estimation server

Floods are typically modeled using Shallow Water Equations (SWE), which can serve as
a dynamical model for flood estimation or inverse modelling. One of the main issues with
flood simulation is the high uncertainty on some of the simulation parameters, such as
altitude maps (which have a typical 1m uncertainty), or model coefficients, in particular
friction coefficients [9] or runoff coefficients. The latter in particular are highly variable,
e.g. the runoff coefficient associated with sandy soil pastures can vary from 0.05 to 0.25,
which is considerable [3].
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The model will be initialized with reasonable coefficients, which will be dynamically
adjusted as more flood data becomes available. The estimation server will thus run
three tasks in parallel:

1. Flood estimation, for instance using Ensemble Kalman Filtering [14], which can be
applied to any type of dynamical model, including the shallow water equations [24].
Alternative estimation methods include Particle Filtering or optimization-based
methods [23]. These methods have been well studied in the context of oceanic
data assimilation [18], and can run in real time with current computer technology.
2. Inverse modeling, i.e. dynamic estimation of the model parameters. For this,
optimization-based methods can be used [9] to look for the set of parameters of
the model that minimizes the difference between the current observations and the
output of the simulation. Ensemble Kalman Filter can also be used for combined
state and parameter estimation [15].
3. Short term flood forecast, by running the simulation forward in time with the
current model parameter estimates and weather data forecasts.

Note that SWEs depend upon two variables, namely water velocity and thickness, though
our proposed sensing system will only be able to monitor water velocity, which poses
a problem for estimation. One way around this is to use the Diffusive Wave (DSW)
approximation of the shallow water equation [11], which boils down to a scalar equation,
thanks to an empirical relation between water momentum and water thickness (for
instance Manning’s equation). In this case, only one variable remains, and estimation
or model parameter identification using only water velocity measurements is feasible.
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Disposable Lagrangian microsensors

The Lagrangian microsensors consist of active transmitters (or transceivers in more
sophisticated versions) periodically sending an unique ID once activated. Their main
objective is to survive the fall undamaged, activate themselves (for instance when exiting
the aircraft, or when impacting the ground), and float for extended durations while
transmitting their ID. The operational constraints of the mission determine their physical
characteristics:

1. The sensors need to have a density lower than the density of water
2. The sensors should be insensitive to wind effects, i.e. having a relatively high
terminal velocity
3. The sensors should not cause physical injuries to an human being when dropped
(should the area to monitor be sparely populated)
4. The sensors should emit in a wavelength that is not significantly attenuated by
rain, for which commonly available (inexpensive) electronics exist
5. Given the unpredictability of their orientation upon impact, the sensors should
emit isotropically
6. The sensors should remain operational for a few hours, yielding an upper limit on
their transmission rate
7. The sensors should be detected by an UAV flying over them with a high probability,
yielding a lower limit on their transmission rate (depending on their range)
8. The sensors should be as inexpensive as possible, and as environmentally friendly
as possible, preventing the use of lithium batteries for instance.
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The physical dimensions of the sensors are dictated by terminal velocity, density and
safety constraints. In our current implementation, we chose a terminal velocity of around
15 m/s, which would greatly reduce wind sensitivity. Since the terminal velocity is
q
2mg
, the ratio 2m
is fixed. The symbols m, g, ρ, A, Cd represent mass, gravity
v =
d
d
constant, density, drag surface and drag coefficient respectively.
The shape of the microsensors (determining its surface and its drag coefficient) is chosen
as a cylinder, to facilitate storage and enable fast release by the sensor delivery subsystem
without jamming.
The buoyancy constraint together with the safety constraint dictates the size of the
3

microsensor. The buoyancy consideration constraints m/S 2 ≤ 1. The impact safety
constraint limits the mass and velocity of the microsensor, to avoid injuries to inhabitants on the ground. Numerous tests with projectiles led to the empirical formula
√

