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Image processing extracts beacon locations and frequencies 
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ExisLng!RF$based!techniques!

•  Why!are!RF$based!techniques!not!good!enough?!

•  Moreover…!
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Range;based*

Technique* Accuracy* Infrastructure* RX*complexity* Orienta1on*

RSS! Low! Low! Low! No!

ToA! High! High! Low! No!

TDoA! High! High! Low! No!

AoA! High! High! High! No!

Range;free*

Low! High! Low! No!



Barrier!problem!
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Using!VLC!for!posiLoning!

•  SemanLc!localizaLon!
–  Room$level!accuracy!

–  Visual!Light!Landmark!for!mobile!device!(IPSN!‘14)!

–  Bytelight!!

!
•  Received!Signal!Strength!(RSS)!

–  AddiLonal!hardware!

–  Epsilon!(NSDI!‘14)!

oriented to one light source. The second step is to grad-
ually pitch the phone. In the meantime, a continuous
measurement is performed to record the RSSs from the
light source at different phone pitch angles (Figure 7(b)).

The procedure above basically uses inertial sensors to
measure the irradiation and the incidence angles. In the
first step, it measures the orientation angle, a1, between a
virtual line connecting the phone and the light source and
the North from the compass. We also record the RSS, as
Pr1, at the point when the phone is pointing to the light
source. The user then continues with the second step
by pitching the phone from the horizontal attitude to the
roughly vertical attitude for an angle of a2 while keep-
ing the phone screen facing the light source. Note that a2
should be larger than the incidence/irradiation angle and
it can be easily fulfiled as long as it passes the point at
which the phone screen faces squarely towards the light.
The system logs the reading of the light sensor as well
as the instantaneous pitching angle (around device’s X-
axis) that is captured by the gyroscope. An instance of
the logged light sensor trace is given in Figure 7. We can
see that the sensor readings increase until a peak point
and then decrease. This is caused by the changing in-
cidence angle. Thus, the peak point is the instant that
the device faces squarely to the light. The correspond-
ing pitched angle from the beginning to the peak point is
the desired incidence angle q when the phone was placed
horizontally.

After the two steps, we obtain the incidence angle q ,
RSS Pr1, and the angle a1. With the model in Eq. (5), the
former two measured parameters ensure all the possible
device positions are in a 2-D horizontal circle around the
light source. Then, we can use a1 to finally determine
only one location in the circle.

7 System Implementation

Hardware Design: Note that Epsilon is still a pio-
neer work exploiting LED for localization, there is thus
no off-the-shelf product that supports programming and
VLC. We designed a small LED lamp, as shown in Fig-
ure 8, with a commercial LED (Model: Cree T6) [8] with
10W marked power and peripheral control circuit to ad-
just the beaconing content. The modifications to the LED
is easily met in practice. As the commodity LED bulb-
s already employ PWM for dimming purpose, we only
need to add the capability of varying the frequency for
BFSK. For the receiver design, modern mobile phones
ship with light sensors. However, it turns out that the OS
restricts the sampling rate (e.g., Motorola XT910 ⇠ 5Hz,
Samsung Galaxy SIII ⇠ 100 Hz). While we envision that
we can modify the driver in the future, we currently de-
sign a small light sensor board, that merely consists of a

Figure 8: The hardware design of Epsilon.

Figure 9: Beacon frame used in Epsilon.

light sensor, an amplifier, and a small battery. We con-
nect the board to the phone through the audio jack. The
sampling of light sensor is performed using the ADC for
microphone. As will be shown later, the audio ADC im-
poses certain design constraints regarding to the usable
communication band.

Configuration and Frame Design: In our system, we
embed the coordinates of each light source in its bea-
con. Having a back-end service for mapping the ID of
each LED to its physic location is an alternative solu-
tion, which however relies on the network connection.
Therefore, we insist on making each LED bulb self-
contained. Another practical issue is that we need to con-
figure the location for each LED. We rely on the profile
(e.g., blueprint map) from building management to con-
figure the position of each bulb. Each beacon payload
consists three parts: preamble, location information, and
the duty cycle, as shown in Figure 9. The preamble con-
sists of 2 bits of zeros to facilitate RSS measurement.
The location information is a 64-bit latitude and longi-
tude tuple. We use a 8-bit number to represent the du-
ty cycle, which corresponds to ⇠ 0.4% dimming adjust-
ment granularity. We also adopted a 8-bit CRC to check
the integrity of the contents.

Communication Band Selection: As discussed in §5.3,
we desire wider communication band for less waiting
time. Suppose the band used for communication is
[ fl , fh] where fl and fh represent the lower and upper
boundaries, respectively. There are actually several con-
strains in determining the two boundaries.

