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Abstract
The localization of objects equipped with passive UHF RFID labels using the Received Signal Strength Indicator (RSSI)
values is investigated. An Unscented Kalman Filter (UKF) is used for the localization of the object. Adding (N-1)
additional tags with known relative position to the object (relative to its main tag), this information can be incorporated
into the UKF resulting in an Unscented Kalman Filter with relative position information (UKF_rp). Simulation results
based on measured RSSI values show that the usage of relative positioning leads to an increase in localization accuracy
especially when few antennae are used.

1

Introduction

Radio Frequency Identification (RFID) [1] is becoming
more and more popular and is used in logistics and other
fields of application. But next to its ostensible purpose of
identifying objects via their unique ID, it can also be employed in other areas. One of these applications is the simultaneous localization of tags such that readers know the
object’s position next to its identity. The knowledge of an
object’s position can be advantageous in many scenarios.
The technique introduced in this paper should allow the
localization using off-the-shelf equipment for reader, tags
and antennae with no need for specialized antenna design
or any other expensive equipment. The localization process only needs the Received Signal Strength Indicator
(RSSI) values from the tags that should be localized. The
complete localization of one tag or in case of the relative
positioning N tags can then be done in software or dedicated hardware.
A use case for this localization via RFID is the localization
of carts coming inside and moving outside of a mail distribution center of Deutsche Post AG. That way a database
can always track which cart has been where at which point
of time. This allows for missing carts to be found easier
because possible actual locations can be narrowed down.
The problem of the localization of the carts though is that
there is not only one cart coming into the mail distribution
center or leaving it, but that there are in most cases also
carts parked on the side of the gates which send their ID
back. Those carts should not be detected as coming in or
leaving because they are stationary. Figure 1 shows such a
scenario where a cart is just about ready to be moved out of
the mail distribution center through the left gate and passing through the RFID localization area while many other
carts are standing on both sides of that gate. In the front
part of the picture it can be seen that there is also a cart
which is passing by the RFID area inside the mail distribution center. It is important to be able to distinguish between

these carts and the ones coming in or going out because in
the database the status of the carts remaining inside the
mail distribution center is not changed.
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Figure 1 Test environment for RFID based trolley tracking
The paper is organized as follows: First previous work on
the topic of RFID localization related to this paper is presented in Section 2. In Section 3 the Unscented Kalman
Filter is explained which is followed by the description of
the usage of the relative position information in Section 4.
The results of the simulation are given in Section 5. The
paper closes by giving a summary and an outlook.
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Related Work

Using Received Signal Strength Indicator (RSSI) values
for the localization of UHF RFID tags has been done in the
past in various occasions and for different purposes [2–4].
Probably the best known system is the one called “LANDMARC” [5] which uses reference tags to locate an active
RFID label in two dimensions with the help of RSSI val-
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ues received from these reference tags and the label to be
located. It has been extended to work with passive labels
and in three dimensions in [6].
The usage of Kalman Filter for RFID localization has been
shown in [7–10]. But in contrary to these publications the
reader and its antennae in the present paper are at fixed
positions and only the label or labels mounted to an object
is/are moving and no additional reference tags are used.
A positioning technique, which also attaches more than
one label per object, is successfully used by [11]. Contrary
to this work our approach considers the fixed distances between the tags and therefore gets additional information for
the localization algorithm. This is especially helpful when
only few antennae are used and because of that only few
RSSI measurements are available for the localization.
The present paper uses an Unscented Kalman Filter for the
localization of an object equipped with one or a few passive
UHF RFID tags and compares the localization with relative
position information (relative position of the mounted tags
are known) to the localization without relative position information (only one tag used). A variable number of reader
antennae can be employed for the localization, but they are
always at fixed positions. The RSSI values of all antennae are the only measurements taken for the localization
process.
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with β as a scaling parameter and R as the covariance matrix of the process noise.
With the help of µ̄t and P̄t new Sigma Points χ̄t are calculated
p
p
(5)
χ̄t = (µ̄t µ̄t + γ P̄t µ̄t − γ P̄t ),
which now capture the uncertainty after the prediction step.
For each of these Sigma Points a predicted observation
point is computed through the measurement function h
Z̄t = h(χ̄t ).

