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1. Introduction
As described in the study item document [1], the objectives of study on NR include “gaining a common understanding on what is required in terms of radio protocol structure and architecture to fulfil objective” targeting “a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913”.
In this contribution we discuss the radio interface protocol architectures and procedures for NR, mainly focusing on MAC entity/entities to support different usage scenarios (also known as verticals) – namely eMBB, mMTC, and URLLC. 
2. Discussion
2.1 MAC functions
According to the LTE MAC specification [2], the following functions are supported by the MAC sublayer in LTE:

-
mapping between logical channels and transport channels;

-
multiplexing/demultiplexing of MAC SDUs from one or different logical channels onto/from transport blocks (TB) to be delivered to/from the physical layer on transport channels;

-
scheduling information reporting;

-
error correction through HARQ;

-
priority handling between UEs by means of dynamic scheduling;

-
priority handling between logical channels of one MAC entity;

-
Logical Channel prioritisation;

-
transport format selection;

-
radio resource selection for SL.
In general, among these functions, the lower MAC functionalities have significant dependencies to PHY layer and RAN1 input. Some relevant RAN1 agreements from RAN1#86b are shown below [5]:

	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 the following sections, we describe how such dependencies and RAN1 agreements affect the design of the MAC entities and functionalities at RAN2, considering support for different usage scenarios (verticals) and forward compatibility.
2.2 MAC configurations to support different verticals

A MAC configuration may include a set of one or more values corresponding to the MAC parameters. Some examples of MAC parameters in LTE include maximum number of HARQ retransmissions, BSR timers, DRX and eDRX configurations, time alignment timers, PHR configurations, SR prohibit timer, DC related parameters such as SCell deactivation timer, extended BSR, extended PHR, SCell TAG configurations etc. [3]. 

As some of these parameters may be highly related with the QoS requirements of different verticals, different MAC configurations should be available to support different verticals. For example, HARQ configuration of eMBB may be different than HARQ configuration of URLLC due to different data rate, latency and reliability requirements. 
Proposal 1. NR MAC design should support various MAC configurations considering different verticals and forward compatibility.

2.3 PHY configurations
Based on the RAN1 agreements shown above, from network perspective, an NR network will support more than one verticals simultaneously, using the same TTI duration as well as using different TTI durations. As the current designs should consider forward compatibility aspects, a UE should also be able to support more than one vertical simultaneously (at the service level). As an example, even if the early release(s) of NR may be designed to support only eMBB or URLLC at a time from UE’s perspective, current design decisions should not restrict a NR UE in future releases to support both eMBB and URLLC simultaneously. 

Proposal 2. The NR system design should support possibility for a UE to support more than one vertical simultaneously using the same TTI duration as well as using different TTI durations.

In majority of the LTE features, UE supports TTI length of 1 ms with sub-carrier spacing of 15 KHz. However, 1 ms TTI is considered to be challenging to support very low latency data transmission as observed in Rel-14 latency reduction study item. Therefore, it is clear from the above agreements that RAN1 targets to have multiple TTI durations coexisting in the same NR network -- at least from the network perspective -- as it will most likely be supported by LTE also (based on Rel-14 WI on TTI-shortening). Based on the following agreements in RAN1#86b, different TTI durations may be based on different subcarrier spacing, different number of OFDM symbols, or “slots”, depending on the final decisions by RAN1. For the purpose of this discussion, we call them different PHY configurations.

	Agreements:
· Data transmission can be scheduled to span one or multiple slots
· For SCS of up to 60kHz with NCP, y (number of OFDM symbols per slot) = 7 and 14
· FFS: whether/which to down select for certain SCS(s)
· For SCS of higher than 60kHz with NCP, y = 14


We assume that different PHY configurations can be defined to serve significantly different QoS requirements. From RAN2 perspective, it should be possible to configure a certain vertical to use one or different TTI durations. For example, URLLC may be supported by using 0.25 ms and 0.5 ms TTIs while eMBB is supported using 1 ms TTI. Additionally, multiple verticals may be supported using a single TTI duration. For example, both URLLC and eMBB may be supported by using 0.5 ms TTI. Therefore, in the initial stage, it is reasonable to consider that there is no fixed mapping of the PHY configurations to the different verticals being supported.

