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1. [bookmark: _Ref165266342]Introduction
Unlike LTE, NR allows multiple numerologies for unicast transmissions. In Rel-17, the SCS for a serving cell can be 15, 30, 60, 120, 240, 480, or 960 kHz. In addition, the carrier bandwidths could be very different for each SCS. For example, FR2 bands which use 120 and above SCS have much higher bandwidths and thus higher data rates. This flexibility allows NR to adjust slot lengths according to the use cases or verticals supported by the deployment. 
Carrier Aggregation (CA) has been widely deployed in LTE and also is being deployed for NR. In NR, there is no restriction on the numerology of serving cells. For example, PCell could use 15 kHz while SCells could use 960 kHz.
In CA, there is a single MAC entity for all the serving cells. This means that the data for the same bearer can be sent on cells with very different numerologies. However, having a single RLC/PDCP entity for the bearer creates inefficiencies since the cells can operate at vastly different data rates and time scales.
In this contribution, we discuss the above problem and possible solution options.
2. Discussion 
The problem mentioned above is applicable to any CA combination with different SCS values. A practical problem of immediate concern is FR1 + FR2 CA which is a more likely deployment option in the near future. Here FR2 includes both FR2-1 (called only FR2 until Rel-17) and FR2-2 introduced in Rel-17.
FR1 + FR2 CA is an attractive option for deployments where, for example, PCell can be on FR1 while SCells can be on FR2. That way, the data rates and latency advantages of FR2 can be used while relying on FR1 for uplink coverage.
In current NR, there is a single set of RLC parameters for FR1 + FR2 CA due to the fact that they are configured per RLC entity for each bearer. These timers are usually set according to the worst link in CA. For example, re-assembly timer (t-reassembly) should be chosen to work for the slowest link. This configuration causes several issues for FR1 + FR2 CA:
1. ARQ recovery time on FR2 slows down due to the common large timer 
2. RLC ARQ on FR2 has to wait for recovery on FR1 when there are holes on both FR1 and F2.

Observation 1: The user plane performance of CA with mixed numerologies is not optimal due to common parameters at RLC.
This problem does not happen in DC with FR1 and FR2 where each Cell Group (CG leg) can operate at different time scales at RLC and thus re-assembly and hole recovery can run in parallel. In CA, each hole will be dealt with the same long re-assembly timer. Our evaluation shows that the latency observed for RLC ARQ is on average 2-3 times larger in CA then compared to DC.
Table 1 below shows the L2 latency incurred due to delayed NACKing for FR1+FR2 CA compared ot FR1+FR2 DC assuming typical t-reassembly for FR1/FR2 = 15ms/40ms 
Table 1: Latency degradation with FR1+FR2 CA compared to FR1+FR2 DC
	Reordering Scenario
	Delay until UE triggers RLC NACK for all holes

	
	DC
	CA

	FR1 hole
	40ms
	40ms

	FR2 hole
	15ms
	40ms

	FRx followed by FRy hole
	40ms
	~80ms



One solution to above is to shrink the t-reassembly in order to reduce latency for RLC recovery on FR2. \ However, this leads to RLC duplicates for FR1 and thus throughput loss and increased UE power since it does not give sufficient time to HARQ to finish. Therefore, the choice of the timer depends on latency vs throughput tradeoff.
Observation 2: Tuning the RLC timers can not simultaneously optimize both latency and data rates for CA with different numerologies of cells.
Observation 3: Latency performance in CA is inferior to that of DC with different numerologies of cells.
A better solution would need to have different parameters for FR1 and FR2 at RLC layers. This can be achieved in different ways. Several options were proposed by Apple in the context of 71 Ghz WI [1], where they can be classified as:
1. PDCP with multiple RLCs
2. Carrier or numerology specific RLC
Both options achieve the same design goal but the impact to the specification can be different. For example, Option 1 can use existing split-bearer or PDCP duplication while Option 2 will require new framework.
The split-bearer is currently only allowed for DC and also has certain conditions on how the data is sent on the uplink. Thus, for Option 1, the specification will need to enhanced to allow MCG only split-bearer with possibly different or no restrictions on how PDCP data is transmitted on each leg.
PDCP duplication can currently be used for CA. But the same PDCP PDU is submitted to all RLC entities, which is not desirable for this case.
With both split-bearer and PDCP duplication, we also need to restrict each RLC to FR1 or FR2 only carriers. This is already possible for PDCP duplication.
Observation 4: PDCP duplication can be re-used where multiple RLC entities are mapped to cells with different numerologies. However, the actual duplication of PDCP PDUs across cells is not needed.
Observation 5: Split-bearer is also another viable option to assign multiple RLCs.
Observatin 6: Both PDCP duplication and split-bearer option can be re-purposed for this problem without any signaling change.
The carrier specific RLC in [1] proposed one RLC for each carrier. This solves the problem but will require new signaling. 
Observation 7: One RLC per carrier requires new RRC signaling and more specification changes.
Another solution could be to configure carrier or numerology specific parameters at RLC, e.g. t-reassembly for FR1 and FR2. The main disadvantage here is that it breaks the layer separation principle and requires new RRC signaling. In addition, it forces the RLC to be aware of which carriers a PDU is transmitted or received. If RLC awareness of numerology is deemed as a viable option in the long term, signaling enhancements to enable this should be considered.
Observation 8: Introducing numerology specific RLC parameters is not desirable, given the specification and UE impact.
Based on above, the simple option seems to be re-use the PDCP CA duplication framework while allowing PDCP to transmit different data on either RLC. Each RLC entity can be restricted to use cells of a certain numerology, which will be up to the gNB configuration. The mechanism for transmitting uplink data, i.e. the choice of the RLC at the PDCP layer, can be left to the UE implementation.
Proposal: For CA with different numerologies, allow different RLC entities per numerologoy and new data transmission on each RLC entity by leverating the existing signaling for PDCP duplication.

3. Conclusion
In this document, we have discussed the user plane performance issues for NR CA with different numerologies and propose the following:
Observation 1: The user plane performance of CA with mixed numerologies is not optimal due to common parameters at RLC.
Observation 2: Tuning the RLC timers can not simultaneously optimize both latency and data rates for CA with different numerologies of cells.
Observation 3: Latency performance in CA is inferior to that of DC with different numerologies of cells.
Observation 4: PDCP duplication can be re-used where multiple RLC entities are mapped to cells with different numerologies. However, the actual duplication of PDCP PDUs across cells is not needed.
Observation 5: Split-bearer is also another viable option to assign multiple RLCs.
Observatin 6: Both PDCP duplication and split-bearer option can be re-purposed for this problem without any signaling change.
Observation 7: One RLC per carrier requires new RRC signaling and more specification changes.
Observation 8: Introducing numerology specific RLC parameters is not desirable, given the specification and UE impact.
Proposal: For CA with different numerologies, allow different RLC entities per numerologoy and new data transmission on each RLC entity by leverating the existing signaling for PDCP duplication.
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