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1. Introduction 
In RAN Plenary #71, a new SI, Study on New Radio Access Technology [1], was approved. The following agreements were made for NR numerology during RAN1 #86 [2]. 
Agreements:
· 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
Agreements:
· NR numerology scalability should allow at least from [3.75 kHz] to 480 kHz subcarrier spacing 
· Necessity of support for less than 15 kHz subcarrier spacing  (e.g., 3.75 kHz) should be studied
· Note that scalability does not mean everything should be scalable (e.g., RS density, UE/gNB processing time, signalling overhead)
Following the above agreements, this contribution discusses longer CP lengths in addition to normal CP lengths for NR numerology. 
2. Discussion 
2.1. Possible scenarios for larger SCS usage 
In RAN1#86, impacts of CP lengths on NR performance were studied for larger SCS [3]-[8]. For further study on CP lengths in conjunction with the scalable SCS, mainly three aspects, i.e. frequency bands, channel characteristics and use cases, should be considered in the NR. 
2.1.1. Frequency bands aspect 

In accordance with the agreements for NR waveform during RAN1#86, this contribution considers CP-OFDM up to 40 GHz frequency bands. At such high frequency bands, some impairments, such as phase noises and Doppler spreads, will be problematic to CP-OFDM. Some companies presented that larger SCS are robust against such impairment [3][8]. Up to 480 kHz SCS was agreed during RAN1#86, as shown in Section 1. 
2.1.2. Channel characteristics aspect 
Figure 1 plots delay spread factors against carrier frequency bands, which was modelled for TR38.900 [9, Table 7.7.3-2]. From this figure, it can be observed that the slopes of delay spreads seem rather flat against carrier frequencies. When supporting CP-OFDM up to 40 GHz frequency bands and up to 480 kHz SCS, NR should carefully take into account this tendency for the CP design. 
Observation 1: The slopes of delay spreads seem rather flat against carrier frequencies. 
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Figure 1. Delay spread scaling factors [9, Table 7.7.3-2]. 
2.1.3. Use cases aspect 
As presented in [4][5][7], larger SCS yields shorter symbol length, and may help shorten TTI or schedulable time unit for flexible frame structures. Such flexible frame structures may be defined in the NR for specific use cases, particularly for URLLC which requires low latency. For URLLC operation, the applicability of flexible frame structures should be independent of carrier frequencies. This implies that larger SCS should not only be useable at high frequency bands but also in lower frequency bands below-6-GHz as needed for example for URLLC use cases.  

In URLLC use cases, both requirements on latency and reliability should be considered. Some of the URLLC use cases may require both low latency and high reliability simultaneously, such as Ultra-reliable communications [10, Section 5.1], Connectivity for drones [10, Section 5.12], Industrial control [10, Section 5.13], Tactile Internet [10, Section 5.14], Localized real-time control [10, Section 5.15], Connected vehicles [10, Section 5.33], Local UAV collaboration [10, Section 5.54], Moving ambulance and bio-connectivity [10, Section 5.65]. On the other hand, some of the other URLLC use cases may not require high reliability but require low latency, e.g. Improvement of network capabilities for vehicular case [10, Section 5.32], Vehicular Internet & infotainment [10, Section 5.53]. In other words, low latency and high reliability may be separately required depending on each of URLLC use case. These various URLLC use cases, some of which contain the requirement of high reliability and others do not contain the requirement, should be considered in the NR study. 
Observation 2: Low latency and high reliability may be simultaneously and/or separately required depending on each potential use case. 

Observation 3: Some URLLC use cases may not require high reliability but require low latency and high throughput. 

Proposal 1: RAN1 should take into account URLLC use cases both containing and not containing requirements of high reliability in NR study. 

2.2. Potential designs for normal and longer CP lengths 
In this contribution, 15 kHz, 60 kHz, 240 kHz and 480 kHz are considered as scalable SCS, and normal and extended CP lengths as CP types, as listed in Table I below. 
Table I. Potential CP length options. 
	#
	1
	2
	3
	4
	5
	6
	7
	8

	SCS
	15 kHz 
	60 kHz 
	240 kHz 
	480 kHz 

	CP lengths
	NCP
	ECP
	NCP
	ECP
	NCP
	ECP
	NCP
	ECP

	
	5.2 and 4.7 sec
	16.7 sec 
	1.3 and 1.2 sec 
	4.2 sec 
	0.325 and 0.3 sec 
	1.05 sec 
	0.1625 and 0.15 sec 
	0.525 sec 

	CP overhead
	6.7 % 
	20 %
	6.7 % 
	20 %
	6.7 % 
	20 %
	6.7 % 
	20 %


2.3. Link-level simulation results 
Link-level simulation results on throughput performance are shown in this section. In the simulation, different combinations of MCS, SCS, CP length and DS were evaluated. The detailed simulation conditions are listed in the Appendix. 
2.3.1. 15 kHz SCS 

Figure 2 plots throughput curves for 15 kHz SCS with different combinations of CP lengths and DSs. In the simulation, DS was set to 300 nsec and 1000 nsec, which assumed urban micro and macro scenarios. 
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Figure 2. Throughput performance of 15 kHz SCS with different combinations of MCS, CP lengths, and DS. 
(Left: 10 MHz BW, 16QAM and 1/2 code rate, Right: 10 MHz BW, 64QAM and 3/4 code rate) 

