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Discussion 
1. Introduction 
In RAN Plenary #71, a new SI, Study on New Radio Access Technology [1], was approved. The following working assumption and (possible) agreements were made for NR numerology during RAN1 #85 [2]. 
Working assumption:
· In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:

· Baseline: Symbol boundary is aligned with LTE of normal CP
Agreement: For the numerology with 15 kHz and larger subcarrier spacing ,1 msec alignment is supported

Possible agreement: Multiple CP types/lengths without having scaling subcarrier spacing should be allowed
Following the above working assumption and (possible) agreements, this contribution discusses multiple CP types for NR numerology. 
2. Discussion 
2.1. Consideration on scalable SCS and CP types 
Currently RAN1 has investigated scalable SCS (subcarrier spacing) to optimize the NR performance in various deployment scenarios [3][4]. Moreover, CP types/lengths should also be carefully designed in conjunction with the scalable SCS. For this purpose, mainly two aspects, i.e. channel characteristics and use cases, should be considered in the NR. 
2.1.1. Channel characteristics aspect
The NR will be deployed over a very wide frequency range up to 100 GHz and in various scenarios and use cases. Considering such a wide frequency range, delay spread (DS) is a key parameter for the design of CP types (or CP lengths). Values of DSs which should be supported in the NR may have to be broadened from 10 nsec up to 1000 nsec [5]. 

Table I. Example values of delay spread [5].

	Model 
	DS

	Very short delay spread 
	10 nsec 

	Short delay spread 
	30 nsec 

	Nominal delay spread 
	100 nsec 

	Long delay spread 
	300 nsec 

	Very long delay spread 
	1000 nsec 


Observation 1: NR CP types should be defined for channels having from 10 nsec up to 1000 nsec DS. 

2.1.2. Use cases aspect 
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 the URLLC which requires high reliability and low latency. For reliable 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.  
Observation 2: NR larger SCS should work both in high and low frequency bands. 

2.2. Single CP type and multiple CP types 

In RAN1#85, CP types (or CP lengths) were discussed as a part of numerology [6][7][8]. The discussed CP types can be seen as mainly in two categories; 
(1) Single CP type per SCS 
Only one CP type is defined for each SCS. In this case, CP length may be scalable with SCS. 

(2) Multiple CP types per SCS 
Multiple CP types are defined for each SCS. Both scalable and none-scalable CP lengths can be considered and/or mixed. 
Table II compares pros and cons of single and multiple CP types in terms of SCS applicability to frequencies, CP overhead, complexity, and standardization efforts. 
Table II. Comparison of single and multiple CP types. 
	CP types 
	Single CP type 
	Multiple CP types 

	SCS applicability to frequencies 
	A larger SCS may be limited to high carrier frequencies by the defined CP length. 
	Any SCS can be applicable to a wide range of frequencies. 

	CP overhead
	High overhead may be caused if the defined CP length covers long DS channels for larger SCS. 
	CP overhead can be optimized according to channel characteristics. 

	Complexity 
	Simple. 
	Need higher signalling. 

	Standardization efforts 
	Less effort is required. 
	Efforts may be required for detailed lengths and related signalling. 


According to the above observations 1 and 2, SCS applicability will be very significant for NR. Therefore, this contribution discusses multiple CP types in the following sections. 
2.3. Possible designs for multiple CP types 
In this contribution, 15 kHz and 60 kHz are considered as scalable SCS. Following the working assumption, there will be several options for CP length designs such as in Table III. In Table III, one normal CP and one extended CP are applied to each SCS, and CP overhead is kept among different SCS. 
Table III. CP length options for 15 kHz and 60 kHz SCS. 
	Options 
	1: 15 kHz NCP 
	2: 15 kHz ECP 
	3: 60 kHz NCP 
	4: 60 kHz ECP 

	SCS 
	15 kHz 
	15 kHz 
	60 kHz 
	60 kHz 

	TTI 
	1 msec 
	1 msec 
	0.25 msec 
	0.25 msec 

	Number of symbols per TTI 
	14 symbols 
	14 symbols 
	14 symbols 
	14 symbols 

	CP length 
	5.2 and 4.7 sec 
	16.7 sec 
	1.3 and 1.2 sec 
	4.2 sec 

	CP overhead 
	6.7 % 
	20 %
	6.7 %
	20 % 

	Comments 
	Baseline of working assumption, 
Equivalent to LTE normal CP for 15 kHz SCS 
	Equivalent to LTE extended CP for 15 kHz SCS 
	Same overhead as Option 1 
	Same overhead as Option 2 


2.4. Link-level simulation results 
Link-level simulation results on BLER 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 Appendix. 
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Figure 1. 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). 
From the results of the simulation with 15 kHz SCS, the following observations have been made: 

Observation 3: For 15 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient both in TDL-C 1000-nsec DS channels. 