v = 162.1e−0.38

m

in [22], relating critical projectile velocity v and mass m required for

skin penetration or injury. Based on this formula, we need m  37 g for our chosen
terminal velocity. For safety, we chose a mass of 3 g for the implementation, which
yields a volume slightly over 5.5 cm3 to satisfy the terminal velocity constraint (the
drag coefficient of a cylinder is 0.84).
The dimensions of the cube are also constrained by the wavelength used for the transmission. Rain absorption effects become noticeable above 10 GHz (and electronics associated with these frequencies are also costlier), which imposes a sub-1GHz operating
frequency. Hence, the emitted wavelengths are greater than e few centimeters, which
imposes an antenna of the same order of magnitude (an antenna much smaller than the
wavelength is possible, but would have a very poor efficiency). In our implementation,
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we chose an operating frequency of 868 MHz to ensure good range and low power consumption. Using this frequency, the size of the microsensor and the emitted wavelength
do not differ too much in order of magnitude.
An additional constraint on the dimensions and weight is dictated by energy and range
considerations. Most jurisdictions impose a limit of 0.01 mW EIRP (Equivalent isotropically radiated power) on signals emitted in the 868 MHz band, which is the emission
limit that was chosen. This emitted power limits the range to a few hundreds of meters,
which will require the UAVs to fly at reasonable altitudes. The transmission rate should
be high enough to ensure that a microsensor will be detected by an UAV flying directly
above it, for an UAV velocity around 30 m/s (which implies a frequency of above a
few Hz). The transmission rate should however be kept as low as possible above this
constraint to limit the risk of packet collisions (if a large number of sensors is present
within some area), as well as to conserve battery. Based on battery capacity and transmission efficiency, we currently estimate that an autonomy of a few hours at a fixed rate
of a few Hz is achievable with current technology. To save weight (thus allowing extra
battery capacity), a system-on-package solution is currently investigated, with a helical
antenna protecteed inside the capsules. This solution also allows for an almost isotropic
radiation pattern, and a good efficiency both in air and in water (which is difficult to
achieve, as both media have very different properties).

3.3.5

Lagrangian microsensor delivery system

The Lagrangian microsensor delivery subsystem has to reliably deliver microsensors from
a relatively high speed aircraft. Since the path of a flood is rather unpredictable, the
best strategy is probably to deploy the sensors on a line perpendicular to the valley
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direction. Valleys (also called wadis) in desert environments can be a few kilometer
wide, and are typically very flat, as illustrated in Figure 3.2 below.

Figure 3.2: Flash flood in a desert valley. This picture illustrates the inherent
difficulty in sensing floods propagating in valleys. The valleys are typically very flat,
with irregularities in elevation that are below the resolution of elevation maps, requiring
sensors to cover a very large surface to detect and monitor the intensity of the flood
accurately.

Hence, the Lagrangian microsensor delivery system has to be able to deliver a large
number of sensors in a short amount of time, the rate of delivery being a function of
the desired spatial resolution and of the UAV’s velocity. For a velocity of 30 m/s during
sensor drops, the rate of delivery would be a few Hz, to obtain high spatial resolution.
Since the sensors ideal weight is on the order of 3 grams for a volume on the order of 5
cm3 , the sensor delivery subsystem could contain a few thousand sensors, depending on
the maximal payload of the UAV. The sensors should be located close to the center of
gravity to maintain it within the forward and aft limits during operations.
An example of microsensor delivery system is presented in Section 5.3

Chapter 4

Challenges

Implementing the proposed flood sensing system is not straightforward, and will require
solutions to a number of technical challenges, which we now describe.

4.1

Sensing objectives for multi-agent operations

As mentioned in Chapter 3, multiple high level control schemes can be thought of. While
multi-agent control has been extensively studied in the literature, for instance in [20],
the main difficulty with multi agent path planning in the present case is the unique
nature of the mission.
At the beginning of the mission, sensing tasks will be allocated to the swarm based on
an a-priori uncertainty map, which will have high values in area on which flooding could
occur, based on current flood estimates (flood estimates can be run independently of
actual flood sensing data, using flood propagation models and weather data). Once new
data becomes available, this data will be transmitted to the ground control station, to
update the flood estimate and uncertainty maps.
1

Chapter 4. Challenges

2

However, sensing considerations should not just be based on the uncertainty map. The
most important outcome of direct flood sensing is the ability for the UAVs to track the
front of propagation of the flood. For this, heuristics will have to be developed to allow
a pattern of efficient sensing. One of such sensing patterns could be dropping sensor
barrages at multiple locations, while periodically sensing other areas in the valley to
confirm that no flood indeed occurs in the area.