Unscented Kalman Filter

In general a Kalman Filter uses a prediction and an update
step to eliminate errors. Because of its structure only the
result of the last step and a new measurement are needed
to determine a function that describes how the old result
is connected to the new one and how the measurement is
connected with the prediction result. For a more detailed
explanation of Kalman Filters see [12].
The Unscented Kalman Filter [13] is able to incorporate
non-linearities in the filtering process. This is done trough
stochastic linearization. So-called Sigma Points are used
which are located at the mean and symmetrically along the
axis of the covariance with two points for each dimension.
The input into the Unscented Kalman Filter is a Gaussian
position estimate of the previous time step t − 1 with mean
µt−1 and its covariance Pt−1 . Its first step is to calculate
the Sigma Points of the previous step as
p
p
χt−1 = (µt−1 µt−1 +γ Pt−1 µt−1 −γ Pt−1 ), (1)
√
where γ = n + δ and δ = α2 (n + κ) − n with α and κ
as scaling parameters and n as the dimension of the state
space.
Next these points are propagated through the control function g based on the control ut
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and a predicted mean µ̄t and covariance P̄t are calculated
as
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Now Z̄t is used to calculate the predicted observation ẑt
and its uncertainty St according to
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where Q is the covariance of the additive measurement
noise.
For the calculation of the Kalman Gain Kt the cross-covax,z
riance P̄t between state and observation is needed
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which leads to
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Now the outputs µt and Pt of the Unscented Kalman Filter
can be computed with the help of the measurement zt as
µt = µ̄t + Kt (zt − ẑt )

(11)

Pt = P̄t − Kt St KTt .

(12)

and
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Using Relative Position Information

For the relative positioning the object is not only equipped
with one (N = 1) UHF RFID tag, but with N > 1 tags that
have a fixed relative position to each other. For N = 2 Figure 2 shows the path on which the tags are moving and the
positions of the M reader antennae in three dimensions. At
most M = 4 antennae are used in our simulations of the
scenario. They are only placed at positions that are possible according to the use case described in Section 1. In
most cases it is sufficient to equip the object with N = 2
tags. This hardly adds cost to the localization method and
achieves the highest increase in localization accuracy due
to the relative position information between the two labels.
4
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Figure 2 Path of moving tags and antennae positions
When needed in the measurement function of the Unscented Kalman Filter the RSSI value is transformed into
a distance. With the help of these distances di from each
reader antenna to each tag the x-, y- and z-coordinates of
the RFID tags can be computed. For the distances di holds:
di =

p
(xi − x)2 + (yi − y)2 + (zi − z)2 ,

(13)

where xi , yi and zi are the coordinates of the reader antenna i (i = 1, . . . , M, M = number of antennae) and x, y
and z are the coordinates of the label that has to be located.
At the beginning of the localization process the values of
the tag positions are initialized with suitable values and at
the next time step the result from the previous estimation
is used.
For the estimation the Unscented Kalman Filter needs a
control function g. In the scenario described in this paper
it is the position of the last time step plus the time difference between two measurements dt times the estimated
velocity from the last time step which leads to an estimation of the actual position. The velocity of the actual time
step is assumed to be equal to the one of the previous time
step. This way it is assumed that the object is moving with
a constant velocity.
As a second function the UKF also needs to know the measurement function h: The RSSI values can be calculated

into distances and with the help of Eq. (13) to coordinates
which is done in this step of the Kalman Filter. When the
object that should get localized is equipped with two RFID
labels additional information next to the RSSI values can
be used for the localization. The two tags always have the
same relative position to each other (the same constant distance between each other in all three coordinates). As a
second information you know that these two tags need to
be moving with the same velocity. For these reasons the
measurement function h for the relative positioning for N
= 2 tags looks like

 p
2
2
2
p(xi − x1 ) + (yi − y1 ) + (zi − z1 )
 (xi − x2 )2 + (yi − y2 )2 + (zi − z2 )2 




x2 − x1




y2 − y1
 (14)
h=


z2 − z1




vx2 − vx1




vy2 − vy1
vz2 − vz1
The measurement zt of the Unscented Kalman Filter with
relative position information contains the distances transformed from the RSSI values for both tags as well as the
constant distances between the three dimensions and a zero
vector because the difference in velocity between the two
labels should be zero. This leads to the following form for
the measurement vector zt


di1
 di2 


 distx 


 disty 


zt = 
(15)

 distz 
 0 


 0 
0
As shown in Eq. (14) there are different components in the
measurement function h for the relative positioning and
therefore it would make sense not to add the same noise
to all parts of the matrix. For the RSSI measurements the
noise is higher then for the difference in distance and velocity between the two tags. Thus an advantageous version
of the matrix Q looks like


Q1


..


