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Abstract Wireless positioning systems have become popular in recent years.
Outdoor positioning has been addressed successfully, but location indoors still
presents some open issues. One of them is related with the scalability of time-
based ranging algorithms. The aim of this study is to develop a simulation frame-
work in order to evaluate the scalability and stability of two time-based ranging
positioning algorithms in IEEE 802.11 networks: 2-Way Time of Flight (TOF)
and passive TDOA. Details about this simulation model are provided and both
algorithms are compared in a proof-of-concept scenario. Results show that Pas-
sive TDOA provides a better scalability and more stable measurements than the
solutions based on pure 2-Way TOF algorithms.
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1 Introduction and goals

The knowledge of their own position is perceived by users as essential information
that mobile devices need to provide. This information, which was initially used to en-
rich already developed services and applications, such as geotagging the pictures users
take, has become the core of the new set of services and applications that are to come
in the next years, such as augmented reality [1], location-based social networks [2] or
smart cities [3].

The widespread inclusion of GPS receivers in mobile phones has boosted the use of
location-based services. This technology provides a world-wide coverage and excellent
accuracy outdoors. However, the same does not apply to indoor scenarios, where GPS
provide low accuracy or simply stops working.

Currently, there is no a counterpart of GPS to be used indoors. The industry and the
research community are actively looking for a global technology that allows mobile
devices to be globally positioned indoors. Several approaches have been proposed in
the last years. Most of them try to take advantage of communication networks already
deployed to position the network users as well. This approach simplifies the deploy-
ment of location systems and extends their availability. One example of this approach



consists of using public land mobile networks (PLMN) to support positioning. Tech-
niques, such as the Observed Time Difference Of Arrival (OTDOA) can be used in
LTE networks to get the user’s location [4]. Although the accuracy of these solutions
are suitable for most of location-based services, those of them designed to run specifi-
cally indoors tend to be much more restrictive in terms of accuracy, demanding often a
precision around 1 meter. Such requirements are hardly satisfied by location systems
based on PLMN, since signals used for positioning are often impacted by several radio
artifacts: attenuation, blocking, mutipath, delay-spread, etc.

Networks local to the user’s location are then preferred for positioning purposes.
Bluetooth and 802.11 are the technologies that concentrate most of the research on in-
door positioning. Bluetooth low energy networks are being used by companies such as
Apple [5] and Paypal [6] to provide location systems working indoors. Although Blue-
tooth-based solutions are promising, they have the drawback of the coverage, requiring
usually specific network upgrades to fully support location-based services. On the other
hand, communication networks based on IEEE 802.11 are known to be widely de-
ployed, mainly indoors. This fact makes this technology really appealing for location
systems. However, location systems using IEEE 802.11 technologies must cope with
several issues related with the position accuracy, the latency, the scalability and the
integrity of the location system. Solutions based on received signal strength (RSS) are
known to be easily implemented in IEEE 802.11 devices, thus providing excellent cov-
erage, but they tend to provide poor accuracy figures [7]. Fingerprinting is a technique
usually related with IEEE 802.11 location systems [8]. It consists of a database that
stores data vectors related with specific positions. Those vectors typically contain the
RSS (sometimes other data) of the set of access points at sight in a given place (x,y,z).
When users want to get their own position or a third party request such information, the
mobile device computes the vector in real time and delivers that vector to the location
server where the database is. Then the reported vector is compared with the data stored
in the database and the most likely position according to all these data is returned. Fin-
gerprinting tends to provide excellent accuracy, delay and scalability, but requires set-
ting up the location database before the system is deployed. Furthermore, changes in
the environment have a severe impact on the quality of the position, so the database
needs to be updated often. Depending on the scenario, this database maintenance may
involve a noticeable effort.

Time-based location techniques use the time-of-flight (TOF) to estimate distances
to well-known references (i.e. landmarks). Those references are perfectly located so
that the only unknown is the position of the mobile user. There are several proposals
using this approach, most of them based on the round-trip-time [9] to skip the need for
synchronizing all the network devices. This approach is extended in [10] to provide a
software-based solution that at the same time improves the accuracy of the regular 2-
way time-of-arrival solutions.

Collaborative solutions have been proposed in order to improve the accuracy of
time-based solutions [11]. Although the accuracy has been improved, time-based solu-
tions still have an open issue: the scalability. Most of the time-based location systems
inject traffic in the network to perform the measurements, which directly impacts the
network performance after the traffic increase. The more measurements required, the



more likely frames collide and the longer the time to reach a valid computation of the
position. Passive solutions were presented to overcome this issue and boost the scala-
bility of time-based location systems, without a severe degradation of the accuracy of
the computed positions.