4.2

Reliability of the Lagrangian sensing subsystem

Accurate sensing requires the Lagrangian sensors to have a high reliability, and the
Lagrangian microsensor delivery system to be able to deliver a large number of sensors
without failing (jamming) while being subject to high accelerations (turbulence).
While our current implementation of the Lagrangian microsensor delivery system is
based on gravity, future systems will have to operate independently of the orientation of
gravity. Another open problem is the design of a compact, light, reliable and fast sensor
delivery system. In particular sensor storage and sensor feed are major issues.
On the Lagrangian microsensor standpoint, the sensor will have to withstand extremely
high accelerations on impact, and yet be functional, as the UAV would track nonfunctional sensors assuming that they have drifted, losing valuable time. We estimate that
the sensor can have an impact speed of 20m/s during low passes (faster than its terminal velocity, as the UAV’s initial velocity is high). The sensor is expected to deform by
less than h=1 mm when impacting with rocks, which yields an impact deceleration of
a=

v2
2h

= 20, 000g. Needless to say, connections between battery, antenna and chip will

have to be able to withstand such an impact at least once.
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A secondary concern is the design of a reliable and cheap sensor activation system, either
based on impact, or on a wireless device placed in the UAV.

Chapter 5

Implementation

5.1

UAV system overview

Due to importation restrictions on unmanned aircrafts in Saudi Arabia, we chose for
this project a Tiansheng C-17 Globemaster remote controlled aircraft, with four electric
ducted fans. This choice of this airframe was made for two reasons: it is equipped with
a cargo door, which facilitates mounting the sensor delivery system. Additionally, this
airframe is quite fast, with a top speed of more than 25 m/s during trials, comparable
with cruising speeds of gasoline powered commercial UAVs.
We equipped this airframe with an Ardupilot Mega (APM) 2.0 microcontroller, as well
as different sensors: Pitot tube, barometer, magnetometer, inertial measurement unit
(IMU) and ultrasound ground proximity sensor. All sensors are compatible with the
APM 2.0 platform, and open-source code from the same community is used to operate
the sensors and perform low-level control (waypoint tracking). To enable more advanced
computations, we also equipped the airframe with a Gumstix Overo Earth computer on
module (COM), connected to the APM 2.0 using USB. The COM will run all programs
1
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requiring significant computational capabilities for state estimation and optimal control.
Currently, our focus is the implementation of Extended Kalman Filtering (EKF) or
Unscented Kalman Filtering (UKF) based attitude estimation algorithms, to fuse the
data from the accelerometer, gyroscopes and magnetometer more efficiently and improve
the quality of the state estimate.
The complete system diagram is represented in Figure 5.1 below.

Figure 5.1: Current UAV architecture. This diagram represents the system
currently developed at KAUST for flood sensing. In this figure, the processes circled
by a dashed line are the object of future work, while the processes circled by a solid
line are currently implemented in preliminary form.
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Disposable Lagrangian microsensors

In order to accelerate the implementation, the microsensors have been manufactured using discrete components, and encapsulated in a 3D printed enclosure made of ABS plastic. We used a system-on-chip solution equipped with an Intel 8051 microcontroller,
and a 868MHz RF transceiver. The package is manufactured by Texas Instruments
under the name CC1110. The Intel 8051 MCU has 128 bytes of memory (IRAM) and
4 KB of programmable ROM. The transmission power of the RS transceiver can be
configured to various settings. It is currently set at 0.01 mW, which gives a range of a
few hundred meters. Sending packets at 10Hz and powered by a classical 3V Lithium
coin cell battery, a microsensor is expected to have an autonomy of a few hours.
A set of microsensors together with the circuit board is illustrated in Figure 5.2.
The mechanical impact of the microsensor was simulated in a software called ”Abaqus”.
This system allows to extract detailed results showing affected areas during and after
the mechanical impact on terminal velocity. The simulation took place for 2 various
shapes, cubic and cylindrical. The results show that ABS material could survive a fall
of velocity up to 16 m/s, on a tough ground such as rock falling in any direction. The
Yield Tensile Strength of ABS is in the range of 42.5 - 44.8 MPa. The rest of the
mechanical properties of ABS plastic are shown in Figure 5.3. The resultant shapes are
shown in Figure 5.4 and Figure 5.5 respectively.
The circuit design of the microsensor includes integrating the SoC (System-on-Chip)
CC1110 with some passive components forming the antenna matching circuit. This
matching circuit along with an antenna form the transmitted modulated signal. The
matching circuit is connected through pins 23 and 24. The SoC requires 2 crystals to
go to sleep mode in order to significantly reduce power, The first of 16MHz oscillator
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Figure 5.2: Microsensors used for this study.

frequency for operation and the other one of 32KHz during sleep mode . A magentic reed
switch to be connected to pin 32 to wake the SoC up and start transmission. Moreover,
the system can be programmed and debugged through a 10-wire cable, which can be
easily plugged to the PCB. The design of the microsensor is shown in Figure 5.6. The
detailed dimenions are included as Appendix A.
The total cost of the microsensor components and enclosure is estimated at around 8
USD. However, this cost is for low quantities. For large quantities, the price will be
significantly reduced. The current cost structure is tabulated in Figure 5.7:
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Figure 5.3: The Mechanical Properties of ABS Plastic.

