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1. [bookmark: _Ref449341288][bookmark: _Toc273549427]Introduction
In RAN1 #86 the support of multiple CP overheads in addition to the scaled NCP has been discussed. It is the view of our company that the scaled NCP is a good all-round tool that should be supported for all SCS that are defined for NR.
But on the other hand, also in order to ensure forward compatibility, it shall be possible to introduce different CP overheads when the need is justified. For these additional CP overheads, it is still questionable that they have to be defined for all sub-carrier spacings that are supported in NR. There are some potential use cases where it could be motivated that a scaled NCP is complemented with another CP overhead. But this would probably be done just for specific subcarrier spacing. For instance at low SCS, an ultra-short CP could be introduced to push the efficiency. At high SCS when being deployed below 6 GHz, an extended or semi-extended CPs could be introduced.  
The requirements of the different uses case are currently not fully known. Different design choices have been presented to handle the same use case and there is no consensus on which solutions is the most suited one. Also in the future, new scenarios with different requirements may come up, or the importance between certain applications will shift. Therefore, when discussing the introduction of additional CP overheads, rather than defining details about specific solutions, RAN1 should first describe the mechanism how additional CP overheads shall co-exist with the main-stream scaled NCP.
Nevertheless, one specific use case has been brought up at RAN1 #86 that could need the support of an additional CP overhead. This is URLLC being deployed at a low frequency band. For this application, it has been proposed to introduce the scaled ECP as it is known from LTE. But no consensus has yet been reached if this solution is the optimum one for that use case. In R1-166360, e.g. it has been observed that the scaled ECP would increase the latency, since it only allows for 2 transmissions with 0.5 ms, whereas with a scaled NCP one has 3 transmission opportunities. Therefore, in the last part of this contribution, we investigate different CP realizations to cope with the URLLC use case at low frequency band. It is shown that other realizations with almost the same CP length as the scaled LTE-ECP offer much better efficiency when e.g. being multiplexed with eMBB running at SCS = 15 kHz, or when co-existence with LTE is important.        

2. Discussion
2.1. Assumptions on reference numerology
This contribution is based on the assumption that the reference numerology uses a sub-carrier spacing (SCS) of 15 kHz and the NCP symbol structure as it is also applied in LTE. This implies the sub-frame duration of 1ms.
Furthermore, it is assumed that numerologies from the same CP family align on symbol level across the different SCSs within the family. 
The expressions slot and mini-slot have been introduced in RAN1 #86, they describe both schedulable units. Their length has not been agreed upon yet, for this contribution it is assumed that a slot has then length of 7 symbols and a mini-slot contains 2 symbols.  
2.2. Motivation for scaled NCP and introduction of additional CP overheads

