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1 Introduction
In RAN4 meeting #75, the simulation assumptions on UE demodulation performance under the new identified scenarios were agreed [1]. But there were some remaining issues including the channel model for leaky cable. In another contribution, we provide the channel model for leaky cable based on the published reports of the measurement results in the literature.
In this contribution, we will first provide the simulation results based on the agreed simulation assumptions. It will be found that the legacy UE performance under SFN scenario will degrade significantly, especially for the higher order modulation scheme. In order to solve the issue, we provide two solutions: one is the UE based solution and the other is the BS based solution. The simulation results show the big gain can be achieved by both two solutions.
And in this contribution, we also provide the simulation results for the leaky cable scenarios based on the proposed channel model in [2].
2 SFN scenario
2.1 Simulation assumptions
The simulation assumptions are provided in [1]. There are two sets of simulations: link adaptation and fixed MCS. The simulation assumptions are as follows. According to the email discussion, we use the normalized the channel model.
Table 6.4.1-1: Simulation assumptions for UE demodulation performance evaluation under the new high speed train scenario (Link adaptation)
	Parameters
	Unit
	Values

	Bandwidth
	MHz
	10

	Duplex mode
	
	FDD

	MCS
	
	Link adaptation with OLLA

	Propagation condition and correlation matrix
	SFN
	
	Dynamic SFN channel as specified in 6.3.1: 

· Doppler shift, relative time delay and relative power change with time;

· Static channel matrix as defined in B.1 in 36.101;

· Velocity of train: 

· Option 1: 350km/h

· Option 2: 30km/h (75Hz)as baseline for performance comparison 

	
	Leaky cable
	
	Channel for leaky cable to repeater in Tunnel: FFS

	Antenna configuration
	
	2x2

	Transmission mode
	
	TM3

	Reference receiver
	
	MMSE-IRC

	Noise estimation
	
	Practical

	Time and frequency track
	
	Practical


Table 6.4.1-2: Simulation assumptions for UE demodulation performance evaluation under the new high speed train scenario (fixed MCS)
	Parameters
	Unit
	Values

	Bandwidth
	MHz
	10

	Duplex mode
	
	FDD

	MCS
	
	MCS#19 (R.35-4 FDD)

	Propagation condition and correlation matrix
	SFN
	
	Dynamic SFN channel: 

· Doppler shift, relative time delay and relative power change with time;

· Static channel matrix as defined in B.1 in 36.101;

· Velocity of train: 

· Option 1: 350km/h

· Option 2: 30km/h (75Hz)as baseline for performance comparison 

	
	Leaky cable
	
	Channel for leaky cable to repeater in Tunnel: FFS

	Antenna configuration
	
	2x2

	Transmission mode
	
	TM3

	Reference receiver
	
	MMSE-IRC

	Noise estimation
	
	Practical

	Time and frequency track
	
	Practical


2.2 Simulation results
2.2.1 Link adaptation with OLLA
In Figure 1 we provide the link adaptation simulation results. In Table 1, we provide the detailed descriptions on the reference receivers used for each curve. In order to cope with the SFN scenario with multiple Doppler shifts (mainly two Doppler shifts from the adjacent two RRHs serving the UE), we develop one kind of enhanced receiver, which we name as High Speed Scenario enhanced UE (HeUE for short). The differences between the HeUE and the legacy UE are

· HeUE is able to estimate the multiple Doppler shifts;
· HeUE is able to properly track the frequency assuming the existence of multiple Doppler shifts, e.g., using the strategy where UE tracks the stronger tap when the power of one tap is much stronger than the other and tracks the centre between two Doppler shifts when two taps are almost with the equal power;
· HeUE can conduct the proper interpolation for the channel estimation especially in time domain, e.g., conducting time-domain interpolation by using the Wiener filter assuming two Doppler shifts instead of U-shape Doppler spectrum and zero Doppler shift.
For the legacy UE, we assume that UE can only estimate/track the single Doppler shift and conduct the channel estimation assuming the single U-shape Doppler spectrum. One example UE implementation for frequency estimation is that UE first calculates the cross-correlation between the CRS REs on the subframe #0 and #4 and between subframe #7 and #11 to calculate the phase shifts along the same sub-carriers, then averages the phase shift across the frequency domain, and then divide the averaged phase shift by the time interval in-between to estimate the frequency shift. 
In Figure 1 it is observed that without enhanced Doppler frequency tracking algorithm the legacy UE performance significantly degrades, and could not support the higher averaged throughput when the train moves from one RRH to the other. But the HeUE can improve the downlink demodulation performance under the SFN scenario, and its performance is even better than the legacy UE performance under 30km/h scenario thanks to the channel estimation performance which matches the channel better.
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Figure 1: Link adaptation performance

