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Abstract—Active radio frequency identification is a common
technology in many logistical applications. Advanced standards,
like DASH7, allow more than just identification and bring
wireless connectivity to those industries using communication
frequencies below 1 GHz. Based on these communication links,
we want to enable localization, so that items can be tracked
throughout the environment. In this paper, we compare the two
European license exempt frequencies for DASH communication,
433 MHz and 868 MHz, as a method for localizing, using a
multi-wall propagation model. In an office environment, we find
that 433 MHz leads to an average location error of 8.27 m and
868 MHz to 1.27 m. The result for 868 MHz is encouraging for
further study of such approaches.
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I. INTRODUCTION

Active RFID (Radio Frequency Identification) is an energy
efficient, cost effective multi-object recognition technology [1]
that is already being used intensively in warehouse manage-
ment. Developments in the Internet of Things (IoT) [2] show
the need for context information, especially location informa-
tion [3], for various applications. Thus, we want to investigate
how to localize devices through the use of the commonly avail-
able active RFID communication infrastructure. While sub-
GHz frequencies in active RFID do not typically perform well
on range estimations through either signal attenuation or time
of arrival, this is compensated by the low power consumption
of the technology. To increase the localization performance, we
will use a multi-wall model of the environment in an attempt
to better model the signal attenuation.

Localization by radio communication signals has an ad-
vantage over more commonly known satellite localization,
such as the Global Positioning System (GPS), because lo-
calization by radio communication can operate properly in
indoor scenarios. Several techniques for indoor localization by
radio communication exist. Guang-yao Jin et al. [4] improve
the LANDMARC [5] RFID localization system, which uses
a number of reference tags with known locations. Fixed
RFID readers can sense both the reference tags and mobile
target tags, and can then infer the location of the target tags
by comparing the relative signal strengths. They achieve a
location error of less than one meter, with reference tags placed
in a regular grid of two by two meter cells. LANDMARC
operates at 308 MHz [5]. Montaser and Moselhi [6] use RFID

in a combination of proximity and signal strength trilateration
localization in areas of about 100 m2, achieving a mean
location error of 1 m using between 20 and 30 reference tags.
The authors state that they use Ultra High Frequency (UHF)
RFID, but do not specify which carrier frequency exactly.

Other radio communication systems that are used for local-
ization include: Bluetooth Low Energy (BLE) [7], ZigBee [8],
and Wi-Fi [9, 10, 11], which operate at 2.4 GHz and have a
typical location error between 1 m to 10 m; and Ultra Wide
Band (UWB) [12], which operates at 3.5 GHz and typically
achieves a sub-meter accuracy. UWB localization can be
very accurate, yet requires Line Of Sight (LOS) for its high
performance, which cannot always be guaranteed. Wi-Fi is
commonly used in the form of fingerprinting, which is a useful
technology for wireless localization which is quite accurate
with a mean error of 6.1 m [11]. However, maintaining a
fingerprint database is time and energy consuming, especially
in places where objects often change from location to location.

In this paper, we utilize DASH7 as our active RFID
protocol. DASH7 is an open source Wireless Sensor and
Actuator Network (WSAN) protocol that aims for medium
range, low power communication over unlicensed sub-GHz
bands specified and promoted by the DASH7 Alliance [13]. It
has its roots in the ISO 18000-7 RFID standard. However,
DASH7 is capable of more than just RFID. It defines a
complete WSAN communication stack, implementing each
layer of the Open Systems Interconnection (OSI) model and
ensures interoperability amongst different providers. DASH7
operates at 433 MHz and 915 MHz, which are industrial,
scientific and medical (ISM) radio bands, and 868 MHz, which
is also an unlicensed sub-GHz band. Moreover, it can be used
at low, normal or high rate, which is respectively 9.6 kbps,
55.6 kbps, or 166.7 kbps.

Localization using DASH7 has been studied before [14, 15].
However, this paper reports on researcher that goes beyond
previous research by comparing the different frequencies at
which it operates in Europe, 433 MHz and 868 MHz. Addi-
tionally, this paper creates a wall attenuation model specific
for each of these frequencies, rather than relying on the
915 MHz model used by [14]. We use the same 1122 m2

office environment that has been used before, but updated
the hardware so that it can operate both on 433 MHz and
868 MHz.



Fig. 1. Both the gateway and the mobile node consist of a SX1276MB1xAS
shield attached to a NUCLEO development board; the gateways further consist
of a Raspberry Pi 3 model B at which communicated with the development
board.

This paper continues as follows. First, Section II describes
how the measurements are performed. Next, Section III ex-
plains the propagation model and Section IV describes the
localization method. Then, Section V provides the results of
our experiments. Finally, Section VI gives the conclusion of
this paper.

II. MEASUREMENTS METHODOLOGY

Our experiment involves one mobile tag or node and six
RFID readers or gateways. The gateways are connected over
Ethernet to a central network server. The mobile tag sends
messages to the gateways in regular intervals of 100 ms. We
perform the experiment twice: once for 433 MHz and once
for 868 MHz. When a gateway receives the message, it will
report the received signal strength (RSS) to the central network
server. The server will then utilize the gateway topology and
multi-wall model to calculate a position, which are detailed in
Sections III and IV.

