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Abstract—A proximity-based service (PBS) leverages the esti-
mated proximity to provide users the accessibility to object or
location restricted service. This paper exploits the interaction
between Bluetooth Low Energy (BLE) Beacon and smartphone
to set forth the fundamental building block of a beacon-based
PBS system. In real-world scenarios, a beacon-based PBS system
might suffer from sparse conditions when some beacons mal-
function or beacons can only be deployed in a few specific posi-
tions. Motivated by such limitations, a similarity filter extended
with compressive sampling matching pursuit (SF-CoSaMP) is
proposed to ensure the reliability of proximity detection under
such sparse conditions before smartphone proceed to retrieve the
corresponding PBS. An extensive simulation with large volume
of collected data has been conducted and the results prove the
reliability of the proposed algorithm with high detection accuracy
in an environment with sparse deployment.

I. INTRODUCTION

Over the years, various indoor location-based services
(LBSs) have been developed to provide users an accessibility
to the available service in an indoor environment [1]. Most
often, this type of service is location restricted in which
users need to provide their location information before they
can access to the service. Localization techniques (e.g., tri-
lateration [2] and fingerprinting [3]) have been implemented
to derive indoor location information such that diverse LBS
applications can be delivered with accurate location estima-
tion, if possible. However, accurate location estimation is
still an elusive research issue due to the multipath effects
in indoor environments [4]. Despite many notable attempts,
most localization techniques are only capable of delivering
coarse-grained location estimation up to sub-meter accuracy
[5]. Instead of struggling with the accuracy in connection
with indoor localization, proximity-based service (PBS) has
been employed as a substitution to LBS when the exact
geographical location is out of concern [6].

As an alternative, PBS uses the proximity information of
a smartphone to deliver diverse services ranging from access
authentication [7] [8], on-spot transaction [9] [10], multimedia
sharing [11] [12], etc., to users. Besides using RFID as the
driving tool for proximity detection [13], the introduction of
Bluetooth Low Energy (BLE) beacon has also escalated the
development of PBS [14]. Step on the shoulders of emergence
BLE Beacon, this paper explores the potential of a BLE
Beacon-based PBS system.
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As illustrated in Fig. 1, the core elements of a beacon-
based PBS system are a BLE Beacon network, smartphone
and server. Here, a beacon-based PBS region defines a region
that serves same PBS, this region might consist of a number
of proximities of interest (Pols) that deliver same PBS with
different contents. For example, a music exhibition, which
delivers proximity-based music listening service is a PBS
region that consists of a number of Pols, where each Pol
contains different music genres. In general, we define the
notion of Pol as an ambient object or location associated with
at least one BLE Beacon such that each Pol can continuously
broadcast their signals to implicitly announce their presence.
These signals can be measured by an encountered smartphone
to identify the target Pol (i.e., the Pol that smartphone is closer
to). Since PBS involves human in the loop, quality of service
(QoS) is the main evaluation criterion for a PBS system. That
is, a reliable proximity detection is expected such that the
corresponding service can be delivered to the encountered
smartphone through correct target Pol selection.

The fundamental requirement to achieve a PBS system with
high QoS is that the smartphone must be able to see a clear
picture regarding the encountered PBS region. This means
smartphone must have a complete and comprehensive knowl-
edge about all the signals contributed by all Pols residing
in a given region. This is attainable provided each beacon
associated with each Pol works flawlessly and smartphone can
capture all the signals broadcast by all beacons. However, the
likelihood to achieve these ideal conditions is rare because
some beacons might fail to function due to dead batteries
or faulty circuit components as time goes by. Furthermore,
it is unrealistic to have a long scanning duration when service
response time is of major concern. Lastly, some Pols might
need to compromise with no beacon association owing to
physical deployment constraint. For example, some buildings
might be unable to provide a suitable location to confine the
beacon association to designed Pols layout. In this case, these
Pols are assumed to announce their presence implicitly by
manipulating the beacon information from adjacent Pols. In
this situation, smartphone might fail to correctly decide the
target Pol due to incomplete signals information.