.
02M ×6




Q1
 (16)
Q=


Q2




..


.
0
6×2M

Q2
where Q1 > Q2 .
Another possibility is to combine both methods of configuring Q: At the beginning it makes sense to use a higher
noise value for all parts due to the fact that the Kalman
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Filter first needs to find the correct position. Hence all diagonal elements of Q are filled with the same value. After
that the noise for the second part can be reduced according
to Eq. (16) because the constraints through the distance
and same velocity should be kept to help improve the localization result.
The values chosen for Q1 and Q2 should be rather small
because the distances between tag and reader antennae are
not so large. Due to the small distances the measurement
error and therefore also its noise cannot be as high as for
longer distance measurements which are needed for other
localization systems like GPS.

5

Simulation Results

The simulation of the localization of passive UHF RFID
labels is written in Matlab. The considered space is
5m×5m×5m in which the antennae are placed and the tag
is moving. If the area is wider the attenuation can be too
high and in reality this would mean that the threshold of
the tag is not reached which prevents it from sending out
its ID due to the missing power.
The paths of the tags are calculated based on certain points
between which other points are interpolated. This is done
with the help of the two parameters: speed v and time between two measurements dt. The UHF RFID tag is said
to be moving with a constant speed that can be set at the
beginning of the simulation. The second parameter is the
time between two measurements and therefore the time until the next position can be predicted through the Kalman
Filter. It is also needed for the calculation of the desired
path. It is better to use a small value for the parameter dt to
get more RSSI value measurements and be able to estimate
the object’s position more frequently. On the other hand it
has to be taken into account that in practice the RSSI values
can only be sampled a limited number of times. Therefore
a compromise must be found to achieve a realistic simulation of the localization process.
After the computation of the paths it is necessary to calculate the RSSI values at these points for all used antennae
and tags. This is done based on RSSI measurements taken
in our lab. With the help of these measured values an error model was established which is used in the simulation
for the calculation of the RSSI values for all used antennae at all points of the path. For simulating more realistic
scenarios noise is added to these computed RSSI values
to take into account disturbances in real world scenarios
where multi-path propagations and reflections occur. The
added noise is normally distributed with a standard deviation of 1 which reflects the noise of the measured RSSI
values from our lab. These calculated noisy RSSI values
are then used as measurement inputs for the Kalman Filter.
The result of the simulation shows the localization error
of the Kalman Filter over the desired path. It is the Root
Mean Square Error (RMSE) over the 120 estimates of the
filter used for the localization. The first 20 results are left
out since the filter needs an adjustment period which will

Table 1 Results of 3D localization for UKF and relative
positioning with UKF
Number of Error UKF Error UKF_rp, dt = 0.1
Antennae

