
Indoor Position Detection Using BLE Signals
Based on Voronoi Diagram

Kensuke Onishi(B)

Tokai University, 4-1-1 Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan
onishi@tokai-u.jp

Abstract. Bluetooth Low Energy (BLE) is a Bluetooth standard with
low energy consumption. Beacons using BLE transmit BLE signals,
which can be received by smart phones running iOS or Android OS.
At present, demonstration experiments are conducted.

An indoor position detection using an ordered order-k Voronoi dia-
gram was proposed. Beacons were installed in a building of Tokai Univer-
sity. Experiments are conducted to investigate position detection using
the proposed approach. We have two results using the proposed system:
(1) a floor decision success rate of 99.6%; and (2) indoor position detec-
tion success rates of 85.5% (first neighbor) and 48.9% (second neighbor).
Finally, we present some ideas for improving the proposed approach.

1 Introduction

Bluetooth Low Energy (BLE) [1] is a low-power Bluetooth standard. A machine
called a beacon is developed for use in transmitting BLE signals. The beacon
works for approximately one year on only a button battery.

BLE has been supported by iOS since 2013 and by Android OS (after
version 4.3) since 2014. A BLE signal can be received by numerous types of
smart phone. Thus, a number of demonstration experiments have been con-
ducted in various locations. For example, beacons were placed on each aquarium
at Hakkeijima Sea Paradise. When a person approaches one of the aquarium
with a smart phone, the smart phone displays information on the sea animals in
the aquarium ([2], until March 2015). A number of beacons have been placed in
Tokyo Station to support position detection and navigation ([3], until February
2015). Finally, a system was constructed in which information related to bus
stops was provided by beacons placed in busses in Kyoto City [4].

A number of studies have examined position detection based on a received
signal: GPS (outdoors) and WiFi [5–7] (indoors). In a previous study, the
Received Signal Strength Indicator (RSSI) of a WiFi access point was measured
at many points, and a method of position detection using the measured data was
proposed [5]. The covering method of directional sensor networks using Voronoi
diagram was proposed [8]. While the directional sensor distributes signals for a
pie-shaped region, the beacon distributes for all range. Moreover, an experiment
using BLE signals had been conducted [9], in which 50 beacons were placed in a
real field and the RSSIs of the BLE signals were measured. The position decision
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by BLE signal was performed with an accuracy of 10 m to 20 m, and a hybrid
method using the BLE signal and pedestrian dead reckoning was proposed.

We consider the problem for detecting own position from given field and
installed beacons. It is necessary that the BLE signals from beacons cover the
field. When many beacons are installed, the problem can be solved easily. BLE
signals are collected by user’s smart phone, then it is decided that the user is
near the beacon with strongest RSSI. It has expensive cost that many beacons
install on a real field. We consider indoor position detection under small number
of beacons where the BLE signals cover the field.

In the present paper, we propose a method for position detection based on
an ordered order-k Voronoi diagram. The Voronoi diagram is easily computed at
a desk, and a number of configurations of beacons can be planned. We decided a
configuration of beacons for a building of Tokai University, then installed 30 bea-
cons on the building and measured the RSSIs of the BLE signal. We then evaluate
the proposed method based on the measurement data. We explain the ordered
order-k Voronoi diagram in Sect. 2, and the proposed method is described in
Sect. 3. In Sect. 4, we describe the beacons used in the experiments, the building
in which the experiments are conducted, and the experiments themselves. The
experiments are further discussed floor decision and indoor position detection in
Sect. 5.

2 Related Research

2.1 Ordered Order-k Voronoi Diagram

In this section, we explain the ordered order-k Voronoi diagram. Consider a
set of points P = {p1, p2, . . . , pn}. Each point in the set is called a site. Let
(pi1 , pi2 , · · · , pik) be ordered sites selected from P . An ordered order-k Voronoi
diagram [10, pp. 144–151], called an OO-k Voronoi diagram, is a tessellation and
consists of ordered order-k Voronoi polygons R(P ; i1, i2, . . . , ik). The ordered
order-k Voronoi polygon is defined as follows:

R(P ; i1,i2, . . . , ik)

= {x ∈ R2 | d(x, pi1) < d(x, pi2) < · · · < d(x, pik) < d(x, pj),
j �= i1, i2, . . . , ik},

where d(x, y) is the Euclidean distance between x and y. This polygon is a convex
subset of the Euclidean plane. Every point in the polygon is near pi1 , pi2 , . . . ,
pik in the order. The set of Voronoi polygons for all ordered k sites is referred
to as an OO-k Voronoi diagram.

