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1 Introduction
At RAN2-94 there was a broad consensus that it should be possible to aggregate multiple NR carriers and that RAN2 should “study lower layer aggregation (e.g. CA-like) and upper layer aggregation (e.g. DC-like)”. 

In this document we discuss in particular whether it is feasible and desirable to specify only one of those mechanisms. Considering that inter-node aggregation across a non-ideal interface is requested, the actual question is whether a DC-like approach would also suffice for aggregation of carriers with an ideal interface, i.e., across carriers where LTE uses MAC Carrier Aggregation. 
2 Discussion
While there appeared to be broad consensus at RAN2-94 that some kind of aggregation mechanism is required in NR, RAN2 has not captured this intention. We therefore propose capturing at least the following:
Proposal 1 NR should provide functionality for aggregating multiple carriers, i.e., an NR UE may support simultaneous reception and transmission on several NR carriers. 
In LTE, aggregation can be performed on MAC level or PDCP level. 
In order to minimize the protocol, system and UE impact, the following design choices were made for Rel-10 Carrier Aggregation: 

· Allows a UE to support more Serving Cells in DL than UL

· Allows mapping all uplink control signalling onto the PCell

· Does not require decoding PDCCH’s common search space on SCells

· Assumes that all Serving Cells configured for a UE are tightly time synchronized

· Does not require the UE to maintain separate Timing Advance on SCells

· RLC, PDCP and RRC are common for all serving cells or a UE

· Radio Link Monitoring is performed only based on the PCell

A particular consequence of those design choices is that the links between the Serving Cells (Transmission Points) must be ideal, i.e., ensure µs level latency. 

Dual Connectivity overcomes the limitation of CA with respect to backhaul i.e., the UE should be able to aggregate cells on different carriers of two nodes that are connected via a non-ideal interface. Since the interworking between RLC/MAC/L1 is time-critical, DC uses PDCP as common anchor protocol for the aggregated carriers. This has the following consequences compared to MAC-level CA: 

· L1- and MAC- control signalling must be carried by each radio link individually
(In particular PDCCH, PUCCH/PUSCH to MeNB and SeNB)
· UE needs two transmit chains

· UE has one MAC entity per cell group resulting independent BRS and SR procedures 
· A split DRB is associated to two RLC entities (one for MCG and one for SCG)
· Flow-Control is required between MeNB and SeNB
· UE and network need additional L2 buffer to accommodate for delay of X2 interface and the flow control protocol running there

· Involved eNBs need to cooperate on the RRC Configuration
· UE performs RLM also on the PSCell, i.e., on the primary link towards SCG
· Contention based RACH is needed for SCG

For NR RAN2 needs to discuss and decide whether it is necessary to introduce both aggregation flavours or whether it would be preferable to design just one approach. 

In Rel-12 it was considered vital to support aggregation of carriers even if those are served by nodes connected via non-ideal interfaces and we think that the same desire exists for NR. Hence, a lower layer aggregation scheme (MAC CA) alone will not be sufficient for NR. 

Observation 1 A CA-like (MAC-level) aggregation solution cannot support non-ideal backhaul and is hence not a sufficient solution for aggregating carriers in NR. 

It is at least necessary to specify a DC-like aggregation scheme for NR. This need is also emphasized by RAN2 agreement to introduce a DC-based solution for the tight interworking of LTE and NR. In [1] we provide more discussion about DC for NR.
Observation 2 A DC-like (PDCP-level) aggregation solution is necessary to support non-ideal backhaul and aggregation of carriers of different RATs
With this in mind, the question is whether MAC level carrier aggregation is needed in addition to PDCP level dual connectivity. 
Observation 3 RAN2 needs to decide whether MAC level CA has advantages over PDCP level DC when aggregating carriers which are served by transmission points connected via ideal fronthaul. 
The flow control protocol and in particular the need to handle the RRC Connection and the UE capabilities commonly among the involved eNBs increases the complexity on the NW side compared to Rel-10 CA. Furthermore, RAN2 concluded in the DC study item that the throughput gain achievable with DC decreases with increasing latency between the involved eNBs. However, if the MeNB and SeNB are connected via an idea interface or if MCG and SGS(s) are actually served by the same node, these drawbacks disappear: On the network side, a single process could handle both the MCG and the SCG part of the RRC Connection and thereby avoid the coordination complexity. Also the flow control protocol would not be necessary as the RLC entities could directly fetch the data from a common PDCP entity. Therefore, from a protocol perspective performance degradation is not expected and no additional L2 memory is needed compared to a MAC-level CA solution. 
Observation 4 With an ideal interface between MCG and SCG(s) the network complexity, the L2 memory requirements and the UP protocol performance of PDCP-DC and MAC-CA are similar. 
However, in particular on the UE side some differences remain that require careful analysis: If aggregation of carriers is to be achieved only by means of dual connectivity (i.e. where one "cell group" is configured for each carrier) the UE complexity would likely increase. For example, the UE would need to support as many uplink as downlink carriers and send the uplink control signalling for each downlink carrier on the corresponding uplink carrier. In other words, it would maintain separate MAC entities for each carrier. One could of course envision cross carrier scheduling within Dual Connectivity. However, this would introduce the same synchronization constraints as applicable for CA and basically mean that both CA and DC are supported and that they may be combined (as in LTE). 
Observation 5 In order to support aggregation of carriers only by means of Dual Connectivity (without MAC CA), UEs would need to support as many uplink as downlink carriers and send the Uplink Control Information on the linked uplink carrier.

