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Abstract—This paper introduces the notion of network ex-
perimentation and proposes an experimentation methodology
particularly suited for cooperative wireless networks. Based on
this methodology we performed extensive measurement cam-
paigns and compare various cooperative localization techniques
under a common setting. Network experiments enable (i) the
quantification of cooperation benefits, (ii) the development of
techniques for harnessing environmental information, and (iii)
the characterization of network localization algorithms. As a case
study, we consider ultrawide bandwidth cooperative location-
aware networks in cluttered indoor environments and evaluate
their performance based on measurements collected from net-
work experiments.

Index Terms—Network experimentation, cooperative localiza-
tion, channel characterization, ultrawide bandwidth.

I. INTRODUCTION

OOPERATION among peer nodes at the physical layer
can significantly expand the capabilities of wireless
networks [1]-[7]. Cooperative wireless networks play an im-
portant role in both data communication and nodes local-
ization. Network localization and navigation is an emerging
paradigm for cooperative wireless networks, in which location-
awareness embraces communication [8]. The performance of
such networks depends on the conditions of each link, and
thus the characterization of channels associated with all links
is essential for the design of cooperative wireless networks.
The design and analysis of cooperative networks require
experiments specifically tailored for cooperative techniques.
In particular, for cooperative location-aware networks, the
following two kinds of measurements are necessary for all
links:!
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'In principle range information can be extracted from received waveforms.
However, this may require network synchronization. In our experimental
setting, this is alleviated by employing radios that enable the collection of
range and waveform measurements simultaneously.

o range measurements for estimating the distance between
each pair of nodes, and

o waveform measurements for estimating the range and
channel state associated with each link,

both of which are used as inputs to the localization algorithms.
Network experimentation based on waveform measurements
enables the characterization of cooperative wireless networks
for various applications. While there have been numerous
works on measurements and models of wireless environments
[9]-[23], they have mainly focused on point-to-point channels.
To the best of the authors’s knowledge, propagation experi-
ments specifically tailored for cooperative networks are not
present in the literature.

Providing location-awareness in cluttered environments is
challenging primarily due to multipath, line-of-sight (LOS)
blockage, and excess propagation delays through materials.?
Ultrawide bandwidth (UWB) technology [24]-[26] can pro-
vide accurate localization in such environments [27]-[35] due
to its ability to resolve multipath and penetrate obstacles [15]—
[20]. UWB signals provide fine delay resolution, enabling
precise time-of-arrival (TOA) measurements for range esti-
mation between two nodes [36]-[39]. However, the accuracy
and reliability of range-based localization techniques typically
degrade in cluttered environments, where multipath, LOS
blockage, and excess propagation delays through materials
lead to positively-biased range measurements [39], [40].

As a case study, we consider the problem of network
localization in realistic indoor environments, involving anchors
(also referred to as beacons) and agents (also referred to as
targets). In a noncooperative setting, each agent estimates the
distances from neighboring anchors, which are then used as
inputs to a localization algorithm for determining its own
position. In a cooperative setting, each agent estimates the
distances from neighboring agents in addition to those from
neighboring anchors.

The localization process consists of a measurement phase
where agents perform measurements with respect to anchors
and others agents (in a cooperative setting), and a location
update phase where agents infer their position based on
prior knowledge and new measurements. The performance
of localization algorithms depends mainly on two factors:
(i) the geometric configuration of the network described by
the positions of anchors and agents, and (ii) the quality of

2In these environments (e.g., inside buildings, in urban canyons, under
tree canopies, and in caves), the global positioning system (GPS) is often
inaccessible.

0733-8716/12/$25.00 (© 2012 IEEE



468 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 30, NO. 2, FEBRUARY 2012

measurements affected by the propagation conditions of the
environment [6], [27], [29], [39]. Localization performance
can be improved significantly by selecting appropriate anchors
[6], [32], [41] and mitigating the effects of unreliable range
measurements [42]-[46].