A CP family is defined by a constant CP overhead. Numerologies with the same CP overhead belong to the same CP family.
Note that the CP overhead per symbol does not necessarily need to be constant for one SCS within a CP family. In LTE NCP, for example, the symbol 0 within a slot has a slightly larger overhead than the symbols 1-6. Due to the symbol level alignment, this situation will also occur in NR for the reference numerology and scaled sub-carrier spacings. Therefore, more accurately, the overhead for a given CP family could be calculated during one sub-frame as the ratio between the time that is spent on the CP and the OFDM symbol. For LTE NCP, this number would be calculated to (2*160+12*144)/30720 = 6.67%.  
Within a CP family, the CP duration scales with the SCS. The table below contains the CP durations and OFDM symbols for the reference numerology and scaled versions. Please note that this table represents a simplified version where only the shortest CP duration for a certain SCS has been considered (e.g. 144 samples for 15 kHz):
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Table 1 – CP and OFDM symbol durations for the reference numerology CP family
From Table 1 it can be seen that different CP lengths can be achieved by scaling the SCS of the reference numerology. The NCP has been intensively studied during the 4G standardization and its feasibility has been proven in practice in LTE deployments. Considering that it only has a moderate overhead of slightly less than 7% and also that the channel delay spread becomes significantly shorter at high carrier frequencies, it can be expected that the NCP family is a good overall tool to serve most of the NR use cases. Therefore, the scaled NCP should be the mainstream solution for NR.
Proposal 1: Scaled NCP family should be the main stream solution for NR and should be supported for all sub-carrier spacings.   
However, with the NCP family, the CP durations are fixed for a given SCS. But NR shall exist for many years to come. Even if some very important use cases are foreseen now, other applications with different requirements might come up in the future. Even if NR starts out to be optimized for eMBB applications, but later on, mMTC would gain in importance, then NR should be able to provide the toolset to optimize the performance for mMTC as well. For low SCS, the scaled NCP duration becomes 18.75 us, which is quite large and over-dimensioned. Hence, for deployments with low SCS it would be desirable to have shorter (or even ultra short) CPs available in NR. 
Observation 1: For low SCS, the introduction of a short CP would increase the efficiency
On the other hand, from table 1 it is also observed that the supported CP length at higher SCS becomes very short. In deployments with high carrier frequency, e.g. 30 GHz, this should not be a problem, but at low frequencies, i.e. below 6 GHz, the channel delay spread might be too large so that scaled NCP cannot cope with it. In these conditions, it could be favourable to have access to a CP with larger overhead, so that high SCS could be deployed at low frequencies.
Observation 2: In order to deploy high SCS at low frequencies it should be possible to introduce a larger CP overhead.        
In [1], more use cases have been shown that motivate the application of different CP overheads, e.g. different beamforming techniques in UL and DL as well as CoMP operations in DL.
Observation 3: Multiple CP overheads that are optimized for certain use cases might be needed in the future.
Based on the above discussion, in addition to proposal 1, that the NCP family should be the mainstream solution for NR, we make the proposal:
Proposal 2: NR should allow the support of CP overheads other than NCP. These extra CPs, do not need to be applicable for the entire range of supported SCS, but instead could be optimized for their use case and a certain SCS.
As a comment to the above proposal, already during RAN1 #86 it had been brought up that the use of the LTE-ECP with its huge overhead would be questionable at SCS = 15 kHz. Therefore, if a large CP overhead would be introduced it probably could be restricted to large SCS. 
2.3. Revisiting the 3GPP discussion about Extended CP
During RAN1 #86 some companies proposed to agree on the support of LTE-ECP also in NR. In our view, in this stage of the study, it is too early to decide on any specific extra CP overhead, since there are many possible future use cases, and at this moment, we do not know which solution would fit best. Especially the ECP as known from LTE has disadvantages:
· The obviously huge overhead of 20%
· No consensus on usability – some companies provided simulations to proof the benefits of ECP whereas other companies provided results to show contrary for the same or similar use cases. 
· One use case for ECP has been highlighted: its application with 60 kHz SCS at low frequency band for low latency services. However, also for this specific scenario, it has been shown in [3], that ECP is bad design choice for URLLC since it increases the latency and within the given time limit of 0.5 ms, ECP would allow only 2 transmissions instead of 3 when NCP would be used. In the last part of this contribution, we will show further alternative solutions with better performance.    

Observation 4: Right now, there is no consensus within 3GPP on any specific CP overhead that is needed in addition to the reference numerology family. But it is agreed that different CP overhead shall be introducible when a need is identified. 
Therefore, rather than discussing specific additional CP overheads, the mechanisms and general principles should be discussed how an additional CP overheads shall be included and can co-exist with the reference numerology family.
Proposal 3: RAN1 should study the mechanisms and general principles how different CP overheads can be added to the reference numerology family. 
2.4. Co-existence between reference numerology family and other CP overhead

