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In RAN1#86, the following agreements were made regarding ECP support in 5G NR:
· NR design should allow potentially defining multiple CP lengths for a given subcarrier spacing in Phase I or later
· Multiple CP lengths do not mean the normal CP have 2 different CP lengths in the LTE
· It should be possible to deploy NR with 60 kHz subcarrier spacing in the channel that have the same delay spread that LTE can handle with the normal CP length as one use case
· Other subcarrier spacing solution can be considered with an equal priority in the further study
· More than one CP length should be studied for a given subcarrier spacing
· The different CP lengths for a given subcarrier spacing can be of substantially different lengths 
· For 60 kHz subcarrier spacing, at least one CP length can be similar to the normal CP length of 15 kHz corresponding to LTE numerology
· Other proposals are not precluded
· Note: FFS whether all of subcarrier spacings support more than one CP length or not
· Note: FFS whether supporting more than one CP length for a given subcarrier spacing is mandatory or optional for a given UE

Further studies are needed to determine whether strong use cases or deployment scenarios exist where a normal CP scalable numerology family cannot provide an acceptable performance. In this document we present an analytical methodology and link-level numerical results that demonstrate that even in several scenarios of high Doppler and delay spread, such as a TDL-C channel with 1000 nsec r.m.s. Delay spread and 1850 Hz of Doppler spread, a normal CP scalable numerology family can provide higher spectral efficiency than an ECP scalable numerology family.
Discussion 
In this document we start by presenting an analytical framework and methodology that can be used to approximate very well 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 use this analysis to present an upper bound on the spectral efficiency that can be achieved using a specific numerology for a variety of fading channels.  Specifically, we use this analysis to 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 TDL-C fading channels with high Doppler spread (Fd = 1850 Hz) and large r.m.s. delay spread (300 nsec and 1000 nsec). We then corroborate numerically the observations made by using this analysis, by presenting link-level simulation results for scenarios:
· without any pilot overhead, 
· with DMRS pilot overhead and realistic channel estimation.
Numerology comparison - Analysis
Inter-carrier Interference (ICI) due to Doppler 
In an OFDM transmission, mobility leads to Doppler spread that could cause inter-carrier interference (ICI), which can be tightly approximated by the following formula [3]: 
, 
where  depends on the Doppler profile  = 0.5 for Jakes model,  = 1 for Fd = Carrier Frequency Offset (CFO) ) and 
				  .
The tightness of this formula is demonstrated in the following figure where the ICI due to Doppler in a link-level simulator is numerically estimated for both the Jakes and the CFO Doppler profiles.
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Figure 1 Numerical corroboration of the ICI formula due to Doppler for different Doppler profiles
Interference due to Excessive DS beyond CP
We now present an analytical formula that approximates the effect of excessive delay spread beyond the CP.
· Denote as , and , with , the power delay profile (PDP) of the channel, with  the delay of the  path in 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 [1]. The effectiveness of this formula to estimate the interference due to excessive delay spread is demonstrated in Figure 2 for the ETU channel with scaled PDP to have a specific r.m.s. delay spread value. We observe that the formula follows very closely the numerical estimation of the interference that is seen in an OFDM transmission.
[image: ]
Figure 2 Numerical corroboration of the approximation of the interference due to excessive Delay spread beyond CP
Effective average SINR & Spectral efficiency formulas
In order to acquire an approximation of the combined effect of the ICI due to Doppler, the interference due to excessive Delay spread beyond CP, and the actual geometry, a good analytical approximation is: 
.
Figure 3 demonstrates an example of how well this formula can approximate the average SINR at every resource element due to the combined effect of Doppler, delay spread and geometry.
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Figure 3 Numerical corroboration of the effective SINR formula
In order to study the cost of a larger CP overhead and perform a fair comparison of numerologies with different CP overhead, the SINR needs to be mapped in the spectral efficiency domain. One such mapping is shown below: 

where 
·  is a function that calculates the constrained capacity given a maximum QAM modulation (Figure 4 shows the constrained capacity of 64-QAM), 
·  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).
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Figure 4 Constrained Capacity of 64-QAM
Numerology Comparison – 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 the accompanying contribution [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. 
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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 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
Additional numerology comparisons in fading channels with high Doppler and Delay spread can be found in [2] where it is demonstrated that High Speed Train (HST) use cases are also not strong use cases where ECP numerologies would provide better performance than NCP scalable numerologies.
In the remaining of this document, 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 Numerical study
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. 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