In this paper, we introduce the notion of network ex-
perimentation and develop an experimentation methodology
particularly suited for cooperative wireless networks. Based
on this methodology, we performed extensive experiments
and collected measurements associated with all of the links
involved in cooperative localization. This enables the perfor-
mance evaluation of various network localization algorithms
under a common setting. The key contributions of the paper
can be summarized as follows:

o development of experimentation methodology for the
characterization of cooperative wireless networks in re-
alistic environments;

« establishment of database with range and waveform mea-
surements for cooperative wireless channels; and

« characterization of range errors and evaluation of network
localization algorithms accounting for various LOS and
non-line-of-sight (NLOS) conditions.

The remainder of the paper is organized as follows. The
experimentation methodology for cooperative location-aware
networks is presented in Section II. In Section III, we present
the results of the measurement campaign and devise range
error model. Section IV describes a technique for range error
mitigation and position refinement. In Section V, we present
a case study on UWB indoor cooperative localization. Finally,
conclusions are given in Section VI.

II. NETWORK EXPERIMENTATION METHODOLOGY

We now describe the network experiments tailored specif-
ically for design and analysis of cooperative location-aware
networks under a common set of measurements.® The per-
formance of such networks is dominated by the behavior of
range errors. Range estimates based on TOA measurements
are typically corrupted by thermal noise, multipath fading,
direct path (DP) blockage, and DP excess delay [39]. A range
measurement is referred to as a DP measurement if it is
obtained from a signal traveling along a straight line between
the two nodes. A measurement is non-DP if the DP signal is
completely obstructed (i.e., DP blockage) and the first signal
to arrive at the receiver comes from reflected paths only.
Another source of error is the DP excess delay caused by
the propagation of a partially obstructed DP component that
travels through different obstacles (e.g., furniture and walls).*
An important observation to be made is that DP blockage and
DP excess delay have the same effects on range measurements:
they both add a positive bias to the true distance between
the nodes. These measurements are referred to as NLOS
measurements. A LOS measurement occurs when the signal
travels along an unobstructed DP.

3While the experiments were performed in indoor environments, the
methodology can be also applied to outdoor scenarios.

“Given a homogeneous material with relative electrical permittivity e, the
speed of the electromagnetic wave travelling inside materials is slowed down
by a factor |/€; with respect to the speed of light c. Hence the extra delay
introduced by a wall of thickness dw is A ~ (/& — 1) dw/c.

Fig. 1.
experimentation environment.

A typical apartment in Bologna, Italy, serving as the network

The geometry of the network, the propagation conditions
of the links, and types of obstacles, all of which affect the
performance of cooperative wireless networks, are described
in the following.

A. Network Geometry

We consider wireless networks in indoor environments with
a geometric configuration consisting of N, anchors deployed
in known positions to determine the unknown positions of
N, agents. In particular, we chose a set of positions for
anchors and agents, and performed simultaneous range and
waveform measurements for all possible links between pairs
of nodes.> An extensive measurement campaign was carried
out in a typical apartment with furniture and concrete walls
with thickness of 15 and 30 cm (Fig. 1).

We consider N, = 25 nodes positions. All nodes can be
treated as anchors or agents; nevertheless /N, = 5 positions
(labeled B1-B5) have been considered for anchors and N, =
20 for agents (numbered 1-20) to compare noncooperative and
cooperative networks. Range and waveform measurements for
each pair of anchor and agent were made for a noncooperative
setting (i.e., 5 x 20 links). In addition, measurements between
each pair of agents were also made for a cooperative setting
(i.e., additional (220) links). A total of 1500 measurements were
collected for each pair of nodes in both settings.

B. Links Characterization

The characterization of cooperative wireless networks re-
quires measurements for all links between pairs of nodes
(agent and anchor or two cooperating agents). Such measure-
ments were performed using UWB radios operating in the
3.2 — 7.4 GHz band. These commercial radios can provide
(i) range measurements through TOA estimation based on

SIn general, the selection of nodes positions can be based on a grid or by
choosing key positions in the environment (e.g., specific places in a room or
in a corridor).
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Fig. 2. Views of measurement setup and corresponding received waveforms in the experimentation environment.

thresholding techniques.,® and (ii) samples of received signal
waveforms. Waveform measurements for each link can be
thought of as channel impulse response owing to the use of
signals with extremely large bandwidth. Measurement setup
examples for LOS and NLOS conditions are shown in Fig. 2(a)
and Fig. 2(b), respectively.