Proposal 3. No fixed mapping of PHY configurations to the verticals is assumed at this time. 
2.4 Multiplexing of numerologies

It would be useful for RAN2 to know whether multiple TTIs will be supported simultaneously from a UE’s perspective, because that can impact MAC design in various ways.
Firstly, if multiple TTI durations (and/or numerologies) are to be supported by the same UE on the same carrier, how different TTIs can co-exist or be multiplexed impacts the MAC design e.g. should the different TTIs be on a per UE basis, or on a per DRB basis, or dynamically switched even for a single UE (or DRB) or supported in parallel by the physical layer. 

A UE may support multiple TTI durations (and/or numerologies) in a TDM fashion. From protocol design perspective, to reduce complexity in designs, it is possible to support TDM in TTI level (i.e., switch at subframe boundary). In last RAN1 meeting, following was agreed [5]

	Agreements:
· Sub-frame duration is fixed to 1ms
· Reference numerology for defining subframe duration is 15 kHz


Therefore, such switching at subframe boundary (where subframe duration is 1ms) cannot achieve stringent latency requirements of URLLC (0.5ms UL, 0.5ms DL for UP latency) [6]. As a result, TDM switching to short TTI within a long TTI (e.g., switch at symbol boundary corresponding to long TTI) may be required to fulfil the latency requirements.

Observation 1. To achieve stringent latency requirements of URLLC, TDM switching to short TTI within a long TTI may be required.

In such case, the MAC design should consider the following:

1. Dynamic TDM switching between the short and long TTI durations. 

2. Timing for preparation of MAC PDUs and sending to PHY including periodicity by which the scheduler should determine the TBS.
3. Keeping track of and switching between HARQ processes corresponding to short TTI and long TTI. 

4. Handling of HARQ process for the long TTI transmission (e.g., whether to abandon or continue the HARQ).

All of these aspects highly depend on RAN1 decision on frame/subframe structure. Moreover, it is for RAN1 to decide whether to support different TTIs in same/different frequency resources. It is also up to RAN1 to decide on the periodicity by which the scheduler determines TBs when multiple TTIs are used for a UE. 
Secondly, whether multiple TTIs is supported by a UE simultaneously will have an impact on whether different QoS needs to be implemented with different bearers on different TTI durations e.g. short TTI for URLLC. If different TTI is introduced to support different QoS requirements, how different TTIs can co-exist or be multiplexed impacts the MAC design e.g. should the different TTIs be on a per DRB basis, as discussed above.
Observation 2. How different TTIs are multiplexed impacts MAC design.
2.5 Number of MAC entities per NR UE
In LTE, a single MAC entity per cell group is supported by the UE to multiplex data for different RBs. If 5G design follows the same principle (i.e., one MAC entity per CG per UE), data from different verticals would be multiplexed in a single MAC PDU. However, we note that multiplexing of data from different verticals may not be useful anyway because of vast differences in their QoS characteristics and requirements. For example, if eMBB is to be multiplexed with URLLC data, then the multiplexed PDU needs to be treated with higher priority in terms of latency and reliability as if the whole PDU is URLLC. This may increase the overhead significantly based on the configuration specific to the QoS requirement of a vertical. Additionally, as discussed above, various MAC configurations may need to be supported to support different verticals and for forward compatibility, which is not possible with this approach.
Therefore, an approach where the UE can support multiple MAC entities to simultaneously support different MAC configurations to handle vastly different QoS requirements is desirable as discussed above. 
Observation 3. Multiple MAC entities to simultaneously support different MAC configurations to handle vastly different QoS requirements are desirable.

