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Abstract

This report presents the design of a relative positioning system for mobile robots
that uses modulated infrared or visible light to determine the range and direction
to a modulated source. Prototype hardware was designed, assembled, and tested to
demonstrate the system. The sensor is insensitive to ambient light differences and
other environmental factors. The system allows for low bandwidth communication
between a source and receiver and can also be used to detect obstacles (using an
onboard transmitter). The device is smaller than existing systems, and be easily
adjusted to suit new environments.
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1 Introduction

1.1 Background
There are many situations in which knowing one’s position relative to another point is
useful. Such a reference can aid in navigation or provide other useful information – es-
pecially in cases where a global reference frame is unimportant. In the field of mobile
robotics, having a sensor which simply determines the range and bearing of a transmitter
opens up a wide variety of possible behaviors and research scenarios. In many cases the
transmitter is fixed, but in others, such as with collective robotic systems, the transmit-
ter can move and have some level of associated intelligence. Systems that enable relative
localization are often complex, large, and expensive. However, taking advantage of com-
monplace technologies such as components from infrared communication systems, we can
create simple, miniature, and low-cost solutions.

The Biorobotics Laboratory at the École Polytechnique Fédérale de Lausanne (EPFL)
has a variety of biologically-inspired robotic systems. In order to enable more autonomous
motion of robots (and the Salamadra robotica [17] in particular), the robots must be able
to get a better sense of the environment around them. This would ideally be done with
onboard sensors and would be robust to various environmental conditions (lighting, tem-
perature, water, etc.). This project investigates the creation of a relative positioning
system that leverages existing technologies and designs to create a solution which al-
lows robots to find, track, and communicate with known sources. In particular, using
modulated light allows the system to be used in a much wider variety of environments.
Examples of scenarios include autonomous robotic salamanders looking for (or avoid-
ing) various beacons in the environment (see Figure 1) or multiple robots attempting to
coordinate their motion.

Figure 1: Conceptual image showing a robotic salamander moving towards a beacon.

1.2 Project goals
This project entails the creation of an novel relative positioning system for mobile robots.
In particular, we hoped to use modulated infrared signals to determine the distance and
direction of an active modulated sender, decode data sent by the sender (e.g. an 8-bit
ID transmitted a few times per second), and study the possibility of using the same
sensor (by adding some transmitter) for obstacle sensing. Since the system was to be
used with the Salamandra robotica platform, the sensor should also be small, lightweight,
waterproof, and powered by onboard supplies. This design process was to include a state
of the art survey, the design of the system, and the implementation of a functioning
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prototype. Ultimately, such a system can be integrated into the robot and enable more
autonomous behaviour.

2 State of the art

Infrared light is a common, easy-to-use, low power, and low-cost way to transmit infor-
mation. Because of this, there are a wide range of systems that have been developed that
use this technology for wireless communication, object detection, and other tasks. Due
to high attenuation of infrared radiation in underwater communication, a lot of research
has been done to investigate alternative communication channels, namely using visible
light. Recently, with the advancement of mobile robotics, more application-specific ex-
amples have arisen, namely in the realm of proximity sensing and localization. We begin
by reviewing available components and the state of the art for relative localization and
communication systems. This background informs the design of our system (which is
presented in Section 3).

2.1 Existing components
There are a wide range of components available for creating infrared and optical channels.
In particular infrared and visible LEDs, photodiodes, and phototransistors are extremely
common and low-cost. Infrared is also widely used as a local wireless network medium.
Most devices using this technology follow the standards set up by the Infrared Data
Association (IrDA). These common guidelines allow for a wide range of dissimilar devices
to communicate and work together. Most infrared communication devices are focused on
maximizing data rates while minimizing errors and are less concerned with signal strength
and localization. Because most commercially available devices are highly integrated, they
are also particularly hard to adapt to different applications. In fact, extracting additional
(analog) information can be nearly impossible for many systems. A few exceptions do
exist. For example, the TSOP4P series of infrared receiver modules output analog signal
information in the form of a pulse width of varying length linked to the time it takes the
AGC to suppress a quasi continuous signal. The output pulse width is linearly related
to the irradiance. The devices use modulated infrared light (and thus have the benefits
of rejecting ambient light signals) and are highly integrated, easing integration. If the
adaptability of the system is less important, communication could be deprecated, and a
smaller dynamic range is required, these components could provide a simple solution.