Figure 1 is an OO-3 Voronoi diagram for P , which has six sites. The solid
lines in Fig. 1 form the (OO-1) Voronoi diagram for the point set, which gives the
nearest region of each site. The solid and dashed lines form the OO-2 Voronoi
diagram. Each OO-k Voronoi polygon is divided into a number of OO-(k + 1)
Voronoi polygons. In Fig. 1, R(P ; 4, 3) is divided into R(P ; 4, 3, 2), R(P ; 4, 3, 5),
and R(P ; 4, 3, 6).



20 K. Onishi

Fig. 1. Ordered order-3 Voronoi diagram.

The OO-k Voronoi diagram is constructed in O(nk2 log n + nk log3 n) time
and O(k(n − k)) storage [11]. Lee et al. proposed a computation method of
generalized higher-order Voronoi diagram (HOVD) and applied HOVD to map
segmentation [12].

2.2 Arrangement

The arrangement is formed by lines in a Euclidean plane. Consider n lines in
the plane. The plane is divided into regions consisting of segments formed by
given lines. The arrangement of n lines is computed in O(n2) time and O(n2)
space [13]. The OO-n Voronoi diagram for n sites has the same structure with
an arrangement of perpendicular bisectors of all pair of sites.

3 Proposed Method

In this section, we describe the proposed algorithm for position detection. The
proposed algorithm uses position detection by an ordered order-k Voronoi dia-
gram, or an arrangement of perpendicular bisections of all pair of sites.

Suppose that the configuration of beacons is known. We compute the OO-k
Voronoi diagram, or the arrangement of beacon sites. Each OO-k polygon is
regarded as position in indoor position detection. So we evaluate the difference
among the OO-k polygon and the ordered sequence of beacons sorted by RSSI
on a real field. Then, we clarify the problems of proposed method.
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Fig. 2. Ordered order-5 Voronoi diagram on the seventh floor of Building 18 at Tokai
University.

Figure 2 shows an OO-5 Voronoi diagram of the seventh floor of Building 18
at Tokai University. We installed five beacons (701–705) on the seventh floor,
and five beacons were placed on the other floors. The configuration of beacons
was planed to cover the field by small number of beacons. The seventh floor was
divided into a number of OO-5 Voronoi polygons.

When position detection is performed using BLE signals, a smart phone
collects signals from the beacons. The beacons are then sorted by RSSI and the
beacon order is used to determine current position. For example, suppose that
the sorted sequence of beacons is 704, 705, 701, 804, 702, 604, 703, 601, 801, as
shown in Fig. 2. Suppose that we already know that we are on the seventh floor.
Since beacons 6** and 8** are on the sixth and eighth floors, respectively, we
use only the 7** beacons: 704, 705, 701, 702, 703. Then our position on the
seventh floor is decided as R(P ; 4, 5, 1, 2, 3).

The floor can be also decided based on the sorted sequence of beacons from
the frequencies of first digits. If two first-digit values have the same number of
occurrences, then we select the value corresponding to stronger BLE signals.
In the above example, the first digits are (7, 7, 7, 8, 7, 6, 7, 6, 8). Since 6, 7 and 8
appear once, five times and two times, respectively, in the sequence, the floor is
decided as the seventh.
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Table 1. Specifications of the beacons.

Model Name HRM1017

Embedded BLE chip Nordic nRF51822

Bluetooth version Bluetooth LE 4.0 (Single mode)

QDID B020660

RF output power −8 dBm type

Supply voltage 1.8 to 3.6 V

Table 2. Specifications of Nexus 7
(2013, WiFi).

Model Name Nexus 7 (2013, WiFi)

Manufacturer ASUS

OS Android 5.0.2 (Lollipop)

CPU APQ8064(1.5 GHz)

Main Memory 2 GB

Storage 16 GB

Fig. 3. Measurement points at the upper left corner of the seventh floor. •: beacon, ×:
measurement point.

4 Measurement of the Beacon Field

4.1 Beacons and Smart Phone

First, we explain the beacon (Houwa System Design K.K.) and the smart phone
used in the present study. The BLE module in the beacon is an HRM1017
(Hosiden Corp.). The supply voltage is approximately 3.0 V. The beacon can
change the output power from −20 dBm to +4 dBm. Since the floor area is
32.8 m by 52.8 m and keeping the power as low as possible, we use −8 dBm in
our experiment. The specifications of the beacons are shown in Table 1.