Figure 5.4: The simulated impact of Cubic shape.

Future microsensors will be based on printed circuits in paper, such as the sensors
described in [17].
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Figure 5.5: The simulated impact of Cylindrical shape.

Figure 5.6: The schematics of the design of the electronic circuit showing
CC1110 and all the passive components.

5.3

Microsensor delivery system

The microsensor delivery system consists of a distribution wheel, a frame and a 5V
Kiatronics 28BYJ-48 stepper motor driven by a Texas Instruments ULN2003V12 driver
chip. The driver chip is connected to four GPIO pins of the Ardupilot autopilot module.
The distribution wheel contains 8 slots, The microsensor delivery system has similarly
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Figure 5.7: The estimated cost structure for the components used to assemble the microsensor

been 3D printed in ABS plastic to speed up the development of the system. The total
weight of the microsensor delivery system including the microsensors is less than 200
grams, and the complete assembly is illustrated in Figure 5.8.

Figure 5.8: Microsensor delivery system.

5.4

Flight trials

To date, we carried out multiple flights without the sensor delivery system to study
the dynamics of the UAV, and to identify the dynamical model of the UAV for the
Viability-based control scheme. The low altitude of the flight and the low margins
caused a number of crashes, including two accelerated stalls (one during a banked turn,
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and one after a slow banked turn). In both cases, the PID-based controller was unable
to recover from the stall. Since AOA sensors are difficult to scale down, our focus is
to build an accurate dynamical model of the UAV to estimate in real time the angle of
attack and the sideslip angle, which are critical during recovery.
We also slightly modified the UAV based on flight testing: the low performance electric
speed controllers given with the airframe were prone to failure, and were replaced by
higher rated electric speed controllers. The 2.7 Ah LiPo battery was also replaced by
a 5 Ah LiPo battery, which has an higher current limit and enables longer flights and
lower battery capacity loss over time (the UAV draws 65 A @ 16 V during takeoff, while
the original LiPo battery had a current limit of 75 A. The new battery has a current
limit of 150 A).
The top speed of the UAV is more than 22 m/s, which falls in the range of velocities
used by commercial gasoline powered UAVs. The autonomy of the UAV is currently 6
minutes at full throttle, or 10 minutes in normal operation, which is sufficient to drop a
sensor and track it during a few minutes.

5.5

Results

To validate the concept, we performed a test using the UAV platform described above in
conjunction with the Lagrangian microsensors, to test their range and the location error
arising in practice. For this test, we used an omnidirectionnal 868 MHz antenna onboard
the UAV to detect a microsensor dropped on the ground. The flight took place south
of KAUST campus on February 13, 2014 and its total duration was 120 s. A photo of
the UAV in flight and the RSSI of the signal detected by the UAV (whenever detection
occurred) is shown in Figure 5.9. As can be seen from this figure, the variations in RSSI
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are quite significant and can allow the microsensors to be approximately positioned,
though more accurate positioning can be achieved with phased-array antennas, which is
the subject of future work.

Figure 5.9: Top: UAV in automatic flight mode during final approach.
Bottom: UAV trajectory and measured RSSI.

Chapter 6

Conclusion

This project presents a new flood sensing architecture based on a swarm of Unmanned
Air Vehicles (UAVs) releasing and tracking microsensors to infer flood conditions over
a given area. We introduced the unique challenges associated with this system, and
provided possible solutions to these issues. A preliminary implementation using a remote
controlled aircraft equipped with off-the-shelf electronics was shown. Future work will
be carried out on all aspects of the system, including high level multiagent control, lowlevel viability-based control during sensing operations, and live testing of the Lagrangian
microsensors (delivery, activation and tracking).

