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The following agreements have made regarding ECP:
Agreements:
· 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:
· 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

Agreements:
· Working assumption: LTE scaled extended CP is supported at least for NR 60kHz SCS in Rel-15
· Revisit and design CP choice from 48, 52, or 49 OFDM symbols in 1 msec if other extended CP(s) have benefits for identified use cases

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 previous document, even though we identified that the ECP of the 60 KHz may be used to support the High speed train (HST) use case, more studies were needed to confirm, or change the working assumption of the length of the ECP and its operational framework for NR. 
Discussion
The concern of introducing ECP without ensuring its usefulness has been reported in multiple papers before [3-6]. The reader is encouraged to refer to these papers for a detailed treatment. However, we agreed to support an ECP length for 60 KHz SCS in light of some possible use cases where based on current simulations, scaled numerology is similar to (but still better than) those of ECP solutions, in which case as channel model for the actual HST channel may potentially change depending on channel measurements in the new bands. In such scenarios, ECP may be considered. In the previous contribution, HST scenario is identified as a potential use case for ECP. 

Note that, despite the observation that scalable numerology is in general sufficient to cover most DS scenarios, we still put considerable amount of effort to evaluate performance tradeoffs in various possible use cases [6][7]. Constructive proposals on mechanisms to enable ECP have been presented (e.g. [11]).
In this paper, we propose a framework that can be used to introduce ECP in a UE specific fashion.

UE specific CP type for data channels
The usage of ECP has been mainly to combat ISI over long DS channels. However, from the studies in RAN1, we have the following observations:
· The need for ECP is highly SNR dependent. For SNR < 15dB, ECP has no gain over NCP and typically incurs a performance loss over NCP [3-6, 12-14].
· Low geometry users are not impacted by the excessive delay spread beyond CP as it has been shown repeatedly from several companies. Therefore, forcing all the users in the cell to use ECP (particularly LTE ECP) is going to be highly inefficient.
· Similarly, such a concern does not exist for the control channel, due to the low SNR operating point. Specifically, the SINR floor due to excessive delay spread is typically larger than the operating point of the control channel, e.g., higher than 10-15 dB, and therefore there is no need of transmitting with ECP in the OFDM symbols with the control channel.

Observation 1: in the low to moderate SNR region (SNR <= 15~20dB), LTE-type ECP only incurs performance loss.

Observation 2: CP length is not expected to have noticeable performance impact on ctrl channel due to its low rank/modulation order and low geometry operating region.

Observation 3: Forcing all the users in the cell to use ECP (particularly LTE ECP) is going to be highly inefficient.

Based on the above observations, note that if control is always NCP, then the gNB may configure for each UE separately the CP of the data channel, depending on the channel conditions that each UE experiences and the UE capabilities. Using such a UE specific CP management allows for more flexibility in configuring ECP for only the UEs that actually need it. Recall that in LTE the CP management is cell-specific, i.e., detection of cell-specific CP is via PSS/SSS, which means that all the UEs would need to be configured to ECP/NCP; such a configuration would generally result to overall system throughput loss, as we have repeatedly show (and also puts enormous amount of burden on UE implementation). If the ECP can be configured per UE, only for the data channels, while keeping the OFDM symbols with control with the NCP, the network could enable the ECP feature for only those ECP-capable UEs that actually experience channels with high Delay spread that cannot be handled by the NCP alternative. For the remaining UEs, higher spectral efficiencies could be achieved if these UEs are configured with NCP.


    
Figure 2‑1 UE-specific region-dependent CP management.  DL/UL control is NCP, while DL/UL data is by indication/configuration either NCP or ECP.
Note that in the above figure, if ECP is used for the DL data, then an appropriate short gap might be needed between the control channel (NCP) and the first DL symbol carrying data. Similar gap was used in LTE also for the MBFSN subframe. 
Regarding the signaling aspect of CP management, the UE could advertise to the network its capability regarding the CP types supported for the data channel, and then the network will semi-statically configure the UE with the most appropriate CP length.
Note that dynamic signaling of the CP is generally not necessary, as channel DS/geometry and Doppler will not change very dynamically (on the “ms” scale). On the other hand, dynamic switch between NCP and ECP in data channel makes implementation extremely challenging as the UE would typically start the FFT of the next symbol while still decoding the DL control of the previous symbol. If the CP type would be signaled in the DCI, then the UE would have to perform two FFTs, one for each CP hypothesis, to be prepared for each possibility, which has obvious problems, timeline processing impact and energy efficiency problems. 

