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1 Introduction

At the previous meeting (RAN1 #85), it was concluded that 15 kHz and 14 symbols per 1ms (LTE NCP case) as the baseline design assumption for the NR numerology, and companies are encouraged to evaluate/investigate necessary CP lengths for different numerologies. 
NCP and ECP with 15 kHz subcarrier spacing has been studied to support different application (unicast, SFN) or deployment (cell size) in LTE [1]. Similarly, the CP length designed for NR should efficiently support different applications or deployments defined in 38.913[2]. Since NCP with 15 kHz subcarrier spacing and 2n scale factors have been concluded as assumption, this paper mainly evaluates ECP for NR.
2 Evaluation
The motivations of ECP are summarized as the following: 
· Deployment with long delay spread, especially challenging for URLLC service 

· SFN transmission

· Timing alignment for UL coverage

2.1 Deployment with Long delay spread for URLLC service
URLLC is an important service introduced by NR and could be used in any of the deployment scenarios defined in [2]. URLLC is required to be supported with 1-10-5 reliability within 1ms [2], and larger subcarrier spacing than 15 kHz is preferred with faster processing, shorter HARQ RTT and lower RS overhead as discussed in [3] and illustrated in Table 1. The latency in Table 1 is analyzed in Appendix A. The RS pattern for RS overhead comparison example in Table 1 is based on the agreed WF for short TTI in RAN1#85 [4]

 REF _Ref458000714 \r \h 
[5] in Appendix B. 
Table 1 Comparison of 15 kHz and larger subcarrier spacing (such as 60 kHz) for URLLC with long delay spread, and the subcarrier spacing selection step for URLLC
	
	Numerology
	1ms latency
	Performance without RS overhead
	RS Overhead
	Supported number of UEs

	Case1
	60 kHz NCP (1.3/1.17us, 6.7%) with 7 symbols
	Shorter
	Better for short DS
	7.1-14.3%
	More

	Case2
	60 kHz ECP (4.17us, 20%) with 6 symbols
	Shorter
	Better for long DS
	11.1-16.7%
	More

	Case3
	15 kHz NCP (5.2/4.69us, 6.7%) with 2 symbols
	Yes
	Better 
	25-50%
	Less

	Case4
	15 kHz NCP with 7 symbols
	Hard
	NA


With larger subcarrier spacing and long delay spread, such as 60 kHz and TDL-C with 1000 ns desired DS, assuming the latency requirement can be satisfied, link level simulation is used to evaluate the performance of NCP and ECP for URLLC with BLER lower than 10-5. The detailed simulation assumption can be found in Appendix C and D. The BLER with the whole MCS set at a given SNR is evaluated, and the highest throughput of the MCS with BLER less than 10-5 is illustrated in Figure 1. For one transmission, ECP selects much higher MCS than NCP. For two transmissions, because of HARQ combining gain, ECP with higher CP overhead only selects similar or 1~2 order higher MCS than NCP, but ECP provides lower total BLER and better performance than NCP. 
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(a) One transmission                                           (b) Two transmissions 

Figure 1 URLLC performance with BLER lower than 10-5
Proposal 1: For URLLC, ECP with larger subcarrier spacing than 15 kHz should be supported for long delay spread scenario. 
2.2 SFN transmission
For SFN transmission with combined long delay spread channel, longer CP length is needed to support the following cases:
· Larger ISD. In LTE, MBSFN transmission always uses extended CP. In Rel-14, eMBMS enhancements are discussed [6] which may use extended CP or a longer CP (e.g. 66.7us) to support deploying a mixture of UE types and large ISD. For NR, to be able to operate in a superset of the LTE deployment scenarios, ECP could be supported for enhanced eMBMS.
· SFN in HF: At higher frequencies where communications are more vulnerable to LOS blockage and other environmental phenomena, multipoint communications is a strong candidate for increasing reliability and/or saving resources when analog BF is employed. Multipoint transmissions require a longer CP due to synchronization errors, differences in propagation delay between access links, etc. Furthermore, the CP length should accommodate an additional gap due to beamforming switching for analog BF, and a longer CP at the beginning of a frame (or some other group of successive symbols) is required while the rest of the CPs are regular. This is analyzed in Appendix E.
· High UE speed. When ICI is more dominant than ISI, ECP outperforms NCP with lower subcarrier spacing. SFN transmission, such as broadcast with MBSFN transmission, may be supported in any of the scenarios defined in 38.913[2] with different carrier frequency and UE speed. Then, different Doppler shift should be considered similar as in [8].
Link level simulation is used to evaluate ECP and NCP with 7.5 kHz, 15 kHz and 30 kHz using MBSFN propagation channel profile defined in B2.6 in[9], and the detailed simulation assumption can be found in Appendix C and D. The simulation result is shown in Figure 2, and it can be observed that 7.5 kHz NCP outperforms others with low UE speed, and 15 kHz ECP outperforms others with high UE speed. 
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Figure 2 Broadcast with MBSFN transmission

