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ABSTRACT 

 

When Wireless Sensor Networks (WSNs) are deployed 

in a railway tunnel environment, the available 

deployment positions and equipment size are restricted 

by regulations from the infrastructure owners in order to 

maintain the loading gauge. As we have discovered in the 

Aldwych tunnel [1], antennas mounted near to the tunnel 

wall worsens the path loss (PL) performance at 868MHz 

and 2.45GHz. However, no literature exists concerning 

the detailed effects of close to wall antenna mounting and 

its impact on wireless sensor deployment. Currently, 

2.4GHz is the preferred operating frequency, since it is 

employed by many of the existing commercially available 

low power wireless communication systems. In this paper, 

the Finite-Difference Time-Domain (FDTD) method [2] 

has been used to analytically explore the radiation 

patterns (RPs) of a 2.4GHz antenna mounted at different 

distances away from a tunnel wall constructed from 

different materials, i.e., cast iron, concrete and polythene. 

1. INTRODUCTION 

Changes in geometry, stress state and material 

deterioration are the major causes of damage in tunnels. 

In general, the damage is difficult to assess through 

conventional methods. Consequently, there has been a lot 

of recent work in the field regarding the use of Wireless 

Sensor Networks (WSNs) for this purpose. WSNs are 

becoming an increasingly common tool for monitoring 

and assessing the condition of aged civil infrastructure. 

The benefits of WSNs over wired networks include the 

ease of deployment and lower costs due to lack of wiring. 

However, in practice, the process of deploying WSNs 

presents a new set of challenges, such as choices of 

sensor nodes, power harvesting, network topology and its 

optimisation, data mining, security, radio propagation and 

development of common communication protocols for 

different systems as each deployment is strongly 

dependent on the individual application. These matters 

are further complicated by a lack of standards and a wide 

range of different wireless networking hardware and 

protocols. In addition, little is known about the radio 

propagation in particular environments. For example in a 

tunnel, factors such as transmit frequency, antenna 

position, tunnel diameter, building material and course 

[3-7] can in various ways affect the radio propagation. 

Even so, there are still many other factors, which need to 

be addressed. Here we present our investigation 

concerning wireless sensor deployment for a close-to-

wall scenario using the finite-different time-domain 

(FDTD) technique. 

The FDTD technique is one of the important 

simulation tools in the study of Electromagnetic 

propagation. Following the Perfectly Marched Layers 

(PMLs) proposed by Berenger [8], the absorbing 

boundary condition was extended to address a wide range 

of situations. With respect to dispersion which occurs in 

the FDTD method, there are generally two ways to 

minimize its effects. The first possibility is to use the 

Higher Order FDTD technique [9] while the second 

option is to decrease the size of the unit elements. Here 

we apply the latter to our problem, i.e., when one 

twentieth of the signal wavelength (λ ) in free space is 
used as the basic element dimension i.e., the unit cell 

size, good accuracy can be achieved in a FDTD 

simulation [10]. We will use this technique to investigate 

the close to wall antenna radiation pattern (RP) as a 

function of the distance to the wall ( d ) and of tunnel 

walls constructed from materials having different 

physical constants: relative permittivity (
rε ), relative 

permeability (
rµ ) and conductivity (σ ). To simplify the 

arguments, in our model, we assume that: (a) a point 

source is deployed on the surface of a flat wall. (b) 

reflections from other walls are not taken into 

considerations when conducting our RP calculations. 

The paper is organised as the follows. The Two-

Element Array Model is briefly introduced in Section 2. 

The 2D FDTD simulation setup is described in Section 3. 

In Section 4, the validation of the simulation results is 

revealed and deployment recommendations are made. 

Finally, Section 5 draws our conclusions. 

2. TWO-ELEMENT ARRAY MODEL 

When two identical point sources (S1 and S2) in the 

horizontal plane synchronously propagate radio waves, a 

Two-Element Array is formed as shown in Figure 1. 

Consequently, in the far field (i.e.,
21 rrr ≈≈  
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and
21 φφφ ≈≈ ), the Array Factor (AF) described in 

[11, 12] can be expressed as: 
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π
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D
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where φ  is the azimuth angle, D  is the spacing between 
the two antennas, where dD 2= , and θ is the phase 
difference between the currents driving the antenna 

elements. 

 

Figure 1: Geometry of the Two-Element Array Model 

As we can realise, the AF configuration is equivalent to 

the scenario when a point source is placed in front of a 

metal wall (along the direction of y in Figure 1), where 

ideally the metal acts as a perfect reflector to the point 

source. In other words, the wave reflected by the wall can 

be considered as emitted by the image antenna. Therefore 

in this situation it is appropriate to set 0180=θ . Although 

the Two-Element Array Model gives us some basic 

understanding of the form of the RPs yielded in our 

investigation, it does not provide us with the additional 

flexibility to cope with different wall materials, which can 

be represented as a set of physical constants ),,( σµε rr
 

for each material. 

3. FDTD SIMULATION SETUP 

As we have found in [13], for a simple structured FDTD 

model, e.g., the free space model and the plane earth 

model, we can always use the Modified 2D FDTD 

simulation instead of a full 3D simulation, provided 

appropriate correction factors are applied. For the 2D 

FDTD model in this paper, we use the TM mode, which 

contains the field components (Ez,Hx,Hy) described in 

[14]. In the tunnel deployment, this corresponds to 

positioning a vertical antenna in parallel with and close to 

the wall and perpendicular to the rails. Within the 

problem space, we assign the appropriate values of 

),,( σµε rr
 to the corresponding unit cells to represent 

walls made of cast iron )1020,0.1,0.1( 3×=== σµε rr
, 

concrete )15.0,0.1,0.7( === σµε rr
, which are the main 

lining materials in tunnels or polythene 

)1045.1,0.1,0.3( 3−×=== σµε rr
. The remaining unit 

cells in the problem space are assigned as 

air )0,0.1,0.1( === σµε rr
. The simulation boundary is 

terminated by the PMLs. The point source is placed at the 

positions of interest, i.e., at various spacings from the 

wall, propagating a sinusoidal signal of frequency 

2.40GHz (i.e., λ =12.5cm). After executing the FDTD 
iterations for a number of time steps until the steady state 

is reached, signal strength samples are collected. By 

comparing with the 2D FDTD free space simulation 

results under the same FDTD parameters, the RP is 

plotted. 