This work is focused on one of these passive algorithms: the passive TDOA. In [12],
the authors presented the benefits of this algorithm and provided a short study on the
expected accuracy, showing figures better than those achieved by its active-solution
counterpart. However, the scalability benefits, though claimed based on the fact that no
extra traffic is injected, were never studied in detail or numerically evaluated. This work
is aimed at studying the scalability benefits of the passive TDOA over a regular 2-way
TOF solution, both systems working in IEEE 802.11 networks.

The rest of the paper is structured as follows. Section 2 presents the algorithms that
are going to be assessed. The simulation tool and the simulated scenario are presented
in Section 3. The results achieved are shown in Section 4, while the main conclusion
and the planned future work are drawn in Section 5.

2 Passive vs active ranging

Time-based positioning in IEEE 802.11 networks is based on ranging, i.e. it infers
the distance between the mobile device that needs to be positioned and several well-
located network entities (landmarks or anchors). Those distances feed a multilateration
algorithm, which finally fixes the position. Ranging models, i.e. the procedures fol-
lowed to turn time measurements into distances, tend to require several measurements
for a single distance estimation [9]. Only after processing a set of measurements the
channel artifacts can be properly filtered and hence their impact on the position accu-
racy reduced. This approach can be followed as long as only few nodes are being posi-
tioning in the network. If there are a large number of nodes requiring their position,
positioning traffic tends to flood the radio channel, which yields frames colliding fre-
quently. This increase in the collision rate has a twofold effect. On one hand, the re-
sponse time of the location system (i.e. the time spent by the system until the requested
position is fixed) becomes longer. This fact impacts on the quality-of-service perceived
by the user and might have a negative effect on the position accuracy as well, especially
when the user is moving. On the other hand, the heavier the location traffic, the lower
the available throughput for remaining communications.

Passive ranging solutions try to compute positions by only listening to the radio
medium. Thus, they try to take benefit of the regular traffic in the network to infer the
position of the user. This kind of solutions are known to favor the scalability, since
increasing the amount of nodes requiring their own position does not involve a notice-
able increase in the location traffic.

2.1  Assisted passive TDOA

The Passive TDOA [12] is one of these time-based passive ranging algorithms. This
algorithm was designed to complement regular active 2-way TOF systems and enhance



()

Active node Access point \Q/ Passive node

RTT

Figure 1: Estimation of a single TDOA in the passive node

their scalability. Accordingly, the passive TDOA algorithm assumes the presence of
few nodes in the network running 2-way TOF positioning solutions. The point of the
passive TDOA is locating a node using only the information of its active neighbor
nodes. The basic procedure followed by Passive TDOA to allow the passive positioning
is described in Fig. 1. In the figure, two nodes are represented, one running a 2-way
TOF algorithm (i.e. active node) and one running the passive TDOA algorithm (i.e.
passive node).

The location process starts when the active node obtains its position by using the 2-
Way TOA technique. Meanwhile, the passive node is listening to the radio medium and
receiving the messages that the active node exchanges with the access point. Fig. 1
illustrates the performance of the algorithm. Whenever the active node wants to esti-
mate the distance to an access point, it sends a message (1) to the access point. This
message, because of the diffusion network, is also received in the passive node, which
marks the time of arrival before discarding the frame. After a known time 7, the access
point sends back a message (2) to the active node, as response to message (1). When
this message is received in the active node, the distance between the active node and
the passive node can be computed (with an indeterminate error). The message (2), be-
cause of the diffusion network is also received in the passive node. Then, a time differ-
ence of arrival (TDOA) can be computed in the passive node as # - #; in Fig. 1.

Repeating this procedure with enough access points (e.g. three in the case of 2D
positioning) let the active node to compute its own position using a multilateration al-
gorithm. Finally, this position has to be sent so that the passive node can compute its
own position according to the TDOA measurements previously computed.

2.2 Autonomous passive TDOA

The passive TDOA algorithm is able to estimate both active and passive nodes po-
sitions if the measurements are grouped in couples. Accordingly, the measurement pro-
cedure is extended to include two procedures like the one depicted in Fig. 1.
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Figure 2: Joint estimation of TOF and TDOA in the passive node

Fig. 2 illustrates how the measurements are taken. As shown, the active node is able
to compute two RTTs (i.e. RTT; and RTT>) and consequently the passive node collects
two TDOASs (i.e. TDOA; and TDOA:). These TDOAs are observations of the time-dis-
tance between two different paths as

TDOA = (T, + T},) - (T.) (1

where 7, and 7, is the TOF from active and passive nodes to the access point, respec-
tively, and 7, is the TOF between active and passive nodes.

