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Introduction
In the RAN1#86b meeting [1], following agreements regarding the multiplexing of eMBB and URLLC have been made.
	Agreements:
· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  
· Using the same sub-carrier spacing with the same CP overhead
· FFS: different CP overhead
· Using different sub-carrier spacing 
· FFS: CP overhead
· NR supports both approaches by specification
· NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL 
Agreements:
· Consider further the tradeoffs for meeting URLLC requirements for the following.
· Semi-static resource allocation for UL data transmission.
· Dynamic indication of available resource (e.g., by broadcast DCI) for UL data transmission.
· Normal SR-based transmission
· Other solutions are not precluded
· 




In this contribution, two methods to dynamically share the available resources are discussed:
1. Multiplexing by puncturing and TDM
2. Reserving URLLC resources that can be utilized by eMBB when not being used for URLLC
Discussion
The URLLC traffic occurs rather sporadic and therefore, for efficient resource utilization it should be investigated how URLLC can be multiplexed with other services, so that the available time-frequency resources are utilized in an efficient way. A good candidate to be multiplexed with URLLC is the eMBB use case which is characterized by a high traffic load and longer scheduling intervals.
The eMBB can be configured with different numerologies, e.g. SCS of 15, 30 and 60 kHz are possible. URLLC can also be configured with different SCS but needs to use shorter scheduling units (e.g. mini-slots) for the lower SCS in order to meet the low latency requirements.
Observation 1: eMBB can be configured with different sub-carrier spacing, e.g. 15, 30 or 60 kHz
Observation 2: URLLC can be configured with different sub-carrier spacing, e.g. 15, 30 or 60 kHz, but requires mini-slots as transmission units for the lower SCS (15 kHz and 30 kHz) to meet the latency requirements.
It is not specified yet, if it is mandatory for all UEs to support all possible sub-carrier spacings. In order support a maximum of flexibility and resource utilization, the multiplexing method for URLLC and eMBB should impose as little restrictions as possible onto the individual numerologies that can be selected for each service. 
Proposal 1: The eMBB/URLLC multiplexing method should allow for maximum flexibility for the individual numerologies that can be used for each service.
Multiplexing eMBB and URLLC by Puncturing or TDM
Case 1: eMBB and URLLC using the same SCS
Assume that both eMBB and URLCC use 15 kHz SCS. In order to meet the time-line requirements of URLLC, this use case will not be possible for SCS = 15 kHz with the shortest slot length of 7 symbols.
Observation 3: Without support of mini-slots, URLLC is not possible to be supported for SCS = 15 kHz.
Then, two eMBB symbols can be punctured and 1 URLCC mini-slot of length 2 symbols can be transmitted instead. The concept of mini-slots is explained further in the companion contribution [2]. This method of URLLC and eMBB multiplexing is illustrated below in Figure 1. There, four eMBB symbols are punctured and replaced by two URLLC mini slots, each with a length of two symbols.    
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Figure 1 – Multiplexing eMBB and URLLC of the same SCS
The same concept as in Figure 1 above is of course also valid when both eMBB and URLLC use 30 kHz SCS. In that case, mini-slots of 2 or 4 symbol length could be transmitted.
Observation 4: URLLC/eMBB multiplexing by puncturing is supported when both services use SCS =15/30 kHz and mini-slots length of 2/4 symbols for URLLC transmissions.
Case 2: eMBB and URLLC using different SCS
When a larger SCS, e.g. 60 kHz is used for the URLLC service, it shall be possible to multiplex it with eMBB which in turn could be using 15 kHz or 30 kHz as SCS. For this configuration, two scenarios can be envisioned: a) eMBB/URLLC using both scaled NCP and b) the delay spread of the channel is so large that the 60 kHz SCS needs some type of extended CP (not necessarily LTE-ECP). It should be possible to transmit URLLC with 60 kHz during the time given by 2 OS with 15 kHz. This is not only of advantage when multiplexing URLLC and eMBB, but also for the co-existence with LTE. 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.
