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Introduction
[bookmark: _Ref178064866]At RAN2-96 we discussed the handling of the L2 user plane protocol during RRC-based mobility. According to the LTE baseline, the UE resets MAC and re-establishes RLC and PDCP when receiving an RRCConnectionReconfiguration including mobilityControlInfo. 
At RAN2-96 it was agreed that NR should additionally allow maintaining the PDCP entity during mobility in which case ciphering keys would not be changed.
Agreements

1:	RRC involved handover with at least MAC entity reset is supported.

2:	RRC involved handover with and without PDCP entity re-establishment is supported. (Confirmation required from SA3 that handover without security key change is acceptable)

Agreement 1 does not relate to multi-connectivity mechanisms to perform handover which is still to be studied

FFS whether RRC involved (single connectivity) handover with and without RLC entity reset is supported

It was left for further study whether it should also be possible in NR not to reset the RLC entity during mobility. Besides that, there was a related user plane discussion whether it would be desirable to terminate RLC in a centralized node and to use it as anchor during mobility. 
In this contribution we discuss the difference between Automatic Repeat Request in RLC and the RRC triggered error recovery done by PDCP. We explain why the conscious choice taken for the LTE protocol design is still valid and applicable for NR. Furthermore, we suggest to accelerate the RRC processing and L1 synchronization and thereby to reduce the handover latency observed above the L2 User Plane stack. 
[bookmark: _Ref471293422]Discussion
RLC Automatic Repeat reQuest
In LTE and NR, RLC AM can provide lossless data delivery by performing Automated Repeat Request (ARQ). RLC ARQ is required, since the underlying MAC HARQ offers low latency and high radio resource efficiency but not the level of reliability required by higher layer protocols such as TCP. Control channel loss or HARQ feedback errors cause residual errors that are visible to higher layers. In these cases, the RLC autonomously detects the error and recovers from it by means of a retransmission. RLC ARQ uses a combination of timers (Poll Timer in TX) and status reporting (gap detection at RX) to detect lost RLC PDUs. 
[bookmark: _Toc470000531][bookmark: _Toc471293409][bookmark: _Toc471297715][bookmark: _Toc471301028][bookmark: _Toc471307108][bookmark: _Toc471307236][bookmark: _Toc471308312][bookmark: _Toc471459463][bookmark: _Toc471459508][bookmark: _Toc471459521][bookmark: _Toc471459534][bookmark: _Toc471459555][bookmark: _Toc471459599][bookmark: _Toc473537089]RLC AM ARQ operates continuously and automatically recovers from residual HARQ errors caused by the underlying radio link. 
As explained in [1], the RLC ARQ parameters should be configured in accordance with the characteristics of the underlying protocol layer (MAC/L1). Those characteristics (e.g. maximum expected latency) must be well predictable in order to choose suitable parameters. To achieve this, the LTE RLC ARQ protocol terminates directly on top of the MAC layer. Hence, the LTE RLC ARQ function does not observe queuing delay or congestion related losses[footnoteRef:1]. [1:  In UMTS the RLC protocol spans from the RNC across the Iub interface and the radio interface towards the UE. Hence, the UMTS RLC ARQ protocol observed the latency of the Iub interface which made the configuration deployment dependent. Even more problematic were the delay variations due to queuing in the NodeB (if the Uu interface is the bottleneck) or in the transport network (if Iub is the bottleneck). Furthermore, ARQ attempted to correct congestion related losses on the Iub interface which further increased the load on the congested interface. These problems were resolved in LTE by terminating the RLC ARQ function in the eNB. ] 