We use Nucleo L073RZ development boards from ST Mi-
croelectronics, attached to a SX1276MB1xAS radio shield, see
Figure 1. The radio shield used the DASH7 protocol [13] in the
Open Source Stack version [16]. The mobile node uses only
this platform, the gateways are connected to a Raspberry Pi
(RPi) single-board computer. The RPi publishes the received
signal strength reported by the development board’s radio
shield to the central network server using MQTT.

In the experiment, we place the mobile node at 25 differ-
ent locations in the environment. First, the node broadcasts
messages every 100 ms at 433.06 MHz center frequency; after-
wards, it broadcasts at 863 MHz center frequency. On average,
the mobile node sends 304 messages for each frequency at a
single location. We did not optimize the gateways’ position
for either localization or signal reception, but we did try to
distribute them evenly through the office environment. The
gateways were also first programmed to listen at 433 MHz
and afterwards at 868 MHz. The placement of the gateways
and the positions of the mobile node is shown in Figure 2,
where the gateways are shown with red dots and the positions
of the mobile node with green triangles.

III. PROPAGATION MODEL

When a gateway receives a message from the node, the
transmission loss between them can be theoretically estimated.

66.7 m

17.6 m

Fig. 2. The test environment setup. The red dots are the locations of the
gateways. The green triangles are the locations where the mobile node is
placed.

It can be modeled by using a propagation loss model. There
are two main types of propagation models [17]. First, there
are empirical models which are less complicated but also
less accurate, as they provide a statistical solution based
on multiple measurements. Second, there are deterministic
models which are more complicated. These models are divided
into two subcategories: site-general models, which include
fading effects caused by walls and ceilings; and site-specific
models, which also include small-scale fading effects like
reflections and refractions. Site-specific models require a lot
more details in order to implement these small-scale fading
effects. Due to this, they require more complex calculations.

Our experiment uses a site-general model which considers
the loss due to walls and ceilings. The test location has been
divided into an equally sized grid with a resolution of 0.3 m.
This will enable it to compute the Euclidean distance between
each grid cell and the location of the mobile node. This
distance allows us to calculate the link budget L according
to a modified version of the extended ITU model [18] that
has the following equation:

L = 20 log f + 10n log d+Xa(k)− 28, (1)

where L is the link budget in [dB], f is the frequency in
[MHz], d is the Euclidean distance in [m], n is a constant
factor to calculate the link budget in LOS over a certain
distance, and Xa(k) is the multi internal wall attenuation loss
factor in [dB]. Subsequently, the number of wall penetrations
is computed by calculating the number of intersections be-
tween a line drawn from a specific grid cell to the mobile
node’s location, with the walls drawn in Figure 2.

The number of wall penetrations k is used as input to
determine the wall attenuation path loss Xa according to the
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Fig. 3. The link budgets of the gateway in the upper left corner of the
environment are plotted based on the multi-wall propagation model at (a)
433 MHz and (b) 868 MHz.

following formula, which has been determined for both 433
MHz and 868 MHz separately:

Xa,433(k) = 1.5455k + 1.6768, (2)
Xa,868(k) = 5k. (3)

To determine the parameters, we took the median of all the
link budgets gathered by sending about 100 messages for both
433 MHz and 868 MHz at a reference distance of exactly one
meter. We did the experiment in the same manner for the two
frequencies, while a distance of 1.4 m is theoretically optimal
for 433 MHz. Subsequently, to determine n in Equation (1),
we measured the link budget at certain distances, and fitted a
model to these values. About 100 link budgets were measured
every two meters, up to 20 m in open field along a straight
line for both 433 MHz and 868 MHz. The reference values for
one meter were subtracted from those values so that the link
budget over a certain distance could be calculated.

Figure 3 shows the results after applying these calculations
for each grid cell of the environment for respectively 433 MHz
and 868 MHz. They show the signal strength relative to the
gateway in the upper left corner.

IV. LOCALIZATION METHOD

When a gateway receives a message from the mobile node,
it measures the RSS and publishes this to the central server.
The server gathers these measurements from all gateways that
receive the message. This list of RSS values Lm, the server
calculates the probability p the mobile node is at location X .
It commences by calculating the likelihood p(Lm

n | X) for
each RSS value Lm

n of each gateway n at each location in X
using a Gaussian noise model and the propagation model in
Equation(1):

p(Lm
n | X) =

1

σ
√
2π

exp−1

2

(
Lm
n − Ln

σ

)2

, (4)

where Lm
n is the link budget measured between the mobile

node and the gateway n, Ln is the link budget calculated
by the multi-wall propagation model, and σ is experimentally
determined by a number of measurements.

