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Abstract

:

The subject of radio wave propagation in tunnels has gathered attention in recent years, mainly regarding the fading phenomena caused by internal reflections. Several methods have been suggested to describe the propagation inside a tunnel. This work is based on the ray tracing approach, which is useful for structures where the dimensions are orders of magnitude larger than the transmission wavelength. Using image theory, we utilized a multi-ray model to reveal non-dimensional parameters, enabling measurements in down-scaled experiments. We present the results of field experiments in a small concrete pedestrian tunnel with smooth walls for radio frequencies (RF) of 1, 2.4, and 10 GHz, as well as in a down-scaled model, for which millimeter waves (MMWs) were used, to demonstrate the roles of the frequency, polarization, tunnel dimensions, and dielectric properties on the wave propagation. The ray tracing method correlated well with the experimental results measured in the tunnel as well as in a scale model.






Keywords:


MMW; RF; ray tracing; tunnel; scale model












1. Introduction


Over recent decades, changes in lifestyle and frequent drives between cities have led to a large increase in roads for transportation and increased use of underground infrastructures, such as tunnels, mines, corridors, and other underground passways. People use this infrastructure during commutes in metro systems, trains, cars, and by walking. Due to security constraints and the constant demand for instant service, various agencies, such as telecommunications providers, search and rescue forces, and security forces, must cope with the challenge of providing service in an underground environment. There is ongoing research into radio waves in car and train tunnels and in mines. RF propagation in tunnels significantly differs as compared to above ground propagation. One reason for this is that, in tunnels, the far-field attenuation is generally lower than that of free-space [1,2,3]; therefore, researchers are working toward the understanding and the ability to precisely model the propagation of radio waves as a tool for improving communication and tracking systems. Experiments were performed in car and train tunnels as well as in curved tunnels [1,2,3]. In addition, measurements were taken in mines with rock dust, shotcrete [4] and underground galleries.



The prediction of wave propagation in an underground environment is troublesome due to the short wavelength relative to objects of different dimensions and shapes. The dimensions of rooms, the building materials, and the positions of various objects such as cars and trains, change, as well as people moving in the vicinity. To predict how an underground environment would affect wave propagation, some researchers have utilized scale models of tunnels in a lab environment to perform experiments that imitate real-world conditions [5,6]. Other works relied on results in the existing literature to confirm the models they developed [7]. Another approach involves using channel models for simulations, such as the waveguide model [8,9], two-slope model [10], ray tracing [11,12,13], and numerical solutions to Maxwell’s equations [14,15,16,17,18]. These models are suitable for empty tunnels with straight walls, making the propagation environment relatively simple and allowing it to be approximated to a waveguide.



The reported experiments were performed on various tunnels, and all but a few [4] were performed for large tunnels rather than pedestrian tunnels. The main differences between pedestrian and transport tunnels and mines are the dimensions and cross-sections, parameters that significantly impact the wave propagation [19,20] and electromagnetic properties [21]. Car and train tunnels are usually wide with low ceilings while pedestrian tunnels are narrow and have high ceilings. These differences affect the frequency and polarization of the transmitted waves. The majority of the theoretical and experimental research in predicting wave propagation concerns long distances and does not consider the transmitter’s close vicinity.



This paper is aimed at investigating the propagation of RF waves in relatively ‘narrow’ tunnels such as pedestrian walkways and corridors. The scenario becomes interesting for wireless communication links operating at Ultra High Frequency (UHF) or Super High Frequency (SHF), when the dimensions of the tunnel are not much larger than the wavelength. In addition, the paper demonstrates the use of scaled models for experimental radio wave propagation studies.



In this paper we report on the results of a field experiment performed in a pedestrian tunnel with a relatively small cross-section: a height of 1.85 m and width of 1 m. Measurements and simulations were performed for frequencies of 1, 2.4, and 10 GHz. In addition, a 1:10 scale model was built out of wood coated in Formica for testing frequencies of 10 and 94 GHz, which correspond to the scaled frequencies of the real experiment. We compared the field and scaled experiments to a modified simulation model based on ray tracing.



The experiments used directional antennas, contrary to other known models where the number of reflections is infinite [4,12] along the tunnel. In reality, the number of reflections is a function of distance and tunnel dimensions, its starting value of zero gradually increasing with the distance between antennas. We observed that every ray incident on the receiver had a significant impact when in close vicinity to the transmitter. Our results showed a correlation between theoretical and experimental results, which indicates that wave propagation in a tunnel environment can be realistically modeled by ray tracing. A good fit between the scale model experiments and the simulation demonstrates that scale models can be used to imitate real-world experiments in a laboratory environment.