Table 1: Reference receivers for link adaptation simulation
	Simulation case
	Reference receiver

	30km/h legacy UE
	Frequency tracking: UE capable tracking the single Doppler shift
Channel estimation: Wiener filter assuming U-shape Doppler spectrum, PDP estimation 

	350km/h HeUE
	Frequency tracking: UE capable tracking the multiple (two) Doppler shifts
Channel estimation: Wiener filter assuming two path channel with different Doppler shifts, PDP estimation

	350km/h legacy UE
	Frequency tracking: UE capable tracking the single Doppler shift

Channel estimation: Wiener filter assuming U-shape Doppler spectrum, PDP estimation


One reason of legacy UE performance degradation is due to the poor frequency tracking. In Figure 2 we plot the estimated Doppler shifts of the legacy UE and HeUE. It is observed that the frequency estimated by the legacy UE is inaccurate and seems to be random value when UE is in-between two RRHs. When UE approaches one RRH, one tap is much stronger than the other one and thus UE can relatively accurately estimate the Doppler shift of that tap. On the contrary, HeUE assumes the existence of two Doppler shifts and is able to utilize the enhanced spectrum estimation algorithms, like non-linear LS, MUSIC, high-order Yule-Walker etc., to accurately estimate the Doppler shifts.  
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(a) Doppler shift estimation of the legacy UE
[image: image3.png]1000R-

800

600

400

200

200

-400

600

-800

estimated frequency shift Tap1
real frequency shift Tap1
estimated frequency shift Tap2
real frequency shift Tap2

-1000e:

200 400 600 800 1000 1200 1400 1600 1800





(b) Doppler shift estimation of the HeUE

Figure 2: Doppler shift estimation performances: the legacy UE and the HeUE 

The other reason for the performance degradation of the legacy UE is because of channel estimation. The legacy UE will conduct the time-domain interpolation by assuming the single block Doppler spectrum, e.g., single U-shape spectrum, before doing the channel estimation filtering, UE will estimate the maximum of that Doppler spectrum. As we know, the U-shape Doppler spectrum corresponds to the time-domain correlation function with the format of Bessel function of the first kind, while the Doppler spectrum for SFN channel is two δ functions located at two different Doppler shifts (or two narrow spectrums located at the separate two Doppler shifts) which corresponds to the time-domain correlation function of the sum of two exponential functions. Thus the channel estimation filter coefficients are different between the legacy UE and HeUE, which also explains the better performance of HeUE at 350km/h over the legacy UE at 30km/h.
2.2.2 Fixed MCS
In Figure 3 we provide the fixed MCS simulation results. Here we use MCS#19, which corresponds to R.35-4 FDD in TS36.101, i.e., 64QAM 0.47. In Table 2 we provide the descriptions on the reference receiver for each curve.
We have the similar observation for the fixed MCS as for the link adaptation evaluation. The performance of legacy UE degrades significantly at 350km/h than at 30km/h and the supported averaged data rate drops. But with the HeUE the performance can be greatly improved and becomes even better than the legacy UE performance at 30km/h due to the better matched channel estimation filter. In the figure, we also compare the performance of HeUE to the receiver with the ideal channel estimation and full knowledge of Doppler shifts. The HeUE performance is very close to the ideal receiver performance under the SFN scenario.
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Figure 3: Fixed MCS performance

Table 2: Reference receivers for fixed MCS simulation

	Simulation case
	Reference receiver

	30km/h legacy UE
	Frequency tracking: UE capable tracking the single Doppler shift

Channel estimation: Wiener filter assuming U-shape Doppler spectrum, PDP estimation 

