In the BLE's PHY (see Figure 1) two types of channels
are introduced for communication: advertisement channels
and data channels. While advertisement channels are mainly
used for connection-less mode, data channels are designed for
connection-oriented information exchange.
Therefore, in this study, we explicitly focus on analyz-
Fig. 1. Bluetooth Low EnergyBLE) channel assignment. ing radio irregularity on these channels. BLE provides 40
channels (3 advertisement and 37 data channels) operating
) ) ) ) in a globally unlicensed 2.4 GHz frequency band shared
The remainder of this paper is organized as follows. Relatgg oiher wireless technologies such as IEEE 802.11b/g/n.
work is presented in Section II. A brief overview of BLEagyertisement channels are intentionally placed in the speci ¢
is given in Section Ill. Research methodology, including thganier frequencies to reduce interference with most frequently
experimental setup, and experimental parameters are discUss& |EEE 802.11b/g/n channels, i.e., channels 1, 6, and 11.
in Section IV. Section V analyzes and presents the obtaingferefore, most IPS applications rely on beacon packets. Both
results. Finally, we conclude the paper in Section VI. data and advertisement channels are sharing the same PHY
characteristics, and each BLE channel is 2 MHz wide and
employs Gaussian Frequency Shift Keyif@FSK) modula-
The Radio Irregularity Model(RIM) [5] was proposed to tion. The transmit power in BLE PHY is con gurable with
characterize the anisotropic effect of wireless radio propagfe approximate range of -20 dBm to +20 dBm.
tion. RIM is characterized bybegree of Irregularity (Dol), BLE based distance estimation for indoor positioning ap-
which identi es signal propagation variation in different direcplications relies on RF signals sent through advertisement
tions. The main goal of RIM was to analyze the transmissi@hannels. As point-to-point range estimation is the basis of
range, connected range, and link asymmetry due to ragjgsitioning algorithms such as triangulation, recently, there
irregularity for multi-hop networks [6], [7]. has been increasing interest in identifying the challenges
Recently, by increasing advancement in indoor localizatiqe.g., multipath fading and interference) [13]. However, radio
systems and demand for higher accuracy, RIM is used Ryegularity as one of the main factors impacting the signal
researchers [8] to improve the range estimation. For exampl@riation in different directions is less considered.
in [9] authors studied the impact of radio irregularly in
BLE based indoor localization. The study aims to increase IV. METHODOLOGY
localization precision by considering the irregular effect of |n this section, we rst explain RIM to model radio irregu-
radio in each direction. The limited sample size and unclegitity. Then we discuss in detail the conducted experiments.
experimental environment increase the uncertainty in the result
accuracy of their experiment. Jiargt al. [10] performed A. Radio Irregularity Model (RIM)
limited experimental study on collaborative localization in Analytical modeling of path loss is the key to represent
wireless sensor networks by exploring the impact of radigireless signal propagation and channel characterization stud-
irregularity in using omnidirectional antennas. In addition t{es in simulation tools [14]. In this direction, many models
their limited experiment size, most of theternet of Things were proposed to estimate the path loss or RSS, e.g., the free-
(loT) devices are using PCB printed antennas. Similarlgpace propagation model, the two-ray model, and lthg-
in [11] authors studied the effect of node rotation on wireleg¢ormal Shadowing Mod€LNSM) [6]. Equation (1) presents
propagation for IPS. Unfortunately, their experimental studyath loss and signal variation due to multipath
suffers from limited samples and does not consider the impor-
tance of precise hardware setup. Authors in [12] developed d
a OMNeT++ based simulation tool for RIM. However, the ~ PL(d) = PL(do) +10 log,, o 1 N(@©O; ) (1)
simulation tool lacks input parameters, such as Dol values 0
from real-world experiments. where PL(d) denotes the path loss at distande dy is
This overview shows the importance of a comprehensiy@th loss at reference distancejs path loss exponent, and
empirical evaluation of radio irregularity for BLE s advertiseN (0; ) is a zero-mean Gaussian random variable with
ment channels. standard deviation ¢,. However, these models are isotropic,
which means they assume constant path loss in all directions.
lll. BLUETOOTH LOW ENERGY Authors in [5] proposed RIM that includes the non-isotropic
The main focus of the BLE standard is to minimize th#ireless propagation by adding the Dol value in LNSM as
energy consumption for battery-powered wireless devices. Téigen in Equation (2).
standard introduces a new PHY and MAC layer compared
to Bluetooth classic, which was mainly designed for le d
sharing and audio streaming. BLE has connection-less ant(d: )= PL(do)+10 logyo do K+ N0 cn)
connection-oriented modes designed for different applications. (2)
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