2. Properties of Tunnels and Systems and Their Effect on Propagation


Radio wave propagation along a tunnel depends on the position, radiation pattern, and the emission polarization of the transmitting and receiving antenna [22,23,24]. The attenuation can be lowered by using a directional antenna with a suitable radiation pattern. While omnidirectional antennas do offer wider coverage for areas without line of sight (LOS) rays in a tunnel, their performance is surpassed by directional antennas in areas with LOS rays [19,25]. The optimal position of the transmitter is at the center of the cross section of the tunnel, while a transmitter positioned near the walls has the worst propagation properties [24,26].



In empty, straight, narrow, high, rectangular tunnels, as long as the dielectric constants of the side walls, ceiling, and floor are approximately equal, when the width of the tunnel is smaller than its height, vertically polarized waves are shown to be attenuated less than horizontally polarized waves [27]. When the width is greater than the height, the opposite is true [24,28]. This can be understood using modal expansion of the propagating field while considering the dimensions of the horizontal cross section [22]. The attenuation decreases when the dimensions are increased in relation to the wavelength. In addition, the reflection coefficients of the floor and ceiling are larger than that of the walls, which contributes an additional large factor of attenuation for vertically polarized electromagnetic waves [22]. In general, to achieve minimal attenuation in a rectangular tunnel, the polarization of the electric field must be coincident with the largest side-to-side dimension of the tunnel.




3. Scaling the Ray Tracing Model


The choice of wave propagation model largely depends on the type of tunnel and its dimensions. In our model we assumed a straight concrete rectangular tunnel with smooth walls. We employed the ray-tracing approach for simplicity of calculation and physical explanation for this kind of tunnel.



In ray tracing, the propagation of the signal depends on the number of rays arriving at the receiver location. This includes the LOS rays, reflected waves, diffracted waves, and scattered waves [12,29,30]. The received power    P r   (  T u n n e l  )   , normalized by the LOS link budget    P r   (  L O S  )    for a distance    P r   (  0 ,   0  )    between the transmitter and the receiver, is given by the following ratio [4]:


     P r   (  T u n n e l  )     P r   (  L O S  )    =    |    ∑   m = − ∞   + ∞     ∑   n = − ∞   + ∞    Γ   | m |     (   θ m   )   Γ   | n |     (   θ n   )    G  [  m , n  ]    G  [  0 ,   0  ]      R  [  0 ,   0  ]    R  [  m , n  ]     e  − j   2 π  λ   [  R  (  m , n  )  − R  (  0 ,   0  )   ]     |   2  ,  



(1)




where   λ = c / f   is the wavelength at wave frequency  f  (c is the light in a vacuum),  m  and  n  are indices of rays traveling and reflected from the walls, ceiling and floor of the tunnel,    R  (  m , n  )    is the path propagation length of the    (  m , n  )    ray, for which the corresponding antenna gain is   G  [  m , n  ]  =    G t   [  m , n  ]   G r   [  m , n  ]      (   G t   [  m , n  ]   , and    G r   [  m , n  ]    are the gains of the transmitting and receiving antennas, respectively).    θ m    and    θ n    are the incidence angles between the    (  m , n  )    ray and the corresponsive surface in the horizontal (ceiling or floor) and vertical (walls) dimensions respectively.   Γ  (   θ m   )    and   Γ  (   θ n   )      are the reflection coefficients from the surface for the  m  and  n  incident ray. The received power in the LOS path    (  m = 0 , n = 0  )    is given by the Friis formula:


   P r   (  L O S  )  =  G r   [  0 , 0  ]   (   λ  4 π R  (  0 ,   0  )     )   G t   [  0 ,   0  ]   P t  ,  



(2)




where    P t    is the transmitted power. Assuming that the transmitter and the receiver are both located at the center of the tunnel cross-section, the travelling range   R  [  m , n  ]    of ray    [  m , n  ]    along the tunnel is described by [31]


  R  [  m , n  ]  = R  [  0 ,   0  ]    1 +    [  m  W  R  [  0 ,   0  ]     ]   2  +    [  n  H  R  [  0 ,   0  ]     ]   2    ,  



(3)




where  W  and  H  are the width and height of the rectangular tunnel, respectively. Inspection of Equations (1) and (2) reveals a non-dimensional parameter   R  [  0 , 0  ]  / λ  , which can be used for scaling. Equation (3) describes the overall path length along which the    (  m , n  )    ray is traveling from the transmitting antenna until it arrives at the antenna of the receiver. Introducing this parameter into Equation (3) results in two additional scaling ratios   W / λ   and   H / λ  . We further show that by keeping these ratios, a scaling model of a long tunnel can be constructed demonstrating an identical link budget.