Before defining rules for the co-existence of the reference numerology family and any other CP overhead, the relationship between different transmission-units within the reference numerology is investigated.
For the reference numerology, within the same SCS, transmission units (slots and mini-slots) do not align within a sub-frame. This is illustrated below in Figure 1.
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Figure 1 – Different transmission units (slots and mini-slots) for the reference numerology align on a sub-frame basis but not within a sub-frame
Also for the reference numerology family, due to the symbol level alignment requirement, slots of the same SCS do have 2 different absolute time durations and slot/mini slot boundaries across different SCS scaling do not necessarily align either. This is shown in Figure 2 below.
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Figure 2 – Slots and mini-slots do not align across scaled numerologies within the reference numerology family

Following is observed from the reference numerology:
Observation 5: For the reference numerology family
· Different transmission units align on sub-frame boundaries if a slot contains 7 symbols and a mini-slot consist of 2 symbols 
· Within a sub-frame, different transmission units do not align

When extra CP overheads are introduced it is reasonable to apply the same rules as for the reference numerology. Hence, following proposal is made:
Proposal 4: Transmission units based on CP overheads other than the NCP shall
· align on sub-frame boundaries
· are not required to align with transmission units of scaled NCP within a sub-frame 

Based on Proposal 4 above, three cases for co-existence between NCP and other CP overhead shall be supported:
Proposal 5: In NR, it can be switched between different CP overheads, by:
· A clean switch between the CP overheads is done a sub-frame border
· Within a sub-frame, each CP family has its own timing, a switch between two families could be carried out within a sub-frame  
· Overlaid, where one transmission unit is punctured. 

This is illustrated below in Figure 3.
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Figure 3 – Co-existence between two CP families, switch can be performed 1) on sub-frame boundary, 2) within a sub-frame according to their individual timings or 3) Overlaid with puncturing 

2.5. Example-realizations for extra CP overhead
As it was stated in Proposal 2, extra CP overhead might only be needed for certain sub-carrier spacings. One important use case could be an ultra short CP to gain efficiency in scenarios with low SCS. However, during RAN1 #86 companies showed special interest into the URLLC use case for carrier frequencies less than 6 GHz. It was claimed that shorter symbols would be needed to satisfy the low latency requirements, thus SCS = 60 kHz was said to be needed. The CP length supported by the scaled reference numerology was expected to be too short in that deployment case. Therefore, some companies proposed that NR should also support the ECP as it is know from LTE.
However, the ECP suffers from a large overhead and other companies (e.g. as in [3]) also observed that for the URLLC case, the ECP is not a good design choice since it increases the latency.
Therefore, especially for URLLC applications in low band, other design choices should be considered for evaluation. In Table 2 below, 4 options for semi-extended CPs are shown. Their overhead is less than for the ECP, but the CP length might still be long enough to cope with the delay spread of the radio channel.  


Table 2 – Different options of CP designs for SCS = 60 kHz
Besides the scaled NCP, one option from Table 2 above is very interesting to study further as an alternative to the scaled LTE-ECP. This is the option to use 49 symbols per ms.
· When using a semi-extended CP of 49 symbols per ms, a transmission unit (slot) could be created to consist of 7 symbols. 7 slots would then fit then into one sub-frame. This option might be attractive because the same number of symbols per slot is used as for the reference numerology.
· 49 symbols per ms have almost the same CP length as scaled ECP (3.74 us vs 4.17 us). Thus, it is expected to have almost the same performance in channel conditions with long delay spread. In the appendix, simulation results are provided that confirm this expectation.

Observation 6: Using a semi-extended CP with 49 symbols per ms has about the same CP duration as the scaled LTE-ECP
In the following, the design option of having 49 symbols per millisecond is investigated further.
Considering this alternative option, one might think that the overhead saving compared to the scaled ECP is not that huge. But this is not the major benefits why we bring this option into the discussion. The more important advantage becomes clear when considering the multiplexing-characteristics with 15 kHz SCS:
Observation 7: 
· The traffic for URLLC is expected to be sporadic, for efficient resource utilization, it should not be studied stand-alone but when being multiplexed with another appropriate service.
· Attractive services to be multiplexed with URLLC are LTE or eMBB with SCS = 15 kHz. In both cases as many URLLC symbols as possible with SCS=60 kHz should be transmitted during 2 LTE-symbols of 15 kHz SCS. 

