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[bookmark: _Ref298777854]Introduction
[bookmark: _GoBack]Numerology decisions for NR are critical for a successful and efficient support of the wide range of deployment options, and for a flexible frame structure design that can be leveraged seamlessly across all services. In this contribution, we provide link-level simulation results that demonstrate the effectiveness of a scalable numerology family with normal CP, fundamental SCS f0 = 17.5 KHz and scaling of fsc = f02m to support deployments with long Delay Spread (DS) in both low and high mobility scenarios.
Discussion 
The new 5G RAT is required to be able to operate in a superset of the LTE deployment scenarios, and therefore also in deployments with very large delay spread in both low and high mobility environments. Two examples of such environments is the Multicast and broadcast over a single frequency network (MBSFN) and the Extended Vehicular B model, which were both addressed in LTE using an extended cyclic prefix with a length of 16.67 , or 20% of the symbol length (with CP). In this paper, we demonstrate through a link-level study that a scaled numerology family with normal CP is able to handle gracefully both these extended delay spread environments in low and high mobility, which suggests that the design of an extended cyclic (ECP) prefix scaled numerology family for the new 5G RAT should be a lower priority or even unnecessary. It should also be noted that such long DS channels were considered 10~20 years ago, where NR deployment scenarios are completely different. To motivate long CP overhead options for both long DS and high Doppler, new use cases along with the associated channel models need to be provided for evaluation if it is needed.
Scaled Numerology family with f0 = 17.5 Khz
In this paper, the scaled numerology family with f0 = 17.5 Khz, a scaling of fsc = f02m  with a CP overhead of 8.571% of the symbol length (details in Table 1), and a power of two number of symbols per 1 msec is compared against the extended cyclic prefix numerology (LTE ECP) which has a 16.67  CP length. 
	Subcarrier Spacing
	15 KHz
	17.5 KHz
	8.75 KHz
	4.375 KHz

	CP ()
	16.67
	5.3571
	10.7143
	21.4286

	Symbol Length )
	83.333
	62.5
	125
	250

	CP overhead
	0.2
	0.08571
	0.08571
	0.08571


Table 1: LTE ECP and scaled numerology family
Extended delay spread environments
In this study, we consider the following extended delay spread environments:
· MBSFN multi-path fading environment summarized in Table B.2.6-1 of [2], with low, and high Doppler spread. It should be noted that, even though the MBSFN channel described in [2] is typically evaluated for a maximum Doppler frequency of 5 Hz, in our study, we also demonstrate that the suggested scaled numerology family is able to demonstrate a superior or similar link-level throughput performance compared to the LTE ECP numerology for all geometries and higher than pedestrian speeds.
· Extended Vehicular Channel B model in Table 5 in [4] with low, medium and high Doppler spread. 
It should be noted that, such channel models with Doppler should not be considered as channel models for typical scenarios until new use cases are identified.
Link-level Simulation scenarios and parameters
Table 2 summarizes the main parameters for this link-level comparison. In summary, the same bandwidth of 10080 KHz is being used for a fair comparison across all four numerologies with a subframe duration of 1 msec, one, or two transmit antennas in the base station, and two receive antennas at the UE (rank 1 and rank 2 transmission respectively). Link adaptation with one interlace, 10% transport block error rate (TBLER) target and turbo coding with one codeword and 4 HARQ transmissions is employed. 
	
	LTE ECP
	Scaled f0
	Scaled f02-1
	Scaled f02-2

	Tones spacing (kHz)
	15
	17.5
	8.75
	4.375

	CP ()
	16.6667
	5.3571
	10.7143
	21.4286

	# active tones/symbol
	672
	576
	1152
	2304

	Active BW (kHz)
	10080

	Symbol Length (us)
	83.3333
	62.5
	125
	250

	# of symbols in 1 msec
	12
	16
	8
	4

	# Resource Elements in 1 msec
	8064
	9216
	9216
	9216

	coding
	3GPP Turbo (one codeword)

	Link Adaptation
	10% TBLER target (28 entries in the MCS table)

	Subframe duration
	1 msec

	coding rates
	From 0.0782 to 0.8889

	QAM order
	From QPSK to 64-QAM

	Number of interlaces
	1

	Demapper
	Linear MMSE-based

	HARQ Transmissions
	4 (RV: 0,1,2,3)