Observation 4: For 15 kHz SCS with 64QAM and 3/4 code rate, extended CP length outperforms normal CP length in TDL-C 1000-nsec DS channels. Normal CP length causes approx. 2.6-dB degradation at BLER = 0.1 in TDL-C 1000-nsec DS channel. 
Observation 5: Even for 15 kHz SCS, an extended CP length will be required to avoid SNR degradation at a certain BLER in long DS channels. 
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Figure 2. 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). 

From the results of the simulation with 60 kHz SCS, the following observations have been made: 
Observation 6: For 60 kHz SCS with 16QAM and 1/2 code rate, extended CP length outperforms normal CP length in TDL-C 1000-nsec DS channels. Normal CP length causes approx. 2.3-dB degradation at BLER = 0.1 in TDL-C 1000-nsec DS channels. 
Observation 7: For 60 kHz SCS with 64QAM and 3/4 code rate, extended CP length is sufficient in 300-nsec DS channels, but causes an error floor in 1000-nsec DS channels. 
Then, we summarize our proposal for the NR numerology study as below. 
Proposal 1: RAN1 should support multiple CP types per SCS for 15 kHz and larger SCS. 

Proposal 2: RAN1 should support at least one extended CP per SCS to avoid SNR degradation of MCS operating points in long DS channels. 

Moreover, the required numbers of CP types should be carefully studied particularly with taking the CP overhead and complexity into account. 
Proposal 3: RAN1 should carefully investigate the required numbers of CP types taking CP overhead and complexity into account. 

3. Conclusion

This contribution discussed the CP length designs for the NR numerology. From the discussion the following observations have been made:  
Observation 1: NR CP types should be defined for channels having from 10 nsec up to 1000 nsec DS. 

Observation 2: NR larger SCS should work both in high and low frequency bands. 

Observation 3: For 15 kHz SCS with 16QAM and 1/2 code rate, normal CP length is sufficient both in TDL-C 1000-nsec DS channels. 

Observation 4: For 15 kHz SCS with 64QAM and 3/4 code rate, extended CP length outperforms normal CP length in TDL-C 1000-nsec DS channels. Normal CP length causes approx. 2.6-dB degradation at BLER = 0.1 in TDL-C 1000-nsec DS channel. 

Observation 5: Even for 15 kHz SCS, an extended CP length will be required to avoid SNR degradation at a certain BLER in long DS channels. 

Observation 6: For 60 kHz SCS with 16QAM and 1/2 code rate, extended CP length outperforms normal CP length in TDL-C 1000-nsec DS channels. Normal CP length causes approx. 2.3-dB degradation at BLER = 0.1 in TDL-C 1000-nsec DS channels. 
Observation 7: For 60 kHz SCS with 64QAM and 3/4 code rate, extended CP length is sufficient in 300-nsec DS channels, but causes an error floor in 1000-nsec DS channels. 

Then, we summarize our proposal for the NR numerology study as below: 
Proposal 1: RAN1 should support multiple CP types per SCS for 15 kHz and larger SCS. 

Proposal 2: RAN1 should support at least one extended CP per SCS to avoid SNR degradation of MCS operating points in long DS channels. 

Proposal 3: RAN1 should carefully investigate the required numbers of CP types taking CP overhead and complexity into account. 

Appendix 

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

	Assumptions 
	Value 

	Carrier Frequency 
	4 GHz

	System Bandwidth 
	10 MHz 

	Number of UEs 
	1 

	SCS 
	15 kHz, 60 kHz 

	FFT Size 
	1024 for 15 kHz SCS 

256 for 60 kHz SCS 

	TTI Length 
	1 msec for 15 kHz SCS 

0.25 msec for 60 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 %) 

	Antenna Configuration
	1T1R

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

	Channel Coding
	LTE Turbo Codes [10] 

Decoding with 8 iterations 

	Control Overhead 
	Zero

	Channel Estimation
	Ideal

	Channel Model
	TDL-C for DS 300 nsec and 1000 nsec [5] 

	Receiver Type
	MMSE
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