[bookmark: _Toc470000532][bookmark: _Toc471293410][bookmark: _Toc471297716][bookmark: _Toc471301029][bookmark: _Toc471307109][bookmark: _Toc471307237][bookmark: _Toc471308313][bookmark: _Toc471459464][bookmark: _Toc471459509][bookmark: _Toc471459522][bookmark: _Toc471459535][bookmark: _Toc471459556][bookmark: _Toc471459600][bookmark: _Toc473537090]For efficient operation, ARQ needs to be tuned to properties of HARQ and L1.
[bookmark: _Toc471293411][bookmark: _Toc471297717][bookmark: _Toc471301030][bookmark: _Toc471307110][bookmark: _Toc471307238][bookmark: _Toc471308314][bookmark: _Toc471459465][bookmark: _Toc471459510][bookmark: _Toc471459523][bookmark: _Toc471459536][bookmark: _Toc471459557][bookmark: _Toc471459601][bookmark: _Toc473537091]The ARQ protocol should not be exposed to varying queuing delays or congestion related losses.  
The RLC ARQ protocol performs segmentation of higher layer PDUs and allows retransmitting those lost data segments if an error is detected. This is particularly beneficial at low L1 data rates where it avoids retransmitting an entire RLC SDU (PDCP PDU) if only a fraction of it was lost. It is also beneficial since the L1 data rate for the retransmission is typically in the same order as for the initial transmission. 
[bookmark: _Toc471293420][bookmark: _Toc471297726][bookmark: _Toc471301039][bookmark: _Toc471307100][bookmark: _Toc471307247][bookmark: _Toc471308323][bookmark: _Toc471459472][bookmark: _Toc471459517][bookmark: _Toc471459530][bookmark: _Toc471459543][bookmark: _Toc471459564][bookmark: _Toc471459608][bookmark: _Toc473537098]Like in LTE, NR RLC ARQ detects and recovers automatically from transmission related losses (HARQ failure) on the radio interface.
Lossless Mobility
In LTE it was discussed whether to maintain and transfer the MAC (HARQ) and RLC (ARQ) protocol state upon handover. It was decided not to do that since the configuration and the state of MAC and RLC are specific to and dependent on the current radio link. The data rates (TB sizes) before and after the handover are typically very different and hence the (re-)transmission units are not suitable for the new link. The RLC timers (poll timer, status prohibit timer, …) would anyway need to be reset to avoid that they expire during or shortly after the HO. And finally, conveying the MAC/RLC protocol state from a source to a target node would have added a lot of complexity. Therefore, RAN2 decided to reset LTE RLC and MAC upon mobility. 
[bookmark: _Toc471293412][bookmark: _Toc471297718][bookmark: _Toc471301031][bookmark: _Toc471307111][bookmark: _Toc471307239][bookmark: _Toc471308315][bookmark: _Toc471459466][bookmark: _Toc471459511][bookmark: _Toc471459524][bookmark: _Toc471459537][bookmark: _Toc471459558][bookmark: _Toc471459602][bookmark: _Toc473537092]The LTE RLC and MAC protocol state of a source cell is not needed/suitable in a target cell. Hence, RLC and MAC are reset during HO. 
Like during normal data transmission, it is of course vital to avoid packet losses also during handover. Since RLC and MAC are reset upon mobility, PDCP must ensure that packets not yet delivered via the source are transmitted via the target cell. One could consider it inefficient if PDCP must retransmit an entire PDCP SDU even though RLC had already conveyed a part of it. However, the amount of such transmitted but undeliverable data is typically worth a few subframes, i.e., it can be retransmitted by the target cell within a few milliseconds. Considering that handovers occur at most every few seconds, the “loss” is in the order of a per mill. One could argue that in NR the mobility events will be much more frequent when operating e.g. far beyond 5 GHz and that it would hence be desirable to maintain the RLC state. However, at high carrier frequencies the carriers are wide and NR targets very high data rates. Hence, RLC segmentation will be rare and a TTI comprises typically several PDCP PDUs. Upon mobility, the RLC receiver delivers all completely received PDCP PDUs to PDCP. The “loss” due to resetting RLC upon a mobility event is hence much smaller than at low carrier frequencies targeting also low data rates. Even if these mobility events are more frequent at high carrier frequencies, we see no need or benefit to maintain the MAC or RLC protocol state. Error recovery by PDCP upon mobility is suitable, efficient and simple also in NR. 