1. fl should be high enough to avoid the flickering
problem, i.e., fl � 200Hz. fh cannot exceed the
minimum of the LED On/Off speed and the light
sensor response speed as discussed in §5.2, which
is 118.2 kHz.

2. fh < 2 fl . Based on Eq. (4), the pulse wave carri-
er results in harmonics while the transmitted energy
spreads across all harmonic frequencies f = 2pn/T .
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The tags use multiple pixels of different colors, modulated
at up to 120Hz to transmit data. The technology exploits the
“flicker-fusion threshold” of the human eye to blend the tags
into the background by rapidly flashing complimentary hues
of color, still visible to a rolling shutter camera. This approach
does not support multiple access beyond spatial diversity,
making it less suitable for ambient lighting use-cases. This
work does suggest how different color channels could be used
to increase data throughput, while still keeping transmissions
imperceptible to humans.

(a) (b)

Fig. 2: (a) Cree 9.5W LED bulb (b) Preliminary setup

B. Indoor Localization with VLC

The related work on localization falls into two general
categories, namely range-based approaches [12], [13], [14],
[15], [16] and range-free approaches [17], [18]. Range-based
approaches rely on measuring distances and/or angles with
respect to known anchor points to compute a position based on
propagation time of a signal. Due to the propagation speed of
light, time-of-flight ranging is difficult with VLC, especially
with cameras. Angle-of-arrival measurements are similarly dif-
ficult to attain reliably by using a single image sensor. Range-
free localization approaches on the other hand typically attempt
to match either synthetic or naturally occurring signatures to
a particular location. For our system, we chose to employ
this type of approach by having transmitters continuously send
unique IDs over a VLC channel, which can be mapped to their
known locations.

ByteLight [19] is a commercial effort that uses LED lights
as visual landmarks. While we suspect that they exploit the
rolling shutter effect of the camera and possibly modulate data,
there is no detailed information about how the system operates
and no available information describing their modulation tech-
nique, or the channel characteristics. At the time of publication,
the lights were not commercially available, so we were unable
to more closely inspect their design. In contrast, we present a
modulation scheme and provide a detailed evaluation under
various conditions. ByteLight also highlights that their un-
derlying approach requires no inter-light communication. Our
system can also operate without synchronization between the
lights, but benefits if it is available.

CamCom [20] uses undersampled frequency shift OOK
(UFSOOK) by encoding data at frequencies that are harmonics
of the frame rate, and decoding data by processing the sub-
sampled aliased frequencies. While this scheme works with
both global as well as rolling shutter sensors, it operates
at frequencies around 120Hz, which can cause stroboscopic
flicker (see Section IV-E). For indoor navigation, the system

requires spatial diversity to support multiple access (data
cannot be decoded from multiple transmitting lights mixed on
a surface), which might not be suitable for certain lighting
architectures. We believe it may be possible to mix aspects
of UFSOOK with our approach, providing the best of both
techniques.

III. SYSTEM ARCHITECTURE

Figure 1 shows the two main components of our system:
a stationary VLC transmission infrastructure and multiple
mobile receiving devices. Each transmitter uses a single, or
multiple LEDs in an array to broadcast a unique ID. The ID
is modulated onto the standard PWM signal used to drive
commercial and residential LED lighting. As elaborated in
Section III-B, in our implementation the modulated signal
is generated by a low-cost micro-controller which drives a
commercially available LED bulb through a simple MOSFET
driver circuit. Due to the relatively low maximum signal
frequency of 8kHz, our system is well within the attainable
bandwidth of standard phosphorescent white LEDs [4] and
standard MOSFETs. Each light transmits data using a Binary
FSK (BFSK) modulation scheme and multiple transmitters are
supported in a single collision domain by Frequency Division
Multiple Access (FDMA).

The receiver is a common CMOS rolling shutter camera
that captures the signal either through direct LOS, or reflected
from surfaces. The data rate and received SNR depend on
the camera’s capture speed and its resolution. Although we
performed our evaluation using 720p at 30fps, lower settings
such as 480p at 15fps can also be used. A more detailed
discussion of how camera parameters impact communication
can be found in Section IV. The captured signal is demodulated
entirely in software running locally or off-board if raw video
can be streamed to a server.
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Fig. 3: Shutter mechanisms (a) Global (b) Rolling

A. Rolling Shutter

Figure 3 compares global and rolling shutter operation
[21]. Global shutters, which are commonly implemented on
CCD sensors (although CMOS variants exist), expose all
pixels on the sensor simultaneously and gather incoming light
over all pixels for the exposure time ⌧

e

. After collection has
stopped, the data is transferred. Rolling shutters on the other
hand, consecutively expose and read-out individual rows of
pixels in a pipelined fashion. The exposure is performed in
rapid succession, producing adequate images for scenes with
minimal motion. ⌧

e

for a rolling shutter is defined as the

6!



