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In RAN1#86, even though several agreements were made regarding the cyclc-prefix (CP) support in 5G NR, additional studies are still needed to identify strong use cases for which supporting only one normal CP scalable numerology cannot provide an acceptable performance. This document focuses on a High Speed Train (HST) deployment scenario and analyzes different numerology options for the HST baseline channel model (3GPP WF in [2], [3])  for the purpose of examining whether ECP numerologies may be used to provide an enhanced performance compared to the NCP scalable numerology family. Using both analytical and numerical results we show that an ECP numerology does not seem to provide any obvious advantage in the HST baseline channel model against the NCP scalable numerology family.
Discussion 
High Speed Train (HST) rail network is expanding in several countries. Speeds up to 500 Kmph (~ 140 meters/sec) are to be expected, which can potentially lead to very high delay spread for which the 5G NR needs to be able to effectively address. HST with Single Frequency Network (SFN) deployments are common, in which cases, remote radio heads (RRH), placed along the track, are connected to a single base-band unit (BBU) for achieving a larger coverage area with reduced overhead of hand-over. Performance in HST SFN is very important to network operators, and choosing the most appropriate numerology to provide flexibility and best performance is crucial.
This document reuses the analytical framework and methodology presented in [1] that approximates the combined effect of the following three aspects that directly influence the spectral efficiency of a chosen numerology:
· High Doppler spread which leads to inter-carrier interference (ICI),
· Excessive Delay spread beyond CP length which leads to both ICI and intersymbol interference (ISI),
· Large CP overhead which decreases the amount of resources that are available for transmitting pilot and data.
We then use the suggested analysis to identify the “extreme-case” Delay and Doppler spread combinations in the HST baseline channel model presented in [2], [3]. Note that a similar analysis can be performed for any other HST channel model if needed. Finally, we compare analytically and numerically different numerology options for these “extreme-case” channels to investigate whether HST channel models can provide strong use cases for which ECP should be supported. 
Numerology comparison – Analysis
We now summarize the analytical formulas that approximate well the combined effect of inter-carrier interference due to Doppler and the interference due to excessive delay spread beyond CP, and provide an upper bound on the spectral efficiency that a numerology could achieve. More details on these formulas can be found in the accompanying contribution [1]. Specifically,
· Inter-carrier interference due to Doppler:
,
where  depends on the Doppler profile  = 0.5 for Jakes model,  = 1 for Fd = Carrier Frequency Offset (CFO) ) and .
For multipath scenarios:
· If all multipath components have the same Doppler profile no change is needed in the formula. For HST though that is not the case. 
· Assume L independent multipath components. Then the ICI can be computed as the summation of the ICI introduced by each component () weighted by the power of each one ():



· Interference due to Excessive DS beyond CP:

where the notation can be found in the Appendix and more details in [1].
· Effective average SINR:
.
· Spectral Efficiency calculation based on constrained capacity and effective SINR:

where 
·  is a function that calculates the constrained capacity given a maximum QAM modulation, 
·  is a back-off value from the constrained capacity formula,
·  is the ratio of the CP length over the OFDM symbol length (without the CP).
HST baseline channel model 
Description
The 3GPP HST baseline channel model is derived based on the SFN deployment in Figure 1. There are four RRHs with the same cell ID (connected to a single BBU) and the height of the station is neglected for simplicity. This model is analytical, tractable and parametrized with four parameters: Ds, Dmin, velocity (v), Fd, with the paths from the k nearest RRHs being visible to the UE, and the total received power being constant. Even though this simplified model does not capture the fading or angle of arrivals and angle of departures, it can still be used to provide a first-order understanding of the effect of high speed (v can be up to 500 km/h) and the high Delay spread due to the multi-point SFN transmissions.

Figure 1:  Deployment of SFN [2]
In this contribution we focus on the scenario that the UE receives paths from the 2 nearest RRHs as shown in Figure 2, which leads to a periodic variation of Doppler, amplitude and delay of each path while the UE is travelling on the railway track.

[image: ]
Figure 2 Channel Model picture with the UE receiving the channels from the closest two RRHs
Two sets of baseline parameters were agreed in [2]. In this contribution we are reusing the Ds and Dmin parameters chosen for the baseline SFN scenario 1 agreed in [2], that lead to a network topology with a large Delay spread and Doppler spread. The parameters are shown in Table 1. Note that Option A and B lead to a maximum Doppler shift of 875 Hz, and 1851 Hz respectively.
	Parameter
	Value

	Ds
	1000 m

	Dmin
	300 m

	velocity (v) and carrier frequency (Fc)
	Option A: v=350 Km/h with Fc = 2.7 GHz

	
	Option B: v=500 Km/h with Fc = 4 GHz


[image: ]The Doppler shifts, relative power and the delays of the two main paths at each point on the railway track are presented in Figures 4, 5, 6. (for the parameters shown in Table 1 with v=350 km/h). For the rest of this contribution we are focusing on the v=550 km/h with Fc = 4 GHz which leads to the highest Doppler spread.
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Figure 4 Relative power of the two paths of the baseline HST scenario 1 with v=350 km/h
Figure 3 Doppler Shifts of the two paths of the baseline HST scenario 1 with v=350 km/h
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Figure 5 Delays of the two paths of the baseline HST scenario 1 with v=350 km/h



