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Abstract-An increased number of vehicular applications and 
services requires accurate distance measurements. Due to specific 
properties of radio waves propagation, it may not be effective 
to use ranging systems designed for other environments inside 
tunnels. In this paper we analysed the characteristics of time 
of flight based ranging for in-tunnel applications. Based on our 
analysis, we designed a vehicle localization system showing that 
the time of flight approach is a suitable, accurate and cost 
effective solution for this purpose. We designed and validated 
our solution by performing real experiments in a tunnel located 
in Lugano, Switzerland. 

I. INTRODUCTION 

Numerous vehicular applications and services rely on know

ing distances between vehicles and surrounding infrastructure. 

Vehicle localization systems are one of the most common 

applications that are based on distance measurements. 

The most widely used technology for vehicle localization is 

Global Positioning System (GPS). However, GPS requires an 

unobstructed line of site to satellites which makes it impossible 

to use in obstructed areas such as tunnels and urban canyons. 

Wireless Sensors Networks (WSNs) have been widely ac

cepted as an alternative solution to GPS for vehicle localiza

tion: vehicles are equipped with radio transmitter/receiver and 

interact wirelessly with a network of nodes distributed along 

the roadside. Distance measurements and related localization 

parameters are derived from radio communication. 

Safety requirements inside tunnels are particularly important 

as accidents, such as a fire, will cause more damage due to 

difficult evacuation. WSNs are ideal for such critical environ

ments as they can be used to monitor other environmental 

conditions like temperature and smoke [1]. 

This work addresses measuring distance, also known as 

ranging, using WSNs in road tunnels. Numerous works have 

shown that in road tunnels, due to tunnel shape, radio com

munications have significantly different properties than in free 

space and indoor environments [4], [10], [16]. 

We estimated in-tunnel performances of two of the most 

frequently used ranging techniques for WSNs: Received Signal 
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Strength (RSS) and Time of Flight (ToF). We performed 

all our experiments in a tunnel located between Vedeggio 

and Cassarate in Lugano, southern Switzerland. We mainly 

focused on the ToF approach due to its promising results, 

analysing the dependency of the ranging error on factors such 

as node position, distance between transmitter and receiver and 

measuring at different frequencies. We also derived statistical 

properties of ToF ranging error. 

Using the results of our analysis, we designed and evaluated 

a localization system to demonstrate a possible application of 

ToF based ranging in a tunnel. The results have shown that 

such a localisation system is not only accurate, but also cheap 

and scalable as few nodes are necessary even for long tunnels. 

Our analysis may be very useful to other researchers and 

engineers aiming to design applications for vehicle ranging 

and localization, especially considering that testing and mea

suring campaigns in a real road tunnel are quite complex to 

arrange (e.g., blocking traffic, sensor nodes installation, etc.). 

Moreover, the properties of ToF transmission may serve to 

design a model for ToF ranging simulation to be used for fast 

prototyping. 

The paper is organized as follows: Section II reviews the 

literature related to in-tunnel radio propagation and ToF based 

ranging. In Section III the hardware and the tunnel used for our 

experiments are described. In Section IV performances of RSS 

and ToF ranging techniques are compared. In Section V the 

ranging error is analysed. Section VI presents a localization 

algorithm based on the ToF ranging properties discussed in 

the previous sections. 

II. RELATED WORK 

In this Section a short overview of works related to ra

dio propagation in road tunnels is presented. Since most of 

our analysis concentrates on ToF ranging principle, a brief 

overview of state of art in this field is also provided. 
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A. Wireless Propagation in Tunnels 

The characteristics of wireless propagation in tunnels have 

been researched in numerous works covering mine tunnels [5] 

[9], subway tunnels [3] and road tunnels [4] [10] [16]. 

Generally, a tunnel behaves as a multimodal waveguide for 

wireless propagation. Attenuation is much lower compared 

to outdoor or other indoor environments. In smooth tunnels 

without obstacles path loss can be very close to zero. Com

munication distance between wireless devices is significantly 

increased, and so is the distance at which devices can interfere 

with each other. The tunnel can be divided into two zones. The 

zone near the transmitter is dominated by strong fluctuations 

of the signal power for small changes in position, while in the 

far zone, path loss increases linearly with distance rather than 

logarithmically as in the near zone and outdoor areas. The 

attenuation increases with the number and size of vehicles 

present in the tunnel. The presence of traffic will result in 

stronger signal fluctuations, especially close to the vehicles 

[19]. The propagation in a tunnel strongly depends on the 

used frequency [4]. 