[bookmark: _Toc471293413][bookmark: _Toc471297719][bookmark: _Toc471301032][bookmark: _Toc471307112][bookmark: _Toc471307240][bookmark: _Toc471308316][bookmark: _Toc471459467][bookmark: _Toc471459512][bookmark: _Toc471459525][bookmark: _Toc471459538][bookmark: _Toc471459559][bookmark: _Toc471459603][bookmark: _Toc473537093]Upon mobility, error recovery by PDCP is suitable, efficient and simple in NR.
One should note that PDCP does not perform ARQ, i.e., it does not detect and recover automatically from lost PDUs. Instead, RRC triggers explicitly the MAC reset and the RLC/PDCP re-establishment or recovery (including transmission of PDCP status reports). This is intentional and desirable since the radio resource management function in RRC knows that/when error recovery is needed and can hence perform the retransmissions much faster than an ARQ function could. 
[bookmark: _Toc471293414][bookmark: _Toc471297720][bookmark: _Toc471301033][bookmark: _Toc471307113][bookmark: _Toc471307241][bookmark: _Toc471308317][bookmark: _Toc471459468][bookmark: _Toc471459513][bookmark: _Toc471459526][bookmark: _Toc471459539][bookmark: _Toc471459560][bookmark: _Toc471459604][bookmark: _Toc473537094]PDCP does not perform ARQ, i.e., it does not detect and correct transmission errors automatically but only when triggered by RRC.
RAN2-96 agreed that RRC based mobility does not necessarily imply a PDCP re-establishment (RRC involved handover with and without PDCP entity re-establishment is supported. (Confirmation required from SA3 that handover without security key change is acceptable). But of course, also the handover without PDCP re-establishment should be loss-less. We expect that this will be similar to dual connectivity (DC) where PDCP is not re-established when switching from split bearer to MCG bearer or vice versa even though the RLC of the removed link is reset. For this purpose, the PDCP data recovery procedure was added, where PDCP is not re-established, but only retransmissions are done upon indication from RRC. A typical scenario to apply this procedure in NR (or LTE-NR integration) would be when changing transmission points sharing the same PDCP/RRC entity. In this case, PDCP is also able to recover from losses due to a sudden transmission point change while saving processing time and load by not re-ciphering stored data. 
[bookmark: _Toc471293421][bookmark: _Toc471297727][bookmark: _Toc471301040][bookmark: _Toc471307101][bookmark: _Toc471307248][bookmark: _Toc471308324][bookmark: _Toc471459473][bookmark: _Toc471459518][bookmark: _Toc471459531][bookmark: _Toc471459544][bookmark: _Toc471459565][bookmark: _Toc471459609][bookmark: _Toc473537099]Like in LTE, NR PDCP recovers from packet losses due to mobility when triggered by RRC. 
[bookmark: _Toc471459474][bookmark: _Toc471459519][bookmark: _Toc471459532][bookmark: _Toc471459545][bookmark: _Toc471459566][bookmark: _Toc471459610][bookmark: _Toc473537100]Like in LTE, RLC is re-established and MAC is reset upon mobility triggered by RRC.
Accelerating mobility
In LTE one can observe an interruption of the data transfer upon handover. However, this is not due to the execution of the MAC reset and the RLC/PDCP re-establishment but rather due to the relatively long time that UEs may use to process the RRC reconfiguration message and due to the long L1 re-synchronization towards the target cell. 
[bookmark: _Toc471293415][bookmark: _Toc471297721][bookmark: _Toc471301034][bookmark: _Toc471307114][bookmark: _Toc471307242][bookmark: _Toc471308318][bookmark: _Toc471459469][bookmark: _Toc471459514][bookmark: _Toc471459527][bookmark: _Toc471459540][bookmark: _Toc471459561][bookmark: _Toc471459605][bookmark: _Toc473537095]The triggers to the mobility procedure (measurements, filtering, reporting) and the L1 synchronization to the target cell take a lot more time than the mobility execution in the user plane protocols.
Accelerating handovers is important considering that cells will be smaller and handovers more frequent when operating at high frequency bands. It is therefore important to reduce the L1 synchronization delay (preferably synchronize to the target before detaching from the source cell). This will also allow less/shorter filtering of the RRM measurements and thereby more aggressive handovers as needed in high frequency bands. 
[bookmark: _Toc471293416][bookmark: _Toc471297722][bookmark: _Toc471301035][bookmark: _Toc471307115][bookmark: _Toc471307243][bookmark: _Toc471308319][bookmark: _Toc471459470][bookmark: _Toc471459515][bookmark: _Toc471459528][bookmark: _Toc471459541][bookmark: _Toc471459562][bookmark: _Toc471459606][bookmark: _Toc473537096]In order to reduce the handover delay, the RRC processing and L1 synchronization delay should be minimized.