We use the Nexus 7 (2013, WiFi) as the BLE signal receiver. The Nexus
7 runs on Android 5.0.2 and supports a BLE device. The specifications of the
receiver are shown in Table 2.

4.2 Preliminary Experiment

In this section, we describe the basic performance of beacons in a real location.
We place one beacon in the upper left corner of the seventh floor. We measured
the RSSI from 1 to 20 m at intervals of 1 m (Fig. 3). On average 46.5 measure-
ments were taken at each measurement point, where a measurement consisted of
sensing in four directions, each requiring 10 s. Measurements were then averaged
over the four directions in order to account for local variation in a real location.

Figure 4 shows a box-and-whisker plot of the measurements. The x axis indi-
cates the distance from the beacon and the y axis indicates the dBm level.
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Fig. 4. Measurement results: RSSI (dBm) vs. distance (m)

In general, RSSI decreased with increasing distance, although there was some
variation.

In this situation, we can find two thresholds: −65 dBm and −80 dBm. When
the RSSI is larger than −65 dBm, the smart phone is closest to the beacon
(corresponding to Immediate in the iOS SDK [14]). When the RSSI is larger
than −80 dBm, the smart phone is near the beacon (corresponding to Near in
the iOS SDK). Thus, we can divide the distance from the beacon into four parts:
Immediate (RSSI > −65 dBm), Near (−80 dBm < RSSI < −65 dBm), Far1

(RSSI < −80 dBm) and Unknown (BLE is not detected).

4.3 Experiment on the Beacon Field

In this section, we describe the arrangement of beacons on the seventh floor of
Building 18 at Tokai University. The arrangement of beacons is referred to as
the beacon field and, in the following, we describe the measurement results on
the beacon field.

Figure 5 shows the measurement points in the beacon field. The beacons are
indicated by • symbols and measurement points are indicated by × symbols. We
measured 136 points in the field. At each point, we measured in four directions,
each requiring approximately 10 s. The average number of measurements is 41.7
per measurement point. The average number of measured beacons used in a
measurement is 8.47.
1 Immediate, Near, Far and Unknown are the return values for a method in the iOS
SDK.
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Fig. 5. Measurement points (×) and ordered order-5 Voronoi diagram for beacons (•)
on the seventh floor.

Table 3. Floor decision rate statistics.

Measurement point All (a) (b) (c) (d) (e) (f) (g) (h)

Correct rate 0.9961 0.8684 0.8837 0.8974 0.8205 1.0000 1.0000 1.0000 0.9767

Mistake rate 0.0039 0.1316 0.1163 0.1026 0.1795 0.0000 0.0000 0.0000 0.0233

Same rate 0.0580 0.4211 0.3023 0.5385 0.3333 0.3721 0.4524 0.4048 0.2093

Table 3 lists the correct and mistake rates for all and the measurement points
(a), (b), . . . , (h) shown in Fig. 5. The table also lists the same rate, which is the
rate that two first-digit values have the same number of occurrences.

Table 4 lists the correct rates of OO-k Voronoi polygons in the experiments.
The correct rate is computed as follows. Each measurement point is contained
in an OO-5 Voronoi polygon. Thus, every point has a correctly sorted sequence
of beacons (c1, c2, c3, c4, c5). In a measurement, we have a measured sequence of
beacons (b1, b2, . . . bk). The number k of measured beacons is not always five,
but the maximum number of measured beacons is five. If bj is equal to cj
(j = 1, . . . , i), we decide that these bj are correctly ordered. When bi+1 is not equal
to ci+1, the beacons bi+1, . . . , bk are counted as an incorrect answer if bk = ck.
As the index i increases, the correct rate decreases. The correct rate ri of a
OO-i Voronoi polygon is the number of correct beacons divided by the number
of ith measurement beacons.
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Table 4. Correct rates of ordered order-k Voronoi polygons.