For all our examined cases, the tunnel surfaces were sufficiently smooth and their roughness depth  δ  satisfied the Rayleigh criterion   δ ≪ λ /  [  8 sin  ( θ )   ]   . This allowed the utilization of Fresnel equations for calculating the wall’s reflection coefficients   Γ  ( θ )    for the vertically or horizontally polarized ray [32]:


  Γ  ( θ )  =  {         ε r  sin  θ V  −    ε r  −   cos  2   θ V       ε r  sin  θ V  +    ε r  −   cos  2   θ V                        V e r t i c a l ,               sin  θ H  −    ε r  −   cos  2   θ H      sin  θ H  +    ε r  −   cos  2   θ H                        H o r i z o n t a l ,        



(4)




where    ε r    is the dielectric coefficient of the building material composing the wall. Using the ray optic simulation [33], the top and bottom ray illustrations of Figure 1 demonstrate the reflection from the side walls and ceiling/floor, respectively, for the case when   W < H .   When summed, the phase-shift between rays results in constructive and destructive interferences, causing power fluctuations along the tunnel.



In general, the model does not specify the total number of reflected rays playing roles in the link budget (1). When omni-directional antennas are used, there is, in principle, a large number of reflection paths between the transmitter and the receiver antennas. However, the high order rays are attenuated due to the multiple reflections, and their contribution to the overall link budget is negligible (as discussed in [31]). Employing directive antennas results in even a smaller number of contributing rays determined by the transmitting antenna beam width and by the field of view of the receiving antenna. In directive links, the number of rays can be evaluated via the beam-width of the antenna;    Θ v    in the vertical and    Θ h    in the horizontal dimensions according to:


  M = i n t [   R  (  0 ,   0  )   H  tan (    Θ  v      2  ) ] ,     V e r t i c a l ,  



(5)






  N = i n t [   R  (  0 ,   0  )   W  tan (    Θ  h      2  ) ] ,     H o r i z o n t a l .  



(6)







We note that the received power is a result of a coherent summation of the ensemble of rays arriving at the receiving antenna and collected by its aperture. This effect is considered via the antenna gain   G  [  m , n  ]    for each of the    (  m , n  )    propagating ray directions.



The study was performed in a 75 m pedestrian tunnel made of concrete, with height   H = 1.85   m   and width   W = 1   m  , as shown in Figure 2.



The received signal strength was measured along the tunnel at intervals of 25 cm between measurements. The measurements were performed for three frequencies: 1, 2.4, and 10 GHz, while 94 GHz was used in a 1/10th down-scaled model. Table 1 summarizes the parameters of the different experiments in UHF, SHF, and W-band regimes.



The graphs in Figure 3 show the results of link budget simulations along a tunnel with concrete walls for the three frequencies 1, 2.4, and 10 GHz. Since the dielectric permittivity    ε r    of concrete is spread between 6 and 8, depending on its ingredients and condition [34], a comparison was made between the expected results for different permittivity values. Figure 3 shows an almost identical expected performance.




4. Experiments in a Rectangular Pedestrian Tunnel


The experimental system is shown in Figure 4. It consists of a transmission system    T x    and a receiver    R x   . The transmitter was based on a 9 kHz–20 GHz analog signal generator (KEYSIGHT EXG N5173B), set for a continuous wave transmission with a Continuous Waveform (CW) power of 19 dBm, fed to a 1–18 GHz Broadband Horn Antenna (A-INFO JXTXLB-10180), with a gain of 4.97 dBi (at 1 GHz), 13.2 dBi (at 2.4 GHz) and 12.69 dBi (at 10 GHz). The A-INFO antenna cross-section is 244 × 164     mm  2   . This type of antenna was also used at the receiver site, which was connected to a spectrum analyzer for measuring the received signal power and frequency. Its high dynamic range and sensitivity allow measuring even very low level of received power, well below the minimum measured signal power, which was in the experiment −60 dBm. The    R x      antenna and the spectrum analyzer were placed on a mobile cart. The    T x      antenna was mounted on a tripod, as shown in Figure 4a.



Both the transmitting and receiving antennas were placed at the center of a tunnel cross-section, with smooth concrete walls and with a rectangular cross-section as shown in Figure 4b. The measurements were taken for the UHF and SHF bands, from 4 m between the antennas in order to fulfill far-field conditions and avoiding near-field measurements, ending at 45 m, with the receiver being moved in steps of   25   cm  . The position of the receiver antenna relative to the center of the tunnel was verified at every step to ensure the measurements were consistent.