Results with DMRS pilot overhead & channel estimation
In this section we are going to optimize the DMRS pilot patterns for the TDL-C 1000 nsec and 300 nsec channels with Doppler spread of Fd = 1850 Hz 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 subcarrier, every 2 subcarriers, every 4 subcarriers
· Staggering is allowed to provide additional frequency-domain density
· Any number of uniformly spaced 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 DMRS 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:
· A TDL-C channel with 1000 nsec r.m.s. delay spread would need a very dense pilot pattern in the frequency domain.
· Due to high Doppler spread, staggering in the frequency domain provides very limited if no gains at all.
· For all 60 KHz numerologies: 
· Full pilot density is needed in the frequency domain. Using every other tone is not sufficient to handle the high delay spread of this channel.  See Figure 16 in the Appendix.
· For the 30 KHz numerology:
· A pilot spacing of 60 KHz (i.e., every other tone) provides the best performance. 
· For all numerologies, it was observed that four clusters are needed every 0.5 msec.
· Note that using 3 clusters is not enough, whereas using 5 clusters results to excessive overhead
· 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 10 and 11 present the spectral efficiency comparison for TDL-C 1000 nsec and 300 nsec respectively with the pilot patterns shown in the Appendix that were chosen based on the pilot pattern optimization described in Section 4.3. In both scenarios the NCP numerology options lead to a higher spectral efficiency compared to the remaining ECP options.
[image: ][image: ]Figure 10 Link-curve with pilots and channel estimation in TDL-C 1000 nsec and Fd = 1850 Hz
Figure 11 Link-curve with pilots and channel estimation in TDL-C 300 nsec and Fd = 1850 Hz










 
Scenarios with 2 Tx antennas - 2 Rx antennas 2 Layers
Figure 12 and 13 present the spectral efficiency for the 2 layer scenarios in the same fading channels and with the same pilot patterns. In TDL-C with  1000  nsec, the 30 KHz NCP demonstrates superior performance by a significant margin, whereas in the TDL-C 300 nsec, the 60 KHz NCP has the best performance for all the geometries lower than 28 dB.  
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Figure 12 Link-curve with pilots and channel estimation in TDL-C 300 nsec and Fd = 1850 Hz, Rank 2
Figure 13 Link-curve with pilots and channel estimation in TDL-C 1000 nsec and Fd = 1850 Hz, Rank 2





Conclusion
In this contribution, we proposed a numerology comparison framework for evaluating the spectral efficiency of different numerologies by taking into consideration 1) the inter-carrier interference due to Doppler, 2) the interference due to excessive delay spread beyond CP, 3) the geometry and 4) the CP overhead. Using this analytical methodology and numerical simulations we show that scalable numerology family can handle gracefully channels with high Delay spread and Doppler spread.
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
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
Pilot pattern for TDL-C 1000 nsec and Fd = 1850 Hz
Figures 14 and 15 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: Four clusters of DMRS pilots uniformly spaced in time. 


                                                  
Figure 14 Pilot Pattern for 60 KHz SCS NCP                            Figure 15 Pilot Pattern for 30 KHz SCS NCP           
[bookmark: _GoBack]Note that the 60 KHz numerology needs a full density pilot pattern in the frequency domain (as the one shown in Figure 14), because subsampling by two in the frequency domain cannot provide enough pilot density due to the low frequency domain granularity (See Figure 16).
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Figure 16  Spectral Efficiency comparison of the full density pattern with a sparser pilot density in 60 KHz numerology.



Pilot pattern for TDL-C 300 nsec Fd = 1850 Hz
Figures 17 and 18 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: Four clusters of DMRS pilots uniformly spaced in time. 


 				     
Figure 17 Pilot Pattern for 60 KHz SCS NCP                            Figure 18 Pilot Pattern for 30 KHz SCS NCP           
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