A pair of nodes can be in LOS or NLOS condition depend-
ing on their relative positions in the environment. Figure 2 also
shows waveform measurements collected, representing typical
channel pulse responses in LOS and NLOS conditions in the
network experimentation environment of Fig. 1. It can be seen
from the figures that LOS and NLOS conditions give rise to
different behaviors of waveform measurements. The presence
of multipath, typical of indoor environments, is also noticeable
in both conditions. The knowledge of the NLOS condition can
be exploited to mitigate ranging errors to significantly improve
the performance of the localization algorithms.

Let d; ; denotes the Euclidean distance between two nodes
(i.e., an agent and a reference node, which can be either
an anchor or a cooperative agent) in positions p; and pj,
respectively. Note that UWB radios provide ranging accuracy
on the order of a few centimeters, and thus the true distance
between each pair of nodes must be known with an accuracy
better than a centimeter. On the other hand, determining the
true distance between two nodes with obstacles (e.g., walls)
in between can be difficult even using laser-based ranging
devices. This difficulty is alleviated by using a 3D computer-
aided design software.

C. Obstacles Characterization

To characterize the bias of ranging errors due to obstacles,
additional range measurements were collected in the environ-
ment. The transmitting and receiving nodes were placed in
several positions, in addition to those in Fig. 1, such that one
or two walls with different thicknesses were present between
the two nodes.” Range measurements were collected using

A survey on ranging techniques and performance limits is given in [39].
7Prelimina.ry measurements were reported in [47], here these measurements
are used for evaluating the performance of network localization.

UWB radios located in five sets of short distances (i.e., 20,
40, 60, 80, and 100 cm from both sides of the walls) to
isolate the effects of excess delay from those of multipath.
A view of the measurement setup is given in Fig. 2(b). By
using the collected range measurements ensemble (5 x 1500
measurements), the mean (bias) and standard deviation of
range errors were calculated respectively as: 16.4 cm and 3.7
cm for one wall with thickness dw = 15.5 cm; 29.5 cm and
3.2 c¢cm for one wall with dw = 30.0 cm; and 45.2 cm and
3.0 cm for two walls with total dw = 15.5 + 30.0 cm. As
can be noted, the bias appears to increase with the thickness
of the wall. The values of the standard deviation suggest that
the range errors are dominated by the effects of excess delay
rather than those of multipath and thermal noise. From the
ensemble of measurements we observe that A ~ dy /c.3

In the following sections, the measurements from our
network experiments will be used to model range errors, to
quantify the benefit of harnessing environmental information,
and to compare various cooperative localization techniques
under a common setting.

III. RANGE ERROR MODEL

Understanding the behavior of range errors is essential for
the development of cooperative localization techniques. In the
following, range model based on measurements in Section II-B
and range error bias model based on measurements in Section
II-C will be developed.

We start by categorizing these link measurements in Section
II-B in terms of the channel state (e.g., the state H; indicates
1 walls between a pair of nodes with ¢ = 0,1, ...,4). Figure 3
shows the range error bias (i.e., average range error over 1500
measurements) for each link as a function of the true distance,
in LOS (Ho) and NLOS (H1, Ho, Hs, and H,4) conditions.
Note that the bias depends strongly on the total thickness of
the walls. Range measurements described in Section II-B also
show that the range r; ; between the pair of nodes % and j, in

8This correspond to € ~ 4. The value of €, which depends on the material
of the wall, is confirmed by a similar result obtained in [48].
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Fig. 3. Range error bias as a function of distance for nodes pairs in LOS
or NLOS conditions.

both LOS and NLOS conditions, can be modeled as

rij = dij+ b+ € (1)
where d; ; is the true distance and b; ; is the range error bias.
The quantity ¢; ; is modeled as a zero mean random variable
(RV), independent of b; ;, with variance a [47] It can be
observed from the measurements that b; ; and o? ; depend on
the obstacles (e.g., the number of walls) between nodes ¢ and
j. Equation (1) was also used in [32], [40], where b; ; and
ai ; were modeled as a function of true distance.