Several localization systems have been created for under

ground mines, that typically consist of rooms connected with 

tunnels [2]. However, wireless propagation in road tunnels has 

significantly different properties than in mine tunnels. Mine 

tunnels are much more irregular. Their walls are not covered 

by smooth concrete and there are variations of the wall surface 

in order of one meter, which result in significantly increased 

attenuation and scattering [9]. 

Our analysis of related work indicates that using localization 

systems and algorithms designed for other environments may 

not be an optimal solution for road tunnels. This is due to very 

different properties of radio wave propagation in road tunnels 

than in free space, inside buildings, or in mine tunnels. 

B. Time of Flight based Ranging 

Using radio waves, distances can be determined either by 

measuring signal strengths at the receiver (RSS) or signal 

propagation times (i.e., ToF). ToF based ranging has seen 

a lot of attention in literature [15], [14], [18]. Propagation 

time of radio signals can be directly translated into distance 

by multiplying with their propagation speed. This approach 

requires extremely precise time synchronization and time 

measurements with an accuracy in the order of nanoseconds. 

A number of approaches exists to reduce requirements on 

either synchronization or time measurements precision. Two 

Way Time of Flight (TWToF) [6], is a variant of ToF measure

ment principle that relaxes the synchronization requirement 

for all devices in the system. In TWToF, the time of flight 

is obtained by subtracting processing time from the total time 

spent for sending and receiving a message between two nodes, 

and dividing the result by two. On the downside, distance can 

only be measured between one pair of nodes at a time, which 

increases the total number of messages exchanged. 

Multipath transmissions occur in indoor environments and 

negatively influence ToF ranging. Another source of error for 

ToF measurements is the time quantization [17], [8]. 

The most common use of radio based ranging is related 

to localization systems [7], [12]. Typically, localization tech

niques exploit radio signal propagation properties to determine 

the distances from the tag, the node whose position needs to 

be determined, to each of the several nodes with fixed and 

known position, called anchors. Collected distances are then 

combined to determine the tag position. 

III. EXPERIMENTAL ENV IRONMENT 

In this Section we briefly describe the hardware we used 

for the measurements as well as the tunnel environment where 

they were performed. 

Concerning the hardware, not all transceivers can be used 

for ToF based ranging. Exact measurement of frame reception 

and transmission timestamps are necessary, as well as the right 

type of modulation. We have chosen NXP JN5148, developed 

by Jennic [11]. It implements IEEE 802.15.4 standard, that 

uses direct sequence spread spectrum modulation, reducing the 

time quantization error. NXP JN5148 also provides a built

in dedicated hardware unit for precise packet detection and 

timestamp measurement and libraries for TWToF ranging. Un

fortunately, the ranging technique used by Jennic is proprietary 

and the libraries can not be customized. We have used the 

Jennic solution 'as is'. 

All the experiments have been performed in the tunnel 

named Vedeggio-Cassarate, located in Lugano, Switzerland. It 

has been recently constructed and at the time of experiments 

was not open to traffic. The tunnel is 2.6km long, mainly 

straight. It has two lanes, and a side-walk on each side. Safety 

bays are located at every 600m, and the emergency exits at 

every 300m. 

IV. CHANNEL SOUNDING 

We performed channel sounding to characterise the wireless 

channel in the tunnel. To this purpose, only two nodes were 

used: a stationary node on the side of the tunnel and a mobile 

node placed in the middle of one of the road lanes. The mobile 

node position was fixed during each measurement phase and 

then moved to another known location for a new measurement 

phase. The total distance of about lkm has been covered with 

no presence of other vehicles or obstacles. The measurements 

for RSS and ToF were taken at the same time, for the same 

packets. Their characteristics are reported in the following 

sections. 

A. Received Signal Strength 

RSS measurement capabilities are included with all WSN 

hardware which makes this technology cheap to use and 

readily available. 

For estimating distance based on RSS, we adopted the well

known approach based on the logarithmic path loss curve [13]. 

In order to estimate RSS localization accuracy, we calculated 

the logarithmic curve parameters as the best fitting curve on 

the measured data itself. Although this method is very simple 

and no optimizations have been used, it allowed us to roughly 
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Fig. 1. RSS measurements according to distance transmitter-receiver. 

estimate the possibility of using RSS based localization in the 

tunnel environment. 

