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In RAN1#87 [1] the following agreement was made regarding ECP support in NR:
Agreements:
· 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

Further studies are needed to determine in which of the above use cases an ECP numerology can indeed improve performance over a normal CP scalable numerology family. In this document we summarize our views on the two main scenarios that are described above:
· URLLC Transmissions with 60 KHz SCS and multiplexing with eMBB
· High speed train (HST) scenarios for 30 KHz and 60 KHz.
Discussion 
For brevity of the presentation, this contribution only presents the summary of our views, since detailed analysis, results and performance comparisons have already been presented multiple times before [2], [3], [4], [5], [6]. The reader is encouraged to refer to these papers for a detailed treatment.
ECP for URLLC transmissions
In LTE, extended CP is designed to ensure that even in large suburban and rural cell for long delay spread channels. This, however, comes at the expense of a higher overhead from the CP as a proportion of the total system transmission resources. Due to the excessive CP overhead, ECP does not get much traction and is very rarely deployed especially in a unicast scenario. It is expected that scaled numerology would be able to cover majority of the use cases in NR for eMBB/URLLC and mMTC.
In this section, we summarize the limitations of introducing ECP in URLLC services.
· Just like eMBB, URLLC ECP comes at the expense of a higher overhead as opposed to scaled numerology NCP option, which eventually limits URLLC capacity. 
· LTE type of ECP also actually increases latency due to the longer overall symbol duration compared with NCP, which allows less HARQ turn-arounds for a given delay budget. This impact is even more substantial for small latency budget when only two or three turn-arounds can be performed. See Figure 1 as an illustration.  In this example, within 250us, URLLC with NCP has three transmission opportunities while URLLC with ECP only has two. 
[image: ]
Figure 1 NCP & ECP impact on URLLC HARQ (SCS = 30kHz, TTI = 2 OFDM symbols,  RTT = 3 TTI)
· When it comes to service multiplexing, TDM multiplexing of LTE type ECP of URLLC service and NCP eMBB service becomes very inefficient due to the time domain misalignment between two numerologies. For example, suppose eMBB and URLLC are both based on the same SCS, where URLLC is ECP and eMBB is NCP, one URLLC ECP symbol could overlap with 2 eMBB NCP symbols, which leads to significant efficiency loss. 
As an illustration of the drawbacks of LTE ECP for URLLC transmissions is concerned, [7] describes a study that shows the overall capacity loss when comparing
· 2-symbol mini-slot with 30kHz SCS and NCP, to
· 6-symbol mini-slot with 60kHz SCS and LTE ECP. 
For completeness of this contribution we include the results in Figure 2. It is observed that using LTE ECP results in sizable capacity loss. In the regime of loose latency (> 1ms), a capacity loss ~9.5% is observable due to the overall ECP overhead. In the regime of tight latency, we lose much more. It shows that, at delay budget 1ms, using 2-symbol mini-slot NCP at 30kHz SCS leads to 63% capacity gain w.r.t 6-symbol mini-slot ECP at 60kHz SCS.