2.2 Underwater sensors
Water absorbs light at infrared wavelengths much more readily that it does blue/green
light. For this reason, several researchers have been looking toward new or adapted sys-
tems that can perform better underwater. Essentially all of these applications, however
are more of an extension of infrared communication technology to the underwater envi-
ronment. Because of this, there is still a lack of components taking advantage of analog
information contained in signal. Nevertheless, these examples show how to use exist-
ing technologies to create systems that can work in a wider range of environments. [3]
provides a good overview of advances in the field. In terms of using visible light to com-
municate, most sources agree that we can achieve better performance using blue/green
light as observed in [4], however Tivey points out in [62] that while blue wavelengths
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theoretically suffer less attenuation underwater than infrared wavelengths, blue light is
more strongly scattered by particulates and minute bubbles in the water than red light.
Furthermore, silicon detectors are twice as sensitive to red light than to blue light. These
factors makes it so that blue and green light are not always advantageous when compared
to red or infrared light in water.

2.3 Mobile robot relative positioning
Multirobot systems are a growing field of research that offers the prospect of considerable
advantages when compared to single-robot systems (e.g. simultaneous sensing and acting,
reconfigurability, redundancy, etc.). Many of these advantages, however, only come when
the robots have a relative sense of position. Motivated by these goals, the field of mobile
robotics has several recent examples of successful relative positioning and communication
systems. Most of these devices are a little too large to fit on the Salamadra robotica but
are good ideas to base our design on. [34], [49], and [23] all present good examples
of such systems. There are a few common themes to these designs. Namely, they use
the signal strength to estimate range and use an array of rotated detectors array to
estimate bearing (taking advantage of the declining sensitivity of receivers with respect
to the receiving angle). A recent, notable example of such a system is the Range and
Bearing Infrared Transceiver (RABIT), presented in [53]. This system for miniature
aerial vehicles (MAVs) had similar design constraints and goals, and it is able to achieve
these impressive results through the use of a novel cascaded filter chain to perform the
signal strength measurement. This, and other mobile robot designs heavily influenced
the design presented in the following section.

Figure 2: The Range and Bearing Infrared Transceiver (RABIT) [53].

3 System design

3.1 Operating principle
Much like most other relative positioning systems in mobile robots, the proposed design
uses a detector array which determines the distance and direction of an incoming signal
based on the total and relative signal strengths for each receiver. The detectors are only
sensitive to particular frequencies and wavelengths which are matched between the trans-
mitter and receiver. In addition, the proposed design includes and onboard transmitter,
allowing for communication from the robot and enabling the detector array to be used for
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obstacle detection. In this case, light from the onboard transmitter is reflected off of an
obstacle and identified (much like any other source) by the sensor. Figure 3 shows a the
approximate position and sensitivity of the sensors on the head of the robot, in addition
to the relative transmitter intensities of three onboard transmitters.

Figure 3: Diagram showing approximate sensitivity of the four receivers (in red) and
coverage of the onboard transmitters (in blue).

3.1.1 Distance estimation

All emitters of visible and infrared light distribute their energy over some area. As one
moves away from the source, the energy received in a given area (i.e. a detector) drops
off as a function of the square of the distance. That is to say, even though the total power
projected by a emitter remains the same, the energy is distributed over a larger area the
farther one moves away from the source. This drop off rate (as shown in 4) is well known
and consistent. This implies that if we know the power of the transmitter and signal level
at the receiver, we can estimate the distance between the two. In our case, we assume
an even coverage of emitted light coming from the transmitter (i.e. the intensity of the
signal is not dependent on the angle of the transmitter). This assumption holds if there
are sufficient transmitters to account for variations in individual transmission intensity
and angular variations. We also assume a single signal source and a known or negligible
absorption by the transmission medium. In particular, we can calibrate the sensor for
differences between transmission through air and water. To measure the baseline signal
strength, we also assume perfect alignment of the receiver with the transmitter.
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Figure 4: Graph showing the typical decrease in received power (signal strength) with
respect to distance (from [8]).