Figure 1 shows the measured RSS with respect to distance 

between the stationary and the mobile node. We observed 

two zones: the near zone, up to 200m, with very strong 

fluctuations, and far zone, above 250m, with less frequent 

and less intensive fluctuations. In the near zone path loss is 

approximately logarithmic, while in the far zone it is linear, 

as can be seen in Figure 1, where a logarithmic curve has 

been fitted to data up to 250m, and a straight line to data 

above 250m. Our results are in accordance with the results 

from literature [4]. 

The first row of Table I shows RSS error depending on 

distance between transmitter and receiver. The RSS ranging 

error significantly increases with distance, due to the gradient 

of the logarithmic path loss curve decreasing with distance. 

The effect is amplified by the wave guiding effect of the tunnel, 

as the attenuation in tunnels is much smaller compared to 

outdoor or other indoor environments. 

B. Time of Flight 

Figure 2 shows the results of ToF channel sounding. The 

straight line shows the correct distance and the measured 

distance is shown by circles. In order to reduce the effects 

of position independent noise, we averaged 100 ToF measure

ments per tag position. In general, most of the measurements 

are very close to the reference position. Note that, for ToF 

measurements there is no significant influence of distance 

between transmitter and receiver on the ranging error. How

ever, some measurements still report a significant error that is 

always higher than the real distance transmitter-receiver. These 

outliers may be the result of a non line of sight condition 

between the transmitter and the receiver, caused by obstacles 

such as signs, emergency exits and safety bays. 

The last two rows of Table I show the mean absolute error 

for distance estimation with and without outliers. It is clear 

that the outliers are the main source of error for ToF ranging. 
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Fig. 2. ToF measurements according to distance transmitter-receiver. 

C. RSS and ToF Comparison 

Table I shows the direct error comparison for RSS and ToF 

based ranging. ToF based ranging, even in presence of the 

outliers, gives drastically better results. Note that, in this com

parison we considered the RSS and ToF mechanisms available 

with the Jennic nodes "as is", without applying any further 

optimizations. As the RSS measurement error significantly 

increases with distance, anchor nodes would have to be placed 

at about every 50m in order to obtain the vehicle position with 

sufficient precision using RSS. This would greatly increase the 

number of nodes necessary for long tunnels and might affect 

scalability of the system. 

On the other hand, ToF is very well suited for ranging in 

tunnels. Since the error does not strongly depend on distance 

transmitter-receiver, only few nodes may be necessary to have 

a high ranging accuracy. 

Due to its outstanding ranging performances with respect 

to RSS, in the rest of the paper we considered only the ToF 

approach. 

V. CHARACTERIZATION OF T IME OF FLIGHT RANGING 

In this Section, we analysed the dependency of ToF based 

ranging error on different environmental factors and its statis

tical properties. The goal of our analysis is to aid researchers 

and engineers in understanding the characteristics of in-tunnel 

ToF ranging so to better model and design systems based on 

this approach (e.g. localization systems). 

Experiments were performed by placing 10 anchor nodes, 

5 on each side of the tunnel, with the spacing of 300m over 

the whole tunnel length. Four of the nodes were placed in the 

safety bays. 

The tag was placed in a car, and its distance from the 

anchors was measured at every 50m while keeping the vehicle 

stopped. 

For a static node, the easiest way to reduce the error is 

time diversity, averaging samples over time. This method can 

also be applied to a moving node if the measurements are 

taken frequently enough with respect to the node speed. Time 
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TABLE I 
RSS AND ToF LOCALIZATION ERROR. 

Distance 0-100 

Mean Absolute Error RSS [m] 48.6 

Mean Absolute Error ToF [m] 5.5 

Mean Absolute Error ToF Without Outliers [m] 5.5 

diversity can only be used to reduce time dependent error. 

Firstly, we analysed the time dependent component of ToF 

ranging error. As our experiments were performed with no 

traffic, the quantisation error [17] was probably the main 

source of time dependent ranging error. 

Another component of ranging error is time independent: 

it is only influenced by the positions of tag and anchors as 

it is mainly caused by channel characteristics which strongly 

depend on the environment. This error component cannot be 

reduced by temporal diversity, instead we can reduce it by 

taking measurements at different position, or by changing the 

transmission frequency. 

We provided further details about the ranging error in 

following sections. To quantify the ranging error, we used 

its statistical properties: the standard deviation and the mean 

value. 

A. Time Dependent Error Component 

To analyse the time dependent error component we repeated 

the same measurement at a fixed vehicle position 10 times 

shorty after each other, and calculated the standard deviation 

of the measurements depending on the distance between nodes. 