The point of grouping the measurements in couples is that relating these two TDOAs
allows the distance from the active node to the access point to be inferred as

RTDOA=v=t;-ty=T, + 02+ Top- T, (2)

Accordingly, under the assumption of the measurement-to-measurement delay (z2)
is known and measurements to enough access points are available (at least 3 for 2D
positioning), the passive node is able to compute both the active and the passive node
positions, providing a twofold benefit. First, it involves a fully passive solution, mini-
mizing the location traffic in the network (i.e. there is no need for the active node to
send its own position). Second, it provides redundancy for active node positions, which
can be statistically combined to improve their accuracy.

3 Simulation tool and scenarios

Simulation has been used to provide a rich and realistic scenario where to assess the
scalability of the algorithm and compare the results with what is expected using regular



active 2-way TOF solutions. To achieve this goal, a simulation tool implementing the
802.11 b/g protocol stack and the 2-Way TOF and Passive TDOA algorithms is re-
quired. In this simulation, messages showed in Fig 1 and 2 are implemented over IEEE
802.11 as data frames, while the answers are built using ACK frames.

3.1 Simulation tool

OMNET++ [13] is the network simulator used to evaluate the scalability of 2-Way
TOF and Passive TDOA over IEEE 802.11 networks. The INET framework [14] has
been used to provide a full implementation of the IEEE 802.11 protocol stack, including
a rich set of radio models and mobility patterns.

Several parts of the code of the INET framework have been modified in order to
implement the 2-Way TOF and the Passive TDOA algorithms. In the case of the 2-Way
TOF algorithm, two measurements are provided for a single RTT, depending on when
the transmission time-marks are taken: 1) in the IEEE 802.11 management layer (RTT-
MNGT), i.e. just before the CSMA/CA delay chain begins; and 2) just before sending
the data frame to the physical layer (RTT-MAC). The reason to include these two fig-
ures for each RTT measurement procedure is to provide thresholds that can match soft-
ware-based (i.e. only the first measurement is likely to be available) and hardware-
based (i.e. the second measurement is likely to be available) implementations. Fig. 3
shows the basic flow of the implementation followed to take the time measurements.
Whenever a data frame is received in the access point, the location timestamps included
in it (if applies) are copied to the ACK frame built as response, as shown in Fig. 4.
Finally, the timestamps applied to the received frames are taken once the frame enters
in the reception function of the MAC layer, whenever the transmission time is taken,
as shown in Fig. 5. As it can be seen, all those figures include the name of the INET
files and the methods in these files that have been upgraded to support the 2-way TOF

handleUpperMessage sendDataFrame
No
Send frame to . Yes Send frame
?
m_> MAC layer N Activelposs) to PHY layer
leee80211MngmtSTASimplified.cc leee80211Mac.cc

Figure 3: Flow of the 2-way TOF algorithm (data frames in active nodes)
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Figure 4: Flow of the 2-way TOF algorithm (ACK frames in access points)
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Figure 5: Flow of the 2-way TOF algorithm (ACK frames in active nodes)
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Figure 6: Flow of the passive TDOA algorithm (passive nodes)

algorithm. In the case of the passive nodes only received frames have to be inspected.
Fig. 6 shows the basic flow followed in that case.

3.2 Simulated scenario

A basic scenario has been built to provide a preliminary assessment on the scalability
of the passive TDOA. It consists of one access point, which is placed at the top-left
corner of a square-shaped simulation area, and twenty-six nodes. The nodes form a grid
in the simulation area, as shown in Fig. 7. These nodes are static, i.e. they are settled in
a position of the square-shaped simulated grid and keep the same position along the
whole simulation. Different simulations are run considering from one single active node
(i.e. 24 passive nodes) up to 25 active nodes (i.e. no passive nodes). Active nodes take
always the first positions, i.e. from 1 up to N in Fig. 7, whilst passive nodes take the
remaining positions (i.e. from N+/ up to 25).

