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Further studies are needed to determine whether strong use cases or deployment scenarios exist where a normal CP scalable numerology family is not sufficient. In this document we summarize our views on a variety of such scenarios and use cases and compare the performance of the NCP with different ECP families. 
Discussion 
We first summarize an analytical framework that was proposed in [1] and can be used to approximate well the combined effect on the spectral efficiency of the following three aspects:
· 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 use this analysis to present an upper bound on the spectral efficiency that can be achieved using a specific numerology for a variety of scenarios. We then corroborate numerically the observations made by using this analysis, by presenting link-level simulation results for scenarios without any pilot overhead. Note that the corresponding scenarios with DMRS pilot overhead and realistic channel estimation are presented in [1] and [2].
Spectral Efficiency 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 [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).
eMBB scenarios – CP Design
TDL-C fading channels with high Doppler spread
Spectral Efficiency Analysis
We now use the aforementioned analysis to estimate the maximum spectral efficiency of each numerology in fading channels that have both high Delay and Doppler spread. Even though, the suggested methodology can be used to provide a first order analysis of the combined effect of Doppler, Delay spread and geometry in a variety of channels, in this contribution, we focus on two channels with large delay spread (300 and 1000 nsec r.m.s. delay spread) and large Doppler spread (nFd = 1850 Hz). Additional Delay/Doppler combinations are examined in [2].
Figure 5 presents the spectral efficiency of each numerology in a TDL-C fading channel with 1000 nsec and 1850 Hz Doppler spread with a 3 dB back-off from the constrained capacity. We observe that the numerology with SCS=30 KHz NCP results in the highest spectral efficiency, followed by the 60 KHz with CP overhead of 0.25% (LTE ECP). 
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Figure 5  Spectral Effciency analysis for a TDL-C 1000 nsec and Fd = 1850 Hz
It should be noted that by looking only at the SINR floor, as presented in Figure 6, 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 in many scenarios lower spectral efficiency.
Similarly, by only examining the BLER performance of each numerology for a specific QAM and code rate hides the following two aspects of a fair comparison:
1) By using the same code rate/QAM to compare the BLER of different CP options, we do not take into account the fact that different CP lead to different overhead.
2) Even if we adjust the code rate/QAM to account for the different CP overhead, the comparison should happen on an SNR point that is reasonable for this spectral efficiency, since this would be the point that the actual system would be operating (link adaptation).
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Figure 6  Effecitve SINR as a function of Geometry in a TDL-C 1000 nsec with Fd = 1850 Hz
Turning our attention to a fading channel with the same large Doppler spread but a lower delay spread, i.e., the TDL-C 300 nsec fading channel, we observe in Figure 7 that the NCP numerology with SCS of 60 KHz provides again the best spectral efficiency compared to the remaining ECP options.
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Figure 7 Spectral Efficiency analysis for a TDL-C 300 nsec and Fd = 1850 Hz
We are going to compare numerically these four numerologies in the same two fading channels, in scenarios without any pilot overhead, and in scenarios with practical DMRS overhead and realistic channel estimation. In both cases, the qualitatively conclusions and observations shown with the aforementioned analysis remain the same. 
Link-level simulation parameters
Tables 1-3 summarize 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. 
 Results without any pilot overhead
[image: ][image: ]In this numerical study, no overhead is used, and all resource elements carry data. Figure 8 and 9 present the spectral efficiency comparison for TDL-C 1000 nsec and 300 nsec respectively. In both scenarios the NCP numerology options lead to a higher spectral efficiency compared to the remaining ECP options. Table 1 summarizes the main parameters of the link-level simulation scenarios. Performance results with pilot overhead and channel estimation were presented in [1].Figure 8 Link-curve without pilot overhead in TDL-C 300 nsec and Fd = 1850 Hz
Figure 9 Link-curve without pilot overhead in TDL-C 1000 nsec and Fd = 1850 Hz

Observation 1: A scalable numerology family with CP overhead of 25% (LTE ECP) or 15.3% performs worse than an NCP scalable numerology family for the TDL-C fading channel model with 1850 Hz Doppler spread (500 Kmh in 4 GHz carrier frequency).  