Proposal 2: For SFN transmission, ECP should be supported for long delay spread scenario. 
Proposal 3: At high frequency NR should support mixed CPs within one numerology in order to accommodate high-frequency contingencies such as analog beamforming switching delays and multipoint transmissions.
2.3 Timing alignment for UL coverage

Longer CP can help to relax the UL synchronization requirements and cover larger area for UE UL signals. For example, in LTE, the CP length of preamble is preferred to be longer than the sum of RTD and delay spread to cover the whole cell. Similarly, for NR, longer CP can be used to simplify the UL transmission of small packet with unsynchronized transmission as illustrated in Figure 3. Also, longer CP can help to cover larger area for UL signals, such as tracking signals which is used for tracking UE location, determining the long-term TRP-UE association and also for network to provide TA adjustment when necessary. 
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Figure 3 UL Timing alignment and misalignment
Link level simulation is used to evaluate the performance of NCP and ECP for small packet with 5km ISD and unsynchronized transmission as illustrated inFigure 3, and detailed simulation assumption can be found in Appendix C and D. The sampling window is configured based on the timing of UE close to eNB, and the throughput of UE at the edge of the cell is evaluated in Figure 4. From the results, it can be seen that lower subcarrier spacing with NCP outperforms others with low UE speed, and 7.5 kHz ECP outperforms others with high UE speed.
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Figure 4 Performance of synchronization misalignment UE 

Proposal 4: ECP can help to relax the UL synchronization requirements and cover larger area for UE UL transmission.
3 Conclusion

Proposal 1: For URLLC, ECP with larger subcarrier spacing than 15 kHz should be supported for long delay spread scenario.
Proposal 2: For SFN transmission, ECP should be supported for long delay spread scenario.
Proposal 3: At high frequency NR should support mixed CPs within one numerology in order to accommodate high-frequency contingencies such as analog beamforming switching delays and multipoint transmissions
Proposal 4: ECP can help to relax the UL synchronization requirements and cover larger area for UE UL transmission.
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Appendix A. Latency analysis for URLLC
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Figure 5 Latency analysis for URLLC

Appendix B. RS pattern assumption for URLLC

RS pattern 1: 1 symbol as RS
This pattern is based on the agreement WF for short TTI in RAN1#85 [4]:

· For DM-RS of sPUSCH, the followings are recommended to be supported: 
· For the case of 1-slot TTI length, reuse the current DM-RS 
· For the case of less than 1-slot TTI length, support DM-RS sharing/multiplexing of consecutive TTIs from one or multiple UEs
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RS pattern 2: LTE PDSCH DMRS, port 7/8
Pattern 2 is based on the agreement WF for short TTI in RAN1#85[5]:
· For sPDSCH based on a CRS based transmission scheme the maximum number of supported layers is 4

· For sPDSCH based on a DM-RS based transmission scheme shall be down-selected among the following options

· the maximum number of supported layers is 2

· the maximum number of supported layers is 4
· the maximum number of supported layers is 8
[image: image10.png]a4 1

0123456 012345 Lol
= =
o] oe]
v \
RS pattern 2 for RS pattern 2 for RS pattern 2
60kHz NCP 60kHz ECP for 15kHz




Table 2 RS overhead comparison example for URLLC based on the RS pattern assumption

	
	Numerology
	RS pattern 1

(1 symbol as RS)
	RS pattern 2
(LTE PDSCH DMRS, port 7/8,NCP)

	Case1
	60kHz NCP with 7 symbols 
	14.3%
	7.1%

	Case2
	60kHz ECP with 6 symbols 
	16.7%
	11.1%

	Case3
	15kHz NCP with 2 symbols 
	50%
	25%


Because the RS overhead of both 60 kHz with 7/6 symbols and 15 kHz with 2 symbols could be refined, there is no RS sharing/multiplexing/reduction assumption.
Appendix C. Numerology Configuration
Table 3 Numerology configuration
	Parameters
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5