If the RRC and L1 latency during handover is reduced, the user plane protocol delay will contribute more significantly to the overall handover execution delay than in LTE. If we assume that the Handover execution on L1 can be reduced to 0 ms, the latency observed on IP level will be largely determined by the transport network delay, i.e., by the time it takes to deliver user plane data to the target. If source and target cell are served by the same node (or by transmission points connected to the same eNB via an ideal interface) this transfer delay approaches zero. In this case, the latency observed above PDCP will at most be in the same order as the latency due to a regular RLC ARQ retransmission (even though recovery is done by PDCP). If the transport network delay between the source and the target cell is non-negligible, also the delivery of the (PDCP) data from source to target takes more time. Proactive data forwarding (e.g. starting at the same time as the HO preparation) in combination with PDCP status reporting from the UE to the target can largely compensate that latency. Performing this functionality by RLC would not offer any noticeable benefits but significantly increase the complexity. 
[bookmark: _Toc471293417][bookmark: _Toc471297723][bookmark: _Toc471301036][bookmark: _Toc471307116][bookmark: _Toc471307244][bookmark: _Toc471308320][bookmark: _Toc471459471][bookmark: _Toc471459516][bookmark: _Toc471459529][bookmark: _Toc471459542][bookmark: _Toc471459563][bookmark: _Toc471459607][bookmark: _Toc473537097]PDCP-based data forwarding and loss recovery benefits from reduced RRC/L1 handover execution delay and is therefore suitable also for NR operating on high frequency bands where more frequent handovers are to be expected. 
[bookmark: _Toc471301041][bookmark: _Toc471307102][bookmark: _Toc471307250][bookmark: _Toc471308326][bookmark: _Toc471459475][bookmark: _Toc471459520][bookmark: _Toc471459533][bookmark: _Toc471459546][bookmark: _Toc471459567][bookmark: _Toc471459611][bookmark: _Toc473537101]RAN2 and RAN1 should aim to reduce the RRC processing and L1 synchronization delay during mobility events in order to ensure short user plane interruptions during mobility events. 
[bookmark: _Toc458688128][bookmark: _Toc458688133][bookmark: _Toc458700495][bookmark: _Toc458688134][bookmark: _Toc458700496][bookmark: _Toc458461065][bookmark: _Toc450773277][bookmark: _Toc450773306][bookmark: _Toc450773354][bookmark: _Toc450773369][bookmark: _Toc450774156][bookmark: _Toc450814189]Conclusion
[bookmark: _Toc450908196][bookmark: _In-sequence_SDU_delivery]In section 2 we made the following observations:
Observation 1	RLC AM ARQ operates continuously and automatically recovers from residual HARQ errors caused by the underlying radio link.
Observation 2	For efficient operation, ARQ needs to be tuned to properties of HARQ and L1.
Observation 3	The ARQ protocol should not be exposed to varying queuing delays or congestion related losses.
Observation 4	The LTE RLC and MAC protocol state of a source cell is not needed/suitable in a target cell. Hence, RLC and MAC are reset during HO.
Observation 5	Upon mobility, error recovery by PDCP is suitable, efficient and simple in NR.
Observation 6	PDCP does not perform ARQ, i.e., it does not detect and correct transmission errors automatically but only when triggered by RRC.
Observation 7	The triggers to the mobility procedure (measurements, filtering, reporting) and the L1 synchronization to the target cell take a lot more time than the mobility execution in the user plane protocols.
Observation 8	In order to reduce the handover delay, the RRC processing and L1 synchronization delay should be minimized.
Observation 9	PDCP-based data forwarding and loss recovery benefits from reduced RRC/L1 handover execution delay and is therefore suitable also for NR operating on high frequency bands where more frequent handovers are to be expected.

Based on the discussion in section 2 we propose the following:
Proposal 1	Like in LTE, NR RLC ARQ detects and recovers automatically from transmission related losses (HARQ failure) on the radio interface.
Proposal 2	Like in LTE, NR PDCP recovers from packet losses due to mobility when triggered by RRC.
Proposal 3	Like in LTE, RLC is re-established and MAC is reset upon mobility triggered by RRC.
Proposal 4	RAN2 and RAN1 should aim to reduce the RRC processing and L1 synchronization delay during mobility events in order to ensure short user plane interruptions during mobility events.
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