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1 Introduction
In RAN4 meeting #75, we provided a channel model for the leaky cable [1] but no agreement was reached. In this contribution, we will further discuss it based on the published reports of channel measurement. Firstly, we will provide the detailed information on the widely used leaky cable for tunnel coverage. Secondly, we will summarize the measurements results according to the related literature. Thirdly, we will provide the channel models for leaky cable. Finally we will provide the detailed analysis for the scenario using the leaky cable based on the proposed channel model.  
2 Characteristic of leaky cable
In [2~4], the theories and analyses for leaky cable, which is also named as leaky feeder, were provided. There are mainly two types of leaky cable, i.e., coupling mode leaky cable and radiated-mode leaky cable. And according to our knowledge, the most widely used one is called radiated-mode leaky coaxial cable, which is a coaxial cable with the slot cut along it periodically. In Figure 1, the examples of radiated-mode leaky coaxial cable are provided. The ways to cut the slot are different, which determine the frequency radiated from the cable. And the slots are cut in that way the clusters of the slots have the periodicity of P and the slots within one cluster have the periodicity of P1. The function of P1 is to suppress the higher order harmonics. Besides, the inclined slot cable can naturally suppress the radiation from the even order high harmonics of the electric field. 
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Figure 1: Examples of radiated-mode leaky coaxial cable (LCX for short): (a) cable with the vertical slots; (b) cable with the inclined slots [2]
There are several important characteristics of leaky cable [2,3]. In Table 1 we summarize some of the important characteristics of leaky cable. As we can see that the periodicity of slot determines the propagation angle. As mentioned above, the slot cutting way can reduce the harmful harmonic to make the coupling loss stable along the cable, namely the power level of the received signal along the cable almost unchanged given a certain distance from the cable and neglecting the attenuation loss in the cable.
Table 1: Summary of Characteristics of leaky cable

	Characteristics
	Notes

	Propagation angle
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where φis the propagation angle, εr is the relative permittivity of the dielectric material, λ is the wave length and P is the periodicity of cluster of slots

	Supported frequency range
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where c is the velocity of light in the free space, f is the frequency. 

	Coupling loss (Electric field)
	Almost keeping constant level at a given distance from the cable


In practice, when we usually adjust the parameters of the leaky cable to make the propagation angle perpendicular to the tack as much as possible to provide good coverage and at same time reduce the Doppler shift. In Figure 2, we provide the typical deployment of leaky cable in the tunnel, where we make the propagation angle perpendicular to the tracks. We assume that there is no amplifier along the leaky cable. The received power level will decrease with the increasing distance from the signal source (as shown in the left end of the leaky cable) due to the attenuation loss along the cable. And the propagation delay of the first path will decrease when the train approaches the signal source.
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(a) Propagation angle []
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(b) Typical deployment scenario

Figure 2: Propagation angle and Typical deployment scenario

3 Summary of measurement results
In the literature, both large scale path loss/shadowing and small scale fading were investigated. We firstly briefly summarize the large scale path loss for leaky cable in tunnel and secondly focus on the small scale model.
3.1  Large scale path loss
The large scale path loss of leaky cable in tunnel can be calculated as follows [5]
Pr = Pt – αZ – Lc – Lv – Lb – 10nlg(D),

where 

Pr 
received power

Pt
transmitted power;

Z
distance along the cable to the point nearest the receiver

α
attenuation per unit length of the cable

Lc
coupling loss referenced to 1-m radial distance from the cable

Lv
variability in coupling loss;

Lb
loss factor due to blockage;

D
distance between the cable and the receiver;

n
loss exponent

According to the study [6], the better coverage can be provided by the leaky cable than in the free space, thanks to the smaller attenuation long the cable.
3.2 Small scale fading
When we study the small scale fading, we should determine the power delay profile, Doppler shift and Doppler power spectrum. The power delay profile includes the excess delay spread, the number of taps, and the power of each tap. In literature, there are a number of studies on PDP, while unfortunately few studies were reported for Doppler shift and Doppler spectrum.