Simulation study for 4 GHz and TDL channels with 500 kmh
For a realistic simulation study comparing different CP options, we need to make sure that both the control overhead, the DMRS overhead, and the channel estimation is taken into account, in order to identify the most appropriate ECP length. 
Slot structure considerations
Based on the working assumption of DMRS in NR, we consider a setup where “1-symbol” front-load DMRS is used as the basic DMRS pattern that is being repeated in later symbols in one slot to provide robustness to high mobility. DMRS pattern considerations: 
· DMRS Frequency domain density: For the 60 KHz SCS, as it was already shown in previous contribution [6], supporting channels with high delay spread, e.g., 600 nsec or 1000 nsec, would require full symbols for one port. Even if the DMRS can be adjusted to the delay spread, then for 300 nsec, half full symbols might be enough. Numerical results for both scenarios are shown below.
· DMRS Time domain density: As it is shown in latest DMRS evaluations [8], 3 DMRS looks in time are needed in a 250msec slot to get the required robustness at the 500 kmh and 4 GHz carrier frequency (i.e., approximately 1850 Hz Doppler spread), numerical results shown below.

Note that the above considerations are common for the ECP/NCP 60 KHz scenarios. Therefore, we observe that essentially a minimum of the equivalent of 1.5 OFDM full symbols need to be used for DMRS, which might need to be 3 OFDM symbols for supporting channels like TDL-C 1000 nsec and 1850 Hz (numerical results shown below). Considering 2 additional full OFDM symbols for DL control, then 3.5 to 5 OFDM symbols will be used for overhead. Thus,
· Option 1 (LTE ECP): Out of the 12 OFDM symbols, 8 to 11.5 symbols are for data,
· Option 2: Out of the 13 OFDM symbols, 9 to 12.5 symbols are for data.
In a self-contained slot structure, where guard and UL common burst might be present in the end of the slot, then Option 1 could have the equivalent of only 6 data symbols, whereas Option 2 will have 7, which is already %16.67 more data resources than LTE ECP.
It can be seen that the overhead of ECP is actually dependent on frame structure, control and DMRS overhead.
Consider self-contained slot structure w/ 2 DL symbol control, 1 GP, 1 ULCB. Further consider the following 3 scenarios:
1. For the case of ideal scenario, no DMRS overhead is assumed:
LTE NCP has: 14 – 4 = 10 data symbols.
13-symb ECP has: 13 – 4 = 9 data symbols, 11.1% overhead
LTE ECP has: 12 – 4 = 8 data symbols, 25% overhead
2. For the case of moderate DS (0~300ns), 0.5x3 DMRS symbols:
LTE NCP has: 14 – 4 – 1.5 = 8.5 data symbols.
13-symb ECP has: 13 – 4 – 1.5 = 7.5 data symbols, 13.3% overhead
LTE ECP has: 12 – 4 – 1.5 = 6.5 data symbols, 30.8% overhead
3. For the case of large DS (300~1000ns), 1x3 DMRS symbols:
LTE NCP has: 14 – 4 – 3 = 7 data symbols.
13-symb ECP has: 13 – 4 – 3 = 6 data symbols, 16.7% overhead
LTE ECP has: 12 – 4 – 3 = 5 data symbols, 40% overhead
It is clear that, ECP overhead depends on other overhead such as DMRS, no DMRS to realistic DMRS overhead could cause ECP overhead to be nearly doubled (25%=>40% for LTE ECP). Hence, the performance of ECP and the selection of ECP overhead is heavily dependent on the actual use case.
Numerical results for Doppler spread of 1850 Hz
We follow the agreements used for DMRS evaluations for the TDD slot with 2 symbol downlink control and 2 symbol uplink burst and guard. The DMRS used for these evaluations are shown below and the results for TDL-C channels for RMS DS of 300 nsec, 600 nsec, 1000 nsec in the appendix (for reference purpose, performance over TDL-A, TDL-B w/ DS = 300, 600, 1000 are also compared. However, it is not clear how realistic these channel models are in the context of HST and is up to further discussion in DMRS design and channel modeling discussions).
Note that ECP12 refers to the LTE ECP (option 1 in the above proposal), and ECP13 refers to option 2. Note also that we show simulation results for the high delay spread and Doppler spread channels as agreed in the DMRS simulation assumptions [9], i.e., TDL channels with 500 kmh and up to 1000 nsec. Note also that the DMRS pattern that we are proposing agrees with the working assumption for DMRS for NR [10].
12 DL symbols – 2 UL symbols
In the following tables we present for each channel and 5 SNR points (10 dB, 15 dB, 20 dB, 25 dB, 30 dB)  the CP option that achieves better spectral efficiency. Detailed link curves are shown in the appendix.
 Three full symbol DMRS
	Channel / SNR
	10 dB
	15 dB
	20 dB
	25 dB
	30 dB