Even if all UEs were supporting as many transmitter as receiver chains (which may be desirable for other reasons anyway), the simultaneous uplink transmission on potentially many uplink carriers is not desirable in all cases. In particular when in bad coverage, the sharing of available transmit power among several carriers and the additional reduction due to power back-off results in worse performance than multiplexing UCI and data onto a single uplink carrier. 

Observation 6 Simultaneous uplink transmissions on several carriers reduce the performance for UEs in bad coverage conditions. 
Furthermore, transmitting small DCI and UCI messages individually on each carrier increases the signalling overhead and reduces the system capacity compared to a CA-like approach where DCI and UCI can be multiplexed onto a single carrier. 

Observation 7 Transmitting L1 control signalling individually on each carrier reduces the system capacity compared to a CA-like approach where DCI and UCI can be multiplexed onto a single carrier.

The above-mentioned cross-carrier scheduling (DCI) and HARQ feedback (UCI) were particularly beneficial for the License Assisted Access.  Being able to transmit UCI on the licensed carrier reduces significantly the risk of failing LBT on the licensed carrier for these small messages. 
Observation 8 For unlicensed operation a CA-like approach allows sending HARQ and other L1 control information on the associated licensed carrier and thereby to increase the robustness and performance..

Based on the analysis above we suggest to introduce both, carrier aggregation on MAC level as well as dual connectivity on PDCP level and to allow configuring them individually or in combination. 
Proposal 2 NR should support carrier aggregation on MAC level as well as dual connectivity on PDCP level and allow configuring them individually or in combination.
2.1 Different Numerologies on different carriers

RAN1 agreed that it will be possible to run NR with different physical layer numerologies, i.e., with different sub-carrier spacing and, hence, with different symbol- and subframe duration. Wider sub-carrier spacing will be particularly attractive for higher frequency bands whereas the LTE numerology may likely be used for carriers operating at up to 3 GHz including e.g. the unlicensed spectrum at 5 GHz. Consequently, there may be situations where a UE should aggregate two or more carriers operating with different numerologies. This leads to the questions whether aggregation of carriers with different numerologies can be supported by means of carrier aggregation or only by dual connectivity? 

The LTE MAC protocol is written in a way that makes it independent from the lower layer timing, i.e., the physical layer provides grants/assignments and MAC in return provides the MAC PDUs to L1. Consequently, we think that a single MAC entity could also support aggregation of multiple carriers with different numerologies including cross-carrier scheduling and uplink feedback on the PCell. We expect that this would require changes to the mapping rules defined in RAN1 but consider it feasible to do that. 

Proposal 3 Aggregation of carriers with different numerologies by means of CA (within one MAC entity) should be supported in NR.
If RAN2 agrees to Proposal 3, RAN2 should inform RAN1. 
3 Conclusion
In this contribution we have discuss the need to aggregate carriers in NR. Based on the discussion in section 2 we propose the following:
Proposal 1
NR should provide functionality for aggregating multiple carriers, i.e., an NR UE may support simultaneous reception and transmission on several NR carriers.
Proposal 2
NR should support carrier aggregation on MAC level as well as dual connectivity on PDCP level and allow configuring them individually or in combination.
Proposal 3
Aggregation of carriers with different numerologies by means of CA (within one MAC entity) should be supported in NR.
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