Region First Second Third Fourth Fifth Number of

measurement points

average 0.854648086 0.489470890 0.285739910 0.160785054 0.076366359 136

14523 0.840579710 0.378870674 0.113382900 0.075848303 0.000000000 14

15243 0.809224319 0.360379347 0.198505870 0.087640449 0.002074689 10

15423 0.848962656 0.309166667 0.156565657 0.068904594 0.001533742 6

23514 0.879654614 0.352685838 0.180011044 0.120669056 0.064893617 15

25134 0.841876629 0.353839442 0.211061947 0.132672332 0.074738416 11

25314 0.857825129 0.381180812 0.202616822 0.135124457 0.070960048 10

32514 0.870627063 0.386808088 0.223759703 0.135416667 0.066773504 7

35241 0.871857013 0.409671533 0.238995660 0.142051112 0.063383715 6

41523 0.882191781 0.448693260 0.262111453 0.138688327 0.064183124 9

45123 0.886483633 0.457195865 0.27015368 0.142237641 0.068365180 3

45132 0.89107413 0.470260693 0.284684685 0.152509653 0.074918567 4

51243 0.870967742 0.473364801 0.298333714 0.168042739 0.079146593 12

51423 0.865112225 0.468299082 0.290279627 0.163169064 0.076411960 3

52134 0.858987497 0.472245066 0.301878914 0.173893805 0.084502746 7

52314 0.857312959 0.482085987 0.303152789 0.174080411 0.083625731 4

53214 0.859652547 0.476311668 0.299284579 0.171848739 0.081621005 2

53241 0.857302326 0.488337376 0.293961764 0.168696347 0.080610605 6

53421 0.858171745 0.486015929 0.292692091 0.168350168 0.081102571 1

54123 0.857011916 0.484096341 0.290509043 0.167026921 0.080293886 1

54132 0.855686695 0.489418938 0.286000000 0.163030999 0.077743902 3

54312 0.854648086 0.489470890 0.285739910 0.160785054 0.076366359 2

For example, a measurement point is contained in R(P ; 1, 5, 2, 4, 3). We mea-
sured a sorted sequence of beacons (701, 801, 704, 805, 702, 602, 505, 703,
804, 705, 502, 803 ) on the seventh floor. We only use 7** : (701, 704, 702, 703,
705 ). We judge the first beacon 701 to be correct and the other beacons to be
incorrect.

Figure 6 is a graph of the correct rates of average regions, good
regions R(P ; 4, 5, 1, 3, 2), R(P ; 5, 2, 1, 3, 4) and worse regions R(P ; 1, 5, 4, 2, 3),
R(P ; 1, 4, 5, 2, 3).

5 Discussion

Floor Decision

The floor decision is successful for 5,652 out of 5,674 measurements. The mistake
rate is only 3.9 % in Table 3. The measurement points from (a) to (h) in Fig. 5
and in Table 3 includes ones with mistake decisions, or same rates higher rather
than 40 %. We divide these points into three groups: {(a), (b), (c)}, {(d), (e),
(f)} , and {(g), (h)}. The first group {(a), (b), (c)} is near staircases. The area
indicated by the dashed lines containing (a) and (b) in Fig. 5 is the foot of the
staircases. Since the staircases connect to the sixth and eighth floors, the smart
phone collects BLE signals from other floors. This is why incorrect floor decisions
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Fig. 6. Correct rates of some Voronoi polygons.

are made. Each of the third group {(g), (h)} is also near the foot of staircases,
again indicated by dashed lines.

The second group {(d), (e), (f)} is not near staircases, but rather the mea-
surement points are near a glass-enclosed open ceiling space, as expressed by �
in Fig. 5. The BLE signal from the upper floor comes in through the glass.

Position Detection

[Average Rate]. First, we discuss the average correct rate of OO-k Voronoi
polygons in Table 4. The first and second neighbors have correct rates of 85.5 %
and 48.9 %, respectively. The remaining neighbors are 28.6 %, 16.0 %, and 7.6 %,
in sequence. The first and second neighbors can be used for position detection,
whereas the other neighbors cannot.

[Good Correct Rates]. In this section, we focus on polygons R(P ; 4, 5, 1, 3, 2)
and R(P ; 5, 2, 1, 3, 4). Polygon R(P ; 4, 5, 1, 3, 2) is the lower left region in Fig. 5
and contains five measurement points. The measurement points are divided into
two regions: the dead end and the passage. While the BLE signals from beacons
704 and 705 are received in the passage, the signal from beacon 704 is received
in the dead end. Although the measurement point in the dead end is near beacon
705, the RSSI of beacon 705 is smaller than that of beacon 701, since there are
walls between beacon 705 and the measurement points. Thus, the correct ratio
of the points in the passage is better than that of the points in the dead end.
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Polygon R(P ; 5, 2, 1, 3, 4) is the middle region in Fig. 5. There are seven mea-
surement points in R(P ; 5, 2, 1, 3, 4), six of which are near beacon 705 and one of
which is on the other side of a glass wall. At the point on the other side of glass,
the RSSIs of beacons 701 and 702 are larger than that of beacon 705. Thus, the
correct rate is lower at the point and the average correct rate of R(P ; 5, 2, 1, 3, 4)
is also lower. For better indoor position detection, it is necessary to omit such
a point from the polygon, or to take the attenuation by the glass wall into
consideration.