	350km/h HeUE
	Frequency tracking: UE capable tracking the multiple (two) Doppler shifts
Channel estimation: Wiener filter assuming two path channel with different Doppler shifts, PDP estimation

	350km/h legacy UE
	Frequency tracking: UE capable tracking the single Doppler shift

Channel estimation: Wiener filter assuming U-shape Doppler spectrum, PDP estimation

	350km/h ideal CH est
	Frequency tracking: Assuming that two Doppler shifts can be ideally estimated;

Channel estimation: Ideal channel estimation


2.2.3 Analysis on ICI
In Figure 1, we observe that when the SNR is higher than around 20dB the performance is poorer than the legacy UE performance at 30km/h and improves slowly with the increasing SNR. The reason may be due to the limitation of ICI. As we know if there is residual Doppler shift then there will be inter-carrier-interference (ICI).
The signal received at one receiver antenna port can be denoted by
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is modelled as a complex random variable with uniformly distributed phase, fd,p is the Doppler shift for the p-th path, and τp is the delay of the p-th path. And the Fourier transformation of the signal part of s(t) can be denoted as
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where Fd,p = fd,p/Δf, and the function G( ) is the FFT of rectangular function
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The received signal on the k-th sub-carrier is denoted by
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The desired received signal on the k-th sub-carrier and l-th OFDM symbol is xk. And the rest part of the first item in the above equation corresponds to the impact on the channel estimation of SFN scenario with position and negative Doppler shifts, while the second item of sum operation corresponds to ICI from the other sub-carrier to the target sub-carrier.
To simplify the analysis and without loss of generality, we assume the zero delay shifts for the two taps (one tap is due to the perfect time tracking and the other tap is assumed to be zero just for simplicity). The ICI can be reflected by the available SIR averaged across the time domain as follows. And we simplify the equation further by neglecting the cross multiplying items and assuming the equal power on each RE and the zero-correlation between REs.
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In Figure 4, we plot the ICI-s for different settings, where we assume that the first RRH has the Doppler shift of fd,0 and the second RRH has the Doppler shift of fd,1, and fd,0= - fd,1. It is observed that when the two paths have the similar power it would be beneficial to track the centre frequency in-between two Doppler shifts. And from the simulation results, we can observe that the available SIR is around 20dB. And considering that the received power in-between RRH is relatively small compared to the location close to the RRH and thus the performance would be primarily noise-limited instead of ICI-limited. We think that ICI is not bottleneck for the downlink performance in the SFN scenario.  
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Figure 4: ICI analysis

2.2.4 Summary of the simulation results for SFN
Based on the above simulation results for SFN, we can observe that
· Observation 1: Under the SFN scenario, the legacy UE with the frequency tracking assuming the single frequency shift and with the channel estimation assuming the single U-shape or block Doppler spectrum would suffer from the significant downlink performance loss, especially between the two RRHs.

· Observation 2: The performance loss would be mainly due to the incorrect frequency tracking and the channel estimation (time-domain interpolation). The ICI would not be the bottleneck for the downlink performance under SFN scenario.

· Observation 3: The performance can be improved by HeUE, which is capable of tracking the multiple Doppler shifts and conducting the time-domain interpolation for the channel estimation according to the Doppler spectrum matching the SFN scenario. 
2.3 Proposed solutions for SFN scenario
There are two solutions to improve the downlink performance for SFN scenario: one is based on UE and the other is based BS.
2.3.1 UE based solution
The UE based solution has been extensively introduced in the previous sessions. And the new algorithms for frequency tracking and the channel estimation should be conducted by the new UE. We call such UE as HeUE, which is characterized by
· HeUE assumes the existence of multiple Doppler shifts and is able to accurately estimate them by utilizing the enhanced estimation algorithms, 
· E.g., the non-linear LS, MUSIC, high-order Yule-Walker etc;
· HeUE is able to properly track the frequency to adjust its own oscillator to keep synchronization by assuming the existence of multiple Doppler shifts,

· E.g., using the strategy where UE tracks the stronger tap when the power of one tap is much stronger than the other and tracks the centre between two Doppler shifts when two taps are almost with the equal power;

· HeUE can conduct the proper interpolation for the channel estimation especially in time domain, 
· E.g., conducting time-domain interpolation by using the Wiener filter assuming two Doppler shifts instead of U-shape Doppler spectrum with the single Doppler shift.

