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Abstract. In this paper, we consider a disaster scenario where a Micro
Aerial Vehicle (MAV) is flying around the urban area and tries to localize
wireless devices such as mobile phones. There is a high chance of those
devices being in the vicinity of their human owners. Fast and simple
approach to map the received signal strength to distance is the Received
Signal Strength Indicator (RSSI). The more accurate mapping ensures
higher localization accuracy. As a consequence, an accurate signal prop-
agation model is required.

The Free Space model, ITU indoor and outdoor model, SUI model,
Hata model, COST-231 Hata model and Log-distance model have been
chosen to be investigated in this work. The goal was to determine whether
analytically chosen models fit to our scenario, as well as develop a suit-
able model for outdoor-indoor scenario. A real-world experiment was
carried out to collect RSS measurements. An MAV was placed outside of
a building while mobile phones were located inside a building. A measure
for the evaluation was a root mean square error (RMSE).

The main contribution of this paper is an adapted log-distance model
for GSM which is suited for outdoor-indoor scenario with the RMSE
value of 6.05 m. The ITU indoor model represents the second best fit to
our measured data with the RMSE value of 6.3 m.

Keywords: MAV · Signal propagation models · Quadrocopter · GSM ·
Log-distance model

1 Introduction

In order to predict radio propagation behavior, different signal propagation mod-
els have been developed as the low-cost, convenient and suitable alternative to
site measurements, since the later approach is expensive and complex [1]. Today
several models have emerged for indoor and outdoor environments in urban,
suburban and rural areas. The nature of those areas plays a significant role
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in the development of signal propagation models. Predicting the behavior of a
wireless signal can be limited due to the following reasons: (1) distance between
a transmitter and a receiver ranges from a couple of meters to few kilometers;
(2) thickness of walls in a building can significantly affect the signal propagation;
(3) the environment in which the signal propagates is usually not known [2].

A signal propagation model can be used to map received signal strength
(RSS) to the distance. This mapping is crucial for localization purposes, when a
technique called Received Signal Strength Indication (RSSI) is used. The more
accurate the model is, the higher localization accuracy can be achieved. Other
techniques, such as the Time of Arrival (TOA), Time Difference of Arrival
(TDoA) and Angle of Arrival (AoA) can also be applied. However, those methods
usually require additional hardware and precise time synchronization [3].

In this work, we consider a disaster scenario where the communication
infrastructure has been ruined. As a consequence, victims of the disaster will
not be able to make a call or send a message. A Micro Aerial Vehicle (MAV)
flies around this area and locates mobile devices which could be in the vicinity
of their human owners. We call this scenario – mixed outdoor-indoor, as mobile
phones are inside a building and the MAV is flying outside.

For the development of a signal propagation model, we have chosen the GSM
standard, as it is more reliable than the Wi-Fi network. Authors in [4] have
observed that a GSM signal is more stable over time, than a Wi-Fi signal. Also,
the bandwidth of the GSM channel is 200 KHz [5]. In contrast, the bandwidth of
the Wi-Fi channel is 22 MHz and the channels are overlapping [6]. As a result,
the interference in Wi-Fi channels can be significant.

Moreover, as previously stated, we are considering a disaster scenario in which
it cannot be guaranteed that all mobile devices are running Wi-Fi access points.
Whereas in the GSM network, mobile nodes will automatically perform the Inter-
national Mobile Subscriber Identity (IMSI) attach procedure when they detect
a network they can connect to [7]. There exist several propagation models in the
literature [8–11] for calculating distance using RSS values, that were measured
in a GSM network. However, none of them suit our purposes for the following
reasons: (1) our scenario is unique and considers mixed communication between
an indoor and an outdoor environment, while the most of models consider either
an indoor or an outdoor scenario; (2) physical parameters of previous approaches
do not fit our work, e.g., different receiver and transmitter heights, low trans-
mitted power (6 dBm in our case); (3) necessity for the accurate RSS to distance
mapping, as this directly affects localization accuracy. Therefore, a measurement
campaign was performed according to our scenario to modify log-distance signal
propagation model. The rest of the paper is organized as follows. In Sect. 2, an
overview of existing models is given. Section 3 describes the conducted real-world
experiment to collect RSS values. In Sect. 4, we present a developed model, as
well as a comparison to the existing ones. Finally, Sect. 5 concludes the paper.
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2 State of the Art

Path loss or path attenuation is a reduction in the power density of an electro-
magnetic wave as it propagates through space [8]. The signal propagation models
describe how the path loss is dependent on path attenuation factor, transmitter
antenna height, receiver antenna height, distance, operating frequency, etc. All
models are designed using different assumptions and experimental data, obtained
in the field. Therefore, a model should be carefully chosen in order to fulfill needs
of a specific scenario.