Normally measurements based on signal strength would be greatly affected by the
ambient light level. The proposed system, however, only considers the signal strength
for signals at the proper modulated frequency and wavelength. This fact allows us to
separate the controlled source light from different environmental conditions, allowing for
use in a wide variety of environments.

3.1.2 Direction determination

Using multiple receivers allows us to gather more information from the incoming signal. In
particular, receivers will have varying sensitivities depending on the angle of the incoming
signal relative to the orientation of the detector. If the detectors are arranged such that
there is an overlap in their sensitive regions, we can consider the relative strengths of the
received signals for each detector to estimate the direction of the transmitter.
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Figure 5: Polar plot showing the overlap in angular sensitivity assuming an angular
strength profile of r� = r cos (θ).

A wide variety of algorithms exist to extract the range and bearing information from
an array sensors in a known geometry. In the simplest case, we can simply define the angle
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of the incoming signal as the angle of the detector with the strongest signal. This method
is considerably more effective when the number of receivers is increased, but it can always
be improved by considering inputs from the neighboring sensors. One can then interpolate
between several detector readings to get a better estimate of bearing. Pugh and Martinoli
propose in [49], an algorithm to extract both distance and bearing information from signal
strength measurements of a series of evenly-spaced receivers. In particular, if we assume
that the angular reception strength profile is given by r� = r cos (θ), a reasonable model
for our receivers, we can find the distance and bearing by the following equations:

r =
1√

a2 + b2
(1)

θ = arctan

�
b

a

�
+Q (2)

with

a =
rL + 2rM + rR

2 cos
�
π
4

�
+ 2

b =
rL − rR

2 sin
�
π
4

� (3)

where r is the calculated distance to the source, θ is the calculated angle to the source
relative to the detector with the strongest response, rM is the distance measurement
from the detector with the strongest signal (shortest range), rL and rR are the distance
measurements from the detectors to the left and right of rM , and Q is 2π if θ is negative
(zero otherwise).

3.1.3 Communication

There are many different methods to communicate over the optical channel we create.
Typically, modulation techniques are selected for power efficiency, bandwidth efficiency,
and other considerations (such as simplicity). In this case, data rates are less important
than being able to determine the location of the transmitter. We are therefore willing
to sacrifice power efficiency to ensure more consistent position readings. More advanced
discussion of modulation techniques can be found in [22] and [32]. Some basic ideas we
played with were the following:

On-off keying (OOK) OOK is the simplest and most common form of of optical
communication. A bit value of one is represented by an optical pulse that occupies the
entire bit duration while a zero bit is represented by the absence of a signal.

Pulse width modulation (PWM) Information is encoded in the duty cycle of a
PWM signal.

Pulse position modulation (PPM) PPM a very commonly used baseband modula-
tion technique. It is what IrDA uses. It consists of a signal pulse (either on or off) in the
slot corresponding to the particular bit, with the rest of the slots being the opposite.

Digital pulse interval modulation (DPIM) In DPIM, the information is encoded
in the amount of time between a pulse (either high or low).
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3.2 Transmitter
A key component of the proposed relative positioning system is the transmitter. The
transmitter is responsible for outputting a modulated (10 kHz) signal with a constant
power level during transmission and must have the ability to turn on and off trans-
mission at the appropriate time depending on the digital modulation method used to
transfer data. It is important that the signal strength is nearly uniform regardless of the
transmitter’s orientation so that the receiver can get a consistent and precise distance
measurement.