The evaluation results are provided in the previous sessions.
2.3.2 BS based solution
The other solution is based on BS, which can estimate the downlink frequency by using the uplink signal, e.g., PUCCH for ACK/NACK transmission, and then compensate the downlink frequency per RRH before transmitting. One of BS solutions is based on CRS transmission mode, which means that the BS will add a Doppler shift per RRH on purpose for the whole downlink transmission on this RRH. When UE is located in-between two RRHs, UE will almost observe no Doppler shifts from different RRH by using this solution and the downlink performance can be improved without the impact on UE. We call this solution as BS frequency pre-compensation.
One question for this solution would be whether BS is capable of estimating the downlink frequency and compensating the Doppler shift before transmitting. Firstly, there is approximately fixed relation between the downlink Doppler shift and uplink Doppler shift given that the uplink and downlink are in the same frequency band and the propagation paths of one pair of RRH and UE for uplink and downlink are almost the same. Thus BS can calculate the downlink Doppler shift based on the uplink Doppler shift. Secondly, there is HST BS demodulation performance requirements since Rel-8, which require BS to estimate the time-varying uplink Doppler shift accurately, i.e, conducting proper AFC, and then to perform the good PUSCH demodulation. In that sense, we believe that BS is able to accurately estimate the uplink Doppler shift.
The second question for this solution would be whether the CRS based frequency pre-compensation can work for the UE observing different Doppler shift values since only one fixed frequency is adjusted per RRH. It is true that the UE located in front of the train will observe different Doppler shift trajectory compared UE located in the rear of the train. We provide one example in Figure 5, where the BS use one UE as the reference UE to determine the frequency to be adjusted before transmitting and the other UE which we will evaluation the performance is X meters away from the reference UE. We plot the remaining Doppler shifts for the evaluated UE.

From Figure 5, we can see that the Doppler shifts in-between two RRHs approach zero. The blue curve corresponds to RRH0 and red curve corresponds to RRH1, and the train moves from the left to the right. At point A, UE is close to RRH0 and is leaving RRH0 and moving to RRH1. Around point A, UE will see a very strong path from RRH0. Although the residual Doppler shifts from RRH0 and RRH1 are different, the path from RRH1 is much weaker and thus UE can always track RRH0 to achieve almost all the power from RRH0. At point B, RRH1 is the dominant path and so UE only need to track RRH1 although the RRH0 has the different Doppler shift. At both A and B, the channel is quite close to a single tap channel.
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Figure 5: Frequency pre-compensation: (a) Doppler shifts of target UE; (b) Doppler shifts of the reference UE; (c) Residual Doppler shifts at the target UE after frequency pre-compensation transmission, and blue curve corresponding to RRH0 and red curve corresponding to RRH1, and the train moves from the left to the right
In Figure 6, we provide the initial simulation results for this solution by using the BS frequency pre-compensation solution, where the UE is not HeUE but the legacy UE. It is observed that the BS solution can also improve the downlink performance. And for BS based solution, it is thought that the BS requirements to guarantee the frequency pre-compensation functionality should be introduced.
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Figure 6: Simulation results for BS based solution with legacy UE
3 Leaky cable in Tunnel
3.1 Simulation assumptions
The simulation assumptions are provided in []. There are two sets of simulations: link adaptation and fixed MCS. The simulation assumptions are as follows. According to the email discussion, we use the normalized the channel model. And the leaky cable channel model is provided in another contribution.
Table 6.4.1-1: Simulation assumptions for UE demodulation performance evaluation under the new high speed train scenario (Link adaptation)
	Parameters
	Unit
	Values

	Bandwidth
	MHz
	10

	Duplex mode
	
	FDD

	MCS
	
	Link adaptation with OLLA

	Propagation condition and correlation matrix
	SFN
	
	Dynamic SFN channel as specified in 6.3.1: 

· Doppler shift, relative time delay and relative power change with time;

· Static channel matrix as defined in B.1 in 36.101;

· Velocity of train: 

