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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. 
This contribution relates to the Etended CP. The following agreements were made RAN1#86bis [3] and RAN1#87 [4]:
Agreements: [3]
· For SCS of up to 60kHz with NCP, y = 7 and 14
· FFS: whether/which to down select for certain SCS(s)
· For SCS of higher than 60kHz with NCP, y = 14

Agreements: [3]
· From Phase 1, physical layer design should support an extended CP
· Extended CP will be only one in given subcarrier spacing
· FFS: Exact for the services/scenarios for extended CP

Agreements: [4]
· Possible use cases for the extended CP include
· Multiplexing of eMBB and URLLC deployed below 6 GHz
· SCS for eMBB 15(NCP)/30/60kHz, SCS for URLLC = 60 kHz
· Transmission of URLLC with 60 kHz SCS
· High speed scenarios for 30kHz and 60kHz
· Support extended CP at least for 60 kHz SCS
· UE support for ECP may depend on UE type/capability
· FFS how to configure UE using different CP overhead
· FFS the length of ECP
· FFS extended CP for other scenarios/numerologies

2	Motivation for ECP
Table 1 below provides an exemplary set of numerologies as a function of carrier frequency for non-MTC services. The time domain parameters such as symbol length and CP length are scaled down (compared to LTE) exponentially (2N) by parameter N, whereas subcarrier spacing are scaled up exponentially (2N).
Table 1: Example numerologies as a function of carrier frequency.
	
	< 6 GHz
	6-40 GHz

	Subcarrier spacing [kHz]
	15
	30
	60
	60
	120
	240

	Cyclic prefix [us]
	4.8
	2.4
	1.2
	1.2
	0.6
	0.3




Direct scaling from LTE numerology and 15 kHz subcarrier spacing to 60 kHz subcarrier spacing leads to shortened cyclic prefix length (CP length is 1.2us, as indicated in Table 1). If 60 kHz subcarrier spacing is wanted to be deployed in long delay spread channels, this normal CP (NCP) length may be too short and limiting the performance of data reception. 

Using an extended CP (ECP) the signal transmission can be made more robust to long channel delay spread, at the expense CP overhead. However, while extended CP would provide robustness against channel delay spread, additionally dense placement of DMRS symbols in frequency domain may be needed to ensure that channel estimation is not compromised due to too sparse channel measurement points in frequency. 
3	Extended CP options for 60 kHz SCS slot
Due to the desire to have a compatible ECP design for both the slot and the mini-slot we first investigate the ECP design for slot, and show performance analysis made for slot-based design. This is also in line with the agreement made in RAN1#86bis “Extended CP will be only one in given subcarrier spacing”.
Based on the previous agreements, the slot length in the case of normal CP can be either 7 or 14. From CP overhead point of view the most reasonable CP length options for would be the following:
Table 2: ECP options with y=7 and y=14
	NCP
	ECP

	
	Opt#1
	Opt#2

	y=7
	y=6
	y=6

	y=14
	y=12
	y=[12, 13]



In the following we consider the feasibility of these options in TDL-C-1000ns channel (worst case scenario from delay spread point of view) assuming 60 kHz subcarrier spacing. Figure 1 shows the power delay profile of TDL-C-1000ns channel and CP length with different options.
· NCP with CP length 1.17 us
· ECP with 13 symbols per slot (ECP13) with CP length 2.56 us
· ECP with 6 or 12 symbols per slot (ECP6, ECP12) with CP length 4.17us.
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Figure 1. Power delay profile of TDL-C-1000ns channel