3.2.1  PDP

3.2.1.1 Delay spread
In Figure 3, we re-present the measurement results from different papers. In Table 2, we summarize the delay spreads according to those papers. According to the results, we would like to propose the single tap channel model to simplify the simulation and potential test effort.
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(a) PDP measurement in [3]: Leaky cable in tunnel 1.8GHz
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(b) PDP measurement in [5]: Leaky cable in corridor with doors at the two ends and with glass walls 2GHz, the two taps at around 320ns are due to the reflection from the doors
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(c) PDP measurement in [7]: Leaky cable in Tunnel 2.145GHz (as shown by LF3 VP curve); the conclusion of the paper is that the RMS delay spread values are mainly below 50ns in the tunnels
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(d) PDP measurement in [8]: Leaky cable in Tunnel 100MHz ~2.4GHz
Figure 3: Some measurement results for the scenario of leaky cable in tunnel

Table 2: Summary of PDP characteristics of the measurement results
	Measurement
	RMS Delay spread
	Max excess Delay @-20dB
	Max excess Delay @-40dB

	
	
	
	

	Reference [3]
	--
	<25ns
	<100ns

	Reference [5]
	57ns
	<115ns
	--

	Reference [7]
	<50ns
	<100ns
	--

	Reference [8] @2.4GHz
	20.21~96.19ns
	--
	--


Based on the measurement results, we can observe that the maximum excess delay would be less than around 100ns in most cases. The reason would be that the size of tunnel is relatively small compared to the distribution of scatters in the open space scenario. And the propagation direction is almost perpendicular to the tracks, which could limit AOA and DOA of the radio transmission. And usually the leaky cable is placed almost at the same height as the window of the train. As a result, the train is in-between the leaky cable and the wall on the other side, and the train block the transmission of the signal from the leaky cable to the wall on the other side and then reflecting back, which could further reduce the delay spread.
· Observation 1: It is observed from the measurement results that the maximum excess delay for the scenario of leaky cable in tunnel would be approximately less than 100ns and the RMS delay spread is around 50ns.
3.2.1.2 Power level per tap
In Figure 4, we provide the measurement results of the typical received power level variation of electric field at the given distance from the cable. As discussed above, the received signal power level directly from the cable is almost constant. As reported in [3], the signal is very flat with 1 to 2 dB small fluctuations within the cable length. 
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Figure 4: Electric field variation with distance: the cable length is about 50meter, 1.8GHz[9]
In Figure 5, we re-present the measurement results of the received signal for the scenario of leaky cable in tunnel [9]. The deployment scenario is almost the same as given in Figure 2, where the cable is mounted in the wall and the receiver antenna is on the train. As we can observe, the fluctuation of the received signal level with the dipole antenna (Omni-directional antenna in azimuth) is relatively larger than that with the directional antenna. Although the test is conducted on 414MHz, we believed that the same phenomenon could be observed for 2GHz bands. And there is no deep fading point observed, which approaches zero. Combined with the measurement results in Figure 3 (a) and (b), we clearly observe the LOS path in the channel response for the scenario of the leaky cable in tunnel. 
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Figure 5: Received signal level with the omni-direction receiving antenna and the directional receiving antenna
In [10, 11], the Rician distribution is proposed to use for tunnel or indoor channel model, especially for the first path. In [12] and TS25.104, the Rician channel model with K=-10dB was proposed and specified for leaky cable channel model. So we think that the Rician distribution can be used for at least first path of the channel model of leaky cable in tunnel.   
· Observation 2: The line-of-sight (LOS) path is observed in the channel for leaky cable in tunnel, and the Rician distribution would be feasible to model it.
3.2.1.3 Doppler shift and Doppler spread
As shown in Figure 2, the propagation angle is almost perpendicular to the moving direction of the train. So the Doppler shift is approximately zero.
· Observation 3: The Doppler shift is approximately zero for the typical leaky cable channel model in tunnel.