[Poor Correct Rates]. We discuss OO-5 Voronoi polygons R(P ; 1, 5, 4, 2, 3)
and R(P ; 1, 4, 5, 2, 3). The polygon R(P ; 1, 5, 4, 2, 3) is located in the upper left
corner of the beacon field (see Fig. 5). Among the measurement points of poly-
gon R(P ; 1, 5, 4, 2, 3), the RSSIs of beacons 702 and 704 are larger than those of
beacon 705. The reason for this is that a glass wall and a staircase exist between
the polygon and beacon 705. The RSSI of 705 is weakened by the wall and by
the large interference from beacons on other floors. The situation of polygon
R(P ; 2, 5, 3, 1, 4) is similar to that of polygon R(P ; 1, 5, 4, 2, 3) from the symme-
try of the configuration of beacons. The differences of situation between these
polygons is near the staircases, or not. While beacon 705 is found 38 % mea-
surement in polygon R(P ; 2, 5, 3, 1, 4), 705 is 30 % in polygon R(P ; 1, 5, 4, 2, 3).
It is consider that the difference of correct rate is interference from other floors.

The polygon R(P ; 1, 4, 5, 2, 3) is also located in the upper left corner of the
beacon field. The correct rates are 84 %, 38 %, 11 %, 8 % and 0 %, in sequence.
Whereas the first rate is about the same as the average, the remaining rates are
below the average. Thus, beacons 702 and 704 are detected and beacon 705 is
not detected. The reason for this is also the above-mentioned interference.

6 Conclusion

In the present paper, we propose a method for indoor position detection using an
ordered order-k Voronoi diagram. The proposed method involves two steps: floor
decision and position detection. In the floor step, the floor number is decided
based on the measured RSSIs. Position detection is based on a sequence of bea-
cons arranged in strength order. The beacon field is divided into OO-k Voronoi
polygons for sites that correspond to beacons.

We installed beacons in Building 18 of Tokai University and measured RSSIs
at several points on seventh floor. We evaluated the measurements based on floor
decision and position detection.

The floor decision success rate was approximately 99.6 %. At a few measure-
ment points, the decision fails because of BLE signals from other floors. One idea
is that used beacon is limited by their RSSIs (> −65 dBm) for detail decision.
Since the beacons at other floor are far from a measurement point in a floor,
the BLE signals from the beacons are weak. By the limitation, such beacons can
be pruned from the sequence of beacons.
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The position detection success rates are 85.5 % (first neighbor), 48.9 % (sec-
ond neighbor) and 28.6 % (third neighbor). The first and second neighbors can
be used for position detection. Two problem for position detection are found.
One is interference of signals, another is variations of wall. First problem is a rea-
son of worse correct ratio in higher order. The essential solution is difficult. We
only take measure by the adjustment of neighbor region on real field. Another
problem is solved by considering transmittance of wall. The glass wall above
partially transmits BLE signals whereas the concrete wall does not transmit at
all. So, we consider transmittance of wall and apply to proposed method.

For the effective use of these neighbors, it is better to use an order-k Voronoi
diagram. A polygon R(P ; {i1, . . . , ik}) of an order-k Voronoi diagram is con-
structed by combining all OO-k Voronoi polygons R(P ;σ(i1), . . . , σ(ik)), where
σ is a permutation of i1, i2, . . . , ik. For example, R(P ; {2, 4}) in Fig. 1 is the
combination of R(P ; 2, 4) and R(P ; 4, 2). Since the number of order-k Voronoi
polygons is less than the number of OO-k polygons, we place more beacons on
the field. HOVD [12] is also useful for indoor position detection when all wall
does not transmit BLE signals.

The adjacency of an OO-k Voronoi polygon is useful for better detection.
When a person is in an OO-k Voronoi polygon, in general, the person can
only move to adjacent polygons.2 For example, R(P ; 2, 4, 3) is adjacent to only
R(P ; 2, 3, 4), R(P ; 4, 2, 3) and R(P ; 2, 4, 1).
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