Figure 2 illustrates the achievable SINR with 60 kHz SCS in TDL-C-1000ns channel taking into account the ICI due to excessive delay spread beyond CP. It has been analyzed according to [7]. It can be noted that SINR floor due to large delay spread starts to affect the achievable SINR at high SNR values (SNR >15 dB). This has an impact especially to URLLC performance at high SNR values as shown in [5] and included in the Annex of this document. 
When comparing ECP with 13 symbols/slot (ECP13) and ECP with 6 symbols/slot (ECP6), it can be noted that ECP13 does not support URLLC latency targets with 60 kHz SCS. Hence, it’s not a good option for URLLC. On the other hand, the SINR floor difference between ECP13 and NCP is only about 2.5 dB. This indicates that, even though ECP13 benefits from 0.35 dB processing gain compared to ECP6 (or ECP12), it can be seen just a partial solution for a limited SNR range for the scenarios with large delay spread (such as TDL-C-1000ns): when SINR>20 dB is required with 60 kHz SCS, then ECP6 (or ECP12) needs to be applied. 
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Figure 2. Achievable SINR with 60 kHz SCS in TDL-C-1000ns channel

Based on the above, the following observations are made:
Observation 1: The 6-symbol (LTE-based) ECP design for 60 kHz SCS reaches closer to the 15 kHz SCS NCP performance than the 13-symbol ECP design
Observation 2: The 6-symbol ECP design for 60 kHz SCS is close to the NCP for 15 kHz SCS
Observation 3: The 13-symbol ECP design for 60 kHz SCS is close to the NCP for 30 kHz SCS
Based on the observations above it appears that for 60 kHz the LTE-based ECP design is more desireable than intermediate ECP compatible to the 13-symbol slot design.
4	Extended CP for 60 kHz SCS and Mini-slot
Following the RAN1#86 agreement “Extended CP will be only one in given subcarrier spacing”, and following from the previous section, we now look at how the 6-symbol (LTE ECP) design works with mini-slots.
If the cell uses 60 kHz SCS ECP for both slots and mini-slots, there are no issues in multiplexing the two, and symbol alignment can be maintained when slot and mini-slot are multiplexed in frequency domain.
There appears to be little point in multiplexing 60 kHz NCP slots with 60 kHz ECP mini-slots. If the ECP operation is required for mini-slots, then it would likely be beneficial for slots as well, and when considering the URLLC error floor improvement for 60 kHz, the 60 kHz ECP solution comes with quite some additional CP overhead when comparing to 15 kHz NCP mini-slot.
Time domain multiplexing of the 60 kHz ECP mini-slots with 15 kHz NCP slots but switching between the 15 kHz NCP and 60 kHz ECP is really possible at every 0.5 ms boundary as 24 symbols of 60 kHz ECP match the duration of 7 symbols of 15 kHz NCP. One could consider optimized CP durations for the case of 15 kHz NCP slot time-multiplexed with 60 kHz mini-slot, but the design would become very case specific and would go against the intent for generic solutions.
Frequency domain multiplexing of the 60 kHz ECP mini-slots with 15 kHz NCP slots breaks the frequency domain orthogonality, but this is not really different from the break in orthogonality between 15 kHz NCP and 60 kHz NCP, and the sufficient protection between the two in frequency domain needs to be provided with sufficient guard and filter.
5	Conclusion
To be written, but here’s what it is boiling down to
· 15 kHz may need ECP similar to LTE did, but that’s beyond the point of this paper
· 30 kHz does not seem to benefit from ECP as you could use 15 kHz and NCP instead and not get the ECP overhead
· 60 kHz could use ECP to match the CP of the 15 kHz NCP and get the slot-based low-latency performance matching the cell range of 15 kHz NCP, but
· One could use 15 kHz mini-slot and not bother with ECP and muxing if different numerologies
· 60 kHz could use special ECP with mini-slots to match e.g. 3 symbols with 1 15 kHz symbol or something, but what’s the point?
So now that we have agreed to support ECP for 60 kHz, it would seem to really only make sense for reaching the low latency with slots.
How do we answer the QC argument of getting better URLLC perf with longer CP and lower processing latency of 60 kHz based mini-slots?
Proposal: The ECP design should be common and extendible to different numerologies even if ECP is not necessarily supported with all numerologies at least in the first NR release(s)
Proposal: Mini-slot design is not optimized for a special case like multiplexing of mini-slot switch ECP inside a slot with NCP
Proposal: 60 kHz ECP design follows that of the LTE ECP with ¼ scaling in time domain
Observation: There is likely no need to support ECP for all supported sub-carrier spacings, but the same ECP design can be directly scaled to fit any other 15*2N scaled numerology
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Appendix: URLLC link level evaluation [5]
In the following, we compare link performance of the following formats:
· Slot based transmission, SCS 60 kHz, NCP 
· Slot based transmission, SCS 60 kHz, ECP
· Mini-slot based transmission, y=1, SCS 15 kHz, NCP
· Mini-slot based transmission, y=2, SCS 15 kHz, NCP.