In LTE short TTI for example, a 2-OFDM symbols TTI is the shortest transmission duration. If the URLLC transmission duration with SCS = 60 kHz could be aligned with 2 OS short TTI, then the URLLC transmission duration can reuse those resources and thereby reduce the impact on the R8 LTE traffic. In another case, one might want to multiplex URLLC and with 2 symbols of 15 kHz SCS eMBB.  
The shortest time duration for two consecutive LTE symbols is 142.7 us. This gives only space for 6 LTE-ECP symbols. 
Having 49 symbols per ms with just a slightly shorter CP length than the scaled ECP, on the other hand, would allow to transmit 7 URLLC symbols within 2 symbols of SCS = 15 kHz. Additionally, if the channel delay spread is very short, one could also use the scaled NCP and transmit 8 URLLC symbols within the given time of 2 LTE symbols. This illustrated below in the Figures 4 and 5. The transmission of the scaled LTE-ECP is shown in Figure 4, where only 6 symbols can be transmitted within two 15 kHz symbols. Also, a gap with wasted resources is created. 
Note, that the 15/60 kHz SCS multiplexing is just one example. The same approach is e.g. also feasible for multiplexing 30/60 kHz SCS.


Figure 4 – Multiplexing scaled LTE-ECP with 2 symbols of 15 kHz SCS gives only space for the transmission of 6 ECP symbols
The transmission of the scaled NCP and semi-extended ECP is illustrated in Figure 5 below, 8 (scaled NCP) or 7 (semi-extended CP) symbols can be transmitted within two 15 kHz symbols.


Figure 5 – Multiplexing scaled NCP or other extended CP types with 2 symbols of 15 kHz SCS gives space for the transmission of  8 (scaled NCP) or 7 (other CP types) symbols 
Observation 8: During the time duration of 2 LTE symbols, the transmission of URLLC is possible with
· 6 symbols using scaled ECP
· 7 symbols using an semi-extended CP of 49 symbols / ms. The transmission efficiency goes up with 16.67% compared to scaled ECP
· 8 symbols with scaled NCP. The transmission efficiency goes up with 33.33% compared to scaled ECP

The 49 symbols / ms can be divided into 7 slots, each consisting of 7 symbols. This is the same number of symbols per slot which is discussed for the reference numerology. Below, it is shown how this structure co-exists with the reference numerology according the rules suggested in Proposal 5: The sub-frame is divided into two slots for the reference numerology and into 7 slots for the semi-extended CP numerology. At the same time, the slots of the semi-extended CP are designed to match the symbol lengths of two consecutive 15 kHz symbols. An overlaid transmission is supported. Thus, two symbols from LTE can be punctured and one slot of the semi-extended CP is transmitted instead.    

Figure 6 – Co-existence between the LTE reference numerology and the semi-extended CP of 49 symbols per ms
 
Proposal 6: RAN1 shall study the support of URLLC services with 60 kHz SCS at carrier frequencies below 6 GHz. The solutions to be investigated are:
· Scaled NCP
· Extended CP with 49 symbols per ms