Ideally the design would be simple, adaptable, and use few components. Figure
6 shows quite possibly the simplest circuit to accomplish this goal. It consists of an
LED, resistor, and transistor switch in series. The LED should be chosen to match the
design and power requirements of the system. In particular, the wavelength, switching
speed, irradiation profile, and power output should be considered to ensure adequate
range. With a sufficiently high voltage supply, multiple LEDs can also be placed in series.
The resistor should be selected to create an appropriate transmitting current based on
the properties of the LED emitter. Note that the physical resistor should also have an
adequate power rating. Finally, a transistor switch (such as an n-channel MOSFET)
can be used to create the modulated signal based on the output from a microcontroller.
Using a transistor instead of simply driving the LED from the microcontroller output
pin allows for higher currents (and therefore longer ranges). The transistor should be
able to pass the necessary currents to drive the circuit. In most cases, multiple emitters
should be used to create a uniform emission from the transmitter. This can be done by
replicating the proposed circuit multiple times in parallel (using the same output signal).
It is best to ensure adequate overlap between adjacent transmitters to create a nearly
uniform output profile.

Figure 6: Simple transmitter circuit. An oscillating OUT signal that turns the emitter
on and off at the desired frequency.

One of the best design features of this circuit is its adaptability. A wide range of emit-
ters, both infrared and visible, can be used to transmit the signal. In fact, almost any kind
of light emitting diode can be used, assuming an adequate supply voltage, an appropriate
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resistor choice, and a transistor which can pass sufficient current. For the implementation
used in the prototypes, the circuit uses an 5V supply from the robot. Several LEDs were
used during testing, but the final prototype contains three TSKS5400 infrared LEDs.
These emitters, when installed with π

4 angular separation, have a combined output pro-
file which is approximated in Figure 7. While it is far from being perfectly uniform, given
the small number of components used, it functions as an adequate transmitter prototype.
Three 2N7002 n-channel MOSFETs were used as switches. These small devices can pass
300 mA of DC current, more than adequate for a wide range of low-power emitters. Note
that the range of the device can be increased by increasing the power output of the trans-
mitter (and calibrating appropriately). A 5 meter range is definitely possible with such
a design; however the transmitter would require a sufficient power supply and several,
powerful LEDs. The prototype system simply uses the low-power, onboard transmitter
from a second board to act as a transmitting source.
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Figure 7: Graph showing the published angular intensity of three TSKS5400 infrared
transmitters with π

4 angular separation (in blue) and the total emitted intensity (in red).

3.3 Receiver
The receiver itself consists of several parts. There is a detector array, analog multiplexer,
cascaded filter chain, series of peak detectors, and finally a microcontroller to monitor
signals and interface with the robot. Figure 8 shows a block diagram of how all of the
parts are connected.
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Figure 8: Block diagram showing the setup of the receiver circuitry.

3.4 Photodetector
Light from the transmitter travels through space and is received by a photodetector. The
amount of light measured by the photodetector is inversely proportional to the distance
from the transmitter. Photodiodes and phototransistors are the most common detectors
of infrared and visible light signals. These devices can convert light energy into current
signals. A photodiode is similar to a standard diode except that it is packaged in a way
to allow light to strike the PN junction. This light energy creates electron-hole pairs,
creating in a photocurrent which is proportional to the amount of incoming light. The
cases around these devices often act as both a lens to capture more light and a filter to
eliminate unwanted wavelengths. Phototransistors use similar physics but amplify the
light signal by the β of transistor, resulting in a significantly higher sensitivity. This,
however, comes at the cost of a slower response time (phototransistors typically have
ton/toff of 2 µs or more [8]). Photodetectors are typically operated in reverse bias. Note
that sensitivity can be increased by operating multiple photodetectors in parallel.