Recently, compressive sensing (CS) has attracted a lot of
attention as it can provide a novel framework for recovering
signals that are sparse [15]. Their success in indoor positioning
systems (cf., in wireless local area network[16] [17], in wire-
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Fig. 1. The fundamental building block for a beacon-based PBS system: a
beacon network, a client app, and a server.

less sensor network [18] [19], in RFID network [20] [21])
motivate us to exploit CS algorithms for beacon-based PBS
system. To the best of our knowledge, none of the research has
leverage CS algorithms for proximity detection, particularly
in an indoor environment with sparse deployment. To this
end, a CS-based proximity detection algorithm is proposed
such that the smartphone is still able to perform a reliable
proximity detection without an explicit knowledge of complete
signals information. The main contributions of this paper are
summarized as follows:

o A beacon-based PBS system model is set forth to describe

its fundamental building block and related notions.

o A CS-based proximity detection is proposed to mitigate

incomplete signals challenges under sparse deployment.

o A similarity filter is integrated with the CS-based prox-

imity detection to improve the detection reliability.

The rest of the paper is organized as follows. Section II
introduces the beacon-based PBS model and formulates the
proximity detection problem. Section III presents the similarity
filter extended with CS-based proximity detection. Section
IV describes the simulation with real data and presents the
simulation results. Section V concludes the paper.

II. SYSTEM MODEL

This section describes the beacon-based proximity-based
service (PBS) system model and follows with a discussion
on problem formulation.

A. Beacon-based PBS

The basic building block of a beacon-based PBS system
model comprises a region that has been deployed with multiple
BLE Beacons and a server to facilitate the service mapping.
Any Bluetooth compatible receiver can be used to acquire
the signals and estimate its proximity, for simplicity, this
paper considers smartphone as the receiver since it is widely
available. The role of BLE Beacons is to broadcast their
signals to the surrounding such that encountered smartphone

can know the proximity of interest (Pol) they are closer to
after processing these signals. We define an area which serves
the same PBS purpose as a region, which might consist of
multiple Pols delivering the same service but different content.
For example, in a restaurant, each dining table is associated
with a beacon (i.e., each dining table represents a Pol), the
PBS is intended to deliver food menu to customers and each
Pol has its own meta attributes such as the table number, bill,
etc.

Mathematically, these Pols in a same region can be de-
scribed as a set of vectors,

1= {Qb tb= {1727 ,’I'L}} (D

where b is a set of indexes and 7 is an integer denoting the
total number of Pols for a given beacon-based PBS region.
Each vector {2, can be characterized by its features such as
received signal strength (RSS) or time of arrival (ToA).

In this paper, RSS is used to characterize each €, € R".
That is, given a scanning interval T, each ), can be repre-
sented with a list of time average RSS contributed by all the
associated beacons from all the Pols in a beacon-based PBS
region.

b0,
Qp = , Vb 2)
b0,
where the time average RSS is defined as ¢ =
ﬁii;tl R(t) with R(t) denotes the RSS measured at
discrete time ¢ for all ¢, < 7. The ¢, means the time average
RSS contributed by bth Pol.

Intuitively the target Pol can be identified by examining ¢ in
an observed vector €),,, where y € b. Since RSS is a measure-
ment in dBm in which its strength decreases logarithmically
with increasing distance, in other words, we can roughly
estimate the closest Pol by simply selecting the strongest
¢. However, such straight forward selection might fail to
return the target Pol correctly, especially when those beacons
associated with some designated Pols stop functioning.

Consider every possible scenario which might lead to a
sparse representation (i.e., the €2, can only be represented
by far few samples of ¢), this paper proposes a reliable
proximity detection algorithm by extending a similarity filter
with conventional compressive sensing such that sufficient
information can be recovered before smartphone performs the
proximity detection to identify the target Pol.