A comparison between the simulation and the experimental results of wave propagation along the tunnel for the three frequencies is shown in Figure 5. The rest of the physical parameters, including the height, width, antenna location, and frequency, were identical to those of the experimental scenario. In the experiment, the Minimum Detectible Signal (MDS) power was set to −80 dBm. It was well above the minimum measured signal power which was −60 dBm. The graphs show that the simulations based on ray tracing had correlated well with the measured results for all three frequencies, which confirms that ray tracing is suitable for modeling radio wave propagation in tunnels in the UHF and SHF regimes. The measured signal power is a result of coherent summation of the ensemble of rays propagating from the transmitting horn and arriving at the receiving horn aperture. The spectrum analyzer shows the total resulted power collected by the receiving horn.



Inspection of the experimental measurements in Figure 5 reveals a good fit with the simulation results. The main discrepancy is due to the limited dynamic range of the receiver that cannot measure low power dips emerging when distractive interferences occur. Taking into account this limitation, the experimental results show that the link between the budget estimation with the ray-tracing model is also reliable for wireless communication links operating in narrow tunnels or corridors.




5. Scale Model Experiments in the SHF and the MMWs Regime


As field experiments in an underground tunnel often prove to be difficult, an experiment in a miniaturized environment in which physical properties are maintained is preferable. Scaling models have previously been shown to be useful for radio wave propagation in tunnels [5,6,13]. In our case, we used a subscale 1/10th tunnel model, as summarized in Table 2.



The system for the scaled experiments was based on the schematics presented in Figure 4b. For the W-band experiment at a frequency of 94 GHz, the transmitter    T x    consisted of a signal generator outputting a CW signal at a constant power of 17 dBm. The CW signal was fed to a standard W-band (75–110 GHz) horn antenna (QUINSTAR QGH-WPRR00), with cross-section of 25 × 20     mm  2    and gain of 24 dBi. The receiving system    R x    had a detector with an RF gain of 10 dB and a receiving antenna is the same as the transmitting one. For the X-band experiment at a frequency of 10 GHz, we used a homemade horn antenna with cross-section of 45 × 25     mm  2    and 10.8 dBi gain, at the transmitter. The receiving homemade horn antenna was of 15.7 dBi gain (cross-section of 55 × 50     mm  2   ). It was connected to the power detector sensor. The antenna data are summarized in Table 3.



For both W-band and X-band measurements, the antennas were attached to the same adjustable stands. The transmitter antenna remains stationary, while the receiving one was moved along a rail installed inside the scaled tunnel model, as shown in Figure 6b. The signal generator and the receiving system were both located outside of the tunnel model. The horn antennas collect all rays arriving at their aperture, and the power measured is a result of a coherent summation of all contributing rays. Knowing the antenna aperture, the corresponding gain is considered in the multi-ray simulation.



A sub-scale tunnel-like model was built. The scale model is presented in Figure 6. It represents a 1/10th down-scaled version of the real pedestrian tunnel and was constructed using 4.8 m plates made of Formica, with straight, smooth walls, and a rectangular shape with height   H = 0.2   m   and width   W = 0.1   m  . The sub-scaled ratio was chosen to fit the experimental setup in a lab environment, and the frequency was up-scaled corresponding with the dimensions of the tunnel by the same ratio. Although the electromagnetic properties of the real tunnel were not scaled exactly in the lab model, the impact of this mismatching proved to be negligible.



The transmitting and receiving antennas were placed at the center of the down-scaled tunnel cross-section. The measurements started at the respective far field at a distance between the antennas from 0.4 m up to 4.5 m. The receiving antenna was moved in steps of   2   cm   while carefully maintaining the antennas position relative to the walls.



As with the field experiments, the experiment was performed by measuring the power as a function of distance between the antennas inside the tunnel. Figure 7 shows a comparison between the simulation and the experiments for the normalized results of wave propagation for frequencies of 10 and 94 GHz.



The same dielectric pror4perties as in the field experiment were used in the simulations for both frequencies and of the scaled tunnel model in the laboratory. For this experiment, in addition to the measured power inside the tunnel, the power permeating through the walls of the tunnel laboratory model was also monitored. The transmitting and receiving antennas were placed inside the tunnel. For the 94 GHz experiment, the measured permeating power was negligible, while for 10 GHz some leakage was observed.



Figure 7 demonstrates a relatively good agreement between the measurement results and those obtained from the simulations. The main difference is revealed in the dips, and especially in the case of the received power at the W-band experiments, where the wavelengths is 3 mm. These discrepancies are explained due to the limited dynamic range and the sensitivity of the detection. Further, note that the received power was measured in discrete locations along the tunnel. Given these differences, the results demonstrate that link budget estimations using down scaled model are sufficiently reliable for practical scenarios.