In Table 3 below, an example for the slot structure design for the semi-extended CP with 49 symbols per ms is given. The lengths for its 7 slots are aligned with two corresponding consecutive LTE symbols. The assumed sample rate is 30720 kHz, the FFT size for the LTE symbols is 2048 and the FFT size for the 60 kHz symbols is 512. Then, for each pair of two consecutive LTE symbols, the number of available samples including CP is counted. The number of samples needed for the 7 FFTs during one slot is 7*512=3584. This value is subtracted from the available samples for the corresponding 2 LTE symbols. What then is left for each slot are the samples that can be spent for the CP. In the example from Table 3, similar to LTE/NCP, all excess CP samples are spent on symbol 0 in each slot. The remaining 6 symbols have the same CP length.
Observation 9: Using a semi-extended CP of 49 symbols / ms results in the same slot structure as intended for the NCP family      
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Table 3 – Example slot structure for semi-extended CP with 49 symbols per ms at SCS = 60 kHz 
3. Conclusion
Observation 1: For low SCS, the introduction of a short CP would increase the efficiency
Observation 2: In order to deploy high SCS at low frequencies it should be possible to introduce a larger CP overhead.        
Observation 3: Multiple CP overheads that are optimized for certain use cases might be needed in the future.
Observation 4: Right now, there is no consensus within 3GPP on any specific CP overhead that is needed in addition to the reference numerology family. But it is agreed that different CP overhead shall be introducible when a need is identified. 
Observation 5: For the reference numerology family
· Different transmission units align on sub-frame boundaries
· Within a sub-frame, different transmission units do not align
Observation 6: Using a semi-extended CP with 49 symbols per ms has about the same CP duration as the scaled LTE-ECP
Observation 7: 
· The traffic for URLLC is expected to be sporadic, for efficient resource utilization, it should not be studied stand-alone but when being multiplexed with another appropriate service.
· Attractive services to be multiplexed with URLLC are LTE or eMBB with SCS = 15 kHz. In both cases as many URLLC symbols with SCS=60 kHz should be transmitted during 2 LTE-symbols. 
Observation 8: During the time duration of 2 LTE symbols, the transmission of URLLC is possible with
· 6 symbols using scaled ECP
· 7 symbols using an semi-extended CP of 49 symbols / ms. The transmission efficiency goes up with 16.67% compared to scaled ECP
· 8 symbols with scaled NCP. The transmission efficiency goes up with 33.33% compared to scaled ECP
Observation 9: Using a semi-extended CP of 49 symbolss / ms results in the same slot structure as intended for the NCP family      

Proposal 1: Scaled NCP family should be the main stream solution for NR and should be supported for all sub-carrier spacings.
Proposal 2: NR should allow the support of CP overheads other than NCP. These extra CPs, do not need to be applicable for the entire range of supported SCS, but instead could be optimized for their use case and a certain SCS.
Proposal 3: RAN1 should study the mechanisms and general principles how different CP overheads can be added to the reference numerology family. 
Proposal 4: Transmission units based on CP overheads other than the NCP shall
· Align on sub-frame boundaries
· Are not required to align with transmission units of scaled NCP within a sub-frame 

Proposal 5: In NR, it can be switched between different CP overheads, by:
· A clean switch between the CP overheads is done a sub-frame border
· Within a sub-frame, each CP family has its own timing, a switch between two families could be carried out within a sub-frame  
· Overlaid, where one transmission unit is punctured. 

Proposal 6: RAN1 shall study the support of URLLC services with 60 kHz SCS at carrier frequencies below 6GHz. The solutions to be investigated are:
· Scaled NCP
· Extended CP with 49 symbols per ms
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Appendix – Simulation Results
In this appendix simulation results are shown in which the link level performance of semi-extended CPs with 49 and 50 symbols / ms is compared with the scaled LTE-CP of 48 symbols / ms. This is done for TDL-A channels with DS = 300 and 1000 ns. The results are shown below in Figure A1.
For the large delay spread (right-hand side in Figure A1, it can be seen that the link level performance for 49 symbols/ms and scaled ECP is about the same. Thus, no performance loss due to channel delay spread is experienced when employing the slightly shorter CP for 49 symbols per ms. On the other hand, when multiplexing with other services, this option allows the transmission of 7 symbols within the given time duration as opposed to the 6 symbols of scaled ECP. Thus, when being multiplexed, the transmission efficiency increase of 16.67 % by using the semi-extended CP is confirmed through this simulation.
In the case of lower delay spreads (as illustrated on the left-hand side for in Figure A1), there is even a slight improvement already for the link level performance when using semi-extended CPs.  
Simulation assumptions:
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Simulation results: 
	[image: ]
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Figure A1 – Comparison of link-level performance between scaled ECP and semi-extended CPs
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