In order to work more easily with the signals from photodetectors, it is useful to
convert the signal to a voltage and amplify it. There are many methods of creating a
voltage signal with a photodetector, several of these are shown in Figure 9. The simplest
design is to connect a terminating resistor and use the fact that V = IphotoR. Depending
on the detector sensitivity and resistor value, this can provide an adequate result. This
solution, however, suffers from a relatively small dynamic range when we consider the
range of currents we need to measure. In order to increase the dynamic range, we can
use multiple terminating resistors which can be selected by different transistor switches
(controlled by an external element). This signal can then be sent to a preamplifier,
amplified, and filtered. There is a risk, however, that the preamplifier will have difficulty
with signals at the extremes of the power supply – which can be very likely when using a
simple terminating resistor. A very common circuit structure used in these cases, which
integrates the amplification directly, is the transimpedance amplifier. This well-known
current-to-voltage converter is usually connected directly to the current source, but if we
AC-couple the detector instead, we can effectively eliminate the DC ambient light signal
at the source. Figure 9c shows the transimpedance amplifier circuit used in the final
prototype. The DC signal is passed through R1, while the modulated AC signal is passed
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through C1 and amplified.

(a) (b) (c)

Figure 9: Three detector circuit designs.

For our prototype implementation, we chose to use the AC-coupled transimpedance
amplifier. It filters out the ambient light directly, amplifying only the signals of interest.
It is also compact and easily adjustable. It can be used with many standard photodiodes
or phototransistors, and the amount of amplification can be changed with a single resistor.
This greatly increases the versatility of the circuit. The final boards use four TEKT5400S
phototransistors as the detectors. They are in an small array with a difference of π

4
between each detector. Figure 10 shows the relative angular sensitivity of these sensors
(using published angular reception strength profiles). The overlap of the sensitive regions
and known angular sensitivity profiles allows us to estimate the distance and angle of
signals between two detectors.
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Figure 10: Polar plot showing the published relative angular sensitivity of four
TEKT5400S phototransistors with π

4 angular separation.
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3.5 Signal selection
The proposed receiver uses an array of photo-sensitive detectors. Each detector has its
own associated signal. In order to make efficient use of the filters, it is best to use a
single cascaded filter chain and simply change which signal is being measured. This can
be done using a variety of different components. Solid-state components typically give
faster switching times and more resilient operation. In this case, we can use a series of
analog switches (as used in the first prototype) or an analog multiplexer (as in the second
prototype). Analog multiplexers have the advantage of guaranteed break-before-make
switching, ensuring multiple preamplifiers are not connected (causing interference), even
for a short period. The final prototype uses a CD74HC4052 analog multiplexer which
features a low ON resistance of 70 Ω, low crosstalk between channels, and an practically
no feedthrough at 10 kHz (-100 dB).

3.6 Cascaded filter chain
One of the more unique aspects of the proposed system is the cascaded amplifying filter
chain. This design choice, inspired by [53], allows us to dramatically increase the dynamic
range of our sensor. We are able to achieve large amplifications (1000x) while maintaining
good stability (the amplification is divided into multiple stages, each with a gain of 10) and
accessibility of the range information (signal can be read after each stage). Furthermore,
because each stage acts as a band-pass filter, we create a progressively sharper filter (8th
order by the 4th stage). The design is compact and has a high sensitivity to the desired
frequency. Alternative designs of dynamically changing the amplification are typically
larger, more complex, and more prone to instability.

Figure 11: A 10 kHz active, amplifying band-pass filter (modified Deliyannis filter).
Four of these circuits are connected in series to achieve greater signal separation and
amplification.

The filter circuit used in the prototype is a modified Deliyannis filter topology. It runs
on a single supply and uses a singe operational amplifier and only 5 components (plus
an AC-coupling capacitor), keeping the design simple and compact. Figure 11 shows
the single supply circuit schematic. The Q is set at 10, locking the gain at 10, as the
two are related by Q = Gain = R2

2·R1 . A higher Q is not used because the operational
amplifier gain bandwidth product can be easily reached, even with a gain of 20 dB. The
prototype uses a 10 kHz carrier, chosen because it is not a common frequency in testing
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environments (low noise) and does not require specific high-frequency hardware (most
emitters, detectors, and filters work well at this frequency). The simulated frequency
response of the 10 kHz filter is shown in Figure 12. The filter can be adapted to suit
other carrier frequencies by simply changing the passive component values according to
the following equations:

C1 = 100 · C2 to 1000 · C2 (not critical)
C2 = C3

R1 = 1
2π·C2·frequency

R2 = 20 ∗R1
R3 = R1

19

(4)

The prototype hardware uses TLV2774 quad operational amplifiers. These devices
feature single-supply, rail-to-rail output operation with a slew rate of 10.5 V/µs and a
gain-bandwidth product of 5.1 MHz at 5 V. These devices are more than sufficient for
the application. In general, the operational amplifier should have a sufficient slew rate
to allow a 5 V peak-to-peak 10 kHz sine wave. An low-cost, alternative device is the
MCP6004, a quad 1 MHz rail-to-rail operational amplifier.
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Figure 12: Simulated frequency response of the filter.

3.7 Level detector
The output from the filters are 10 kHz signals of differing amplitudes. Unfortunately,
these high frequency signals are too fast for the analog-to-digital converter (ADC) on
PIC18 microcontrollers. The typical solution is to measure the peak voltage of the signal
(a constant input) to capture the signal strength. Figure 13 shows several peak detector
circuits. Quite possibly the simplest peak detector consists of a simple signal diode and
a grounded capacitor (Figure 13a). The highest point of the input waveform charges
the capacitor, which holds the voltage while the diode is reverse-biased. This circuit,
while simple, has several disadvantages. It has a variable input impedance (which is
particularly low during the peaks) and the diode drop makes it inaccurate by one diode
drop (and completely insensitive to peaks under one diode drop). A better circuit is
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shown in 13b. This circuit uses an operational amplifier to introduce feedback into the
circuit, eliminating the diode drop. This circuit will hold the actual peak value as long as
it is below one diode drop below VDD (the op amp saturates). This circuit should use a
low-leakage diode and an op amp with a low bias current and sufficient slew rate. The final
circuit in Figure 13 shows an advanced peak detector which eliminates the diode leakage
by adding another feedback layer, further improving the result. Unfortunately, resetting
the peak measurements is more complicated for this circuit and requires a transistor
switch or leakage resistor.

(a) (b)

(c)

Figure 13: A series of simple peak detector circuits.

The prototype hardware uses the circuit in Figure 13b because it can be easily reset
without further hardware by quickly changing the microcontroller input pin to an output
source and momentarily pulling it low before reconfiguring the pin as an input. Note that,
because the input signal is centered around VDD/2, the output of the peak detectors will
always be between VDD/2 and one diode drop below VDD. Something that was not done
in the prototype circuits, but may be desirable in later designs would be to AC-couple the
peak detector and shift the signal to another level to make analog to digital conversions
more convenient.

3.8 Microcontroller
All of the low-level control signals, analog-to-digital conversions, data processing, and ex-
ternal interfacing are handled by a PIC18 microcontoller. These small, low-power devices
are highly flexible and include a range of built-in hardware peripherals, including a 10-bit
analog-to-digital converter (ADC). The prototype hardware uses the PIC18F2580, which
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was picked for its existing use throughout the Biorobotics Laboratory. The microcon-
troller was programmed in C using C18 compiler and the MPLAB integrated development
environment. The prototypes include standard connectors to interface with Microchip’s
programmers and debuggers (a PICkit3 was used for testing). The prototype hardware
runs off of a 5 V supply (provided by the robot or external source) and uses a external
oscillator to create a 20 MHz clock. The sensor communicates through a serial connection
to the robot or a computer (aided by an external FTDI chip). In order to improve the
ADC reading, external voltage references can be used (SOT23 package).

3.9 Simulation
In order to verify the design, the circuit was modeled using the LTspice IV simulation
environment. SPICE models were provided by the manufacturers whenever possible, and
a number of test circuits were created. Figure 14 shows the simulated output from the
detector circuit, modeling the photodiode as a current source (10 nA, 10 kHz square
wave) along with 1-2 uA 60 Hz noise. The output of each stage of the cascaded filter
chain is shown in Figure 15. Finally, Figure 16 shows the simulation results for the peak
detector circuit (using a n-channel MOSFET to reset the peak voltage).
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Figure 14: Graph showing the simulated output from the detector circuit with a 10 nA
signal and large 60 Hz noise.