We expect the bias b; ; to vary more in a cluttered environ-
ment (with many walls, machines, and furniture such as in a
typical office building) than in an open environment.

When the environmental information (e.g., the number of
walls and the excess delay) is available, b; ; in (1) can be

modeled as a function of the excess delay, namely

(:3)
ij = C Z n(w

where c¢ is the speed of light, Ny(i,7) is the number of
different extra delay values, and n,(;’j ) is the number of walls
that result in the same extra delay value Ay (e.g., the number
of walls with the same material and thickness). We refer to
this model as wall extra delay (WED) bias model. The total

number of walls between the two nodes is

2

Nw(i,5)

n(bd) — Z n(m

When every wall in the scenario has the same thickness and
composition (i.e., A = A for each k), (2) simplifies to

3)

“)

We will show in Section IV that the WED bias model
can be used to mitigate range errors, resulting in significant
improvement of localization performance.

bi)j = cn(i’j)A.

IV.

The environmental information can be harnessed to mitigate
range errors, and thus improving localization accuracy. Such
information can be obtained from environmental knowledge
or by processing the received waveforms using channel state
identification techniques. These two cases will be referred to
as WED bias model with environmental information (known
number of walls) and WED bias model with channel state
identification (estimated number of walls), respectively. Re-
gardless of the particular localization algorithm, the three-step
procedure described in Algorithm 1 may be adopted.

HARNESSING ENVIRONMENTAL INFORMATION

Algorithm 1 Range error mitigation and position refinement

1. Initial position estimate: obtain an initial position esti-
mate ﬁ(l) based on the range measurements;

2. Range error mitigation: mitigate bias of the range error
from measurements according to the bias model and the
initial position estimate p(!);

3. Position refinement: update the position estimate p(?
with the corrected range values.

A. Channel State Identification Techniques

A classical approach to channel state identification involves
binary hypothesis testing between LOS and NLOS conditions
(see, e.g., [49], [50]). Localization techniques based on binary
channel state (i.e., LOS or NLOS) can be further improved
by considering a larger number of channel states (i.e., M -ary
hypothesis), which accounts for the number of obstacles be-
tween each pair of nodes. In particular, we consider maximum
a posteriori probability (MAP) decision rule as

D = argmax p(v|H) P {H} )
HeC
where v = {y1,72, ..., YN, is a set of N¢ features extracted
from a received waveform, C is the set of possible channel
states, p(y|H;) is the joint probability distribution function
(PDF) of features conditioned on H;, and P{H;} is the a
priori probability that there are i walls between two nodes.’
A key step in designing the MAP decision rule (5) is
choosing the appropriate set of features -« extracted from
received waveforms. Examples of features include: (i) the root
mean square (RMS) delay spread mrvms; (i) the kurtosis k;
and (iii) the maximum amplitude vmax. In LOS conditions,
the first path in the received signal is typically the strongest.
Compared to NLOS, LOS propagation typically gives rise to
smaller delay spread and a larger kurtosis [45].
Measurements described in Section II-B also show that each
feature can be modeled as a log-normal RV, with parameters
that depend on the environment. In this case, the PDF for a
generic feature y can be written as [45], [51]
1 _(n y=ni)?

POIH) = —mmge 70 ®)
Y

2mo;

where p; and o; are the parameters for channel state H,;, and
In(-) indicates the natural logarithm. The parameters y; and o;

9When more than one feature is extracted from the waveform, it is often
difficult to determine the joint PDF. This can be alleviated by considering all
the features ~y; as independent RVs.
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TABLE I
PARAMETERS p; AND o; (MEASURED IN [ns] FOR TRys AND IN
[ADC bins] FOR vpax) CORRESPONDING TO CHANNEL STATE H,; .