B. Problem Formulation

Given n number of Pols are established in a PBS region,
but only the Pols at four corners are associated with beacons,
then the proximity detection problem has a sparse nature, as
the number of measurements m (i.e., ¢ in the observed vector
(2,) is smaller than the total number of Pols n. In other words,
the observed vector ), has been compressed from size n to
size m. Assume that a user carrying his/her smartphone is
in close proximity to yth Pol, then user’s proximity to each



Pol can be formulated as a 1-sparse vector, b € R™, with all
elements equal to zero except b, = 1, where y € b represents
the index of target Pol,

b:[ovoa"'7]—70a"'70}T (3)

Since only ¢ from four Pols are measured/observed due
to the deployment constraint, the relation between the com-
pressed observed vector €2, € R™ and the user’s proximity to
each Pol b € R" can be described as follows:

Q, = Udb +v 4)

where v represents the measurement noise. ¢ is an x n is a
radio map as follows:

d11 P12 din
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=1 . : : ®)
d)r;,,l ¢2,2 ¢n,n

where ¢; ; is the time average RSS in jth Pol contributed from
the beacon associated with ¢th Pol. U is a m X n measurement
matrix. Each row of W contains zeros and unit one which
indicates the index of Pol associated with a functioning
beacon.

Note that Eq. (4) is an underdetermined system (m < n)
with 1-sparse vector b. Therefore, the proximity detection is
converted into following sparse vector reconstruction problem:

b = min([[2, — TPb||* + Allb|1) (6)

where ) is a tuning parameter of CS, and the index of non-zero
entry in b refers to the index of target Pol.

Remark 1: The CS theory [15] states that as long as
the number of observations is greater than C'Slogn (i.e.,
m > CSlogn), where C is a constant and S is the degree
of sparsity, then with very high probability that the solution
to the optimization problem given in Eq. 6 is unique and is
approximately equivalent to b. In our system model, since
s = 1, as long as the number of Pols is less than 10000,
m = 4 is enough to guarantee a reliable signal recovery.

Remark 2: T; must be long enough to capture a sufficient
number of signals from all the Pols in the PBS region.
However, it is unrealistic to have a very long T when quality
of service (QoS) is of concern. Furthermore, long T will drain
the battery at the smartphone and slow down the receivers
processing memory. Therefore, it is necessary to select only
a few Pols associated with beacons in order to achieve an
elegant trade-off between scanning interval and QoS.

III. PROXIMITY DETECTION BASED ON
SIMILARITY FILTER AND COMPRESSIVE SENSING

This paper proposes a similarity filter incorporated with
compressive sampling matching pursuit (SF-CoSaMP) which
first, removes part of interference Pols in advance by compar-
ing the similarities and thus refine the performance of conven-
tional CoSaMP. This section describes 3 main components of
the proposed algorithm: similarity filter. signal pre-processing
and CoSaMP.

A. Similarity filter (SF)

Consider only four beacons are associated at four corners,
for a a x a (a® = n) grid system, we selectively compute the
similarities for Pols in the index subset H = {1,a,1+(a—1)x*
a,axa}. Define s3; = ||Q, — Woy||? as the similarity between
observed vector and all H column vector in ®, then the filtered
index set S can be constructed accordingly by taking the K
elements which meets the similarity threshold s,

S={K:sg <sy, VkeH} (7

The Pols which are belong to S are filtered out in advance.
The resulted subset C = b\ S, which refers to the collection of
indexes included by b but excluded by S, is utilized to refine
d to

d={d;:VjeC} (8)
where ®; is the column vector of radio map in Eq. (5).

B. Signal Pre-processing

To ensure b can be recovered from observed vector €2, with
very high probability, the achieved radio map is transformed
into an orthonormal basis ) € R™*™ with following operation,

Q = orth((v®)")T 9)

Besides that, for each observed vector {),, a signal pre-
processing operator 7' = Q(V®) is introduced to perform a
corresponding transformation on €2,

Q) =10, (10)