Our experiments have shown that there is a small increase 

of error level with the distance between nodes, but the error 

stays well below 3m over the entire tunnel length, except for 

some outliers. Mean value of all variances, when all anchors 

are considered, is 2.05m. 

B. Ranging Error Dependency on Anchor Position 

We evaluated the time independent error component by 

comparing the measured distance and the real distance be

tween the tag and the anchors by using the following exper

iment: For each vehicle position, we measured the distance 

from each anchor at all 16 frequency channels provided by 

the lEE 802.15.4 standard. 

We grouped the measurement errors by the distance from 

tag to anchor into 300m intervals, then we computed the aver

age measurement error for each interval, using measurements 

with all available frequencies. 

We observed that for most anchors the error mean value 

was between Om and 5m for all tag positions and some 

other anchors had a significant mean value from 10 to 40m, 
again, regardless of the tag position. By looking at the anchor 

positions, we noticed that all of the anchors that had a high 

measurement error were placed at the safety bays. Moreover, 

the error mean value was always positive. These errors could 

be caused by the radio waves reflecting of the walls of the 

safety bay and resulting in multipath propagation. 

100-200 200-300 300-400 400-500 overall 

175.9 117.2 244.6 278.9 203.3 

67.7 32.8 5.7 3.8 31.2 

6.2 5.1 5.7 3.8 6.4 

25,-
------�------�------�------�_, 

-- only one frequency 

-- all 16 frequencies 

20 

Distance between tag and anchor 

Fig. 3. Ranging error variance depending on distance between tag and anchor. 

Our conclusion is that the anchor nodes should have the 

best possible line of sight with the tag, so to reduce to the 

minimum the multipath propagation. Thus, anchors should not 

be placed in the safety bays or close to them. For this reason, in 

the following, we did not consider the data related to anchors 

placed in safety bays. 

C. Ranging Error Dependency on Distance Tag-Anchor 

To analyse the error dependency on distance between tag 

and anchor, we used the same data from the experiment 

described above. We performed statistical analysis on distance 

intervals of 50m containing measurements from all anchors 

and frequencies. The error variance with distance is shown in 

dark in Figure 3. 

We can observe distinct peeks of error variance at multiples 

of 300m. This mainly happens when the vehicle is close to 

a safety bay. It could be caused by the same multipath effect 

that occurs if the anchor is placed close to the safety bay. 

D. Combining Measurements at Different Frequencies 

As discussed in Section II, combining measurements at 

different frequencies can significantly reduce the noise caused 

by multipath propagation [8]. To evaluate this reduction on the 

ToF ranging error, we calculated the distance tag-anchor for 

each anchor and vehicle position as the median of distances 

obtained from all 16 channels. We achieved the improvement 

of error variance from 6.26m when using only one channel, 

to 4.7m. 
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TABLE II 
STATISTICAL CHARACTERISTICS OF ToF RANGING ERROR. 

Time Dependent Time Independent 

excluding outliers outliers (p = 0.03) 

tt[m] 0 0 13.7 

arm] 2.05 6.26 31.9 

As can be seen in Figure 3, by combining measurements 

from different channels, not only the average error variance 

can be significantly reduced, but also the peaks at multiples 

of 300m that appear when the vehicle is close to safety bays. 

However, the outliers could not be eliminated completely, and 

at 300m distance there is still a significant error peak. 

E. Statistical Properties of Ranging Error 

In this Section we analysed the statistical properties of the 

outliers. We considered as outliers measurements that differ by 

more than 3 error standard deviations from the correct value. In 

our case, the outliers appear in 3% of all measurements, which 

is much higher than the 0.3% probability we would expect 

for a normally distributed random variable. The outliers are 

biased: in most cases, the measured distance is higher than the 

correct distance, which strengthens our previous assumption 

that the non line of sight propagation is the main cause of 

outliers. 

Table II summarizes the influence of time dependent and 

time independent noise component, as well as the effect of 

outliers. We further decomposed time independent noise into 

two components: noise in the absence of outliers, and another 

component for outliers only. 

Our analysis results in two main conclusions: 

• time independent error component is dominant with re

spect to time dependent component; 

• the outliers are the dominant source of measurement 

error. 

V I. LOCALIZATION SYSTEM 

As a case study to demonstrate the use of our analysis, 

we designed an in-tunnel localization system based on ToF 

ranging and tested it using the traces we collected in the tunnel. 