For Doppler spread, unfortunately we cannot find the report for it. But according to theory in [13, 14], the Doppler spectrum can be expressed as the product of the probability density functions of the angles of arrival scattered waves arriving at the receiver and the antenna beam pattern, and the narrow Doppler spectra are due to narrow angular ranges both in the azimuth and elevation planes. Since the propagation of signal for leaky cable is highly directional as shown in [3] and the geometry of tunnel where the walls is located at the sides of the train and the reflection dominates, the Doppler spread is expected to be small. And as shown in Figure 5[9], we observe the periodicity of the occurrence of valley, which corresponds to a correlation time (I guess around 30Hz assuming 200km/h velocity). 
· Observation 4: The Doppler spread is small for the typical leaky cable channel model in tunnel, i.e., the Doppler spectrum is expected to be narrow.
4 Channel model for leaky cable in tunnel
Based on the published reports summarized above, we propose the following channel mode for leaky cable in tunnel:
· Proposal 1: The following time delay line (TDL) model is proposed for the leaky cable in tunnel:
· Option 1: 
	Tap index
	Excess tap delay (ns)
	Relative power (dB)
	Distribution of amplitude per tap
	Doppler spectrum

	1
	0
	0
	Rician, K=10dB
	RICE, K=10dB, fshift=0, fmax= 30Hz 


· Option 2:
	Tap index
	Excess tap delay (ns)
	Relative power (dB)
	Distribution of amplitude per tap
	Doppler spectrum

	1
	0
	0.0
	Rician, K=10dB
	RICE, K=10dB, fshift=0, fmax = 30Hz 

	2
	30
	-16.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	3
	70
	-17.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	4
	90
	-18.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	5
	110
	-23.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz


4.1.1 Option 1: Single tap channel model
Based on the measurement results, it is shown that the maximum excess delay is around 100ns (observed at -20dB assuming 0dB for the first tap). Since the sampling interval for LTE is Ts=32.55ns, 100ns is translated into 3Ts and if 10MHz is configured, the receiver may not differentiate the multiple taps. Given that observation and in order to simplify the evaluation, we have the first option, i.e., model the channel by using the single tap model.

As discussed above, the typical propagation angle of leaky is almost perpendicular to the tracks. Thus the Doppler shift is proposed to be zero. And based on the analysis of the measurement results provided in Figure 5 [9], we propose that the maximum Doppler spread could be set as 30Hz, and also it would be reasonable to assume RICE Doppler spectrum without loss of generality. In our understanding, the Doppler spread might be caused by the shake of the passenger car or boxcar from side to side. The RICE Doppler spectrum [10] is given by
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where ρ2 and σ2 are power of the dominant LOS component and the reflecting or scattering components, and fmax is the maximum Doppler spread and fshift is the Doppler shift. K is the ratio of ρ2 and σ2.
4.1.2 Option 2: Multi-tap channel model

If we want the more accurate model, one pragmatic solution is to follow the channel model designed for Relay backhaul test, i.e., delay profile named LOS between eNB and delay, where the fading path power is 20dB or 10dB lower than the first dominant non-fading path. Here to some extent, we modify the existing channel model specified in Table A.1.1-2 TS36.116 with three changes as follows:

· Change the Doppler spread from 2Hz to 30Hz to match the high speed train scenario.
· Change the first dominant path from the non-fading to Rician distributed path.