By substituting Eq. (9) and Eq. (10) into Eq. (6), the sparse

vector reconstruction problem is further refined to

b = min(|[€2}, — Qb||* + A|[b]1) (11

C. Compressive Sampling Matching Pursuit (CoSaMP)

Before the smartphone can select the target Pol, a recovery
process is performed by integrating the conventional compres-
sive sampling matching pursuit (CoSaMP) with the previous
two operations (i.e., similarity filter and signal preprocessing).
In general, CoSaMP is a greedy algorithm which iteratively
computes the proxy, merges the strongest support, estimate
the signal, prunes the least entries and updates the residual
until a stopping threshold is reached. Assume that the signal
proxy at current iteration is p() = @ x (=1 where 7 is
the residual from previous iteration and r© = Q;, then the
merging operation of the strongest support sets is,

i ~(i—1)
(1) )

v = supp(py. ) U supp(b (12)

where """ is the estimated I-sparse vector at (i — 1)th
iteration and s is the degree of sparsity.

Least square is used to estimate the best possible b at
current iteration:

b = Qf (=1 (13)
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Fig. 2. A classroom testbed with 9 tables, where each table represents one Pol with one associated beacon: (a) The battery of 5 beacons (shaded in grey)
were taken out to emulate a sparse environment, (b) Signal collection process on the smartphone, and (c) the beacon and its battery

where QlTV is the pseudo-inverse matrix of |, which consists

only the column vector at the index identified by v
The resultant b(¥ is pruned according to the degree of

sparsity s, such that the current estimation is f)(l) = bs, and
then the residual is updated for next iteration, i.e.,

(@) = =1 _ gpt” (14)

In general, the proximity detection algorithm based on the
integrated similarity filter and compressive sampling matching
pursuit (SF-CoSaMP) can be summarized as follows:

Algorithm 1 SF-CoSaMP
Input: sparsity level s, radio map @, index set b,
similarity threshold s., and observed vector €,
Qutput: filtered index set C, estimated 1-sparse vector f),
and estimated target index y
R
i=1,b =
1: Compute similarity set S using Eq. (7)
2: Obtain filtered index set C =b\ S
3: Refine radio map according to Eq. (8)
4
5

Initialization - 0, r—=1 = Q,

: Transform radio map to @ using Eq. (9)
: Transform observed vector to Q’y using Eq. (10)
while Stopping threshold is not met do
6: Compute current signal proxy, p(*) =Q x r(=1)
7: Identify top 2s components supp(pgs))
8: Merge the strongest support sets using Eq. (12)
9: Estimate signal using least square Eq. (13)
10: Prune B(l)
11: Update (*) using Eq. (14) for next iteration
12: Increase iteration by 1
end while

IV. SIMULATIONS AND RESULTS

The reliability of the proposed SF-CoSaMP was analyzed
through simulations. First, a classroom with total 9 Pols was
established in which each Pol is associated with a beacon, all
Pols are arranged in an equal rectangular grid as illustrated in
Fig. 2(a). All beacons are built with CC2541 BLE chips and
powered by CR2450 3V lithium coin cell battery, as shown
in Fig. 2(b). A smartphone was used to collect the signals
during an offline phase to construct and calibrate the radio
map, as depicted in Fig. 3. Next, the batteries in beacons
associated with Poly, Poly, Pols, Polg and Pol; were
purposely taken out to emulate the sparse environment, and
similar signal acquisition process was repeated. The following
subsection describes the baseline and performance metrics
used to compare the simulation results.

A. Baseline

Two baselines were used for comparison; one was the
conventional method provided as open source by most BLE
Beacon manufacturers such as Altbeacon ! and Estimote
2, this method has been used in most commercial applica-
tions. Another baseline is the classical Compressive Sampling
Matching Pursuit (CoSaMP) [22]. The conventional method
simply examines observed vector {2, and selects the Pol which
contributes the strongest RSS value; whereas CoSaMP is a
greedy algorithm that iteratively recover the signal coefficient
which has the strongest correlation with the sparse measure-
ment.

"The Open and Interoperable Proximity Beacon Specification”,
“http://altbeacon.org/”
2”Estimote  Beacons Real World Context for your Apps”,

“http://estimote.com/”



Row

1 2 3
Column
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Poly, row 2 column 1 indicates Pols and so on.