Regarding the anchor placement, the main conclusions from 

the previous Section are that the anchors should not be placed 

in or around the safety bays, and that a small number of 

anchors should be sufficient to cover the entire tunnel. In total, 

we have placed 6 anchors over the tunnel length of 2.6km. 

The anchor positions were similar to the ones used in Section 

V, except for the nodes placed in the safety bays that were 

not used. 

A. Localization Algorithm 

The goal of a localization algorithm is to combine the 

distances obtained in ranging phase in order to get the target 

position. The analysis in previous Section showed that the 

precision can be increased significantly if the algorithm is 

able to cope with the outliers, that are particularly pronounced 

initial X = Lateration( Distances); 
forall a in Anchors do 

if initialX > PositionsX[a] then 

Candidates [a] = AnchorsX[a] + Distances[a]; 
else 

Candidates [a] = AnchorsX[a] - Distances[a]; 
end 

end 

x = median(Candidates); 

Fig. 4. Localization Algorithm. 

when the vehicle is close to a safety bay (see Figure 3). 

Therefore, robustness in the presence of outliers is the main 

criterion the localization algorithm has to meet. 

We propose to use a localization algorithm that effectively 

copes with the outliers and is computationally extremely 

efficient. 

To make the algorithm computationally efficient, which is 

particularly important for resource constrained wireless nodes, 

we exploit specific shape of a tunnel. The majority of road 

tunnels can be represented as a one dimensional structure. 

Road tunnels generally do not contain forks and prevent 

the vehicles from going off road. The position component 

transversal to the lanes can be neglected because of the 

consistently small width of the tunnel. 

Resistance to outliers is achieved by using the median filter, 

as shown in the algorithm in Figure 4. Each of the anchors 

within the wireless range of the vehicle (Anchors) sends its 

own distance from the vehicle to the central location. Using 

the obtained set of distances (Distances), we first make a 

rough initial guess of the vehicle position (initiaIX). Note 

that only one coordinate of vehicle position is computed. We 

used the lateration algorithm for the initial guess but using any 

other less complex algorithm is also possible. For each anchor 

a we compute one candidate vehicle position as follows. 

The anchor position AnchorsX[a] and its reported distance 

from the vehicle Distances[a], yield two possible vehicle 

positions: AnchorsX[a] + Distances [a] and AnchorsX[a]
Distances[a]. We chose one of the two options which is closer 

to the initial guess and add it to the set of candidate positions, 

Candidates. Finally, the vehicle position x is computed as 

the median of all candidate positions. 

using frequency diversity could improve the results, as 

shown in Section V-D. 

B. Evaluation 

To evaluate the algorithms we used real traces collected 

during the experiments in the tunnel. As our main motiva

tion for designing a localization system is tracking vehicles 

transporting dangerous goods, the system accuracy is very 

important especially in an emergency scenario, for example 

when a vehicle would stop inside the tunnel due to an 

accident. Therefore we evaluated the algorithm performance 

for a stationary vehicle. As we know the position where the 
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TABLE III 
LOCALIZATION ERROR SUMMARY FOR A STATIONARY VEHICLE. 

Lateration Median 

Mean Absolute Error [m] 4.06 3.08 

Root Mean Square of Error [m] 5.36 3.54 

p(error> 10m) 0.103 0 

vehicle stops very accurately, we can give a precise evaluation 

of the proposed algorithm. 

Figure 5 shows the Cumulative Density function (CDF) 

of the localization error, for the median filter and lateration 

algorithm. Results obtained by using the lateration algorithm 

are shown for comparison. Table III shows some statistical 

properties of the proposed solution. It can be seen that the 

median filter provides highly superior performance. We believe 

this is due to its ability to cope with the outliers. The 

localization error is under 6m in all cases even with only 6 
nodes over the entire tunnel length. 

V II. CONCLUSION 

The main contribution of this paper is a detailed distance 

measurement characterization inside road tunnels concentra

ting on ToF measurement principle. 

We compared characteristics and performances of RSS 

and ToF ranging principles inside the road tunnel between 

Vedeggio and Cassarate in Lugano, Switzerland. We analysed 

the dependency of ToF ranging error on node positions and 

possibility to reduce the error by combining measurements 

from different channels. We provided statistical characteristics 

of ToF ranging error, based on which it could be possible 

to build a simulation model to use for design of localization 

algorithms and systems. 

We designed a complete system for in-tunnel based loca

lization and showed that such a system is feasible, accurate, 

and cheap to realize as only few nodes are necessary for high 

localization accuracy. 

Our future work will include in-tunnel ToF measurement 

characterization in presence of traffic. 
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