A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes within a user plane latency of 1 ms. To evaluate what is the impact of subcarrier spacing and CP length for URLLC performance we transmit short data packets and measure the required SNR giving BLER less than 10-5. For each SNR we take the highest throughput of the MCS with BLER less than 10-5 and calculate the overall URLLC performance, similarly as in [8]. However, instead of using ideal channel estimation and taking just DMRS overhead into account [8], we conduct the channel estimation in the receiver using the actual DMRS patterns shown in Figure 9.

Link level simulation parameters are given in Table 2. In order to see the impact of delay spread consider two different channel profiles:
· a large delay spread: TDL-C-1000ns (worst case scenario)
· a typical delay spread: TDL-B-300ns

Figure 8 show the achievable throughput for BLER lower than 10-5 with 4x4 Tx-Rx antenna configurations and Rank 1 in a scenario with a large delay spread (TDL-C-1000ns). Results indicate clearly that mini-slot approach with 15 kHz SCS outperforms slot based approach with 60 kHz SCS. Furthermore, it can be noted that mini-slot length with two OFDMA symbols (y=2) performs better than mini-slot with one OFDMA symbol (y=1). The reason behind is the larger RS overhead, as shown in Figure 10.
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Figure 8 Throughput for BLER lower than 10-5, Slot based (60 kHz SCS) and mini-slot based (15 kHz SCS) transmission, 4Tx-4Rx antennas, Rank 1.

Figure 9 show the achievable throughput for BLER lower than 10-5 with 4x4 Tx-Rx antenna configurations and Rank 1 in a scenario with a typical delay spread (TDL-B-300ns). Results indicate that slot based approach with 60 kHz SCS provides comparable performance with mini-slot based approach with two OFDMA symbols (y=2). Mini-slot approach with one OFDMA symbol (y=1) is the worst option, due to large RS overhead.
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Figure 9 Throughput for BLER lower than 10-5, Slot based (60 kHz SCS) and mini-slot based (15 kHz SCS) transmission, 4Tx-4Rx antennas, Rank 1.
 
Table 2 Link level simulation parameters 
	Parameter
	Value

	
	60 kHz subcarrier spacing 
	15 kHz subcarrier spacing

	Carrier frequency
	4GHz

	Active BW 
	12RB, 12 subcarriers per RB
	48RB, 12 subcarriers per RB

	TTI length
	0.125 ms
	0.071ms/0.143ms 

	Symbols/TTI
	7(NCP)/6(ECP)
	½

	FFT size
	256
	1024

	OFDM symbol duration
	16.67us
	66.67us

	CP duration
	1.17us(NCP)/4.17us(ECP)
	4.69us

	Overhead due to DMRS symbols and increased CP length (ECP case) 
	NCP: 7.1%
ECP:  21.3%
	1 symbol/TTI: 16.7% 
2 symbols/TTI: 8.3 %  

	Transmission mode
	4x4, rank 1

	MCS
	10 MCS, QPSK/16QAM/64QAM, code rate range[0.33, 0.83]

	Coding
	Turbo

	Channel model
	TDL-C-1000ns, 3km/h
TDL-B-300ns, 3km/h

	Channel estimation
	Wiener filter based estimator

	BLER
	Lower than 10-5 



RS patterns
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Figure 10. RS patterns used in link simulations
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