Emerging!retail!environment!
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•  Oben!have!line$of$sight!to!lighLng!
–  Groceries!
–  Drugstores!
–  Megastores!

–  Hardware!stores!
–  Enterprise!sedngs!

•  Lots!of!overhead!lighLng!in!retail!

•  Retailers!deploying!LED!lighLng!

•  Customers!using!phones!in!stores!
–  Surf,!Scan,!Share!

•  Customers!installing!retailer!apps!
–  Maps,!Barcodes,!Deals,!Shopping!



LocalizaLon!accuracy!using!our!testbed!
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Outline!

•  IntroducLon!
•  System!Architecture!

•  LocalizaLon!Principle!
•  ImplementaLon!/!EvaluaLon!

•  Conclusion!
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LED!luminaires!

Mobile!receiver!

Cloud/Cloudlet!server!
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h9p://www.mhs.ox.ac.uk/students/98to99/Inst/Instpgs/3.LnyNOCTURNAL.html!
h9p://www.unlikelyboatbuilder.com/2010/07/celesLal$navigaLon$fun.html!



Outline!

•  IntroducLon!
•  System!Architecture!

•  LocalizaLon!Principle!
•  ImplementaLon!/!EvaluaLon!

•  Conclusion!
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LocalizaLon!principle!
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Find!scaling!factors!for!all!transmi9ers!

•  Transmi9ers’!locaLon!in!receivers’!frame!of!reference!

!!!!!!!!!!

!

!!!!!!!!!

•  Find!all!scaling!factors!by!pairwise!distance!
!

!!
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Find!receiver’s!locaLon!and!orientaLon!!

•  Pairwise!distance!between!receiver!and!transmi9ers!

•  Transmi9ers’!frame!!"Receiver’s!frame!
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Outline!

•  IntroducLon!
•  System!Architecture!

•  LocalizaLon!Principle!
•  ImplementaLon!/!EvaluaLon!

•  Conclusion!
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LED!luminaires!
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Mobile!receiver!–!CMOS!rolling!shu9er!
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Cloudlet!–!Image!processing!

•  IdenLfy!centroid!and!frequency!
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Pudng!it!all!together!
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Image processing extracts beacon locations and frequencies 
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Decimeter!locaLon!(3D)!accuracy!
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High!orientaLon!accuracy!
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Accuracy!is!affected!by!installaLon!error!
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Locate!a!model!train!
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Accuracy!is!affected!by!moLon!
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Frequency!recovery!"!#channels!
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LimitaLons!

•  Minimum!#pixels!required!
–  Distance!/!TX!size!/!#pixels!on!imager!

•  >=!3!transmi9ers!in!field!of!view!

•  Requires!known!anchor!locaLons!
!

•  Requires!9!s!to!complete!a!localizaLon!process!
–  4.46!s!(taking!picture)!
–  3.41!s!(uploading!image)!

–  0.3!s!(extracLng/labeling!transmi9ers)!

–  0.8!s!(performing!calculaLon)!
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OpLmizaLon!–!perform!local!processing?!

•  Current!system!takes!3.41!s!to!upload!an!image!(33!M!pixels)!
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Future!work!

•  OpLmizaLon!
–  Algorithm!

–  Image!processing!

–  Local!processing!
!

•  PorLng!Luxapose!to!iOS/Android!
!

•  IntegraLng!with!iBeacon!

29!



Conclusion!

•  Luxapose:!
–  Angle!of!arrival!indoor!posiLoning!w/!single!image!

–  Decimeter!accuracy!

–  OrientaLon!informaLon!

–  Slightly!modified!LED!luminaires!

–  Unmodified!mobile!phone!
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Backup!
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Privacy!is!not!compromised!
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Chunked$FFT!reduces!accuracy!

•  81!images!(33!M)!

•  Python!Open!CV!image!processing!
–  79!s!"!67!s!(15%!Lme!reducLon)!

34!
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Mobile!receiver!+!mobile!app!

•  Requires!phone!OS!API!support!
–  Exposure!control!
–  Film!speed!(ISO)!

–  Windows!phone!✓!

–  Android!✗!
–  iOS!8!✓!
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Increase!#channels?!

•  Encoding!data!in!a!single!frame!
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Google!glass!

•  Manually!break!exposure!control!loop!
•  Imager!resoluLon!
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