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provides an ideal platform to disseminate early research results and to showcase exciting demonstrations. In
addition to the traditional Poster and Demo session, the authors of accepted submissions participate in a
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This year we received a total of 43 submissions from authors in 20 different countries representing all conti-
nents, except Antarctical Considering that poster and demos are aimed at disseminating preliminary work,
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cover a wide range of topics, from traditional networking research such as routing, time synchronization and
data fusion, to smart environments and novel localization methods.

The Poster and Demo session is an integral part of the EWSN conference and we want to express our grat-
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Poster abstract: Robust Phase Estimation
for RSSI signals

Gergely Zachar, Gyula Simon
University of Pannonia, Veszprém, Hungary
e-mail: {zachar, simon}@dcs.uni-pannon.hu

Abstract—A distributed noise-tolerant and accurate phase-
difference measurement scheme is proposed, which can be run on
low end devices with limited computational power. The proposed
algorithm can be used as a Kkey building block in radio
interferometric localization systems. The operation of the
algorithm is illustrated by real measurements.

1. INTRODUCTION

An emerging localization technique in sensor networks uses
radio-interferometry [1]-[3]. In such applications precise
distributed phase-difference measurements are necessary: two
radio receivers detect interferometric radio signals (the
envelope of which is the received signal strength, RSSI signal)
at the same time (see Fig. 1). The localization and tracking
algorithms use the difference between the phases of the two
RSSI signals (see e.g. [1]). In this paper a robust and accurate
method to measure such phase difference is proposed. The
proposed method has low computational complexity on low-
end devices and also provides fast and accurate measurements.

II. PHASE MEASUREMENT

In large scale sensor-networking applications, where a large
number of nodes are utilized, the nodes are usually
inexpensive devices with limited computational power. To
perform distributed phase difference measurements on such
devices, the phase estimation algorithm should fulfill the
following requirements:

1. The processing requirements should be low enough to
enable the utilization of the algorithm in devices with
limited resources and processing power: the nodes used
for measurement are based on an 8-bit microcontroller.

2. The processing should be fast, since the measurements
should be done as frequently as possible.

3. The algorithm must handle the logarithmically-scaled
sinusoidal signal form, since the RSSI values measured in
the radio are provided on a logarithmic scale.

4. The algorithm must be robust to handle distorted and

noisy signals.

This research was supported by the Hungarian Government and the
European Union and co-financed by the European Social Fund under project
TAMOP-4.2.2.C-11/1/KONV-2012-0004. Gergely Zachar was supported by
the European Union and co-financed by the European Social Fund in the
framework of TAMOP 4.2.4. A/2-11-1-2012-0001 'National Excellence
Program'.
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Based on the requirements a tailor-made algorithm was
designed, which is using minimal resources on the devices.

To allow fast and still accurate processing, low-end devices
use only integer calculus for intermediate results, while the
final result is calculated on a host computer with floating-point
arithmetic. Thus the measurement result can be more accurate
while soft floating-point operations are avoided on the
devices.

The operation of the proposed method can be seen in Fig. 2.
First the RSSI samples are collected: the sampling frequency
and the length of the record are determined so that at least a
few full periods are present in the data record. Data recording
is performed in a strictly synchronized manner: the two
receiver nodes start the recording when a start message is
received (using reference broadcast). Then in both data
records reference points are searched for.

Note that the signal can be rather asymmetric, due to its
logarithmic nature. Signal maximum or minimum points are
good choices for reference, since their positions are invariant
to the actual shape (see Fig. 1). The problem with these points
is that he signal’s slope is zero here, thus direct measurement
is inaccurate in the presence of noise. Other reference points
with higher slope (e.g. signal crossing a given value) would be
easier to measure but they are not invariant to the actual
signal’s shape, resulting offset in the phase measurement. The
proposed solution uses maximums as reference points but the
estimation of these positions is done indirectly, resulting in an
accurate and noise-resilient solution.