TRMS R UMAX
Hi i o Hi o Hi o
Ho 1.24 | 0.24 | 297 | 040 | 8.66 | 0.43
H1 1.43 0.29 3.01 0.34 8.00 0.50
Ho 2.05 | 039 | 282 | 040 | 7.00 | 0.64
Hs 2.47 0.24 2.50 0.37 6.20 0.45
Hy 2.68 | 0.16 | 234 | 033 | 590 | 0.33

for features Trums, K, and vmax have been determined from the
measured waveforms, and the results are reported in Table I.
Figure 4 shows the cumulative distribution functions (CDFs)
of features Trums, K, and vmax for each channel state H; (i =
0,1,...,4). The figure also shows the CDFs of log-normal
distributions using parameters u; and o; from Table I. Note
that the log-normal distribution fits the CDF of features mrms
for all channel states H; except for H4, which occur less
frequently in our network experiments as shown in Sec. I'V-B.
Similar fit can be seen for the CDF of features x and vpmax
for all channel states H; except for Hy and H, respectively.

B. Channel State Identification Performance

We now apply the MAP decision rule to waveform measure-
ments described in Section II-B for identification of channel
states in the set C = {Ho,H1,...,Ha}. Table II shows
the p; j, namely the estimate of P{D = H;|H,} for i,j =
0,1,...,4, describing the probability of deciding D = H,; (i
walls) when the condition H; (j walls) is true. In particular,
different features sets v, = {Trms}» vy = {K}> Yo = {vmax},
and Yiin = {mrMmS, K, Umax | are used with MAP decision rule
(5). Note that the use of joint features improves the channel
state identification compared to a single feature, as expected.
The correct identification probability for a features set v can
be estimated as

4
=0

In our network experimentation, we have P{Hy} = 0.286,
P{H1} = 0.343, P{H2} = 0.274, P{H3} = 0.058 and
P{H,} = 0.039. Using these together with Table II, we
obtain ﬁcorr(’ya) = 0.91, ﬁcorr('Yb) = 0.85, ﬁcorr('yc) = 0.91,
and Peorr (Vjoint) = 0-92.

V. CASE STUDY: COOPERATIVE LOCALIZATION-AWARE
NETWORKS

We now analyze and compare the performance of various
localization techniques under a common set of measurements
collected from our network experiments in the environment
of Fig. 1. In particular, we consider sum-product algorithm
over a wireless network (SPAWN), which aims to infer agents
positions based on measurements among nodes. ' Results are
given for SPAWN with and without range error mitigation
techniques. In the case of range error mitigation, both WED
bias model with environmental information and WED bias

10This algorithm, based on Bayesian inference, relies on network factor
graph (FG) and network message passing [52].
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Fig. 4. Empirical CDF of features extracted from measured waveforms and
CDF of the log-normal distributions with parameters from Table I for LOS
(Ho) and NLOS (H; with ¢ = 1,2, 3, and 4 walls) conditions.

model with channel state identification based on MAP decision
are considered. In the following, localization performance
metrics are described and evaluated for noncooperative and
cooperative settings.
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TABLE II
Di,j FOR4,5 =0,1,...,4 USING FEATURES SETS -, (FIRST ROW),
1, (SECOND ROW), =Y, (THIRD ROW), AND joint, (FOURTH ROW).

2 Ho | Hi | Ha | Hs | Ha
0.058 | 0.042 0 0 0

n 0.790 | 0.111 | 0.021 | 0.042 | 0.035
0 0.958 | 0.042 0 0 0
0.958 | 0.042 0 0 0
0.057 | 0.896 | 0.034 | 0.011 0