Fingerprinting represent another very popular solution for the localization.
However, the fingerprint technique represents an unstable solution for indoor
scenarios and requires a priori knowledge about the site. Every small change in
the environment causes drastic changes in the database of fingerprints. Therefore,
it is essential to update the database frequently [12]. As a result, we will not
follow this method in our work. In contrast, log-distance path-loss models are
much less susceptible to changes in the environment and produce more stable
results.

The most well-known signal propagation models that can be applied for a
mixed outdoor-indoor scenario, where the transmitter is a flying GSM base sta-
tion, are summarized in Table 1. As follows a list of used variables and constants
is given:

– λ is a wavelength in meters,
– f is a frequency in MHz,
– γ is a path loss exponent,
– d is a distance between a transmitter and a receiver in meters,
– ht is a transmitter antenna height above ground level in meters,
– hr is a receiver antenna height above ground level in meters,
– Xσ represents a Gaussian random variable with zero mean and standard devi-

ation of σ dBm and denotes shadow fading [13],
– Pr0 is a signal strength at 1 m from the transmitter,
– Xh is a correction factor for receiving antenna height,
– S is a correction factor for shadowing in the range between 8.2 and

10.6 dBm [14],
– d0 = 100 m in the case of SUI model,
– Lf is a floor penetration loss factor in dB,
– n is a number of floors between the transmitter and the receiver,
– Lout is an outdoor path loss,
– Ltw is through-wall penetration loss,
– α is an attenuation coefficient for indoors (0.5),
– din is an indoor distance from wall to a receiver in meters,
– dout is a distance from a transmitter to the wall next to the receiver in meters,
– L0 is a loss in the free space,
– Q represents a field amplitude factor,
– Lrts is a roof to street diffraction loss,
– Lmsd is a multiscreen diffraction loss.
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Free space model is one of the most basic and well-known models for predict-
ing path loss. The main limitation of this model is consideration of a line-of-sight
path through free space without any reflection or diffraction effects which are
present in our scenario [13].

Another well-known model is the log-distance model [15]. As can be seen in
the respective equation from Table 1, it is a general model and thus is suitable
for a variety of scenarios. This implies the main disadvantage of the log-distance
model - tuning is required for each scenario in order to provide accurate results.

IEEE 802.16 Broadband Wireless Access working group proposed the stan-
dards for the frequency band below 11 GHz containing the channel model devel-
oped by Stanford University, namely the Stanford University Interim (SUI)
model [16]. The SUI model has limitations, namely minimal antenna heights
and transmission distance, which can lead to a significant accuracy reduction in
the considered scenario due to the small altitude and transmission power of a
flying GSM base station.

Table 1. The most well-known signal propagation models.

Title Signal model Frequency

range [MHz]

Environment

Free space

model [13]

L = 32.44 + 20log10d + 20log10f NA Outdoor

Log-distance path

loss model [13]

L = Pr0 − 10γlog10d + Xσ NA Outdoor/

Indoor

SUI model [14] L = 20log10(
4πd0

λ
) + 10γlog10(

d
d0

) + Xf + Xh + S 2500–2700 Outdoor/

Indoor

Hata model [8] L50(urban) = 69.55 + 26.16log10fc − 13.82log10ht −
a(hr) + (44.9 − 6.55log10ht)log10d

150–1500 Outdoor/

Indoor

COST-231 Hata

model [9]

L50 = 46.3 + 33.9log10f − 13.82log10ht − ((1.1log10f −
0.7)hr−(1.56log10f−0.8))+(44.9−6.55log10ht)log10d+cm

1500–2000 Outdoor/

Indoor

Walfisch and

Bertoni model [10]

S = L0Q2Lrts 800–2000 Outdoor/

Indoor

Walfisch and

Ikegami

model [11]

Lb = L0 + Lrts + Lmsd 800–2000 Outdoor/

Indoor

ITU indoor

short-range

model [17]

L = 20log10f + γlog10d + Lf (n) − 28 900–100000 Indoor

ITU outdoor

short-range

model [18]

L = Lout(dout + din) + Ltw + αdin + Xσ 900–100000 Outdoor

One of the most widely used models for predicting path loss in mobile wireless
systems is the Hata model (also known as Okumura-Hata model) [19]. The Hata
model is not designed for frequencies beyond 1500 MHz. Moreover, it is assumed
that the transmitter antenna is located at least 30 m above the ground level,
which is not always the case for a flying GSM base station.

In order to overcome the main limitation of this model, namely support
for frequencies beyond 1500 MHz, a modified model, called COST-231 Hata,
was proposed in [9]. Nevertheless, COST-231 Hata model still assumes that the
transmitter antenna height is 30 m or more.
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COST-231 project proposed models to consider buildings in the vertical
plane between a transmitter and a receiver - Walfisch and Bertoni, Walfisch
and Ikegami models [10,11]. The application of these two models is limited to
the case when the transmitter is mounted above the rooftop levels of tall build-
ings. Our scenario has different assumptions and due to this fact we will not
investigate these models in details.