To form the joint likelihood distribution, the likelihoods
from all the different gateways N in a single link budget
measurement Lm are multiplied, making the assumption that
the RSS values measured at the different gateways are inde-
pendent:

p(Lm | X) =

n∏
N

p(Lm
n | X). (5)

Subsequently, the posterior probability is calculated by using
Bayes’ formula with a uniform prior p(X):

p(X | Lm) =
p(Lm | X)p(X)∑

X p(Lm | X)
. (6)

Finally, the location X with the highest posterior probability
is the location at which we estimate that the mobile node is
located. When there are multiple locations with this posterior
probability, the first of those locations in the grid is selected as
a naive implementation choice; there is room for improvement
here, although it does not occur frequently. The location error
can then be defined as the Euclidean distance between the
actual location and the estimated location of the mobile node.

V. RESULTS

The results are twofold. One one hand, we determined the
specific parameters of the propagation model, specific for our
frequency, hardware, and environment. These parameters are
what makes the difference with our previous research. On the
other hand, we analyzed the localization results using these
parameters.

Figure 4 shows the link budget as measured at a distance of
one meter between the mobile node and the gateway. While
the setup using 433 MHz results in a constant link budget,
using 868 MHz results in some fluctuations. The reference link
budget in the ITU model, Equation (1), is chosen to be 33 dB
for 433 MHz and 32 dB for 868 MHz.

Figure 5 shows the link budget as measured in line of
sight at intervals of 2 m between the mobile node and the
gateway, with a maximum distance of 20 m. These values are
approximated by a logarithmic function to determine n in the
ITU model. The value for 433 MHz is 3.4373, the value for
868 MHz is 3.1528.

Figure 6 shows the functions that are used to calculate the
additional attenuation caused by walls intersecting the direct
line between the mobile node and the gateway. These functions
approximate a set of measurements, which were performed
in multiple adjacent rooms. In the first room, we placed the
gateway, at at least one meter from any wall. In the second
room, we placed the mobile node, again at least one meter
away from any wall. As in the localization experiment, the an-
tenna polarizations are the same for mobile node and gateway.
The difference between the signal attenuation measured at the
gateway and the signal attenuation predicted by the ITU model
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Fig. 4. Link budgets measured at a reference distance of one meter for
433 MHz and 868 MHz.
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Fig. 5. Boxplots of Line of Sight measurements every two meters for
(a) 433 MHz and (b) 868 MHz.
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Fig. 6. Atennuation loss caused by walls for 433 MHz and 868 MHz.

TABLE I
KEY FIGURES OF THE LOCALIZATION ERRORS.

433 MHz [m] 868 MHz [m]

Mean 8.27 1.27
Median 8.24 1.15

Standard deviation 4.26 0.74
75th percentile 10.44 1.62

was counted as the attenuation caused by the wall. Next, the
mobile node was replaced to the following adjacent room, so
that two walls were between the mobile node and the gateway.
The procedure to determine the attenuation caused by one wall
was repeated for the two walls, and another time for three
walls. The resulting measurements were best approximated by
a linear function in the form y = ax+b, with y the attenuation
and x the number of walls. For 433 MHz, the value of a is
1.5455 and b is 1.6768; for 868 MHz, the value of a is 5 and
b is 0.

With the parameters for the ITU model and wall attenuation,
we can start localizing the mobile node. Figure 7 shows the
true locations and estimated locations for both 433 MHz and
868 MHz. A line connects the true and estimated locations,
so that the typical locations of incorrect estimations are
clearly visible. Table I summarizes the localization results. For
433 MHz, the mean location error is 8.27 m, with a standard
deviation of 4.26 m. This means that on average, the 433 MHz
communication setting can only roughly indicate the location
of a device. For 868 MHz, however, the mean location error
is 1.27 m, with a standard deviation of 0.74 m. This is much
smaller than the mean location error reported in [14], 5.3 m,
probably because the parameters in the propagation model are
now set to values determined by experiments specifically for
this frequency. This distinction is further confirmed by the 50th
(median) and 75th percentile error: for 433 MHz respectively
8.24 m and 10.44 m; for 868 MHz respectively 1.15 m and
1.62 m.
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Fig. 7. The actual locations and the locations measured by the propagation
model for (a) 433 MHz and (b) 868 MHz are plotted in yellow and blue
respectively.

VI. CONCLUSION

This paper presents a comparison between the 433 MHz and
868 MHz frequencies for indoor localization using DASH7
communication and a multi-wall propagation model. Our
approach results in a mean error of 8.27 m for 433 MHz
and 1.27 m for 868 MHz. This is a large improvement over
our previous implementation of the multi-wall model for
868 MHz [14]. Since this localization system makes use of
the multi-wall propagation model, no fingerprint database has
to be maintained.

Our future work includes an improved maximum a posteri-
ori selection. Currently, when two locations have the same
posterior probability value, the first location in the grid is
selected. This is of course purely arbitrary and could be
improved, for example by filtering the location estimates over
time. Another point of improvement is the value for sigma
in Equation (4). It is save to assume that the variation of the
link budget will increase as the distance between gateway and
mobile node increases. Finally, we will also compare this site
general propagation model to a site specific propagation model
based on ray casting [19]. Such a site-specific propagation loss
model allows us to incorporate the influences introduced due
to small-scale fading effects. This will result in a more realistic
likelihood distribution that will lead to a more realistic location
estimation.
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