17



0.0111 0.0112 0.0113 0.0114 0.0115 0.0116 0.0117 0.0118 0.0119
2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

Time (s)

V
o

lta
g

e

 

 

Stage 1

Stage 2

Stage 3

Stage 4

Figure 15: Graph showing the simulated output after each stage of the filter chain.
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Figure 16: Graph showing the simulated output of the peak detector circuit.

4 Hardware

Prototype hardware was created and tested to verify the system design. This involved
several steps including component selection, schematic design, PCB layout, manufac-
turing, and testing. The designs use only off-the-shelf electrical components, reducing
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the cost and increasing the ease of replication. This section briefly describes the two
prototypes that were built.

4.1 First prototype

Figure 17: First prototype of transceiver.

After designing and simulating the circuit, we ran several quick tests with infrared emit-
ters and receivers using solderless breadboards. This provided some insight into the basic
activity we could expect, but we needed a more refined circuit to do more advanced
testing (particularly of the filters). We opted to create a prototype printed circuit board
(PCB) transceiver to test the analog circuit, prototype the firmware, and catch design
errors. The first revision of the sensor integrated both the transmitter and receiver into
a single transceiver. The transceiver used a semicircle of 4 detectors and 3 emitters (π8
angular separation alternating between receiver and transmitter). The outputs from the
detectors were passed through an analog switch (MAX392) and into the cascaded filter
chain. Peak detectors as described in Figure 13c were used after each of the filter stages.
Peak voltages were passed to the PIC microcontroller for readout.

Testing of this circuit showed very good correlation with the simulation results. In
particular, oscilloscope readings at intermediate points showed nearly identical behavior
to what is seen in section 3.9. Testing was done using several emitters and detectors, using
both infrared and visible light. All wavelengths tested returned functionally equivalent
results (using matched detectors and emitters). Using a function generator and single
LED emitter, the range was briefly tested, showing detectable signals at ranges exceeding
4 meters.
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4.2 Second prototype

Figure 18: Second prototype of transceiver.

The second prototype transceiver included several improvements over the first revision.
These include a more straightforward design, reduced number of components, reduced
active board area, and Micro-MaTcH connectors for easier interfacing. It was also de-
signed specifically to work with the Salamandra robotica. The board is designed as two,
separable components. The first is the array of detectors and transmitters that can be
placed on the head of the robot. This connects to the processing board inside of the
robot either directly through the PCB or, once the components have been separated,
through a shielded Belden 9537 cable. The second component, which contains the filter
chain and processing, is designed to interface directly with the main processing board in
the head of the Salamandra robotica. For this revision, the schematics were significantly
updated and layout was again done by hand. Design changes include simplified peak
detectors to allow for easier resetting and the use of a multiplexer instead of an analog
switch to prevent accidental connection of multiple detectors (the multiplexer guarantees
break-before-make connections).

5 Results

We performed a series of tests with the prototype hardware to characterize the system.
Unfortunately, due to time constraints (manufacturing delays), not all of the desired tests
were performed. This section discusses our preliminary results and proposes some new
experiments.

5.1 Distance calibration
The first step toward verifying the system was ensuring that we could get accurate dis-
tance information from the device. For this test, one prototype acted as a transmitter
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while another served as the receiver. The transmitter emitted a constant 10 kHz signal
(square wave) on three TSKS5400 infrared emitters. Each emitter had an 24 mA “on”
current (34 mW), resulting in an average power emission of 17 mW per emitter. We
considered only a single detector that was in line with one of the emitters. Measurements
were taken on the signal level after the multiplexer (AC-coupling only) and after the 4
filter stages. This information was sent to the computer via a serial connection. The
transmitter was slowly moved away from the receiver and measurements were recorded
at one centimeter increments for 1.2 meters (as measured by hand). Fifty measurements
were taken at each distance and averaged to find the typical signal level at each stage for
a given distance. Figure 19 shows the results of this experiment.
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Figure 19: Graph showing the signal strength at each point along the filter chain with
an aligned transmitter.