1
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Appendix B

Printed Circuit Board Design
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CC1110Fx / CC1111Fx
Low-Power SoC (System-on-Chip) with MCU, Memory,
Sub-1 GHz RF Transceiver, and USB Controller
Applications
Low-power SoC wireless applications
operating in the 315/433/868/915 MHz
ISM/SRD bands
Wireless alarm and security systems
Industrial monitoring and control
Wireless sensor networks

AMR - Automatic Meter Reading
Home and building automation
Low power telemetry
CC1111Fx: USB dongles

Product Description
The CC1110Fx/CC1111Fx is a true low-power sub1 GHz system-on-chip (SoC) designed for lowpower
wireless
applications.
The
CC1110Fx/CC1111Fx combines the excellent
performance of the state-of-the-art RF
transceiver CC1101 with an industry-standard
enhanced 8051 MCU, up to 32 kB of in-system
programmable flash memory and up to 4 kB of
RAM, and many other powerful features. The
small 6x6 mm package makes it very suited
for applications with size limitations.
The CC1110Fx/CC1111Fx is highly suited for
systems where very low power consumption is
required. This is ensured by several advanced
low-power operating modes. The CC1111Fx adds
a full-speed USB 2.0 interface to the feature
set of the CC1110Fx. Interfacing to a PC using
the USB interface is quick and easy, and the
high data rate (12 Mbps) of the USB interface
avoids the bottlenecks of RS-232 or low-speed
USB interfaces.

VDD (2.0 - 3.6 V)

DIGITAL

DCOUPL

ANALOG
MIXED

RESET_N
XOSC_Q2
XOSC_Q1
P2_4
P2_3
P2_2
P2_1
P2_0
P1_7
P1_6
P1_5
P1_4
P1_3
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P1_0

P0_7
P0_6
P0_5
P0_4
P0_3
P0_2
P0_1
P0_0

RF_P

DP

RF_N

DM

Key Features
Radio
o
o
o
o
o
o
o
o

High-performance RF transceiver based on
the market-leading CC1101
Excellent receiver selectivity and blocking
performance
High sensitivity ( 110
dBm at 1.2 kBaud)
Programmable data rate up to 500 kBaud
Programmable output power up to 10 dBm
for all supported frequencies
Frequency range: 300 - 348 MHz, 391 - 464
MHz and 782 - 928 MHz
Digital RSSI / LQI support

Low Power
o
o
o

Low current consumption (RX: 16.2 mA @
1.2 kBaud, TX: 15.2 mA @ 6 dBm output
power)
0.3 A in PM3 (the operating mode with the
lowest power consumption)
0.5 µA in PM2 (operating mode with the
second lowest power consumption, timer or
external interrupt wakeup)

MCU, Memory, and Peripherals
o
o
o
o
o
o
o
o
o
o
o
o
o

High performance and low power 8051
microcontroller core.
Powerful DMA functionality
8/16/32 KB in-system programmable flash,
and 1/2/4 KB RAM
Full-Speed USB Controller with 1 KB FIFO
(CC1111Fx )
128-bit AES security coprocessor
7 - 12 bit ADC with up to eight inputs
2
I S interface
Two USARTs
16-bit timer with DSM mode
Three 8-bit timers
Hardware debug support
21 (CC1110Fx ) or 19 (CC1111Fx ) GPIO pins
SW compatible with CC2510Fx/CC2511Fx

General
o
o

Wide supply voltage range (2.0V - 3.6V)
RoHS compliant 6x6 mm QFN 36 package
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Figure C.1: Cover Page.
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CC1110Fx / CC1111Fx
7

Pin and I/O Port Configuration

GUARD

DCOUPL

AVDD_DREG

RESET_N

P1_7

P1_6

P1_5

P1_4

P1_3

The CC1110Fx pin-out is shown in Figure 7 and Table 25. See Section 12.4 for details on the I/O
configuration.

36 35 34 33 32 31 30 29 28
P1_2 1

27 RBIAS

DVDD 2

26 AVDD

P1_1 3

25 AVDD

P1_0 4

24 RF_N

P0_0 5
P0_1 6

23 RF_P
22 AVDD

P0_2 7

21 XOSC_Q1

P0_3 8

20 XOSC_Q2

P0_4 9

19 AVDD
10 11 12 13 14 15 16 17 18
P2_4/XOSC32_Q2

P2_3/XSOC32_Q1

P2_2

P2_1

P2_0

P0_7

P0_6

P0_5

DVDD

AGND
Exposed die
attached pad

Figure 7: CC1110Fx Pinout Top View
Note: The exposed die attach pad must be connected to a solid ground plane as this is the ground
connection for the chip.
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Figure C.2: Input/Output Pinout.
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CC1110Fx / CC1111Fx
8

Circuit Description

Figure 9:C C1110Fx/CC1111Fx Block Diagram
A block diagram of CC1110Fx/CC1111Fx is shown
in Figure 9. The modules can be divided into
one out of three categories: CPU-related
modules, radio-related modules, and modules

related to power, test, and clock distribution. In
the following sub-sections, a short description
of each module that appears in Figure 9.