In the first processing step the average of the signal is
calculated (red line). Then the upper and lower hysteresis
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Fig. 1. Typical interferometric RSSI signal forms, registered at two receivers
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Fig. 2. [Illustration of the phase measurement: red line: mean value, green
lines: hysteresis limits, 1-4: amplitude ranges, red circles: 2-3 and 3-2
transitions, and black lines: estimated times of the reference points

limits (green lines) are determined, which have distances of A
from the average, where value A is determined to be higher
than the maximal noise level. The average and the two limits
divide the amplitude space into four regions, as shown in
Fig 2. The further processing of the signal is performed with a
state-machine, which follows the signal through regions 1-2-3-
4-3-2-1-..., in this strict order. When transitions 2-3 and 3-2
occur, the times of the transitions are marked (t,; and ts,,
respectively, zero being at the beginning of the data record)
and the time of the maximum of the signal is estimated as
tmax = (t32 + t23)/2. (Notice that t,; and t;, themselves
cannot be used as reference points, since their positions
depend on the actual signal shape, see Fig. 1.)

For the accurate and fast phase estimation, floating-point
arithmetic is only used on the host computer. Therefore the
low-end devices preprocess the signal using integer arithmetic,
and transmit intermediate results to the host. These
intermediate parameters DSUM, SUM and NUM are derived as
follows:

NUM = n is the number of the reference points in the
record. First the device calculates the sum of the distances of
the consecutive reference points:

n
DSUM = D Prap(@ = Preg(i = 1) = Prep (1) = Prep(1) (1
i=2
where P,..¢ (i) is the distance between the i-th maximum point
and the beginning of the measurement. From these
intermediate results the wavelength can be calculated on the

host, using floating point operations as follows:
__ DSuM 2)
T NUM-1

The RSSI signal’s phase is also measured using the
reference points. A simple phase can be estimated as follows:
9 = 2m L 3)
where P,.f(1) is the estimate of reference time delay (RTD).
To decrease the effect of noise in the estimate of RTD, all of
the P..¢(i) values are used in the phase estimator, as follows:
9 =2m, (4)
where [ is a composite estimate of RTD.
Notice that the following equation holds:
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Pref(i) = Pref(l) +L(i_ 1) (5)
Let us define parameter SUM as the sum of the distances
between the reference points and the beginning of the signal,
as follows:
SUM = ¥, Prey () (6)
Using (5) and (6), the composite estimate of RTD can be
calculated as follows:

| um- (NUM-D-NUM, | R
NUM
which can be simplified to:
SUM  DSUM
b=qom ™ 2 ®)

The estimated phase value can be calculated from the
intermediate parameters at the host computer, using (8) and
(4). From two phase values the phase difference can be
calculated as follows:

A9 = (9; —9;) (mod 2m) 9)

The operation of the algorithm is illustrated in a real
measurement example where radio interferometric signals
were generated with two transmitters, and the RSSI signals
were measured and processed on two receiver nodes. All the
nodes were placed to fixed positions, thus the phase difference
should be constant. The distribution of the measurements can
be seen in Fig. 3, where result of 1500 distributed phase
measurements are shown, using the proposed algorithm.

III. CONCLUSION

A novel algorithm was proposed which is able to measure the
phase difference between the RSSI signals of two radio
receivers. The proposed method uses preprocessing on low-
end devices with integer arithmetic, and post processing on a
host computer, using floating-point arithmetic. This solution
allows efficient utilization of scarce resources of low-end
devices, allowing fast processing required in tracking
applications [2]. The proposed algorithm increases accuracy
using multiple reference points and averaging.
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Fig. 3. Distribution of measured phase differences, using the 868 MHz
ISM radio-band in disturbance-free environment



Poster abstract: Robust Sensor Fusion for
Radio Interferometric Tracking

Gergely Zachar, Gyula Simon
University of Pannonia, Veszprém, Hungary
e-mail: {zachar, simon}dcs.uni-pannon.hu

Abstract—A new sensor fusion is proposed, which provides
robust radio interferometry-based object tracking. The proposed
solution utilizes redundant measurements and can efficiently
handle noisy, erroneous, and missing sensor readings. The
efficiency of the proposed fusion is illustrated by simulations and
real measurement results.