We see a very strong correlation between distance and signal strength. We also note
how the filter chain increases the dynamic range of the sensor: as one filter stage loses
sensitivity, another becomes active. By actively adjusting the stage of interest, we can
continuously get precise sensor data, regardless of the perceived signal level. Using this
data, we can create an empirical relationship between signal strength and distance. This
test only characterized the sensor’s response for a very low power transmitter, resulting
in a limited range of under 2 meters. We can greatly increase the range by using more
or higher power emitters (note that the system would have to be recalibrated to the
new signal levels). Increasing the number of emitters can also have the positive effect
of creating a more uniform emission from the transmitter. It would be interesting to
perform tests using a stronger transmitter and further examine the possibility of using
visible light for improved underwater performance. Both of these would require a similar
calibration process, though on difference scales.
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5.2 Angle determination
Initial testing of angle determination was performed by moving the transmitter in front of
the sensor and observing the effect on the signal chain. A first order positioning system
was created by assuming that the signals direction is simple the angle of the detector
which returns the shortest range (strongest signal). This gives strong performance, but
only narrows the signal to a 45◦ area. We also lose much of the distance information
by only using one sensor. A better solution uses multiple detectors and their angular
sensitivity profiles to intelligently estimate the position and range. An examples of such
systems can be found in [48, 49]. Further tests to characterize the angular sensitivity of
the detectors should be performed and incorporated to improve the results.

5.3 Reflective obstacle sensing
We performed some qualitative tests to examine the sensor’s effectiveness as an obstacle
detection sensor. For these tests, we transmitted signals using the onboard transmitter
and looked for reflected signals on the detectors. The position of the activated detector
can provide information on the position of the obstacle and the amount of reflected light
is related to the distance of the object. On their own, the detectors are overly sensitive
to the light from the emitters that are reflected out the sides of the TSKS5400 casing.
These internal reflections cause the sensor to nearly saturate the signal strength readings
even before obstacles are introduced. Realizing this and ignoring the high baseline signal,
we can detect obstacles within a range of approximately 1 cm. This allows the sensor to
be useful for detecting collisions, but little else.

In order to minimize the signal from neighboring transmitters, we used a cardboard
separator to block crosstalk. This greatly improved the sensor’s performance. We saw
a usable range of several centimeters (5+ cm). The performance could be even further
improved by using higher quality separators or by placing the emitters and detectors on
opposite sides of the printed circuit board. This improved separation lowers the baseline
signals level and increases the sensitivity to the reflected light. The reflected signal levels
could then be calibrated and used. Note, however, that the distance measurements will
then be sensitive to objects’ absorption of the wavelength of light being used (objects
which absorb the wavelength will appear father than they really are).

5.4 Communication
Only very limited tests were done to measure the communication ability of the sensor. In
particular, pulse width modulation (PWM) was applied on top of the 10 kHz carrier. The
receiver would simply measure how many readings in a row it observed a signal above a
certain strength before it was lost. The amount of time a signal is perceived corresponds
the the pulse width. This proof of concept, chosen for ease of implementation, worked but
is far from the most effective solution. Better solutions would use more precise timing and
may even separate the sending of data from the signal strength measurement, allowing
for much higher data rates.
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6 Conclusion and future work

This paper outlines the design of a relative localization system for mobile robots. The
final prototype hardware can get range and bearing information, along with data from
a modulated transmitter. It integrates with the Salamandra robotica, is smaller than
existing systems, and is highly adaptable (just as functional using visible light emitters
and detectors). Currently, the range and bearing information is quite rough, but this
can be improved with further testing and calibration. A higher power transmitter would
increase the range of the sensor and improved firmware could greatly enhance communi-
cation ability.
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