From the above figure, it can be observed that the normal CP is sufficient up to 1000-nsec DS channels for 16QAM and 1/2 code rate. The impact of fading paths exceeding the CP length is not so severe against the MCS. Such fading paths slightly affect the throughput performance of 64QAM and 3/4 code rate in 1000-DS channels. In terms of BLER (see Appendix B), the normal CP is insufficient and loses 2.6 dB at BLER = 10 %. In terms of throughput, the performance of the normal and longer CP lengths are comparable. The longer CP length outperforms the normal CP length in a SNR region below 23 dB because of the robustness against delay spread. On the other hand, in a SNR region above 23 dB, the normal CP length shows the better throughput due to the difference of overheads. 
Observation 4: For 15 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 1000-nsec DS channels. 

Observation 5: For 15 kHz SCS with 64 QAM and 3/4 code rate, normal CP length is sufficient up to 300-nsec DS channels. 
Observation 6: For 15 kHz SCS with 64QAM and 3/4 code rate in 1000-nsec DS channels, throughput of longer CP length outperforms that of normal CP length in a SNR region below 23 dB. On the other hand, normal CP length outperforms longer CP length in a SNR region above 23 dB. 
2.3.2. 60 kHz SCS 
Figure 3 plots throughput curves for 15 kHz and 60 kHz SCS with different combinations of CP lengths and DSs. Similarly to Figure 2, DS was set to 300 nsec and 1000 nsec. 
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Figure 3. Throughput performance of 60 kHz SCS with different combinations of MCS, CP lengths, and DS. 
(Left: 10 MHz BW, 16QAM and 1/2 code rate, Right: 10 MHz BW, 64QAM and 3/4 code rate) 

It can be seen that the normal CP length works well for 16QAM and 1/2 code rate in 300-nsec DS channels. On the other hand, the throughput performance of the normal and longer CP lengths cross each other at SNR = 13 dB in 1000-nsec DS channels. For 64QAM and 3/4 code rate, the normal CP length causes an error floor (see Appendix B) and results in significant loss of throughput even in 300-nsec DS channels. 
Observation 7: For 60 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 300-nsec DS channels. 

Observation 8: For 60 kHz SCS with 16QAM and 1/2 code rate in 1000-nsec DS channels, throughput of longer CP length outperforms that of normal CP length in a SNR region below 13 dB. Normal CP length outperforms longer CP length in a SNR region above 13 dB.
Observation 9: For 60 kHz SCS with 64QAM and 3/4 code rate, throughput of longer CP length outperforms that of normal CP length in 300-nsec and 1000-nsec DS channels. 
2.3.3. 240 kHz SCS 

Figure 4 plots throughput curves for 240 kHz SCS with different combinations of CP lengths and DSs. In the simulation, DS was set to 30 nsec and 100 nsec, which assumed indoor and urban micro scenarios at high frequency bands up to 40 GHz. 
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Figure 4. Throughput performance of 240 kHz SCS with different combinations of MCS, CP lengths, and DS. 
(Left: 160 MHz BW, 16QAM and 1/2 code rate, Right: 320 MHz BW, 64QAM and 3/4 code rate) 

Similarly to Fig. 2, the normal CP length is sufficient for 16QAM and 1/2 code rate up to 100-nsec DS channels. The normal CP length is also sufficient for 64QAM and 3/4 code rate in 30-nsec DS channel. On the other hand, the impact of ISI cannot be ignored for the MCS in 1000-sec DS channels. The longer CP length shows the better performance in 100-nsec DS channels. 
Observation 10: For 240 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 100-nsec DS channels. 
Observation 11: For 240 kHz SCS with 64QAM and 3/4 code rate, normal CP length is sufficient up to 30-nsec DS channels, but insufficient in 100-nsec DS channels. 

2.3.4. 480 kHz SCS 
Next, this sub-section shows the performance for 480 kHz SCS. Figure 5 plots throughput curves for 480 kHz SCS with different combinations of CP lengths and DSs. DS was set to 30 nsec and 100 nsec, which will correspond to indoor and urban micro scenarios. 
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Figure 5. Throughput performance of 480 kHz SCS with different combinations of MCS, CP lengths, and DS. 
(Left: 160 MHz BW, 16QAM and 1/2 code rate, Right: 320 MHz BW, 64QAM and 3/4 code rate) 
From Figure 5, the normal CP length shows throughput degradation due to BLER floor for 64QAM and 3/4 code rate. As mentioned above, 240 kHz and 480 kHz SCS will be used in high frequency bands up to 40 GHz. Such frequency bands may be used mainly for use cases which require high throughput, e.g. eMBB. High MCS should work well for the use cases in such frequency bands. 
Observation 12: For 480 kHz SCS with 64QAM and 3/4 code rate, normal CP length is insufficient in 30-nsec and 100-nsec DS channels. 
Following the discussion, we summarize our proposal for the NR numerology study as below. 
Proposal 2: NR should support multiple CP lengths for larger SCS up to 480 kHz SCS. 