SWRS033G

Figure C.3: Input/Circuit Description.
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CC1110Fx / CC1111Fx

Figure 10: Application Circuit for CC1110Fx 315/433 MHz (excluding supply decoupling capacitors)
2.0 V - 3.6 V power supply

RBIAS 27

AVDD_DREG 29

GUARD 28

R271

AVDD 25

L241

L242
C235
L233

RF_N 24
2,10 DVDD

L231

C233
L232

21 XOSC_Q1
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18 XOSC32_Q2

AVDD 22

L234

C231 C232

RF_P 23
DIE ATTACH PAD:

19 AVDD

30 DCOUPL

C301

Antenna
(50 Ohm)

C241
AVDD 26

C234

C235'

L235
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Optional:
C181

X2

X1
C171

Alternative filter that can be
used to reduce the emission at
699 MHz below -54 dBm, for
conducted measurements.
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Figure 11: Application Circuit for CC1110Fx 868/915 MHz (excluding supply decoupling capacitors)
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Figure C.4: Input/Application Circuit.
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CC1110Fx / CC1111Fx
Component

Value at 315 MHz

Value at 433 MHz

Value at 868/915 MHz

C301

1 µF ± 10%, 0402 X5R

C201/C211

27 pF ± 5%, 0402 NP0

Manufacturer
Murata GRM1555C series
Murata GRM1555C series

C203/C214

22 pF ± 5%,
0402 NP0

Murata GRM1555C series

C231

6.8 pF ± 0.5 pF,
0402 NP0

3.9 pF ± 0.25 pF,
0402 NP0

1.0 pF ± 0.25 pF,
0402 NP0

Murata GRM1555C series

C232

12 pF ± 5%,
0402 NP0

8.2 pF ± 0.5 pF,
0402 NP0

1.5 pF ± 0.25 pF,
0402 NP0

Murata GRM1555C series

C233

6.8 pF ± 0.5 pF,
0402 NP0

5.6 pF ± 0.5 pF,
0402 NP0

3.3 pF ± 0.25 pF,
0402 NP0

Murata GRM1555C series

C234

220 pF ± 5%,
0402 NP0

220 pF ± 5%,
0402 NP0

100 pF ± 5%,
0402 NP0

Murata GRM1555C series

C235

220 pF ± 5%,
0402 NP0

220 pF ± 5%,
0402 NP0

100 pF ± 5%,
0402 NP0

Murata GRM1555C series

C235’

12 pF ± 5%,
0402 NP0

Murata GRM1555C series

C236

47 pF ± 5%,
0402 NP0

Murata GRM1555C series

1.5 pF ± 0.25 pF,
0402 NP0

Murata GRM1555C series

C241

6.8 pF ± 0.5 pF,
0402 NP0

C171/C181

3.9 pF ± 0.25 pF,
0402 NP0
15pF ± 5%, 0402 NP0

Murata GRM1555C series

L231

33 nH ± 5%,
0402 monolithic

27 nH ± 5%,
0402 monolithic

12 nH ± 5%,
0402 monolithic

Murata LQG15HS series

L232

18 nH ± 5%,
0402 monolithic

22 nH ± 5%,
0402 monolithic

18 nH ± 5%,
0402 monolithic

Murata LQG15HS series

L233

33 nH ± 5%,
0402 monolithic

27 nH ± 5%,
0402 monolithic

12 nH ± 5%,
0402 monolithic

Murata LQG15HS series

12 nH ± 5%,
0402 monolithic

Murata LQG15HS series

12 nH ± 5%,
0402 monolithic

Murata LQG15HS series

L242

18 nH ± 5%,
0402 monolithic

Murata LQG15HS series

L235

3.3 nH ± 5%,
0402 monolithic

Murata LQG15HS series

33

Koa RK73 series

L234
L241

33 nH ± 5%,
0402 monolithic

27 nH ± 5%,
0402 monolithic

R262/R263
R264
R271

1.5 k
56 k

± 2%, 0402
± 1%, 0402

± 1%, 0402

Koa RK73 series
Koa RK73 series

X1

26.0 MHz surface mount crystal

X2

32.768 kHz surface mount crystal (optional)