Extreme Doppler/Delay spread scenarios
Assume that the receiver’s frequency tracking loop is able to lock into the carrier frequency which minimizes the ICI due to Doppler. For example, if one path is being received with a much stronger power than the second, then the frequency tracking look should lock in a carrier frequency closer to the Doppler shift of the strongest path.    If both paths are received with equal power but have opposite Doppler shifts, then the receiver is locking in the center of these two shifts.
Using the analysis we described in Section 3, and the channel model described in Section 4.1, Figure 6 presents 
· the Doppler spread of a proxy channel with a Jakes Doppler profile that leads to the same ICI with the baseline HST scenario 1 with v = 500 km/h at carrier frequency of 4 GHz,
· and the r.m.s. delay spread of the baseline HST channel model 
as a function of the distance on the rail track.
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Figure 6 Equivalent Doppler spread of a Jakes profile and the r.m.s. delay spread of the HST scenario 1 with v = 500 km/h and carrier frequency of 4 GHz.



We make the following important observations:
· at the locations that r.m.s. delay spread is high, the UE is typically located close to one of the RRHs, and therefore the Doppler spread is low
· at the locations that r.m.s. delay spread is low, the UE is typically located in the area between two RRHs, in which case the Doppler spread is large. 
Based on Figure 6, we can use the following proxy “extreme-case” scenarios to compare different ECP and NCP numerology options:



	Scenario 1 with v = 500 km/h and carrier frequency of 4 GHz
	High Doppler scenario (e.g., at 500 meters)
	High Delay spread scenario (e.g., at 1000 meters)

	Doppler spread of Jakes model profile with the same ICI
	2246 Hz
	666 Hz

	r.m.s. delay spread
	100 nsec
	   661 nsec



Extreme scenarios Numerology Comparison 
In the remaining of this document, we compare the spectral efficiency of the following four numerology options:
· CP ratio of 0.07% (LTE NCP) with 30 KHz SCS,
· CP ratio of 0.07% (LTE NCP) with 60 KHz SCS,
· ECP ratio of 0.15% (new ECP option) with 60 KHz SCS,
· ECP ratio of 0.25% with 60 KHz SCS,
in the two extreme scenarios presented above, that is, 
· High Doppler spread scenario: 	Fd = 2246 Hz and r.m.s. delay spread of 100 nsec
· [bookmark: _GoBack]High delay spread scenario: 		Fd = 666 Hz and r.m.s. delay spread of 661 nsec
by using the scaled power delay profile (PDP) of the TDL-C fading channels for simplicity. Note that in [1] we also performed a similar analysis for the TDL-C channel with 1850 Hz Doppler spread and r.m.s. delay spread of 300 nsec and 1000 nsec. Any other scaled PDP can be used to do a similar analysis.
Numerology comparison – Analysis
Using the analysis of Section 3.1, we plot the spectral efficiency for each of the extreme scenarios presented above for all four numerology options. We observe that in both scenarios, the highest spectral efficiency is achieved by a NCP numerology option. 
[image: C:\Users\amanolak\Desktop\HST\HST_666Hz_661nsec.jpg]  [image: C:\Users\amanolak\Desktop\HST\HST_2246Hz_100nsec.jpg]               Figure 7 Spectral Efficiency analysis for a TDL-C 100 nsec and Fd = 2246 Hz






Figure 8 Spectral Efficiency analysis for a TDL-C 661 nsec and Fd = 666 Hz



It should be noted that by looking only at the SINR floor, one could erroneously conclude that the 30 KHz SCS with NCP is not a good option because the Doppler spread is too high and it would lead to very high SINR floor. Even though the SINR ceiling of the 30 KHz numerology is indeed higher than the 60 KHz numerology, the latter would also have a larger CP overhead, and therefore it will also have lower spectral efficiency in several scenarios.
Link-level Numerical study: No Pilot overhead
Table 1 summarizes the main parameters for this link-level numerical comparison. In summary, the same bandwidth of 20160 KHz is being used for a fair comparison across all four numerologies with a subframe duration of 0.5 msec. Link adaptation with one interlace, 10% transport block error rate (TBLER) target and turbo coding with one codeword and 4 retransmissions is employed.
[image: C:\Users\amanolak\Desktop\HST\TDLC666Hz_661nsec.jpg][image: C:\Users\amanolak\Desktop\HST\TDLC100_2246Hz.jpg]  Figure 9 Link-curve without pilot overhead in TDL-C 661 nsec and Fd = 666 Hz
Figure 10  Link-curve without pilot overhead in TDL-C 100 nsec and Fd = 2246 Hz

In this numerical study, no overhead is used, and all resource elements carry data. We observe that for both scenarios, an NCP numerology achieves the best spectral efficiency for a geometry smaller than 30 dB.
Link-level Numerical study: DMRS pilot overhead & channel estimation
In this section we are going to optimize the DMRS pilot patterns for the two channels under considerations for each numerology under the following assumptions:
· We use OCC to multiplex two ports (in two consecutive symbols, referred to as cluster).
· Periodic/uniform patterns in the frequency domain:
· Patterns evaluated: pilots every tone, every 2 tone, every 4 tones
· Staggering is allowed to provide possible additional frequency-domain density
· Any number of pilot clusters can be used to increase the time-domain pilot density
· 2, 3, 4 and 5 clusters were evaluated
· No control overhead is used. 
· All resource elements which are not carrying pilots are carrying data
· Channel estimation algorithm: MMSE with 48 subcarriers bundling. Note that no OCC de-patterning is used to get the best channel estimation performance. For simplicity, genie noise estimation is used.