	Subcarrier spacing (kHz)
	3.75
	7.5
	15
	30
	60

	OFDM symbol duration (usec)
	33.3
	133.33
	66.67
	33.3
	16.67

	CP length (usec) (NCP/ECP)
	20.8/66.7
	(10.4,9.38) / 33.3
	(5.2, 4.69) / 16.67
	(2.6, 2.34) /8.33
	(1.3, 1.17) / 4.17


Appendix D. Link level simulation assumption
Table 4 Parameters assumption for URLLC with long delay spread scenario
	Assumptions
	Value

	Carrier frequency
	6GHz

	Active BW
	8RB, 12 subcarrier per RB

	TTI length
	0.125ms

	Subcarrier spacing
	60kHz

	Symbols / TTI
	7(NCP) / 6(ECP)

	Control&RS overhead
	0% 

	Tx mode
	1Tx2Rx 

	Coding 
	Turbo

	MCS
	28 MCS, QPSK to 64QAM, coding rates range[0.0782, 0.889]

	UE speed
	15km/h

	Channel estimation
	Ideal

	BLER
	Lower than 10-5


Table 5 Parameters assumption for broadcast with MBSFN transmission
	Assumptions
	Value

	Carrier frequency
	6GHz

	Bandwidth
	20MHz

	Tx mode
	SIMO

	MCS
	28 MCS, QPSK to 64QAM, coding rates range[0.0782, 0.889]

	HARQ transmissions
	1

	Fast fading channel model
	MBSFN propagation channel profile: B2.6 in [9]

	UE speed
	3km/h, 120km/h

	TTI
	1ms

	Channel estimation
	Ideal

	Simulation Metric
	SNR--the highest MCS and the corresponding throughput with BLER <= 1%


Table 6 Parameters assumption for UL transmission

	Assumptions
	Value

	Carrier frequency
	6GHz

	Subcarrier spacing (kHz)
	3.75
	7.5
	15

	Active BW (RB) with 12 subcarriers per RB
	24
	12
	6

	Symbols / TTI
	7/3
	7/6
	14/12

	Control&RS overhead
	0% 

	Tx mode
	1Tx2Rx as starting point 

	Coding 
	Turbo

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

	MCS
	AMC, 10% IBLER

	UE speed
	3km/h, 120km/h

	Channel estimation
	Ideal

	Simulation Metric
	SNR-- throughput


Appendix E CP Length Analysis for High Frequency
· The CP length should accommodate the delay spread. For this purpose, a CP length of a few hundred nanoseconds is sufficient for HF. Additionally, the delay spread at high frequencies is a function of the antenna beamwidth.
· When analog (RF) beamforming is employed at high frequencies, there is a time gap of possibly hundreds of nanoseconds when a new beamforming is applied and settled. In this case, the CP length should accommodate an additional gap due to beamforming switching. As a result, the required CP length may be, for example, in the order of 1 μs.

· At higher frequencies where communications are more vulnerable to LOS blockage and other environmental phenomena, multipoint communications is a strong candidate for increasing reliability. Furthermore, it was proposed in [11] that multipoint coordinated transmission of synchronization signals can save cell search latency at the high-frequency small-cell underlay. However, multipoint communications demand a longer CP due to synchronization errors, differences in propagation delay between access links, etc. This is illustrated in Figure 3.
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Figure 6 Illustration of timing errors in multipoint communications.

In Figure 6, the timing error between symbols transmitted by TRP1 and TRP2 follows:
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 are differences between transmission times and between distances, respectively. In these cases, the CP length may need to be in the order of 3 μs longer.

Here, we assume the propagation timing error corresponding to [image: image19.png]Ad = 200m



. Therefore, the CP should be at least ∆t+200m/c=∆t+667ns longer, where ∆t depends on the backhaul technology among other factors.

The following table summarizes the minimum value examples for CP length for different cases. They apply to [image: image21.png]Af = 120kHz



, where the “base” CP length is assumed 650ns [10] and the beam switching time is assumed 400ns:
	
	Single-point transmission
	Multipoint transmission

	Without beam switching
	650ns
	∆t+1317ns

	With beam switching
	1050ns
	∆t+1717ns


The cases without beam switching demand a uniform distribution of CP length in the frame. The other two cases, however, may demand a longer CP at the beginning of a frame (or some other group of successive symbols) while the rest of the CPs are regular.