	Transmission Mode
	SIMO or open loop MIMO


Table 2: Detailed parameters of all the numerologies in this study 
Two sets of results are presented in this study:
· Section 3.1: Link-level throughput performance when all resources are used for the downlink PDSCH channel; no control, or uplink channels, or channel estimation overhead is assumed, and genie channel and noise information are used at the receiver. This simulation configuration captures the effect of inter-carrier interference (ICI) and inter-symbol interference (ISI) due to excessive delay spread and Doppler spread.
· Section 3.2: Link-level throughput performance when PDSCH and reference signals (RS) with MMSE-based channel estimation and genie noise information is employed at the receiver. This study captures the trade-off between reference signal overhead and channel estimation error in scenarios where ICI and ISI are significant due to excessive delay spread or high Doppler spread.
Only PDSCH Link-level study
Figures 1, 2 and 3 in Appendix B present the throughput results for a Doppler spread of 5, 225 and 600 Hz respectively using the MBFSN channel model. These results demonstrate that the scaled numerology family with f0 = 17.5 KHz outperforms the LTE ECP in this extended delay spread environment up to a Doppler spread of 600 Hz. Specifically,
· At low Doppler, the numerology with 4.375 KHz SCS demonstrates the best performance as it is has the longest CP, i.e., 21.42 μsec long, and therefore experiences the smallest degradation due to excessive delay spread (note that the maximum delay spread  of the MBFSN environment is 28.58 μsec). 
· As Doppler spread increases, performance degradation due to ICI affects more the numerology with the smallest SCS, which leads, in the simulation scenario with Doppler spread of 225 Hz, the numerology with 8.75 KHz SCS to outperform the numerology with 4.375 KHz SCS. Note that both these numerologies still achieve a higher throughput than the LTE ECP even at high geometries, due to the significantly lower CP overhead, even if the SNR floor due to ICI and ISI is lower. 
· At 600 Hz Doppler spread, the maximum throughput of the 8.75 KHz SCS numerology is comparable to that of the LTE ECP. Note however, that the former still demonstrates a higher throughput for a geometry lower than 20 dB, due to larger number of data dimensions available (smaller CP overhead). 
Observation 1: One scaled numerology family can potentially handle more efficiently the majority of the channels with extensive delay spread that were considered in LTE. 
Proposal 1: Identify one scaled numerology family which can be used in the majority of deployments that are needed for the NR.
PDSCH and Reference Signals (RS) Link-level study
In this study, link-level throughput results are shown for both the MBFSN and the Extended Vehicular B channel for a Doppler spread of 5 Hz, 500 Hz, and 900 Hz. From the previous section is evident that the numerology with the 8.75 KHz SCS could provide the best trade-off from the suggested scaled numerology family, as it has a relatively long CP (to handle long delay spread channels), and still not an excessively small SCS, such that it can still provide a reasonable performance in high mobility scenarios.
It should be noted that an exhaustive study on pilot pattern and overhead optimization is not the topic of this paper. However, for a reasonably fair comparison between the numerology with a 8.75 KHz SCS and the LTE ECP with pilot overhead and channel estimation, the pilot design of the UE-specific reference signals of LTE  for ECP [7] is chosen as a reference, i.e., adjacent resource elements in time multiplex the pilot symbols of two antenna ports with Orthogonal Cover Codes (OCC), with additional staggering in the frequency domain for an enhanced estimation in highly frequency selective environments. As far as channel estimation algorithm is concerned, a linear MMSE algorithm is used with a Resource Block bundling of three , with genie knowledge of the delay spread and Doppler spread of the channel, assuming rectangular Power Delay Profile and Doppler spectrum based on Jakes’ model.
Extended Vehicular B channel
Figures 2 and 3 in Appendix C depict the pilot patterns used for LTE ECP and the numerology with 8.75 KHz SCS for low and high Doppler spread. Note that:
· the pilot pattern with a frequency density of one pilot every three subcarriers (left-most patterns in Figure 13) has the same pilot density in the frequency domain and a similar staggering design as the one chosen in LTE [7] for ECP.
· In high Doppler scenarios, for both numerologies, an additional look in time needs to be added in the center of the subframe to achieve a better performance. Note that this is a simulation scenario where only data and reference signals are present (no control channel during the first few symbols).
The throughput results are shown in Appendix B (Figures 4 - 9). The results show that under the specific pilot patterns, channel model and channel estimation algorithm, the numerology with an 8.75 KHz SCS demonstrates a superior or similar throughput in most of the scenarios. Specifically, LTE ECP achieves a better performance only in Figure 7 for a geometry of more than 25 dB. In all other scenarios, the 8.75 KHz demonstrates a superior or similar performance to LTE ECP. The additional resources that the LTE ECP numerology spends in a longer CP, are being used in the scaled numerology either for sending more coded bits, or for increasing the channel estimation performance.
Observation 2: Channel estimation aliasing due to insufficient frequency resolution in highly frequency selective channels can potentially lead to a more significant performance degradation than excessive delay beyond the CP length.
MBFSN channel
The MBFSN channel generally requires a higher frequency-domain pilot density than the one that was chosen for the Extended Vehicular channel B. For simplicity of the presentation in this study, the pilot pattern has a similar structure as before, where OCC is used to multiplex the reference signals in adjacent two symbols. Note that the same frequency density as the one chosen in [3] for the MBFSN channel, is employed for the LTE ECP numerology in this study (right-most patterns in Figure 14). 
The throughput results are shown in Appendix C (Figures 10 - 12). These figures demonstrate that a superior throughput can be achieved with the scaled numerology, even though it has more excessive delay beyond its CP compared to the LTE ECP numerology (and thus a lower ICI and ISI SNR floor). However, the resources that are lost in the LTE ECP for a much longer CP length, are exploited in the scaled numerology for sending additional pilots for channel estimation improvement, or more coded bits, which makes up for the loss due to the lower SNR floor in all the scenarios that were investigated in this study. 
Observation 3: 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. 