M 0.017 | 0.919 | 0.023 | 0.017 | 0.023
1 0.034 | 0.919 | 0.034 | 0.011 0
0.046 | 0.901 | 0.040 | 0.011 0

0 0.044 | 0.889 | 0.051 | 0.014

M 0.014 | 0.066 | 0.823 | 0.066 | 0.029
2 0 0.051 | 0.882 | 0.066 0

0 0.036 | 0.904 | 0.051 | 0.007

0 0 0 0.931 | 0.069

H 0 0.034 0 0.931 | 0.034

3 0 0 0 0.965 | 0.034

0 0 0 0.965 | 0.034

0 0 0 0.176 | 0.823

H 0 0.058 | 0.058 0 0.882

4 0 0 0 0.176 | 0.823

0 0 0 0.176 | 0.823

A. Performance Metrics

We consider localization error and localization error outage
(LEO), since these metrics provide insights into local and
global behavior of localization techniques, respectively. For
a given scenario (e.g., the number of anchors N, and agents
N,, the network setting, and the environment), the localiza-
tion error is defined as the Euclidean distance between the
estimated position P and the true position p, namely

e(p)=1p-rpl. (®)

The LEO is given in terms of the outage probability (OP),
based on the localization error, as!'!

Po = P{e(p) > eth}
= E{Liy 100 (B — P} ©9)

where ey, is the target (i.e., the maximum allowable) local-
ization error, and 1 4 (z) = 1 when = € A and 0 otherwise.
Here the statistical expectation E {-} is over the ensemble of
all possible spatial positions and temporal instants.

B. Performance of Noncooperative Localization

For noncooperative localization, two cases with N, = 3
and N, = 5 anchors are considered. In the case of N, = 3
anchors, there are (3) possible configurations over positions
(B1-B5), among which three anchors in the positions set
Bs ={B1,B3,B5} are selected. This choice is guided by
corresponding mean (22.9 cm) and standard deviation (5.0
cm) of the position error bound (PEB) over all agents po-
sitions.'? In the case of N, = 5 anchors, the positions set

""The OP is a well known concept for performance evaluation of wireless
communication systems (see, e.g., [53]). Similarity with location-aware net-
works is in evaluating the probability that the quality of service falls below
a given target.

2These values are based on [32] with no range error bias. The fundamental
limits (lower bound) on the accuracy, based on the received waveforms,
of any localization methods were derived in terms of squared PEB for a
noncooperative setting in [28] and for a cooperative setting in [6].

Bs ={B1,B2,B3,B4,B5} leads to mean (13.6 cm) and stan-
dard deviation (5.2 cm) of the PEB over all agents positions.13

In Table III, the localization error is evaluated for each
position in the environment (ID 1-20 in Fig. 1). Localization
errors without range error mitigation for /Ny, = 5 anchors (in
positions set Bs) and that for NV, = 3 anchors (in positions set
Bs) are reported in columns A and B, respectively. Comparing
columns A and B shows that using a larger number of anchors
does not necessarily lead to a better localization accuracy.
Next, we examine the effects of range error mitigation tech-
niques using the WED bias model both with environmental
information and with channel state identification based on
MAP decision and features set -,,. Localization errors
with range error mitigation using the WED bias model with
environmental information are reported in Table III columns
C and D for N, = 5 anchors (in positions set Bs) and
Ny = 3 anchors (in positions set Bs), respectively. Comparing
columns A and C or columns B and D shows that range error
mitigation techniques can significantly reduce the localization
error. Localization errors with range error mitigation using the
WED bias model with channel state identification are reported
in columns E and F for NV, = 5 anchors (in positions set
Bs) and N, = 3 anchors (in positions set Bs), respectively.
Comparing columns C and E or columns D and F shows that
range error mitigation techniques using the WED bias model
with known and inferred number of walls result in similar
localization performance.

Figure 5 shows the noncooperative LEO as a function of
the target localization error for Ny, = 5 and N, = 3 anchors
with and without range error mitigation. The benefit of range
error mitigation is evident from this figure. For example, with
Np = 3 anchors and no range error mitigation, the LEO is
0.1 with ey, about 69.3 cm, meaning that the localization error
is no greater than 69.3cm in 90% of cases. For range error
mitigation using the WED bias model with environmental
information, the LEO is 0.1 with ey, about 37.4cm.

C. Performance of Cooperative Localization

We now evaluate the performance of cooperative localiza-
tion techniques. The effectiveness of cooperation is quantified
in terms of localization error and LEO for the cases with and
without range error mitigation.