Figure 2: Radiation Patterns at 2.4GHz 

4. SIMULATION RESULTS AND ANALYSIS 

Owing to the deployment issues, the feasible values of   

d are less than a few 10s of cm. In our simulations the 

point source is positioned at 7 different distances away 

from the wall, specifically 0.6cm
1
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Figure 2 shows the RPs plotted in the spatial domain 

(azimuth) for each of the cases described previously, 

where the dark blue colour represents low radiation gain 

and the red colour represents high radiation gain. The left 
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                   (d)                                                                        (f)                                                                  (g) 

 

                         (a)                                                                             (b)                                                                     (c) 

 

Figure 3. Radiation Patterns at 2.4GHz 
 

different materials terminated. As we can observe from 

the plots, the RP changes dramatically as the ratio of d  

to λ  is varied. Essentially, we do not want to locate the 
sensor too close to the wall, since from the 1

st
 column in 

Figure 2, it can be seen that most of the power is directed 

toward the opposite wall, which will give poor 

communication to other sensor nodes mounted along the 

tunnel. For each of the materials shown in the rows in 

Figure 2, the RP tends to spread wider and wider as the 

spacing increases from
1

25
λ  up to

1

4
λ . However when 

the distance is further increased, the RP splits initially 

into two lobes and then more lobes as d  is increased 

further. Between these lobes, we have zones of low gain. 

Looking at the 4
th
, 5

th
, and 6

th
 columns of Figure 2, 

concrete and polythene walls exhibit less deep nulls than 

cast iron in the RPs however they have a reduced gain 

overall owing to energy absorption. 

In Figure 3, the RPs are presented in the form of polar 

plots (in dB). It can be seen that the Two-Element Array 

solution of Eqn. (1) shows a good fit with the cast iron 

wall FDTD simulation results while at the same time, the 

RPs for concrete and polythene walls are also compared. 

Inside each figure, we define the direction from the center 

to 0 degree as the normal to the wall and the wall is 

located in line with -90 degrees and 90 degrees. Based on 

our findings, when the distance is further away from the 

wall regardless of its material, the maximum gain is 

increased. Again we need to ensure that intrusion into the 

tunnel is minimized while maintaining an acceptable RP.  

For general wireless communication purposes, at an 

operating frequency of 2.4GHz, an antenna separation 

from the wall of at least 2~3cm is recommended. 

A tunnel is a special radio propagation environment in 

the sense that is a largely linear arrangement. In order to 

maximize the wireless communication range, we in 

general prefer that the main power lobes point along the 

tunnel course, which ensures that power is transmitted up 

and down the tunnel rather than bouncing between walls. 

We see that this can be achieved by using a spacing of 

6.25cm
1

2
λ 

 
 

 as shown in the 4
th
 column in Figure 2 or 

Figure 3(d). 

A further preliminary investigation has shown that, by 

placing a dielectric material in front of cast iron wall, the 

RP performance can be improved. As an example, we 
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                     (a)       (b)              (c) 

                Figure 5: RP Frequency Sensitivity: (a). d = 3.125cm (b). d = 6.25cm (c). d = 25cm 

added a polythene slab of 6cm in width and 1cm in 

thickness as illustrated in Figure 4(a). For comparison, 

we show Figure 4(b) and (c) which corresponding to the 

3
rd
 and 4

th
 column of the Cast Iron scenario in Figure 2. 

As we can observe, Figure 4(d) directs more energy along 

the tunnel wall than does the arrangement without the 

dielectric shown in Figure 4(b). Meanwhile it also has a 

less deep null in the direction (0 degree) normal to the 

wall and has a smaller spacing from the wall than that of 

Figure 4(c). Figure 4(e) illustrates the polar plots of the 

corresponding RPs. 

 

Figure 4: Radiation Pattern Improvement by Adding Dielectric 

Slab 

In practice, the motes operate in the ISM band between 

2.405GHz and 2.480GHz. We have also undertaken a set 

of simulations to determine the stability of the RPs over 

the specified ISM frequency band.  From the results 

shown in Figure 5, it can be seen that the RPs are 

reasonably stable, particularly for the practically 

important close to wall spacings. The largest variation is 

observed at 0 degrees for the large antenna spacing 

shown in Figure 5(c). 

5. CONCLUSIONS 

In this paper, we have discussed the scenario when an 

antenna is deployed close to a wall. By simply altering 

the separation distance we have seen that the RPs have 

dramatically different shapes. Accordingly, we have 

proposed suitable antenna spacings and a potential design 

that achieves RPs with suitable directional properties. 

The construction material affects the overall radiated 

power since non-metallic materials can absorb significant 

power. 

In order to improve our simulation results from the 2D 

FDTD method, we can use finer resolution to represent 

the size of a unit cell, e.g., one fortieth of λ  instead of 
one twentieth ofλ . Also according to the definition from 
the two-element array model, the RPs are calculated via 

the points of interest in the far field. Here in our 

simulation model, the RPs are obtained at 20λ  distance 
from the source. Thus we can increase this distance to 

improve the approximation as indicated in Figure 1. 

However, both come at the cost of higher computational 

power in terms of CPU execution time and memory 

usage. 
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