I. INTRODUCTION

An RF based positioning solution was proposed using radio
interferometry [1]. A faster radio interferometric method was
recently proposed which can be used for object tracking [2].
The tracking solution uses fixed transmitter and receiver
infrastructure nodes to track the movement of a receiver node,
when its initial position is known. Now a novel sensor fusion
method is introduced, which provides enhanced and more
robust position estimation for radio interferometric tracking.
The proposed algorithm utilizes redundant measurements to
enhance the accuracy of the position estimator and it is also
able to self-correct measurement errors.

II.  PREVIOUS WORK

Radio Interferometric Positioning [[1]] was proposed to
provide low cost localization in wireless sensor networks,
utilizing inexpensive off-the-shelf radio components. The
method relies on radio interferometry and performs low-
frequency signal processing of the interference signals, instead
of high frequency signal processing. The method utilizes two
transmitter nodes (A and B) to create an interference signal at
two receiver nodes (C and D), as shown in Fig. 1. If the
frequencies of the two transmitters are approximately the same
(fa = fg = f) then the interference signal at the receivers will
have a low frequency envelope, where the beat frequency is
equal to the difference of the two transmit frequencies. This
low frequency signal is the actual RSSI, which is available on
most RF transceivers.

By measuring the phase difference 3 between the RSSI
signals detected at two receivers (C, D), a metric on the
relative positions of the four nodes can be computed as
follows [[1]]:

I(f) = 2n dap—dpptdpc—dac

T (mod 2m)

(1

This research was supported by the Hungarian Government and the
European Union and co-financed by the European Social Fund under project
TAMOP-4.2.2.C-11/1/KONV-2012-0004. Gergely Zachar was supported by
the European Union and co-financed by the European Social Fund in the
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Fig. 1. Radio interferometric phase measurement

where ¢ is the speed of light, and see Fig. 1 for distance
notations. Note that this measurement does not provide
conventional ranging, because (i) in (1) linear combination of
unknown ranges is used, and (ii) only a 2w modulus of the
phase is available in (1). The result of (i) is that possible
solutions are on a hyperboloid surface, while the effect of
phase ambiguity (ii) is that the solution will be a set of
hyperboloid surfaces. The phase ambiguity can be resolved
either by using multiple carrier frequencies and multiple $(f)
values, resulting rather slow processing [1], or by repeated
measurements with phase unwrapping (using only one
frequency) [2]. The proposed solution provides a more robust
and fault tolerant fusion for the approach of [2].

III. PROPOSED SOLUTION

A. Measurement

Multiple fixed transceiver infrastructure nodes with known
positions are used to track a moving transceiver node. In each
measurement three infrastructure nodes and the tracked node
is used, where two of the infrastructure nodes play the role of
transmitters and one infrastructure node and a tracked node
play the role of receivers, according to Fig. 1. Thus each
measurement provides a phase difference value 4 in the range
of [0, 2m]. Using repeated measurements with the phase
unwrapping technique proposed in [2], the solution of (1)
results a single hyperboloid surface for each measurement.

In a measurement round multiple (n) measurements are
carried out by changing the roles between the infrastructure
nodes. Thus in each measurement round a set of independent
solutions can be obtained in the form of n hyperboloids.
Ideally the intersection of these hyperboloids provides the
actual position estimator of the tracked object. However, due
to phase measurement errors, the hyperboloids may not cross
exactly the ideal position: (i) phase noise (in the range of
[0, ]) causes small and random-like offset, while possible
unwrapping errors of [2] (corresponding to phase error of
2km, k = +1,42,...) may cause large and permanent outliers.
The proposed fusion can handle both effects.



B. Basic location estimation

For sake of simplicity the method is discussed in 2D. In
each measurement round n hyperbolas are calculated. The
following error function is defined for a given point (x, y):

err(x,y) = Z?=1 di(x'y)v (2)
where d; is the distance of point (x,y) from the i*" hyperbola.
The estimated position (x,,y,) is defined as the point where
the error function is minimal:

(xe,¥) = argmin,, err(x,y) 3)

Although the basic location estimator (3) performs
somehow better than the estimator in [0], it still suffers from
the effect of large and permanent phase unwrapping errors.