URLLC and eMBB using same CP overhead (scaled NCP)
When both services use the same CP overhead, their symbols will be aligned on the boundaries of the numerologies with the largest SCS. This is shown in Figure 2 below. In this case, a transmission unit of 4 URLLC symbols can be transmitted during 1 eMBB symbol or two URLLC mini-slots with 4 symbols each can be transmitted during 2 OS at 15 kHz SCS. 
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Figure 2 – Multiplexing URLLC and eMBB with different SCS but same CP overhead
URLLC and eMBB using different CP overhead 
It has been noted by many companies that for a SCS of 60 kHz, when being deployed at a carrier frequency below 6 GHz, some kind of extended CP is needed. When multiplexing different CP overheads, the symbol level alignment is not given anymore. However, in order to enable an efficient multiplexing between URLLC and eMBB with minimum impact on the eMBB performance and also in order to be able to re-use the 2 OS resources for the short TTI in LTE, it is proposed that for different CP overhead, the URLLC should align with the 2OS reference numerology. 
Proposal 2: When multiplexing eMBB/URLLC, the URLLC should align with 2 OS symbols at 15 kHz SCS;
· When eMBB is configured with 15 kHz SCS, URLLC shall align with 2 eMBB symbols
· When eMBB is configured with 30 kHz SCS, URLLC shall align with 4 eMBB symbols
This is illustrated below in Figure 3 below, for the case when URLLC is using the (E)CP with 49-symbols / ms as described in the companion contribution [3] 
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Figure 3 - Multiplexing URLLC and eMBB with different SCS and different CP overhead
From the discussions above, the following observation is made:
Observation 5: URLLC/eMBB multiplexing by puncturing supports highly flexible numerology configurations
· The same or different SCS for URLLC and eMBB
· The same of different CP overhead for URLLC and eMBB
Proposal 3: For URLLC/eMBB multiplexing, puncturing is supported
· Same different SCS is supported
· Same and different CP overhead is supported
It shall be noted that two slot formats for eMBB are supported, i.e. both slots with 7 and 14 symbols duration are possible. The puncturing should avoid the control field of the eMBB slot. Therefore, the longer eMBB slot gives more flexibility. In some special cases, the puncturing can be avoided. More details regarding the puncturing and eMBB performance are described in the companion contribution [5].
If the traffic load of URLLC increases, then another method instead of puncturing is to switch on 1 ms boundaries between URLLC and eMBB. Since all numerologies (no matter if different SCS and/or different CP overhead is employed) align on 1ms boundaries, a clean switch without performance loss or resource waste is always possible on these sub-frame boundaries.  This is illustrated in Figure 4 below for the example that eMBB/URLLC are using the same numerologies. But of course, different numerologies are supported as well.   [image: ]
Figure 4 – Multiplexing eMBB and mini-slots for URLLC in TDM manner
Mixing CP overheads within the same cell 
Within the coverage area of a cell different delay spreads may occur for different UEs. For example a cell center UE may not need the same CP length as an UE located on the cell edge. Therefore, it should be supported that different UEs can operate with different CP overheads in the same cell. This has also been observed by other companies, e.g. in [6].  If URLLC is operating at SCS 60 kHz, then for some UEs it will be sufficient to use scaled NCP and others might need an extended CP.
Proposal 4: URLLC services with different CP overheads shall be supported simultaneously in the same cell
The efficient simultaneous support of different CP overheads requires a careful design of the extended CP duration. With the proposed 49-CP structure [3], it is possible to schedule different URLLC-NCP@60kHZ and URLLC-49CP@60kHZ without any gap in between. 8 symbols for scaled NCP@60 kHZ SCS have the same duration as 7 symbols of 49-CP. Thus, they fit all into the same time-structure and can be freely interchanged with each other or with the baseline numerology of eMBB. This is illustrated in Figure 5 below. 
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Figure 5 – Multiplexing different CP overheads for URLLC. Scaled NCP@60kHz and 49-CP have the same time duration and be freely interchanged depending in the requirements for the specific UE
It should be noted that the eMBB SCS of 15 kHz in Figure 5 above is just an example. In the example case, URLLC would puncture out 2 eMBB symbols and depending of the CP type transmits either 7 or 8 URLLC symbols. However, different SCS values for eMBB are also possible. If eMBB uses 30 kHZ SCS, 4 eMBB symbols will be punctured out and if eMBB uses SCS = 60 kHz, 8 eMBB symbols will be punctured out.  