Although a fixed mapping of PHY configurations to the verticals is not desirable, different PHY configurations will be supported by RAN1 to handle different QoS requirements as discussed above. For example, TTI may be different in different PHY configurations to allow for URLLC operations on short TTI and eMBB operations on long TTI. Therefore, it is reasonable that a separate MAC entity to handle each PHY configuration supported by the UE for the data channels keeps the MAC design simpler and handles different verticals efficiently. For example, this enables isolation of MAC operations belonging to vastly different PHY characteristics e.g., LTE-like OMA and NOMA ensuring the forward compatibility. It should be FFS whether multiple MAC entities/configurations needs to be supported per PHY configuration. This approach is also preferable in case a UE supports multiple RF chains. Additionally, many LTE design concepts on UL grants, SR, BSR and LCP may be reused if the MAC entities are separate per vertical.  
Observation 4. Separate MAC entity to handle each PHY configuration for the UE keeps the MAC design simpler and handles different verticals efficiently.

Proposal 4. NR UE supports multiple MAC entities depending on the number of supported MAC or PHY configurations. 
When the UE supports multiple MAC entities, it should be up to the eNB to decide, based on the QoS characteristics of a certain RB (Radio Bearer), which MAC or PHY configuration the RB should be mapped to. The eNB can map RBs/logical channels with similar QoS requirements to the corresponding MAC entity which has the appropriate MAC and/or PHY configurations more likely to fulfil the QoS requirements efficiently. This means an NR UE can support multiple RBs per MAC entity when the same MAC/PHY configuration can be applied for many RBs if the QoS is not vastly different.  For example, all the DRBs within the URLLC vertical are likely to have the same HARQ configuration. A new MAC entity may be instantiated when a RB/logical channel cannot be mapped to one of the existing (already active) MAC entities (i.e., current PHY or MAC configuration) due to vastly different QoS requirement.  

Proposal 5. Multiple MAC entities can be instantiated when different PHY or MAC configuration is needed to meet vastly different QoS requirements.
Proposal 6. NR UE can support multiple Radio Bearers per MAC entity. 

Furthermore, it is reasonable that different NR UEs may support different number of MAC entities. The number of MAC entities supported by a particular UE may depend on different capabilities such as the MAC or PHY configurations it can support, the targeted verticals etc. Therefore, the network needs to be made aware of the number of MAC entities supported by a UE it is serving. It can be discussed further how exactly such capability is indicated to the network, for example, whether this capability is explicitly singled, or implicitly known to the network based on other information such as PHY and MAC configuration capabilities.
Proposal 7.  Number of MAC entities supported by an NR UE depends on the UE capability. FFS how to indicate this to the network.
3. Summary

3.1 Observations
Observation 1.
To achieve stringent latency requirements of URLLC, TDM switching to short TTI within a long TTI may be required.

Observation 2.
How different TTIs are multiplexed impacts MAC design.

Observation 3.
Multiple MAC entities to simultaneously support different MAC configurations to handle vastly different QoS requirements are desirable.

Observation 4.
Separate MAC entity to handle each PHY configuration for the UE keeps the MAC design simpler and handles different verticals efficiently.
3.2 Proposals
Based on the above discussion and observations, we propose:

Proposal 1.
NR MAC design should support various MAC configurations considering different verticals and forward compatibility.

Proposal 2.
The NR system design should support possibility for a UE to support more than one vertical simultaneously using the same TTI duration as well as using different TTI durations.

Proposal 3.
No fixed mapping of PHY configurations to the verticals is assumed at this time.

Proposal 4.
NR UE supports multiple MAC entities depending on the number of supported MAC or PHY configurations.

Proposal 5.
Multiple MAC entities can be instantiated when different PHY or MAC configuration is needed to meet vastly different QoS requirements.

Proposal 6.
NR UE can support multiple Radio Bearers per MAC entity.

Proposal 7.
Number of MAC entities supported by an NR UE depends on the UE capability. FFS how to indicate this to the network.
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