In Table IV, the localization error is evaluated for each
position in the environment (ID 1-20 in Fig. 1). Various
cooperative settings are considered for N, = 3 anchors (in
positions set B3) with and without range error mitigation.
Specifically, we consider each agent cooperating with another
agent in a position either 6 or 15. We also consider each agent
cooperating with two other agents in positions 6 and 15. Lo-
calization errors are reported for the case of single cooperating
agent without range error mitigation and those with range error
mitigation using the WED bias model both with environmental
information and with channel state identification based on
MAP decision and features set 7y Specifically, columns

BIn the case of N, = 4 anchors, there are (i) possible configurations

over positions (B1-B5) and we verified that the PEB values for these
configurations are close to each other. For example, the anchors in positions
set B4 ={B2,B3,B4,B5} leads to mean (15.52 cm) and standard deviation
(6.28 cm) of the PEB over all agents positions.
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TABLE III
NONCOOPERATIVE LOCALIZATION ERROR e (p) [cm]
FOR EACH NODE POSITION (ID) IN VARIOUS SETTINGS A-F.

TABLE IV
COOPERATIVE LOCALIZATION ERROR e (p) [cm]
FOR EACH NODE POSITION (ID) WITH Ny = 3 IN VARIOUS SETTINGS A-I.

[ D [ A ] B[] €] D ] E | F | [ ID JTA [ B[] CJ] D] E]J] FJ] G| H ] I |
1 28.1 34.9 289 325 55.4 38.8 1 31.5 | 29.1 | 388 | 33.1 | 27.8 | 389 | 174 | 12.3 | 415
2 79.0 471 10.8 8.4 8.7 35.7 2 52.9 8.1 | 357 | 46.7 46 | 31.6 | 73.7 8.2 7.5
3 85.9 233 53 6.8 13.4 14.0 3 18.1 6.0 140 | 243 6.9 14.6 | 40.8 6.4 11.5
4 78.5 67.3 18.4 20.8 18.4 29.8 4 27.7 | 240 | 29.8 | 37.5 | 22.1 | 28.8 | 38.5 | 16.5 | 20.1
5 37.9 50.8 40.8 374 4.5 32.6 2 60.3 | 38.3 | 32.6 5(9)? gg? g;é 339 | 36.8 | 363
g e 24 EO 200 EER) e 7 36.5 | 17.4 | 279 | 37.4 | 237 | 240 | 279 | 155 | 39.6
7 60.4 67.9 19.7 24.5 37.3 27.9

8 52.6 | 10.5 8.7 | 729 | 10.6 9.2 | 227 | 11.8 | 10.2
C e I e = 9 519 | 95| 223 | 411 | 89 | 173 | 594 | 87 | 215
9 578 | 560 | 147 | 9.1 | 147 22.3 10 459 | 287 | 60 | 390 | 219 | 22 | 321 | 349 | 130
10 468 | 481 | 185 | 284 8.0 5.9 11 552 | 209 | 309 | 20.5 | 167 | 27.4 | 21.9 | 166 | 169
11 577 | 583 | 226 | 209 | 130 30.9 12 72 | 23| 509|378 | 32430 | 48 | 21| 101
12 354 36.8 13.8 1.2 10.7 50.9 13 16.0 | 134 | 857 | 91.9 | 124 | 857 | 21.3 | 13.8 | 24.0
13 37.6 35.7 13.8 12.4 26.1 85.8 14 8.0 | 30.6 | 16.7 | 67.1 | 27.6 | 169 | 39.2 | 29.3 6.3
14 26.7 14.4 7.6 29.9 11.3 16.8 15 223 | 21.7 | 373 - - - - - -
15 55.9 31.4 23.2 21.0 25.9 37.3 16 463 | 17.2 | 31.2 | 545 | 11.8 | 309 | 16.1 14.7 | 24.6
16 144 | s25 53 15.1 25.9 312 17 650 | 263 | 219 | 403 | 292 | 214 | 42.1 | 320 | 174
17 20.0 70.7 17.4 237 16.2 21.9 18 59.8 | 27.0 | 35.7 | 39.1 | 30.7 | 31.2 | 57.8 | 259 7.6
18 60.1 59.8 20.1 30.0 18.7 357 19 57.6 | 38.1 | 29.7 | 534 | 28.8 | 35.6 | 787 | 61.7 | 30.2
19 74.8 51.1 26.2 35.6 19.7 29.7 20 51.1 | 51.3 | 46.8 | 309 | 47.2 | 44.1 | 354 | 456 | 249
20 39.8 39.1 47.8 52.5 28.5 46.8 Mean | 403 | 22.1 | 31.7 | 43.0 | 21.6 | 30.2 | 36.8 | 21.8 | 20.2
Ve BT ms [ mo T || 187\ me| e gl s a0 st
StD 21.6 16.6 11.1 12.7 13.1 17.2 P = - : — . = - :
Span 71.5 62.6 4.5 513 483 79.8 A: coop. agent 6, no range error mitigation ) ]