C. Self-correcting position estimation algorithm

Since the calculated hyperbolas, due to phase unwrapping
errors, can be far from the true tracked position, the estimator
of (3) can have large bias. Note that (2) can be used to detect
such situations. Assuming that the number of incorrect phase
measurements containing unwrapping errors is much smaller
than that of the good ones, the following algorithm can detect
and correct these errors.

The idea of the algorithm is the following: in each
measurement round an initial position estimator is calculated
using (3). Then the possible outlier hyperboloids are tried to
be compensated by +2m, and (3) is reevaluated. If the error
(2) is smaller after the trial, the associated phase value is
permanently corrected, and the corrected value is used in the
next measurement round.

The implemented process uses some restrictions to increase
accuracy and to speed up the process. The maximum number
of hyperbolas that can be moved is bounded by check limit.
The error limit, below what no further enhancement is tried, is
defined by cost limit. The pseudo code of the algorithm is
shown in Fig. 2. Helper function calc_error(P) first calculates
(xe,y.) from phase measurement set P, using (3), then
calculates d;(x,,y.) and cost = err(x,,y,), using (2), while
estimate_position calculates (x,, y,), using (3).

Py = {p1 .. pn} //setofunwrapped phase measurements
Heneckea = {} // set of checked hyperbolas
[cost, di..dn] = calc error (P;) //see(2),(3)
WHILE |Hcheckeal < check limit &&
cost < cost_limit DO
i = argmax;( di..dn ), where i1 & Hcheckea
P. = (Po \ pi) U pi + 2@
P.= (Po \ pi) U pi - 2m
CHOSE Phew € {Po, Py, P_}
FOR WHICH cost IS MINIMAL, WHERE
[ncost, nd:..nd,] = calc error (P..)//see (2),(3)
cost = ncost
d; = nd;, d» = ndy, .. , dy, = nd,
Po = Prew
Heneckea = Heneckea U 1
END
[x e, y e] = estimate position (Py) //see(3)

Fig. 2. Pseudo code of the self-correcting position estimation algorithm
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1IV. EVALUATION

The performance of the self-correcting position estimation
algorithm was tested both wusing simulations and real
measurements.

During the simulations a node was moved on a fixed
trajectory and the ideal phase measurements were calculated
using (1). To the ideal phase values we added normally
distributed random noise with variance o = 0.3w. The noisy
phase measurements were processed by the unwrapping
algorithm in [2] and then by the proposed self-correcting
algorithm. In the test 6 nodes (and correspondingly, 15
hyperbolas) were used for tracking the moving object. The
true and estimated trajectories of the object are shown in
Fig. 3(a), with blue and green colors, respectively. For the
same input the output of method [2] is shown for comparison
(in red).

A real measurement result is shown in Fig. 3(b), where a
node, carried by a person, was tracked by 4 infrastructure
nodes, using 6 phase measurements in each round.
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Fig.3. Simulation and real measurement results. (a) tracking a simulated
object with phase noise variance ¢=0.37 and using 6 infrastructure nodes.
Blue line: ideal trajectory, green line: proposed method, red line: method of
[2]. (b) real time tracking of a moving person. Blue: ideal trajectory, red:
proposed method
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V. CONCLUSION

A new sensor fusion algorithm was proposed for radio
interferometric tracking. The algorithm utilizes redundant
measurements to enhance the accuracy of the position
estimator and it is also able to correct phase unwrapping
errors, often present in real measurements. A novel
positioning and self-correcting algorithm was introduced, the
performance of which was evaluated using simulations and a
real tracking experiment.

According to tests redundant measurements increased
robustness and accuracy of the position estimate. Real
measurement tests with 4 measurement nodes (and 6 phase
measurements in each round) showed that the accuracy of the
estimator was around 0.04m in average, with a maximum error
of 0.12m.
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