Observation 6: At URLLC with SCS=60 kHz, 8 OS of scaled NCP have the same duration as 7 OS with 49-CP. They can be freely interchanged for different UE requirements and in addition align both with the eMBB baseline numerologies, regardless if eMBB uses 15,30 or 60 kHz SCS.
Multiplexing eMBB and URLLC by reserving URLLC resources
Another approach which has been brought up during RAN1 #86b is to reserve URLLC resources. These URLLC can then be taken over by eMBB when URLLC is not using them.
According to that approach, the URLLC and eMBB would each get semi-statically a frequency sub-band assigned. The eMBB UE would then monitor the URLLC resources. This is illustrated below in Figure 5 for the case of eMBB using 15 kHz and URLCC using 60 kHz SCS. It can be seen that the URLLC resources can only be monitored at eMBB slots boundaries, since the start of the URLLC-PDCCH (red) does not coincide with the end of eMBB symbols at other positions.
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Figure 6 – eMBB monitoring URLLC at eMBB slot boarder
Observation 7: When reserving URLLC resources, these cannot be monitored by eMBB when eMBB is using a smaller SCS than URLLC. This would lead to waste of many potentially unused URLLC resources
From Observation 6 it is concluded that the flexibility for supported numerologies is restricted significantly when frequency resources are reserved for URLLC. This breaks also against the agreement that dynamic multiplexing with different SCS shall be supported.
For the case the eMBB and URLLC use the same numerology, even if the scheduling periodicity of the eMBB can be much longer, it still needs to monitor the URLLC resource with a high frequency. This increases the power consumption dramatically and is in contradiction to the agreement made at RAN1#86 in Gothenburg [4].
Observation 8: When reserving URLLC resources, for efficient resource utilization, the eMBB needs to monitor the URLLC resources with a high frequency, which increases the power consumption significantly.

Conclusion – Summary of mini-slot characteristics
In this contribution, we have made the following observation and proposals:
Observation 1: eMBB can be configured with different sub-carrier spacing, e.g. 15, 30 or 60 kHz
Observation 2: URLLC can be configured with different sub-carrier spacing, e.g. 15, 30 or 60 kHz, but requires mini-slots as transmission units for the lower SCS (15 kHz and 30 kHz) to meet the latency requirements.
Observation 3: Without support of mini-slots, URLLC is not possible to be supported for SCS = 15 kHz.
Observation 4: URLLC/eMBB multiplexing by puncturing is supported when both services use SCS =15/30 kHz and mini-slots length of 2/4 symbols for URLLC transmissions.
Observation 5: URLLC/eMBB multiplexing by puncturing supports highly flexible numerology configurations
· The same or different SCS for URLLC and eMBB
· The same of different CP overhead for URLLC and eMBB
Observation 6: At URLLC with SCS=60kHZ, 8 OS of scaled NCP have the same duration as 7 OS with 49-CP. They can be freely interchanged for different UE requirements and in addition align both with the eMBB baseline numerologies, regardless if eMBB uses 15,30 or 60 kHz SCS. 
Observation 7: When reserving URLLC resources, these cannot be monitored by eMBB when eMBB is using a smaller SCS than URLLC. This would lead to waste of many potentially unused URLLC resources
Observation 8: When reserving URLLC resources, for efficient resource utilization, the eMBB needs to monitor the URLLC resources with a high frequency, which increases the power consumption significantly
Proposal 1: The eMBB/URLLC multiplexing method should allow for maximum flexibility for the individual numerologies that can be used for each service.
Proposal 2: When multiplexing eMBB/URLLC, the URLLC should align with 2 OS symbols at 15 kHz SCS;
· When eMBB is configured with 15 kHz SCS, URLLC shall align with 2 eMBB symbols
· When eMBB is configured with 30 kHz SCS, URLLC shall align with 4 eMBB symbols
Proposal 3: For URLLC/eMBB multiplexing, puncturing is supported
· Same different SCS is supported
· Same and different CP overhead is supported
Proposal 4: URLLC services with different CP overheads shall be supported simultaneously in the same cell
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