= —— B: coop. agent 6, range error mitigation (WED env. information)

A: Ny = 5 without range error mitigation C: coop. agent 6, range error mitigation (WED MAP decision)
B: Ny, = 3 without range error mitigation D: coop. agent 15, no range error mitigation
C: Np, = 5 with range error mitigation (WED env. information) E: coop. agent 15, range error mitigation (WED env. information)
D: Ny = 3 with range error mitigation (WED env. information) F: coop. agent 15, range error mitigation (WED MAP decision)
E: Ny = 5 with range error mitigation (WED MAP decision) G: coop. agents 6 and 15, no range error mitigation
F: N, = 3 with range error mitigation (WED MAP decision) H: coop. agents 6 and 15, range error mitigation (WED env. information)

I: coop. agents 6 and 15, range error mitigation (WED MAP decision)

A, B, and C are for the case when cooperating agent is
in position 6, and columns D, E, and F are for the case
when the cooperating agent is in position 15. By comparing
columns A with B and C or columns D with E and F shows
that, similar to noncooperative setting, range error mitigation
techniques can significantly reduce the localization error for
cooperative localization. Localization errors for the case of
two cooperating agents in positions 6 and 15 are reported in
columns G, H, and I. Comparing columns G, H, and I with
A, B, and C, or D, E, and F, reveals that more cooperative
agents does not always improve the localization performance.

Figure 6 shows the cooperative LEO as a function of the
target localization error for NV, = 3 anchors with and without
range error mitigation. Similar to noncooperative setting, the
benefit of range error mitigation for cooperative localization is
evident. For example, with NV, = 3 anchors and no range error
mitigation, the cooperative LEO for two cooperating agents is
0.1 with ey, about 59.4 cm, meaning that the localization error
is no greater than 59.4cm in 90% of cases. For range error
mitigation using the WED bias model with environmental
information, the cooperative LEO for two cooperating agents
is 0.1 with eg, about 36.4cm.

We now compare the performance of noncooperative and
cooperative localization reported in Tables III and IV, respec-
tively. It can be observed that cooperation does not always
improve the localization performance. This behavior can be
attributed to the fact that the link between cooperating agents
can be subjected to large measurements uncertainty due to
propagation conditions.

VI. CONCLUSION

We introduced the notion of network experimentation and
put forth an experimentation methodology particularly suited
for cooperative wireless networks. Based on this method-
ology we performed extensive measurement campaigns, in-
cluding ranges and waveforms measurements, for network
localization. The collected measurements enable the model-
ing of range errors for various propagation conditions, the
development of channel state identification and range error
mitigation techniques, as well as the comparison of various
cooperative and noncooperative localization techniques under
a common setting. The results provide insights into how and
when cooperative techniques and environmental information
can be harnessed to improve the performance of location-
aware networks. It is shown that range error mitigation tech-
niques can significantly improve the performance of network
localization. The choice of the appropriate cooperating agent
depends typically on the inter-agent link conditions and range
error mitigation techniques. In several cases, most of the
cooperation benefits can be reaped with a single suitably
chosen cooperating agent. This paper demonstrates that net-
work experiments are essential for design and analysis of
cooperative wireless networks.
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