The International Telecommunication Union (ITU) proposed an indoor prop-
agation model [17]. According to [17], this model can be used in case of a coex-
istence in both indoor and outdoor environments. However, to apply this model,
the floor penetration loss factor and the number of floors between the flying
base station and the mobile phone should be known, which is not the case in
a disaster scenario. ITU indoor short-range propagation model is designed to
be used mainly for predicting signal propagation in indoor environments, so it
should be evaluated in our mixed outdoor-indoor scenario.

For the scenarios where both indoor and outdoor conditions exist, ITU pro-
posed the outdoor short-range propagation model [18]. It is assumed that the
receiver is most likely to be held by a pedestrian, who can travel inside and
outside of the building. The coefficients for different environments can be found
in [17]. This model consists of many special cases for different scenarios. In a
disaster scenario, where precise characteristics of the environment are not known
in advance, applying this model can be difficult or impossible.

It can be seen that all models are designed to be used in specific scenar-
ios. Our goal is to find radio propagation models which are accurate in path
loss prediction, easily tunable and applicable in a disaster scenario, where it is
impossible to know the site information in advance.

Thus, we have chosen the most appropriate models to be evaluated according
to our mixed outdoor-indoor scenario - SUI model, Hata model, COST-231 Hata
model, free space model, log-distance model, ITU indoor and outdoor models.
The purpose of our experiment was to collect RSS data and determine whether
the chosen signal propagation models fit experimental data or not. For that, the
path loss exponent and the intercept (the sum of the transmitted power and
wall attenuation factor) was determined. Next, the evaluation and comparison
between models is presented.

3 Evaluation Scenario

For the evaluation, we have chosen the following scenario. The experiment was
performed at Leonardo da Vinci building in the campus of TU Ilmenau. We have
used seven different mobile phones as receivers placed inside of the building and
one MAV equipped with a GSM base station as a transmitter placed outside the
building. The MAV with the mounted GSM base station is shown in Fig. 1. In
such a way, we achieve a mixed outdoor-indoor scenario. The building plan and
the distribution of the nodes is seen in Fig. 2. Weather and experiment setup are
given in Table 2. The GSM base station was implemented using Software Defined
Radio (SDR) with omni-directional antennas and the open-source software –
OpenBTS [20]. The goal of our experiment was to collect RSSI measurements in
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Fig. 1. The quadcopter with GSM BS on board.

order to develop an empirical GSM model for outdoor-indoor scenario. We have
used collected RSSI from all seven phones to develop our model. We did not
analyze data separately for every phone, it was averaged among all used mobile
phones. In such a way we wanted to avoid dependencies on the specific model,
antenna or transceiver unit of the mobile phone. Outdoor measurements were
taken both in front and rear of the building, by placing MAV at the distances
of 5, 10, 15, 20, 25, 30, 35 m in the front and 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 m
in the rear. For every new placement of the MAV, 120 measurements have been
taken for each mobile phone. We have also performed a series of indoor measure-
ments, as some models require a reference measurement at the distance d = 1 m.

Table 2. Weather and experiment setup.

Parameter Name/Value

Air temperature −2o

Humidity 83 %

Speed of wind 3 km/h

Air pressure 1027 mbar

Building size 20 × 30 m2

Uplink frequency 1710.2 MHz

Downlink frequency 1805.2 MHz

Number of nodes 7

Measured parameter RSSI

As the log-distance model is a very general model which can be applied
indoors and outdoors, as well as extended with a wall attenuation factor, it was
decided to adapt this model to our scenario. For the empirical model develop-
ment, we had to determine a path loss exponent γ and an intercept I.

Our goal was to develop an easily tunable model, for that we avoid having too
many parameters, like wall attenuation factor, floor penetration loss factor, etc.
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Fig. 2. Floor plan of Leonardo da Vinci building at technical university of Ilmenau.
Mobile phones were located inside the building. MAV was placed outside the building
in front and rear. Positions are marked accordingly.

Table 3. Propagation parameters for the evaluation.