Proposal 2: Pilot design in the scaled numerology for long CP should be considered before the introduction of ECP.

Proposal 3: 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 and pilot optimization cannot provide an acceptable performance.
Conclusion
[bookmark: _Ref442441852][bookmark: _Ref441562466]Observation 1: One family of scaled numerologies can potentially handle more efficiently the majority of the channels with extensive delay spread that were considered in LTE. 

Observation 2: Channel estimation error due to aliasing and insufficient frequency resolution in highly frequency selective channels can potentially lead to a more significant performance degradation than excessive delay beyond the CP length.

Observation 3: 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. 

Proposal 1: Identify one scaled numerology family which can be used in the majority of deployments that are needed for the NR.

Proposal 2: Pilot design in the scaled numerology for long CP should be considered.

Proposal 3: 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.
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Appendix A
Link-level throughput curves for the simulation scenario described in Section 3.1. 
[image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\RAN1\MBMS\MBMS_5b.jpg]
Figure 1: MBFSN channel model with a Doppler spread of 5 Hz.

[image: C:\Users\amanolak\Desktop\PentNew\OLLA\pentariLink\wilt_infra\run\test\RAN1\MBMS\MBMS_225b.jpg]
Figure 2: MBFSN channel model with Doppler a spread of 225 Hz.
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Figure 3: MBFSN channel model with Doppler spread of 600 Hz.

Appendix B

Link-level throughput curves for the simulation scenario described in Section 3.2 for the Extended Vehicular channel B and the MBFSN channel. 
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Figure 4: SIMO Rank 1, 1 Tx – 2 Rx, Extended Vehicular B at 5 Hz Doppler spread.
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Figure 5: SIMO Rank 1, 1 Tx – 2 Rx, Extended Vehicular B at 500 Hz Doppler spread.
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Figure 6: SIMO Rank 1, 1 Tx – 2 Rx, Extended Vehicular B at 900 Hz Doppler spread.
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Figure 7: MIMO Rank 2, 2 Tx – 2 Rx, Extended Vehicular B at 5 Hz Doppler spread.
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Figure 8: MIMO Rank 2, 2 Tx – 2 Rx, Extended Vehicular B at 500 Hz Doppler spread.
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Figure 9: MIMO Rank 2, 2 Tx – 2 Rx, Extended Vehicular B at 900 Hz Doppler spread.
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Figure 10: SIMO Rank 1, 1 Tx – 2 Rx, MBFSN at 5 Hz Doppler spread.
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Figure 11: SIMO Rank 1, 1 Tx – 2 Rx, MBFSN at 500 Hz Doppler spread.
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Figure 12: SIMO Rank 1, 1 Tx – 2 Rx, MBFSN at 900 Hz Doppler spread.

Appendix C
The pilot patterns used for both the LTE ECP and the scaled numerology with 8.75 KHz SCS are shown in Figures 13 and 14. As it was already pointed out, pilot pattern and overhead optimization is beyond the scope of this paper, and therefore a set of reasonable pilot patterns designs are used based on the UE-reference signal pilot design that is chosen on the LTE specification (e.g., for LTE ECP a pilot tone every three tones (45 KHz) with staggering in the frequency domain, and a different pattern with pilot every other tone for the MBFSN channel).  


Figure 13:  Pilot patterns used in this study for LTE ECP numerology. The pattern in the left (right) was used for the Vehicular channel B (the MBFSN channel). The pattern in the top (bottom) was used in low (high) Doppler spreads.


Figure 14:  Pilot patterns used in this study for the 8.75 KHz numerology. The pattern in the left (right) was used for the Vehicular channel B (the MBFSN channel). The pattern in the top (bottom) was used in low (high) Doppler spreads.
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