The results obtained during the scaled experiments show that precise scale models, constructed to maintain the physical properties of the ratio of wavelength to tunnel dimensions, can be used to simulate and predict the wave propagation in tunnel environments. The results also show that simulations based on the ray tracing models correlated well with the field experiments and the scaled experiments.




6. Conclusions


Evaluation of the radio wave propagation in an underground tunnel environment is important for the appropriate design of wireless links and networks. We demonstrated that link budget estimation for UHF and SHF links can be performed using multi-ray simulations and verified this experimentally by using down-scaled structures.



In this paper, we have reported a series of experiments for measuring wave propagation in underground pedestrian tunnels as well as in a subscale laboratory model. We demonstrated that our simulations based on a modified ray tracing method were suitable for predicting the wave propagation in a tunnel for different frequencies and showed that a scale model in a laboratory environment can be a suitable replacement for field experiments.
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Figure 1. A two-dimensional illustration of ray tracing inside a tunnel from the (a) side walls, and (b) ceiling/floor reflections. 
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Figure 2. Straight tunnel with concrete walls of rectangular profile with a height of 1.85 m, width of 1 m (a) a schema, and (b) a real tunnel. 
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Figure 3. Simulations of the link budget along a pedestrian concrete tunnel considering different permittivity values for frequencies of (a) UHF 1 GHz, (b) UHF 2.4 GHz, and (c) SHF 10 GHz. 
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Figure 4. (a) Experimental setup in the tunnel, and (b) block diagram of experimental setup. 
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Figure 5. Normalized results of the field experiments and simulation as a function of distance in a rectangular tunnel for different frequencies of (a) UHF 1 GHz, (b) UHF 2.4 GHz, and (c) SHF 10 GHz. 
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Figure 6. Scale tunnel model built out of Formica of rectangular profile with a height of 0.2 m and width of 0.1 m (a) a schema, and (b) a real tunnel model. 
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Figure 7. Normalized results of the scale model experiments and simulation as a function of distance for frequencies of (a) SHF 10 GHz, and (b) MMW 94 GHz. 
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Table 1. Wave frequencies and respective scaling ratios.






Table 1. Wave frequencies and respective scaling ratios.





	Band
	UHF

Real Tunnel
	UHF

Real Tunnel
	SHF

Real Tunnel and Scaling for 1 GHz
	W-Band

Scaling for 10 GHz





	Frequency (GHz)
	1
	2.4
	10
	94



	Wavelength (cm)
	29.98
	12.49
	2.998
	3.19



	   W / λ   
	3.335
	8.006
	33.35
	313.5



	   H / λ   
	6.17
	14.81
	61.7
	579.9
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Table 2. Parameters of the real tunnel and its subscale model.






Table 2. Parameters of the real tunnel and its subscale model.





	
Band

	
UHFReal

Tunnel

	
SHF

Scaling for 1 GHz

	
SHF

Real Tunnel

	
W-Band

Scaling for 10 GHz






	
Frequency (GHz)

	
1

	
10

	
10

	
94




	
Wavelength (cm)

	
   λ = 29.98   

	
   λ / S = 2.998   

	
   λ = 2.998   

	
   λ / S = 3.19   




	
Width (m)

	
   W = 1   

	
   W / S = 0.1   

	
   W = 1   

	
   W / S = 0.1   




	
Height (m)

	
   H = 1.85   

	
   H / S ≈ 0.2   

	
   H = 1.85   

	
   H / S ≈ 0.2   




	
Antenna Aperture (deg)

	
    Θ v  ≅   70  o    

	
    Θ v  ≅   30  o    

	
    Θ v  ≅   70  o    

	
    Θ v  ≅   30  o    




	
    Θ h  ≅   30  o    

	
    Θ h  ≅  8 o    

	
    Θ h  ≅   30  o    

	
    Θ h  ≅  8 o    
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Table 3. Antennas used in the real tunnel experiments and their counterparts used in the respective scale models for frequencies of 1, 10, and 94 GHz.
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	Horn Antenna
	Frequency (GHz)
	Gain (dBi)
	H-Plane 3 dB Beamwidth (deg)
	E-Plane 3 dB Beamwidth (deg)





	A-INFO
	1
	4.97
	71
	70



	X-Band Gray
	10
	15.7
	33
	30.6



	X-Band Black
	10
	10.8
	61.2
	47.7



	A-INFO
	10
	12.69
	35
	33.4



	W-Band
	94
	24
	8.8
	8.2
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