Proposal 3: NR should continue study on necessity of multiple CP lengths for 15 kHz SCS. 

3. Conclusion

This contribution discussed the CP length designs for the NR numerology. From the discussion the following observations have been made:  
Observation 1: The slopes of delay spreads seem rather flat against carrier frequencies. 
Observation 2: Low latency and high reliability may be simultaneously and/or separately required depending on each potential use case.
Observation 3: Some URLLC use cases may not require high reliability but require low latency and high throughput. 

Observation 4: For 15 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 1000-nsec DS channels. 

Observation 5: For 15 kHz SCS with 64 QAM and 3/4 code rate, normal CP length is sufficient up to 300-nsec DS channels. 
Observation 6: For 15 kHz SCS with 64QAM and 3/4 code rate in 1000-nsec DS channels, throughput of longer CP length outperforms that of normal CP length in a SNR region below 23 dB. On the other hand, normal CP length outperforms longer CP length in a SNR region above 23 dB. 
Observation 7: For 60 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 300-nsec DS channels. 

Observation 8: For 60 kHz SCS with 16QAM and 1/2 code rate in 1000-nsec DS channels, throughput of longer CP length outperforms that of normal CP length in a SNR region below 13 dB. Normal CP length outperforms longer CP length in a SNR region above 13 dB.

Observation 9: For 60 kHz SCS with 64QAM and 3/4 code rate, throughput of longer CP length outperforms that of normal CP length in 300-nsec and 1000-nsec DS channels.
Observation 10: For 240 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient up to 100-nsec DS channels. 
Observation 11: For 240 kHz SCS with 64QAM and 3/4 code rate, normal CP length is sufficient up to 30-nsec DS channels, but insufficient in 100-nsec DS channels.
Observation 12: For 480 kHz SCS with 64QAM and 3/4 code rate, normal CP length is insufficient in 30-nsec and 100-nsec DS channels. 
Then, we summarize our proposal for the NR numerology study as below: 
Proposal 1: RAN1 should take into account URLLC use cases both containing and not containing requirements of high reliability in NR study. 
Proposal 2: NR should support multiple CP lengths for larger SCS up to 480 kHz SCS. 

Proposal 3: NR should continue study on necessity of multiple CP lengths for 15 kHz SCS. 

Appendix A 
The link-level simulation conditions are listed in Table II below. 
Table II. Link-level simulation conditions.

	Assumptions 
	Value 

	Bandwidth 
	10 MHz for 15 kHz and 60 kHz SCS 

160 MHz for 240 kHz SCS 

320  MHz and 480 kHz SCS 

	Number of UEs 
	1 

	SCS 
	15 kHz, 60 kHz, 240 kHz, 480 kHz 

	TTI Length 
	1 msec for 15 kHz SCS 

0.25 msec for 60 kHz SCS 
0.0625 msec for 240 kHz SCS 

0.03125 msec for 480 kHz SCS 

	CP Length (CP Overhead)
	Normal CP for 15 kHz SCS: 5.2 and 4.7 sec (6.7 %) 

Extended CP for 15 kHz SCS: 16.7 sec (20.0 %) 

Normal CP for 60 kHz SCS: 1.3 and 1.2 sec (6.7 %) 

Extended CP for 60 kHz SCS: 4.2 sec (20.0 %) 
Normal CP for 240 kHz SCS: 0.325 and 0.3 sec (6.7 %)

Extended CP for 240 kHz SCS: 1.05 sec (20.0 %)

Normal CP for 480 kHz SCS: 0.1625 and 0.15 sec (6.7 %)

Extended CP for 480 kHz SCS: 0.525 sec (20.0 %)

	Number of symbols per TTI 
	14 symbols for Normal CP 

12 symbols for Extended CP 

	Antenna Configuration
	1T1R

	MCS
	(16QAM, R=1/2), (64QAM, R=3/4) 

	Channel Coding
	LTE Turbo Codes [11] 

Decoding with 8 iterations 

	Control Overhead 
	Zero

	Channel Estimation
	Ideal

	Channel Model
	TDL-C for DS 30, 100, 300 and 1000 nsec [9] 

	Receiver Type
	MMSE


Appendix B 
Link-level simulation results on throughput performance are shown in Figures 6 to 9. 
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Figure 6. BLER performance with different combinations of MCS, CP lengths, and DS (15 kHz SCS, Left: 16QAM and 1/2 code rate, Right: 64QAM and 3/4 code rate). 
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Figure 7. BLER performance with different combinations of MCS, CP lengths, and DS (60 kHz SCS, Left: 16QAM and 1/2 code rate, Right: 64QAM and 3/4 code rate). 
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Figure 8. BLER performance with different combinations of MCS, CP lengths, and DS (240 kHz SCS, Left: 16QAM and 1/2 code rate, Right: 64QAM and 3/4 code rate). 
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Figure 9. BLER performance with different combinations of MCS, CP lengths, and DS (480 kHz SCS, Left: 16QAM and 1/2 code rate, Right: 64QAM and 3/4 code rate). 
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