dt = 0.1

1st Tag

2nd Tag

2

78.11cm

48.08cm

45.90cm

3

43.96cm

23.35cm

20.00cm

4

19.94cm

16.79cm

15.31cm

take about this number of position estimates (depends on
the chosen initial value).
Relative positioning in combination with the Unscented
Kalman Filter is also used to localize a passive UHF RFID
tag in three dimensions. Table 1 shows the results when
varying the number of used antennae for the localization
via Unscented Kalman Filter (UKF) and via UKF with relative position information (UKF_rp). One might think just
estimating the position of a single tag with a higher frequency would have a comparable effect than the two tags
mounted to the object. That is why to get comparable results for both algorithms the time interval dt is halved and
the RSSI values for the single tag are taken twice as often
as the two tags are taken. The results of this simulation
only differ slightly compared to the regular estimation interval when using one tag. For this reason all simulations
of UKF and UKF_rp are made with the same time interval dt: It can be seen that the relative positioning outperforms the UKF for all different number of antennae. Especially when the number of used antennae is two, UKF_rp
achieves better results than UKF for the single-tagged object.
Figure 3 shows the results of the UHF RFID tag localization for a single label when three antennae are used. It becomes obvious that the path taken by the tagged object cannot be estimated very precisely. Even when the estimates
of the UKF are calculated more frequently no increase in
localization accuracy is achieved.
As explained in the previous section there are different
components in the measurement function h for the relative positioning and therefore using different values for the
noise makes sense. From the results in Table 2 it becomes
obvious that this leads to better localization results when
three and four antennae are used. For two antennae the accuracy decreases though. This result shows that if more information through more antennae and therefore more RSSI
measurements is available the differentiation between the
parts of the covariance matrix makes sense. If this is not the
case like it is when only using two antennae the differentiation prevents the UKF from reaching the correct position
which leads to the decrease in localization accuracy.
A third possibility has also been mentioned which is to
combine both methods of choosing Q. Using a higher
noise value for all parts at the beginning makes sense due
to the fact that the Kalman Filter first needs to find the
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Table 3 Results of 3D localization for relative positioning
with UKF with varying Q
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Figure 3 Results of localization with one tag and 3 antennae
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Table 2 Results of 3D localization for relative positioning
with UKF with different noise values in Q

0
4

Number of Error relative + UKF
Antennae

1st Tag

3
2

2nd Tag

2

52.84cm 54.62cm

3

14.38cm 14.01cm

4

13.03cm 12.93cm

correct position. After that the noise for the second part
can be reduced to keep the constraints through the distance
and same velocity to help improve the localization result.
Based on that the simulations in Table 3 are made with a
high Q for the first localization estimates and a decreased
value in the following steps. It can be seen that this leads to
a decrease in error when using two antennae, when incorporating three or four antennae it is as successful as using
a small value for the lower part of Q from the beginning. If
only two antennae are used this combination for Q leads to
the smallest localization error. It overcomes the problem of
not correcting the last estimated position enough in the beginning. After that starting period once a good estimate is
found it is more strict on keeping the constraints between
the two tags to achieve a precise localization estimate of
the tagged object.
Figure 4 shows the simulation results of the relative positioning when using different values for Q and incorporating the RSSI values measured at three different antennae.
Like already shown in Tables 1 to 3 the performance of a
high value for Q for all measurements is not as successful
as varying the value or changing it after some estimations
with the UKF are made. But compared to the localization
with a single tagged object shown in Figure 3 the advantage of the relative positioning no matter what value for Q
is chosen becomes obvious.
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Figure 4 Results of relative positioning for different methods for choosing Q with 3 antennae
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Conclusion And Future Work

It is shown in this paper that the localization accuracy of an
object that has two passive UHF RFID labels attached using RSSI values and Unscented Kalman filter is improved
compared to an object equipped with just one label. Because of the constraints between the two tags additional
information exists for the Kalman Filter which leads to less
localization errors. This helps reducing the localization
error in a three-dimensional setting from about 79cm to
around 45cm when only using two antennae for the localization process. Depending on how much you want to rely
on the simulation result it should be considered to rather
use three antennae then just two even if this would increase
the cost of the localization system to some degree.
For the future it is desirable to verify the localization results through more measured RSSI values in different real
world environments. Although we have real measured error models for the RSSI values the localization results may
differ from the simulation outcomes. Due to multi-path
propagation and reflection the error might increase and adjustments in the filters might be needed to better suite these
real world conditions.
To cut costs of the RFID localization system in a real world
application it is attempted to further reduce the number of
reader antennae needed for a precise localization process.
This could be done by incorporating other characteristics
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from the radio waves like traveling time from tag to antenna or maybe substitute antennae through other sensors.
One possible substitution would be to employ reference
tags for the localization or a radar sensor. The radar sensor
would be especially useful for detection of a moving tag
so that the reader does not have to be powered on all the
time which would lead to a high amount of energy saving.
It could as well give a first estimate of the location of the
tag and the velocity. The reference tags could then provide
further and detailed information about the label that has to
be located via its RSSI values, for example. This way also
changes in the environment due to movement of objects
would not be neglected because the RSSI values from the
reference tags would be different and the localization result
could be improved.
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