1) Maximum RSS Selection: Given the number of RSS
values collected from different beacons during a scanning
interval T, the mean RSS values contributed by ith Pol can
be expressed as follows:

S RSS: (1)

t=t1

— 1
RSS; = T

S

15)

where t; is the time to receive kth signal and ¢, < 7.

Since a PBS region often consists multiple Pols, the
contribution from all Pols can be represented by a vector,
ie, RSS = [RSSy,RSSy,...,RSS,]. With this vector,
smartphone can select the target Pol which contributes the
maximum mean RSS value,

1 := arg max{RSS}

Sy

(16)

where ¢ indicates the index of Pol selected by the smartphone.
To facilitate the following discussion, we named this conven-
tional method as maxRSS.

2) Compressive Sampling Matching Pursuit: Compressive
Sampling Matching Pursuit (CoSaMP), on the other hand,
identifies the locations of the largest influence from the resid-
ual induced by the signal approximation at current iteration.
The 5 steps of CoSaMP (i.e., computes the proxy, merges
the strongest support, estimate the signal, prunes the least
entries and updates the residual) are repeated until a stopping
threshold is reached. The process is similar to the algorithm
described in Algorithm 1 but without the similarity filter.

B. Performance Metrics

Given the total number of Pols established in a PBS region,
detection accuracy is used to evaluate the number of times
where the smartphone selects the target Pol correctly,

N
1
ADtpo,i:NZ()n, Vi=1{1,2,..,n} (17)
n=1
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where N is the total number of detections and O,, is the nth
detection output with,

_ {(1), if b = index of target Pol (18)

if b = index of target Pol
Furthermore, the overall error rate resulted given each Pol
is calculated as follows:
1 —Ap por,
>oii(1 = Ap por,)

where Ap pos, is the detection accuracy for ith Pol and
S, Ple|Poly) = 1.

P(e|Pol;) = (19)

C. Simulation Result

The following sections discuss the simulation results based
on the two performance metrics described in Section B.



1) Detection Accuracy: Referring to Fig. 5, all methods
are able to maintenance a high detection accuracy in the Pols
where the beacons are still working. And for Pols without
beacons (i.e., Poly, Poly, Pols, Polg and Pol; ), the
detection accuracy degrades for both maxRSS and CoSaMP.
In general, maxRSS is unable to produce even one correct
detection at these Pols; whereas CoSaMP still can produce
a few correct detections. However, with the proposed SF-
CoSaMP, a significant improvement in the detection perfor-
mance is observed. Fig. 4 shows that SF-CoSaMP achieves
an average detection accuracy up to 60% - 70% at these Pols
where beacons are not working compared to CoSaMP with
average detection accuracy up to 20% and maxRSS 0%.

2) Detection Error Rate: The detection error rates for all
the implemented algorithms are compared and presented in
Fig. 5. It is clear that after applying the similarity filter to
remove some interference Pols, a much lower error rate is
guaranteed. Even though SF-CoSaMP is proposed for the
current grid system configuration with four beacons being set
at the four corners respectively, a general similarity filtering
algorithm, however, is needed for arbitrary system config-
urations. Besides, the similarity is measured according to
Euclidean Distance, and may not be the optimal. All of these
should be studied in future work. Overall, SF-CoSaMP shows
a superior performance with a low error rate compared to
conventional maxRSS and classical CoSaMP algorithms under
a sparse condition.

V. CONCLUSIONS

The synergy between smartphone and BLE Beacons is a
key enabler to proximity-based service (PBS). PBS ensures
a secure service through a reliable proximity detection in
an environment with sparse beacon deployment, which is an
unavoidable condition when some beacons fail to function or
smartphone is unable to acquire explicit signals information
due to deployment constraint. Under this condition, the like-
lihood to achieve high detection accuracy is low, especially
in the proximity of interest (Pol) where the associated bea-
con is not working. To address the sparsity challenge, this
paper proposes a proximity detection algorithm by adopting
a similarity filter into Compressive Sampling Matching Pur-
suit (SF-CoSaMP). Through extensive simulations with real
data, the proposed algorithm achieves high detection accuracy
(i.e., approximately 70%) compared to conventional proximity
detection.
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