The IEEE 802.11b standard is used in simulations, although the results can be easily
extended to other standards such as 802.11g or n. The lognormal shadowing model [15]
has been used to model the radio propagation conditions indoors:

PL(dB) = PL (dy) + 10alog (di) + X, 3)
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Figure 7: Layout of the simulated scenario

where PL is the average path loss, PL(d) is the path loss at the reference distance dy
(typically 1 m.), a is the path loss exponent and X, is a zero-mean Gaussian distributed
random variable with standard distribution ¢. The parameters a and o are fixed to 4.02
and 7.36 dB respectively, as reported in [15] for indoor conditions. The transmission
power and the sensitivity are set to 3 dBm and 85 dBm respectively and apply to all the
nodes in the network, including the access point. The coverage radio of the base station
is fixed to 10 m, which yields a 7.07 x 7.07 m square-shaped simulation area. This
coverage and density conditions are similar to those present in a Wireless Sensor Net-
work environment, which is one of the target applications of location algorithms. Ac-
cordingly, the reduced simulation area was maintained and no other radio parameter
was modified.

3.3 Observed metrics

In order to study and evaluate the performance of 2-way-TOA and Passive TDOA
the following metrics are defined:

— Delay. It is the time that active and passive nodes require to obtain a RTT and a
TDOA sample, respectively. This time accounts for the delays introduced by the
medium access control (MAC) layer, but it does not include other delays such as
those associated with the operating system (e.g. multiple-process management).

— Number of collisions. It is the amount of collisions that each node is aware of, once
the simulation finishes.

The simulation is run until 2,500 samples for all observed metrics are collected. The
simulation time will thus depend on the specific scenario being simulated (e.g. accord-
ing to the amount of collisions).



4 Performance assessment

The average amount of collisions are shown in Fig. 8, as an illustration of how loaded
is the radio medium. As it is shown and indeed expected, the higher the active nodes,
the higher the collision number. The time until a RTT sample is taken (i.e. the RTT
delay) depends on the number of times a single frame needs to be transmitted until it is
properly received at the access point. Accordingly, the RTT delay is expected to grow
with the collision rate (i.e. with the amount of nodes in the network).

Fig. 9 illustrates the average delay until the node is able to estimate the RTT-related
metrics (i.e. RTT-MNGT and RTT-MAC). As expected, the RTT-MNGT delay grows
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Figure 8: Average amount of collisions
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together with the amount of active nodes in the network. The more positioning traffic
in the network the more likely the location frames collide. The delay increment can be
fitted by means of a linear regression, with a coefficient of determination of 98.96%.
The resulting expression indicates that each active node in the network involves an
increment of about 41 ms in the mean delay until an RTT-MNGT sample can be finally
taken.

The RTT-MAC delay is not impacted by most of the delays introduced by the
CSMA/CA chain, so the delays for this metric are much shorter. In this latter case, each
active node involves an increment of less than 2 ms to the RTT-MAC estimation pro-
cess. It must be noted that the actual RTT delay is expected to be in between of these
two set of measurements. Furthermore, the more active nodes, the more error in the
time until a new RTT sample is taken, as shown in Fig. 10. Data in this figure shows
that, in the densest scenario (i.e. 25 active nodes), this error can reach up to 50% of the
time required to collect a new RTT sample.

Fig. 11 shows the mean time elapsed until TDOA is estimated, using the average
and the median estimators. This latter is included to filter some artifacts produced by
the way in which active and passive nodes are settled along the simulated scenario.
Results demonstrate that passive TDOA technique is much more insensitive to the
amount of active nodes in the network, if it is compared with the average delay required
by the 2-Way TOA algorithm. Interquartile range (i.e. the difference between the per-
centiles at 75% and 25%) is about 5-10°'4. This is because Passive TDOA nodes are
able to estimate TDOAs from several active nodes at the same time and hence they can
get enough samples before a single active node is able to estimate its own range to the
access point.
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Figure 10: Confidence interval at 95% for the mean delay (RTT) estimation
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5 Conclusion and future work

This paper presents a preliminary assessment on the scalability of two range time-
based solutions for positioning: 2-way TOF and passive TDOA. The INET framework
of the OMNeT++ even-driven network simulator has been enhanced to implement
those techniques, which have been assessed in a basic scenario implementing a single
IEEE 802.11 network with several static nodes. Results indicate that the use of the pas-
sive TDOA algorithm can boost the scalability of the active ranging algorithms, provid-
ing at the same observation much more stable than those achieved by means of the
traditional ranging.

Future work involves a more complete analysis of the scalability under non-static
conditions and larger simulation areas and eventually contrasting the results with real
measurements achieved by means of an already planned implementation of these tech-
niques on small portable devices such as Raspberry Pi.
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