We make the following observations:
· For all numerologies, it was observed that five and three clusters are needed every 0.5 msec for the channel with Fd = 2246 Hz and Fd = 666 Hz respectively.
· The pilot patterns that led to the highest spectral efficiency for each numerology and channel are shown in the Appendix.
Results with 1 Tx antenna 1 Rx antenna 1 Layer
Figures 11 and 12 present the spectral efficiency comparison for the two scenarios under consideration with the pilot patterns shown in the Appendix that were chosen based on the pilot pattern optimization described in Section 5.3. In both scenarios the NCP numerology options lead to a higher spectral efficiency compared to the ECP options.
[image: C:\Users\amanolak\Desktop\HST\TDLC666Hz_661nsecCE.jpg][image: C:\Users\amanolak\Desktop\HST\TDLC100_2246HzCE.jpg]










Figure 11 Link-curve with pilots and channel estimation in TDL-C 100 nsec and Fd = 2246 Hz
Figure 12  Link-curve with pilots and channel estimation in TDL-C 661 nsec and Fd = 666 Hz


Conclusion
In this contribution, we analyzed the HST baseline channel model agreed in [2], [3] and showed through an analytical methodology and numerical simulations that the NCP scalable numerology family can handle gracefully the wide spectrum of Delay spread and Doppler spread combinations that arise in this channel model. 
Observation 1: Scaled numerology has a natural benefit as far as pilot placement tone spacing is concerned. It can naturally provide a higher resolution in the frequency domain and get even better frequency granularity compared to a numerology with a very large CP overhead. 

Observation 2: A scalable numerology family based on LTE ECP performs worse than an NCP scalable numerology family for the HST deployment scenarios.  

Proposal 1: Design of an additional scaled numerology family with ECP (large CP overhead) should happen only if strong use cases or deployments scenarios are identified, where the normal CP scaled numerology family cannot provide an acceptable performance.
Proposal 2: The NCP scalable numerology family can be adapted for different delay and Doppler scenarios dynamically or semi-statically.

Proposal 3: Evaluation of different CP families should happen in conjunction with pilot pattern design.
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Appendix

Interference due to Excessive DS beyond CP
Denote as , and , with , the power delay profile (PDP) of the channel, with  the delay of the  path in the seconds. Denote as  the length of the CP in seconds, and  the length of the OFDM symbol (without CP) in seconds. Calculate the normalized ratio of excessive delay for each path:

Total Interference due to excessive DS is:

The derivation of this formula can be found in [2]. 
Link-level Simulation parameters
Table 1 summarizes the main parameters of the link-level simulation scenarios.
	Parameter
	Value

	System Bandwidth
	20.16 MHz

	Channel Estimation
	Genie Channel & Genie noise

	Control Overhead
	No control

	Coding
	3GPP Turbo LTE, with 15 Decoding iterations

	Interleaving
	Time/Freq Bit-interleaver per TTI

	HARQ
	RV: 0,1,2,3

	TTI
	0.5 msec

	Link Adaptation
	Target: 10% TB Error (1 bit ACK/NAK per TTI)

	DMRS pilot pattern
	No DMRS pilots

	Demapper
	MMSE

	MCS Table
	28 entries up to 64-QAM with rate 0.889


 Table 1: Main Simulation Parameters
	Parameter
	Value

	DMRS pilot pattern
	No DMRS pilots

	Channel Estimation
	Genie Channel & Genie noise


Table 2:  Additional Simulation Parameters for Section 4.2
	Parameter
	Value

	DMRS pilot pattern
	DMRS pattern as described in Section 4.3

	Channel Estimation
	Per 4 RB MMSE (with genie noise)


Table 3:  Additional Simulation Parameters for Section 4.3
Pilot Patterns
· TDL-C 661 nsec and Fd = 666 Hz
Figures 16 and 17 present the chosen pilot patterns for 60 KHz and 30 KHz NCP numerologies. Note that the remaining 60 KHz ECP numerologies have similar pattern as the 60 KHz NCP: Three clusters of DMRS pilots uniformly spaced in time. 
· TDL-C 100 nsec and Fd = 2246 Hz
Only 60 KHz numerologies were run in this scenario with a similar pattern as the one shown below with five clusters of pilots in time, and every four subcarriers with staggering in the frequency domain.


 				     
Figure 16 Pilot Pattern for 60 KHz SCS NCP                             Figure 17 Pilot Pattern for 30 KHz SCS NCP           
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