· Option 1: 350km/h

· Option 2: 30km/h (75Hz)as baseline for performance comparison 

	
	Leaky cable
	
	Channel for leaky cable to repeater in Tunnel as specified in 6.3.2

	Antenna configuration
	
	2x2

	Transmission mode
	
	TM3

	Reference receiver
	
	MMSE-IRC

	Noise estimation
	
	Practical

	Time and frequency track
	
	Practical


Table 6.4.1-2: Simulation assumptions for UE demodulation performance evaluation under the new high speed train scenario (fixed MCS)
	Parameters
	Unit
	Values

	Bandwidth
	MHz
	10

	Duplex mode
	
	FDD

	MCS
	
	MCS#19 (R.35-4 FDD)

	Propagation condition and correlation matrix
	SFN
	
	Dynamic SFN channel: 

· Doppler shift, relative time delay and relative power change with time;

· Static channel matrix as defined in B.1 in 36.101;

· Velocity of train: 

· Option 1: 350km/h

· Option 2: 30km/h (75Hz)as baseline for performance comparison 

	
	Leaky cable
	
	Channel for leaky cable to repeater in Tunnel: as specified in 6.3.2

	Antenna configuration
	
	2x2

	Transmission mode
	
	TM3

	Reference receiver
	
	MMSE-IRC

	Noise estimation
	
	Practical

	Time and frequency track
	
	Practical


3.2 Simulation results

In this part, we mainly provide the simulation result for fixed MCS test case, which is shown in Figure 7. Here we use the legacy UE. Actually the performance is quite close to AWGN case with the small performance degradation due to the fading paths.
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Figure 7: Simulation results for leaky cable
Actually due to zero Doppler shift, the leaky cable channel would not be very challenging for UE implementation. But for MIMO case, the different CRS port signals may be from different cables, which cause the different Doppler shifts, PDP and etc. If the new requirements for leaky cable in tunnel should be specified, we propose to consider those quasi-collocated test setups.
· Observation 4: The performance under the scenario of leaky cable in tunnel is close to the performance under AWGN.
4 Conclusions and proposals
In this contribution, we evaluate the downlink performance for SFN scenario and the scenario of leaky cable in tunnel. For the SFN scenario, we have the following observations:
· Observation 1: Under the SFN scenario, the legacy UE with the frequency tracking assuming the single frequency shift and with the channel estimation assuming the single U-shape or block Doppler spectrum would suffer from the significant downlink performance loss, especially between the two RRHs.

· Observation 2: The performance loss would be mainly due to the incorrect frequency tracking and the channel estimation (time-domain interpolation). The ICI would not be the bottleneck for the downlink performance under SFN scenario.

· Observation 3: The performance can be improved by HeUE, which is capable of tracking the multiple Doppler shifts and conducting the time-domain interpolation for the channel estimation according to the Doppler spectrum matching the SFN scenario. 

In order to improve the UE demodulation performance under SFN scenario, we proposed two solutions:

· Proposal 1: In order to improve the UE demodulation performance under SFN scenario, two candidate solutions are proposed
· Option 1 (UE based solution): The enhanced UE (HeUE) is characterized by

· HeUE assumes the existence of multiple Doppler shifts and is able to accurately estimate them by utilizing the enhanced estimation algorithms;

· HeUE is able to properly track the frequency to adjust its own oscillator to keep synchronization by assuming the existence of multiple Doppler shifts;

· HeUE can conduct the proper interpolation for the channel estimation especially in time domain.

· Option 2 (BS based solution): The enhanced BS can estimate the downlink frequency by using the uplink signal, e.g., PUCCH for ACK/NACK transmission, and then compensate the downlink frequency per RRH before transmitting.
Option 2 can not address the issue when one cell has two trains moving in the different directions along the separate tracks, but Option 2 may not need the change on UE side. And for BS based solution, it is thought that the BS requirements to guarantee the frequency pre-compensation functionality should be introduced.
For the leaky cable, we have the following observation:
· Observation 4: The performance under the scenario of leaky cable in tunnel is close to the performance under AWGN.
But in order to fully support the leaky cable scenario, one MIMO test cases under the leaky cable channel could be considered.
· Proposal 2: One new MIMO requirement under the leaky cable channel model could be considered in order to fully support the leaky cable scenario.
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