HST channel model -  CP Design
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.
[image: C:\Users\amanolak\Desktop\HST\DopplerShiftScenario1.jpg]



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 spectral efficiency analysis 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 
[image: ]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 scenario: 	Fd = 2246 Hz and r.m.s. delay spread of 100 nsec
· 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.
Spectral Efficiency 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 in many scenarios lower spectral efficiency. Similarly, it should be noted that by only examining the BLER performance of each numerology for a specific QAM and code rate hides the following two aspects of a fair numerology comparison:
3) By using the same code rate/QAM to compare the BLER of different CP options, we do not take into account the fact that different CP lead to different overhead.
4) Even if we adjust the code rate/QAM to account for the different CP overhead, the comparison should happen on a SNR point that is reasonable for this spectral efficiency, since this would be the point that the actual system would be operating (link adaptation).
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. Table 1 summarizes the main parameters of the link-level simulation scenarios. Performance results with pilot overhead and channel estimation were presented in [2].
Observation 2: A scalable numerology family with CP overhead of 25% or 15.3% performs worse than an NCP scalable numerology family for the HST baseline channel model.  
mmWave Channels -  CP Design
We believe that the delay spread can be significantly reduced by directional beamforming such that normal CP can be enough for a SCS of 120 KHz and 60 KHz for at least the cases of scenarios with large  pre-beamforming delay spread (e.g., an RMS delays spread of 300 nsec is considered a long delay case defined in 3GPP TR 38.900). Details on this topic can be found in [4].
URLLC numerology – CP design
In LTE, extended CP is designed to ensure that even in large suburban and rural cell for long delay spread channels. This, however, comes at the expense of a higher overhead from the CP as a proportion of the total system transmission resources. Due to the excessive CP overhead, ECP does not get much traction and is very rarely deployed especially in a unicast scenario. In [3], it was shown that long DS could be covered by using scaled numerology even over long DS channels traditionally considered requiring an ECP such as MBSFN channel, etc. It is expected that scaled numerology would be able to cover majority of the use cases in NR for eMBB/URLLC and mMTC.
In this section, we first analyse potential limitations of LTE type ECP in URLLC services. First, just like eMBB, URLLC ECP comes at the expense of a higher overhead as opposed to scaled numerology NCP option, which eventually limits URLLC capacity. Second, LTE type of ECP also actually increases latency due to the longer overall symbol duration compared with NCP, which allows less HARQ turn-arounds for a given delay budget. This impact is even more substantial for small latency budget when only two or three turn-arounds can be performed. See Figure 3.a as an illustration.  In this example, within 250us, URLLC with NCP has three transmission opportunities while URLLC with ECP only has two. Third, when it comes to service multiplexing, TDM multiplexing of LTE type ECP of URLLC service and NCP eMBB service becomes very inefficient due to the time domain misalignment between two numerologies. For example, suppose eMBB and URLLC are both based on the same SCS, where URLLC is ECP and eMBB is NCP, one URLLC ECP symbol could overlap with 2 eMBB NCP symbols, which leads to significant efficiency loss.
[image: ]
Figure 3.a. NCP & ECP impact on URLLC HARQ (SCS = 30kHz, TTI = 2 OFDM symbols,  RTT = 3 TTI )
System-level and link-level performance simulations are presented in [8] to extensively evaluate different SCS and different CP choices. We summarize observations of ECP design for URLLC below: 
Observation 4: ECP achieves longer CP duration at a cost of higher overhead. LTE type of ECP increases latency for URLLC UEs due to longer overall symbol duration. Multiplexing between NCP eMBB and LTE type of ECP URLLC is inefficient.
Conclusion
In this contribution, we summarized our performance analytical and numerical studies which demonstrate that scalable numerology family can handle gracefully a variety of channels.
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: Evaluation of different CP families should happen in conjunction with pilot pattern design.
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Appendix
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
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