NDK, AT-41CD2
Epson MC-306 Crystal
Unit

X3

48 MHz surface mount crystal

Abracon ABM8 series

Table 29: Bill of Materials for the CC1110Fx/CC1111Fx Application Circuits (subject to changes)

SWRS033G

Figure C.5: Input/Bill of Materials.
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Application Note AN101

5 Test Environment
In this section, we describe the setup used for burning the boot loader code into the location
0x0000 to 0x1FFF (byte address) of the internal flash using IAR embedded workbench for
8051 and the interface with the external host, which will be writing valid user code into
locations 0x2000 to 0x7FFF (byte addresses) of the internal flash of the SoC.
Programming through
IAR Embedded
workbench
DC

Used as indication
for debugging
purpose. Can also
be directly
connected to
oscilloscope
instead of LED

DD RESET_N

Debug
interface
External
Host

P2.1
SIMO

SPI bus

RESET_N

P2.2
P0.3

SOMI

P1.0

P0.2

CS_N

P0.4

SCLK

P0.5

CC2510/1 or
CC1110/1 SoC

GND

Figure 17 Test Environment setup to burn the boot loader code into SoCs and to interact
with external host for writing valid user code into the internal flash of SoCs.
[3][4][7] The SPI interface is used to communicate between an external host and the boot
loader. This can be easily changed to a UART interface by just configuring USART registers
in the HalUARTInitISR() function. Port P1.0 is set as an output port, which can be used as
indication at various stages of the code (for debugging purposes). To program the SoC with
the boot loader code using IAR Embedded workbench, the P2.1 and P2.2 pins are used as
debug data and debug clock pins respectively. The code is built and programmed through
IAR workbench by opening the workspace: $PROJ_DIR\ boot_loader\boot.eww. In this setup,
Port 0 is configured in SPI mode. Port 1 can also be used instead of Port 0. This can be done
in sblInit() function. Make sure to define CC2510, CC2511, CC1110 or CC1111 in the options
 C/C++ Compiler  Preprocessor  Defined symbols in IAR embedded work bench,
based on which SoC the boot loader is being burned. This will include the appropriate I/O
header file from the following folder: <IAR installed folder>\8051\inc\ioCC2510.h (or
ioCC2511.h / ioCC1110.h / ioCC1111.h). IAR workbench version 7.6 was used for building
this project, so it’s recommended to use this or any newer version.

SWRA371A-Sep 2011

Figure D.1: Test Environment.
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/*************************************************************
******************
Filename:
radio_carrier_freq.c
Description: This example shows how to make the radio
transmit an unmodulated
carrier. The radio settings are calculated with
SmartRF® Studio.
Continuous sending of unmodulated carrier is
achieved by setting
the deviation to zero and setting the radio in
TX.
**************************************************************
*****************/
/*************************************************************
******************
* INCLUDES
*/
#if (chip == 2510)
#include <ioCC2510.h>
#endif
#if (chip == 1110)
#include <ioCC1110.h>
#endif
#if (chip == 2511)
#include <ioCC2511.h>
#endif
#if (chip == 1111)
#include <ioCC1111.h>
#endif
#include <ioCCxx10_bitdef.h>