	TDL-C 300
	NCP
	NCP
	NCP
	NCP
	NCP

	TDL-C 600
	NCP
	NCP
	NCP
	NCP
	ECP13

	TDL-C 1000
	NCP
	NCP
	NCP
	ECP13,NCP
	ECP13,NCP

	TDL-A 300
	NCP
	NCP
	NCP
	NCP
	NCP

	TDL-A 600
	NCP
	NCP
	ECP13, NCP
	ECP13
	ECP13

	TDL-A 1000
	NCP
	ECP13
	ECP13
	ECP13
	ECP12

	TDL-B 300
	NCP
	NCP
	NCP
	NCP
	NCP

	TDL-B 600
	NCP
	NCP
	NCP
	ECP13
	ECP13

	TDL-B 1000
	NCP
	NCP
	ECP13
	ECP13,ECP12
	ECP13



Three half symbol DMRS
	Channel / SNR
	10 dB
	15 dB
	20 dB
	25 dB
	30 dB

	TDL-A 300
	NCP
	NCP
	NCP
	NCP
	NCP

	TDL-B 300
	NCP
	NCP
	NCP, ECP13
	ECP13
	EXP13

	TDL-C 300
	NCP
	NCP
	NCP
	NCP
	NCP



It can be seen that, which case NCP or ECP is better quite dependent on channel condition. In most cases, LTE ECP is not a good option.
Finally, to re-iterate our previous observations, in all these scenarios even when DMRS overhead is not considered, SCS = 30kHz gives substantial performance gain over SCS = 60kHz scenario.
[image: ]
ECP joint design with DMRS design for long DS and high speed channels
It is well known that throughput performance is much more sensitive to pilot pattern over long DS and high speed scenario. Companies interested in handling of long DS and high speed channels, not only should pay attention to ECP design, but more importantly, to concern the design and evaluation of the corresponding DMRS pattern. It is concerning that, for now, in the DMRS evaluation, the only HST channels considered for DMRS is of low DS (TDL-E 50us, which was considered sufficient for HST scenario). Companies are encouraged to consider DMRS design for long DS and high speed channels and ECP design could be done jointly with that effort.
Conclusion
Observation 1: in the low to moderate SNR region (SNR <= 15~20dB), LTE-type ECP only incurs performance loss.

Observation 2: CP length is not expected to have noticeable performance impact on ctrl channel due to its low rank/modulation order and low geometry operating region.

Observation 3: Forcing all the users in the cell to use ECP (particularly LTE ECP) is going to be highly inefficient.



Proposal 1: We propose the following:
· OFDM symbols carrying control channels can be NCP, while data symbols can either be configured/indicated to use NCP/ECP based on UE capability on a per UE basis.
· Data channel CP type is semi-statically configured via RRC signaling per UE based on UE capability.
Proposal 2: The length of 60 KHz ECP is can be from one of the following alternatives:
1. ECP length is such that 48 OFDM symbols fit in 1 msec (i.e., scaled LTE ECP with approximately 4.17 usec length).
2. ECP length is such that 52 OFDM symbols fit in 1 msec (i.e., ECP with approximately 2.56 usec length).
3. Other ECP options where use case is clearly identified.
Proposal 3: ECP design choice should be considered jointly with DMRS pattern design over HST-specific channel models (at least), and realistic DMRS channel estimation.
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Appendix
Numerical Results Link Curves for 12 DL, 1 guard, 1 UL symbols
3 full symbol DMRS
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