One explanation of the significant URLLC capacity loss using ECP is as the following: longer DS does not cause much performance impact on UEs of moderate to low geometry, which dominate the resource utilization in URLLC. As a result, ECP only increases overhead and latency without improving link-level performance much and hence leads to a pure performance loss at the system level overall.
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Figure 2. URLLC capacity evaluation for 60 KHz LTE ECP and 30 KHz NCP
Observation 1: LTE ECP increases latency for URLLC UEs due to longer overall symbol duration. LTE ECP achieves longer CP duration at a cost of higher overhead. Such a high overhead is not needed because longer DS does not cause much performance impact on UEs of moderate to low geometry which dominate the resource utilization in URLLC.
As far as other ECP choices are concerned, even though we acknowledge that more studies are needed, it is likely that non-negligible capacity loss will still be present compared to a 2-symbol 30 KHz NCP URLLC transmission.  For this reason, we make the following proposal:
Proposal 1: Transmission of URLLC with an LTE ECP numerology is not needed.
ECP for High speed scenarios
[image: ][image: ]Introducing ECP for high speed train is based upon the fundamental sensitivity of OFDM waveform to inner-carrier interference due to high Doppler, which decreases with increasing SCS, which however makes the waveform more susceptible to interference to due excessive DS beyond CP. Even though we understand such concerns, our detailed simulations have shown that using SCS of 30 KHz and NCP still performs better in several high speed scenarios compared to some of the proposals of ECP that are under consideration for 60 KHz. For example, Figure 1 and 2 presents the spectral efficiency comparison for TDL-C 1000 nsec and 300 nsec respectively for 500 Kmh for 4 GHz carrier frequency; detailed simulations assumptions can be found in [2-3]. We clearly observe that  scalable numerology family with CP overhead of 25% (LTE ECP) or 15.3% performs worse than an NCP scalable numerology family for the TDL-C fading channel model with 1850 Hz Doppler spread (500 Kmh in 4 GHz carrier frequency).  Figure 4 Link-curve without pilot overhead in TDL-C 300 nsec and Fd = 1850 Hz
Figure 3 Link-curve without pilot overhead in TDL-C 1000 nsec and Fd = 1850 Hz

Observation 2: A scalable numerology family with CP overhead of 25% (LTE ECP) or 15.3% performs worse than an NCP scalable numerology family for the TDL-C fading channel model with 1850 Hz Doppler spread (500 Kmh in 4 GHz carrier frequency).  

Similarly, in another study that was examining more closely the HST channel model, we observed that scenarios of both high delay spread and high Doppler are unlikely to occur concurrently. For example, following the 3GPP HST baseline channel model depicted in Figure 3, the Doppler shifts, relative power and the delays of the two main paths at each point on the railway track are presented in Figures 4, 5, 6. Observe that:
· at the locations that r.m.s. delay spread is high, the UE is typically located close to one of the RRHs, and therefore the Doppler spread is low,
· at the locations that r.m.s. delay spread is low, the UE is typically located in the area between two RRHs, in which case the Doppler spread is large. 
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Figure 5 Channel Model picture with the UE receiving the channels from the closest two RRHs
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Figure 6 Relative power of the two paths of the baseline HST scenario 1 with v=350 km/h
Figure 7 Doppler Shifts of the two paths of the baseline HST scenario 1 with v=350 km/h
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Figure 8 Delays of the two paths of the baseline HST scenario 1 with v=350 km/h



After focusing on the points on the rail track with the two “extreme” conditions presented above, and use corresponding TDL-C channels with similar interference due to Doppler and Delay spread, we observed that still the NCP family can achieve higher spectral efficiency compared to the ECP family of 25% or 15% overhead, as shown in Figure 7 and 8. For more details on the simulation assumptions please refer to [5].
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Figure 10 Link-curve without pilot overhead in TDL-C 661 nsec and Fd = 666 Hz
Figure 9 Link-curve without pilot overhead in TDL-C 100 nsec and Fd = 2246 Hz




However, the channel model considered in these results is just a baseline HST model, and we acknowledge that more studies are needed to ensure that for all the deployment scenarios of interest for high speed train, ECP performance is worse performance than NCP. For this reason, we make the following proposal:
Proposal 2: ECP choice for the HST use case needs further study.
Conclusion
Observation 1: LTE ECP increases latency for URLLC UEs due to longer overall symbol duration. LTE ECP achieves longer CP duration at a cost of higher overhead. Such a high overhead is not needed because longer DS does not cause much performance impact on UEs of moderate to low geometry which dominate the resource utilization in URLLC.
Observation 2: A scalable numerology family with CP overhead of 25% (LTE ECP) or 15.3% performs worse than an NCP scalable numerology family for the TDL-C fading channel model with 1850 Hz Doppler spread (500 Kmh in 4 GHz carrier frequency).  

Proposal 1: Transmission of URLLC with LTE ECP numerology is not needed.
Proposal 2: ECP choice for the HST use case needs further study.
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