· Change the Tap power to make the power of non-fading dominant component K times of the total power of the all the fading components, where K=10dB.
If we calculate the delay spread r.m.s of the proposed Option 2, we can get that the r.m.s of Delay spread is about 29.2ns and the maximum excess delay is 110ns, which are close to the measurement results shown above.
5 Scenarios of leaky cable in tunnel
5.1.1 Some typical scenarios
In Figure 6, we provide a number of scenarios for leaky cable in tunnel. In Figure 6 (a) and Figure 6 (b), we provide the scenarios where the train leaves or enters the tunnel. In that scenario, the BS outside the tunnel can provide the coverage. According to [18], if the carrier frequency is high enough to make the wavelengths become much smaller than the transverse dimensions of the tunnel, the tunnel behaves as an oversized waveguide, which means the propagation loss in tunnel would be smaller than in the open space and then the eNB outside the tunnel entrance can guarantee the handover performance. 
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Figure 6: Different deployment scenarios, (a) The train leaves the tunnel; (b) The train enters the tunnel; (c) Long tunnel with multiple leaky cables for coverage  
In Figure 6 (c), we provide the scenario where the tunnel is very long such that one leaky cable cannot cover the whole tunnel and the multiple pieces of leaky cable will be deployed. And one cell ID will be shared by them. The relative delay will change with the train moving along the track, which is the same as in the normal macro cell scenario. One observation is that the relative delay as well as the phase of the received signal will jump on the boundary between two leaky cables. 
Assuming the length of one piece of cable is 400meter and the wave velocity in the cable is reported to be 88% of that in free space, then we can calculate the relative delay will be jump from 1.5μs to 0 or from 0 to 1.5μs. And there would be also phase jump. The relative delay jump is the challenge for UE time tracking, and the phase jump is harmful for the channel estimation via inter-subframe interpolation. But both of them do not happen frequently, e.g., every 4s assuming 400 meters cable and 350km/h velocity, and thus they may have less impact on entire performance. And if we put requirements for the phase jump scenario, then we may limit the usage of inter-subframe interpolation for channel estimation, which will improve the demodulation performance requirements.
· Observation 5: In the long tunnel where multiple pieces of leaky cables are used, there would be the jumps of the relative delay and the received signal phase, which would be challenges to time tracking and channel estimation. But the jumps do not happen frequently.
· Proposal 2: To simplify the channel model, we propose not to model the varying relative delay and the jumps of relative delay and the received signal phase. 
5.1.2 Support of MIMO
In order to support MIMO, one solution is to use two (or more) parallel leaky cables with each cable corresponding to one CRS port (or antenna port). And the other novel solution was also proposed in [15], but according to our analysis there would be some deployment issue to practically use this technique.
And the good spatial correlation can be achieved by placing parallel leaky cables multiple wavelengths from each other. And in [15] we can also observe the good spatial conditions to support MIMO.
Without loss of generality we propose to use the static MIMO channel specified in Annex B TS36.101 for the non-fading component and the low correlation matrix for the fading components for the evaluation.

· Proposal 3: use the low correlation matrix for the fading components, and the static MIMO channel matrix for the non-fading component, i.e., 
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for the channel model leaky cable in tunnel.
6 Conclusions
In this contribution, we discuss the channel model for the leaky cable in tunnel and we have the following observations:
· Observation 1: It is observed from the measurement results that the maximum excess delay for the scenario of leaky cable in tunnel would be approximately less than 100ns and the RMS delay spread is around 50ns.

· Observation 2: The line-of-sight (LOS) path is observed in the channel for leaky cable in tunnel, and the Rician distribution would be feasible to model it.

· Observation 3: The Doppler shift is approximately zero for the typical leaky cable channel model in tunnel.

· Observation 4: The Doppler spread is small for the typical leaky cable channel model in tunnel, i.e., the Doppler spectrum is expected to be narrow.

· Observation 5: In the long tunnel where multiple pieces of leaky cables are used, there would be the jumps of the relative delay and the received signal phase, which would be challenges to time tracking and channel estimation. But the jumps do not happen frequently.

Based on the information collected from papers and the observations above, we propose that
· Proposal 1: The following time delay line (TDL) model is proposed for the leaky cable in tunnel:
· Option 1: 
	Tap index
	Excess tap delay (ns)
	Relative power (dB)
	Distribution of amplitude per tap
	Doppler spectrum

	1
	0
	0
	Rician, K=10dB
	RICE, K=10dB, fshift=0, fmax= 30Hz 


· Option 2:
	Tap index
	Excess tap delay (ns)
	Relative power (dB)
	Distribution of amplitude per tap
	Doppler spectrum

	1
	0
	0.0
	Rician, K=10dB
	RICE, K=10dB, fshift=0, fmax = 30Hz 

	2
	30
	-16.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	3
	70
	-17.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	4
	90
	-18.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz

	5
	110
	-23.1
	Rayleigh
	U-shape Doppler spectrum, fmax = 30Hz


· Proposal 2: To simplify the channel model, we propose not to model the varying relative delay and the jumps of relative delay and the received signal phase. 
· Proposal 3: use the low correlation matrix for the fading components, and the static MIMO channel matrix for the non-fading component, i.e., 
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for the channel model leaky cable in tunnel.
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