Parameters Values

Frequency 1805.2 MHz

Distance d0 1 m

Receiving antenna height (smartphone) 0.5 m

Transmitting antenna height (MAV) 1.5 m

Path loss exponent γ [1, 5]

Intercept [0, 100] dBm

Floor penetration loss factor Lf (n) 0

As opposite to the existing models, we combine all these factors to one parameter
and call it intercept. We will call it adapted log-distance model and express it as:

Ladapted = 10γlog10d + I (1)
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Algorithm 1. Adaptation of signal propagation models using RMSE
1: D ← array of distances
2: Pr ← array of experimentally obtained received signal strengths
3: Prmodel ← array of calculated received signal strengths
4: errormin ← ∞
5: for γ ← 1.0, 5.0 step 0.001 do
6: for all D do
7: error, intercept ← calculateRMSE(γ, D, Pr, Prmodel)
8: if error <= errormin then
9: errormin = error

10: γbest = γ
11: interceptbest = intercept
12: end if
13: end for
14: end for
15: return errormin, γbest, interceptbest

Propagation parameters used for the evaluation of the results are given in
Table 3. We have used these parameters to find the signal propagation model
which has the closest fit to our experimental data. The brute force method was
used to iterate over all possible values for the path loss exponent (from 1 to 5)
and the intercept (from 0 to 100 dBm), as it can be seen in Algorithm3. For every
combination of γ and I, RMSE has been calculated as a measure of similarity
to our empirical data and can be expressed as:

RMSE =

√∑N
j=1(Lmodelj − Lmeasuredj

)2

N
(2)

where Lmodelj is the value of chosen model in dBm, Lmeasuredj
is the measured

value in dBm and N is the amount of measurements.
The next chapter will present our evaluation results for the chosen models.

4 Evaluation Results

The path loss in dBm with respect to the distance between the MAV and mobile
phones was measured. In Fig. 3 the average signal strength values using both
indoor and outdoor measurements are plotted. As predicted, the measured data
follows logarithmic distribution.

Furthermore in Fig. 3 five curves are plotted: the adapted log-distance model,
COST-231 Hata model, ITU indoor and outdoor models, as well as the log-
distance model. These models represent the best fit according to the RMSE.
As can be seen from figure, all five models are located quite close to developed
empirical model presented by the adapted log-distance model. To identify the
best fit, RMSE values should be analyzed.

As depicted in Fig. 4, the adapted log-distance model has the lowest RMSE
and represents the best fit to our measured data. It outperforms its opponents
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Fig. 3. Path loss in dBm vs. distance in a mixed outdoor-indoor scenario.

with the RMSE value of 6.05 m. Taking into account all measurements, the
adapted log-distance model presented γ = 3.1 and intercept equal to 44.14 dBm.
Values of γ and intercept for all five models are given in Table 4. Moreover, ITU
indoor model has the second best fit to the measured data with the RMSE value
of 6.3 m. Also, the third best fit was presented by the log-distance model. It
is worth noticing that COST-231 Hata and ITU outdoor models have γ values
of 4.4 and 4.0 accordingly, which is not realistic for our scenario. The chosen
building for the experiment was distanced from the other buildings, there was
low traffic and as a consequence expected path loss value should be in the range
of 3–3.5. Furthermore, it was stated in [16] that values of γ from 4 to 6 are only
typical for indoor areas.

As a result, we have developed an empirical GSM model which is suited
for a scenario where a transmitter is located outside the building and mobile
phones are placed inside. Using Eq. 1 resulting adapted log-distance model can
be written as:

Ladapted = 10 · 3.1log10d + 44.1 (3)

Table 4. Path loss exponent and intercept values for the chosen models.

Model γ Intercept, dBm

Adapted log-distance 3.1 44.1

COST-231 Hata 4.4 25.6

ITUindoor 3.6 37.1

ITUoutdoor 4.0 26.7

Log-distance 3.3 44.8
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Fig. 4. Evaluation of chosen models in terms of root mean square error.

The transmitter and the receiver can be separated by up to four walls. Nev-
ertheless we have collected our measurements only in one site, this model could
also be used in other similar outdoor-indoor scenarios. This should be validated
and will be a part of our future work.

5 Conclusion

In this paper a comprehensive study and analysis of wireless propagation models
were made. Our goal was to find a model which can accurately map distance
to the RSS as this will signficantly increase a localization accuracy. Analytical
analysis has shown that SUI model, Hata model, COST-231 Hata model, free
space model, log-distance model, ITU indoor and outdoor models could be the
best candidates for prediction of path loss in a mixed outdoor-indoor scenario.
In order to validate chosen models a measurement campaign was performed.

Evaluation results were the following:

– Adapted log-distance model presents the best fit to our data with RMSE value
of 6.05 m with path loss exponent being γ = 3.1 and intercept = 44.1 dBm.

– The second best fit was presented by ITU indoor model with RMSE value
being 6.3 m. Altered parameters for this model were γ = 3.6 and inter-
cept = 37.1 dBm.

– Worst fit was presented by COST-231 Hata and ITU outdoor models which
had γ values of 4.4 and 4.0 accordingly, which is not realistic for our scenario.
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As a result we can state that developed log-distance model can be used in any
scenario where mobile phones are located inside the building and flying GSM
base station is placed outside. However, this should be validated and will be a
part of our future work.
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