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Introduction
[bookmark: _GoBack]CA (Carrier Aggregation) will be considered for NR, with the following assumptions [1]. For phase 1, CA operation of NR carriers over e.g. around 1GHz contiguous and non-contiguous spectrum from both NW and UE perspectives is supported. Carrier aggregation including different carriers having same or different numerologies is supported. From RAN1 specification perspective, the maximum number of NR carriers for CA and DC is [8, 16, 32].
This paper discusses the MAC aspects for carrier aggregation in NR by referring to the massive CA design in LTE. 
[bookmark: _Ref178064866]Discussion
General aspects of MAC in NR CA
There shall be no doubt that CA in NR shall be a general system feature to serve all types of services. There is one FFS regarding the number of MAC entities for supporting CA according to the following agreements from 3GPP RAN2-95:
Agreement
	From RAN2 point of view, aggregation of carriers with different numerologies should be supported in NR. (Modelling aspects such as whether it is a single or multiple MAC entity is FFS)

[bookmark: _Toc478044103]Observation 1 No conclusion has been made on the number of MAC entities for NR CA
In Release 13, massive CA was investigated for LTE to support CA for up to 32 component carriers (CC). To support cross-carrier scheduling, there can be up to 4 CC groups and cross-CC scheduling is restricted within one CC group. For each CC group, there can be up to 8 component carriers. However, there is only one MAC entity to manage all the component carriers. Figure 1 shows the CC grouping and MAC entity relationship in case of massive CA in LTE. 
[image: ]
[bookmark: _Ref476650945]Figure 1 CC grouping and MAC entity for 32-carrier aggregation of LTE

Observation 2:	In LTE, massive CA is supported based on CC grouping with one MAC entity

With one MAC entity for the aggregated carriers, one scheduler manages the radio resource allocations for all carriers. The scheduler firstly estimates the scheduling priorities and allocates the radio resource among the candidate users according to the descending order of the scheduling priorities. In such way, the resource utilization efficiency and the QoS fulfilment can be well ensured.  In contrast to that, if there were multiple MAC entities, each MAC entity would manage several carriers and the scheduling results of a first MAC entity would impact the scheduling procedure of a second MAC entity because the buffer status and the candidate users and/or scheduling priorities of the candidate users would have been changed after the scheduling procedure of the first MAC entity. From this perspective, multiple MAC entity for CA would also result in higher implementation complexity of MAC even though the QoS fulfilment can be achieved as well. 
Another factor is the carrier management for a UE with one MAC entity seems also better than multiple MAC entities. For instance, with one MAC entity, there is no need to configure/release of another MAC entity when a carrier is configured/released or activated/deactivated. While for multiple MAC entity design, a second MAC entity must be firstly configured when first carrier controlled by the second MAC entity is to be configured and/or activated or later released when the last carrier controlled by the MAC entity is released and/or deactivated. From this perspective, one MAC entity has lower signalling overhead to manage the carriers for a UE. Especially for massive CA deployments, considering one MAC entity (and associated required signalling) per carrier, appears infeasible, considering the required signalling overhead, as well as complexity.
Table 1 below compares the pros and cons between one MAC entity and multiple MAC entity design. More, each MAC entity may need to own self-contained control signals such as MAC CE for carrier activation and deactivation, power control, DRX configurations etc, which means high workload for standardization. 

Table 1: Comparing one MAC entity vs multiple MAC entities for CA.
	
	One MAC entity
	Multiple MAC entity

	QoS fulfilment
	

	


	Resource allocation efficiency
	

	


	Implementation complexity 
	

	


	Signaling overhead for carrier management
	

	


	Workload for standardization
	

	




Observation 3: For NR CA, one MAC entity outperforms multiple MAC entity in multiple aspects:
· Resource allocation efficiency
· Implementation complexity
· Signaling overhead for carrier management
· Workload for standardization

Furthermore, in RAN2-97 [3] it was agreed that single MAC entity can support one or more numerologies/TTI durations. It is also feasible to aggregate carriers of different numerologies with one MAC entity. 
Observation 2:	It was agreed that in NR a single MAC entity can support multiple numerlogies/TTI durations.

NR MAC in case with PDCP duplication
In 3GPP RAN2-97, it was agreed to introduce PDCP packet duplication in NR CA. Below are the agreements[3]:
Agreement:
-	For DL and UL, duplication solution for CA case uses PDCP duplication to more than 1 logical channel so that the duplicated PDCP PDUs are sent over different carriers.
FFS whether this is a single or two MAC entities

According the agreement, more than one logical channels will be created for one bearer whose packet will be duplicated transmitted via packet duplication in PDCP layer. When there is a coming packet, duplications of a coming packet are assigned to different associated logical channels. At data transmission, it is required that the associated logical channels served by different carriers to achieve frequency diversity gain. There is an open issue on how to map the logical channels associated with one bearer to different carriers in MAC layer: using single MAC entity or two MAC entities. 
Observation 4:	The number of MAC entities for NR CA is was listed FFS for PDCP packet duplication.

Even though this duplication solution for CA builds on PDCP and the DC split bearer, however with logical channels (RLCs) associated with the same eNB, i.e. cell group, it does not imply at all that multiple MAC entities need to be associated to those logical channels (RLCs). NR CA is one general system feature, which is supposed to be service agnostic, i.e. NR CA is designed to improve the NR system capacity for all UEs/services rather than the performance improvement for certain service/UE type only. PDCP packet duplication in case of CA is mainly used to enhance the data transmission reliability for services with short delay budget. If it was agreed to require two MAC entities for PDCP packet duplication in CA, there would be two MAC entities for NR CA for support PDCP packet duplication in case of CA, otherwise PDCP packet duplication is not applicable in NR CA. It is strange that PDCP packet duplication as a special feature to support certain type of service put requirements on the MAC protocol structure of NR CA as a general system feature. Logically, it is reasonable that the design of PDCP packet duplication in CA shall follow the basic design for NR CA.
[bookmark: _Toc478044104]PDCP packet duplication does not put any requirements on the basic MAC protocol design of NR CA.

According to the above analysis, one MAC entity is the better choice for NR CA. Even if multiple MAC entity were allowed for NR CA, it would not mean that multiple MAC entities are always available. For instance, one MAC entity could be preferred if there are only two aggregated carriers of close carrier frequency there is no reason to configure two MAC entities without benefit. Hence for PDCP packet duplication in NR CA, one MAC entity in NR CA should be assumed. For mapping logical channels associated with the same bearer to different CCs, one could add flags for the logical channels. MAC then determines the association relationship of the logical channels based on the flags and further map the logical channels to different carriers according the flags. For more discussions regarding PDCP packet duplication, please refer to [4]. Here we observe:
[bookmark: _Toc478044105]PDCP packet duplication in CA does not require multiple MAC entities. 
Finally, there is no point for diverging NR CA design for CA in general and PDCP packet duplication in CA.
Conclusion
In section 2 we made the following observations: 
Observation 1	Observation 1 No conclusion has been made on the number of MAC entities for NR CA
Observation 2	PDCP packet duplication does not put any requirements on the basic MAC protocol design of NR CA.
Observation 3	PDCP packet duplication in CA does not require multiple MAC entities.
Observation 4:	The number of MAC entities for NR CA is was listed FFS for PDCP packet duplication.

Overall, considering both general aspects of MAC in CA, and PDCP duplication in CA in particular, we conclude:
NR CA is supported by one MAC entity, as in LTE.
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