/*************************************************************
******************
* CONSTANTS
*/
/*************************************************************
******************
* LOCAL VARIABLES
*/
/*************************************************************
******************
* LOCAL FUNCTIONS
*/
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/*************************************************************
******************
* @fn
main
*
* @brief
Sets up the system clock source as recommended
in the datasheet.
*
Sets up the radio with settings from SmartRF®
Studio. Puts radio
*
in TX, i.e., makes the radio transmit the
unmodulated carrier.
*
* @param
void
*
* @return
0
**************************************************************
*****************/
int main(void)
{
// Set the system clock source to HS XOSC and max CPU
speed,
// ref. [clk]=>[clk_xosc.c]
SLEEP &= ~SLEEP_OSC_PD;
while( !(SLEEP & SLEEP_XOSC_S) );
CLKCON = (CLKCON & ~(CLKCON_CLKSPD | CLKCON_OSC)) |
CLKSPD_DIV_1;
while (CLKCON & CLKCON_OSC);
SLEEP |= SLEEP_OSC_PD;
/* RF settings SoC: CC1110 */
PKTCTRL0 = 0x22; // packet automation control
FSCTRL1
= 0x06; // frequency synthesizer control
FREQ2
= 0x21; // frequency control word, high byte
FREQ1
= 0x65; // frequency control word, middle byte
FREQ0
= 0x6A; // frequency control word, low byte
MDMCFG4
= 0xF6; // modem configuration
MDMCFG3
= 0x83; // modem configuration
MDMCFG2
= 0x90; // modem configuration
DEVIATN
= 0x15; // modem deviation setting
MCSM0
= 0x18; // main radio control state machine
configuration
FOCCFG
= 0x17; // frequency offset compensation
configuration
FSCAL3
= 0xE9; // frequency synthesizer calibration
FSCAL2
= 0x2A; // frequency synthesizer calibration
FSCAL1
= 0x00; // frequency synthesizer calibration
FSCAL0
= 0x1F; // frequency synthesizer calibration
TEST2
= 0x88; // various test settings
TEST1
= 0x31; // various test settings
TEST0
= 0x09; // various test settings
PA_TABLE0 = 0x0E; // pa power setting 0
LQI
= 0xFF; // demodulator estimate for link quality
PKTSTATUS = 0x80; // packet status

Appendix E. CC1110 Tranmission Codes 15

/* Settings not from SmartRF® Studio. Setting both sync
word registers to
* 0xAA = 0b10101010, i.e., the same as the preamble
pattern. Not necessary,
* but gives control of what the radio attempts to
transmit.
*/
SYNC1
= 0xAA;
SYNC0
= 0xAA;
/* Put radio in TX. */
RFST
= RFST_STX;
/* Wait for radio to enter TX. */
while ((MARCSTATE & MARCSTATE_MARC_STATE) !=
MARC_STATE_TX);
/* Radio is now in TX. Infinite loop. */
while (1);
return 0;
}
/*************************************************************
******************
Copyright 2008 Texas Instruments Incorporated. All rights
reserved.
IMPORTANT: Your use of this Software is limited to those
specific rights
granted under the terms of a software license agreement
between the user
who downloaded the software, his/her employer (which must be
your employer)
and Texas Instruments Incorporated (the "License"). You may
not use this
Software unless you agree to abide by the terms of the
License. The License
limits your use, and you acknowledge, that the Software may
not be modified,
copied or distributed unless embedded on a Texas Instruments
microcontroller
or used solely and exclusively in conjunction with a Texas
Instruments radio
frequency transceiver, which is integrated into your
product. Other than for
the foregoing purpose, you may not use, reproduce, copy,
prepare derivative
works of, modify, distribute, perform, display or sell this
Software and/or
its documentation for any purpose.
YOU FURTHER ACKNOWLEDGE AND AGREE THAT THE SOFTWARE AND
DOCUMENTATION ARE

Appendix E. CC1110 Tranmission Codes 16

PROVIDED “AS IS” WITHOUT WARRANTY OF ANY KIND, EITHER
EXPRESS OR IMPLIED,
INCLUDING WITHOUT LIMITATION, ANY WARRANTY OF
MERCHANTABILITY, TITLE,
NON-INFRINGEMENT AND FITNESS FOR A PARTICULAR PURPOSE. IN NO
EVENT SHALL
TEXAS INSTRUMENTS OR ITS LICENSORS BE LIABLE OR OBLIGATED
UNDER CONTRACT,
NEGLIGENCE, STRICT LIABILITY, CONTRIBUTION, BREACH OF
WARRANTY, OR OTHER
LEGAL EQUITABLE THEORY ANY DIRECT OR INDIRECT DAMAGES OR
EXPENSES
INCLUDING BUT NOT LIMITED TO ANY INCIDENTAL, SPECIAL,
INDIRECT, PUNITIVE
OR CONSEQUENTIAL DAMAGES, LOST PROFITS OR LOST DATA, COST OF
PROCUREMENT
OF SUBSTITUTE GOODS, TECHNOLOGY, SERVICES, OR ANY CLAIMS BY
THIRD PARTIES
(INCLUDING BUT NOT LIMITED TO ANY DEFENSE THEREOF), OR OTHER
SIMILAR COSTS.
Should you have any questions regarding your right to use
this Software,
contact Texas Instruments Incorporated at www.TI.com.
**************************************************************
*****************/

Figure E.1: CC1110 Codes.
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