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Introduction
For NR PDCP, uplink split operation had been discussed in RAN2#98 with the following agreements:

Agreements
=>	A configurable threshold approach is used to determine if the UE should transmit on one more than one link.   As a baseline, the buffer status is used as a threshold.  FFS if other thresholds like data rates or delay can be considered. 
=>	If below a threshold the UE transmits on one link.  When above the threshold enhancements can be considered to allow for pre-processing and link performance.

In this contribution we discuss further details of the UL transmit operation for NR PDCP, and discuss how this configurable threshold approach can be implemented for UL split operation. Thereby, we address also further open issues from the email discussion on UL split [1].
[bookmark: _Ref178064866]Discussion
In the following, we first discuss the general UL transmit operation in NR PDCP. Afterwards we focus on the UL split operation in NR PDCP.
UL transmit operation
When PDCP data becomes available, the question is whether the data should immediately be pushed to lower layers and considered to be buffered there (i.e. on RLC), or whether the PDCP data should remain on PDCP until an UL grant arrives to pull down the data. In any case, PDCP must keep reference to the data pushed or pulled down, to do retransmissions at data recovery.
In LTE a NOTE had been added to the specification indicating that the UE should avoid HFN desynch by not bringing more than the reception window of PDCP PDUs in flight, i.e. by keeping the PDCP SDUs on PDCP layer and not assigning SNs too early. 
[bookmark: _Toc481060910][bookmark: _Toc481669067][bookmark: _Toc481671524][bookmark: _Toc481671977][bookmark: _Toc481672698][bookmark: _Toc481674253][bookmark: _Toc484174920][bookmark: _Toc484178499][bookmark: _Toc485386800][bookmark: _Toc485386842]Assigning PDCP SNs late, i.e. not immediately upon data arrival, avoids HFN desynchronization.
In Rel-12 the split threshold was introduced, so that data above the threshold can be sent via both links, depending on where grant is received first. This required the pull-based approach, where data is kept on PDCP until requested to transmit on one of the links. Not determining the path the PDCP data takes prematurely but according to the granted resource ratio on the transmission legs can be regarded as the optimum split. This aspect is further discussed in Section 2.2.
In duplication, the question is whether when PDCP data arrives, the data should be duplicated and pushed to both RLCs immediately, or whether the PDCP data should be kept on PDCP layer and pulled down by the RLC for which a grant arrives. There is no point in actually duplicating and keeping duplicate data on PDCP, i.e. a reference to the data is simply provided to the second RLC just when requesting the data. Pushing down the data immediately to both RLCs may lead to this data being stuck in an RLC for which no grant will arrive (for some time). A further risk is that duplicate transmissions drift apart, due to different amounts of granted resources on the links. In the case that duplicate data is pushed to RLC, when a grant arrives, RLC will send this duplicate data – however, it may be outdated already since the data was already received via the other link. Pulling data from PDCP which was already submitted via one link can simply be considered like a retransmission of this data, but via the other link.
Data that was already transmitted (pushed or pulled), should be kept referenced on PDCP for data recovery or to send a duplicate – until successful delivery is confirmed. The successful delivery is informed to PDCP by: RLC ACK indicating PDCP PDU transmitted (RLC AM), or PDCP status report. Alternatively, PDCP data may be discarded after a discard time. UE implementation can further observe also for RLC UM, which data had been transmitted via HARQ already, and consider it as successful (after some time), and then discard it. When PDCP PDUs are acked or discarded, they should not be considered anymore for retransmission which includes in particular later duplicate transmissions, when requested from lower layers.
[bookmark: _Toc481060185][bookmark: _Toc481060906][bookmark: _Toc481669071][bookmark: _Toc481671530][bookmark: _Toc481671983][bookmark: _Toc481672705][bookmark: _Toc481674248][bookmark: _Toc484174927][bookmark: _Toc484178506][bookmark: _Toc485386836][bookmark: _Toc485386849]In duplication and split operation, PDCP transmitter sends data to lower layers only upon request, i.e. when pulled down at UL grant arrival.
[bookmark: _Toc481060186][bookmark: _Toc481060907][bookmark: _Toc481669072][bookmark: _Toc481671531][bookmark: _Toc481671984][bookmark: _Toc481672706][bookmark: _Toc481674249][bookmark: _Toc484174928][bookmark: _Toc484178507][bookmark: _Toc485386837][bookmark: _Toc485386850]PDCP transmitter keeps a reference to transmitted PDCP PDUs for which successful delivery was not yet acknowledged, for the purpose of data recovery or to transmit a duplicate. PDUs successfully delivered are not retransmitted or duplicate-transmitted.
The requirements on the PDCP transmitter applying duplication are the same in DC and CA, therefore: 
[bookmark: _Toc481060187][bookmark: _Toc481060908][bookmark: _Toc481669073][bookmark: _Toc481671532][bookmark: _Toc481671985][bookmark: _Toc481672707][bookmark: _Toc481674250][bookmark: _Toc484174929][bookmark: _Toc484178508][bookmark: _Toc485386838][bookmark: _Toc485386851]PDCP transmitter behaviour for duplication in DC and CA are aligned.
UL split operations
In LTE DC, uplink split for the split bearer was introduced in Rel-13. This way, the UE is enabled to split its uplink PDCP queue among the two logical channels (RLCs) associated with the different cell groups (MAC entities) of MeNB and SeNB, and thus increase its uplink data rate. Hence, the UE performs “routing” of PDCP PDUs to the respective cell groups.
The NR uplink split operation had been discussed in email discussion [1]. In RAN2#98, the agreement was reached to reuse a configurable threshold approach to determine if the UE should transmit on more than one link.
Designing this NR split threshold based approach, we should consider the following requirements for NR as compared to LTE:
· NR link rates may be significantly different on MCG and SCG and may vary stronger. This applies both to NR-NR DC and NR-LTE DC, where MCG and SCG may correspond to links with different number of carriers, different carrier frequencies, different numerologies and TTI lengths. The UL split design should efficiently consider these varying throughputs on the links.
· Low latency: in NR a general design target is low latency, i.e. minimizing the processing and transmission time over L2, especially the best case latency when no queuing effects are present. Thereby also potential reordering delays should be considered that occur in the receiver when data is split.
· Latency and processing difference among links: depending on numerology on NR link, or in case of LTE and NR integration, on difference in general latency and processing time, as well as backhaul connection, it is preferable to prioritize the faster link in case of no buffering instead of splitting data unnecessarily. 
· Processing times in NR are significantly shorter, e.g. the time between grant reception and transmission. Therefore, the possibility of doing pre-processing of data must be considered.
[bookmark: _Toc477443685][bookmark: _Toc481060182][bookmark: _Toc481060911][bookmark: _Toc481669068][bookmark: _Toc481671525][bookmark: _Toc481671978][bookmark: _Toc481672699][bookmark: _Toc481674254][bookmark: _Toc484174921][bookmark: _Toc484178500][bookmark: _Toc485386801][bookmark: _Toc485386843]UL split design in NR should consider: link rate differences, latency and processing time differences, as well as the generally significantly shorter latency and processing time in NR, i.e. between grant reception and transmission.
The LTE-based split threshold base solution, can fulfil the above-mentioned requirements for NR, as we explain in the following:
· Data below the split threshold is sent via a configurable prioritized link, which can be chosen to the be fastest link. This way, low latency and jitter is ensured.
· Data above the split threshold is split according to the received grants, i.e. according to the actual link data rate.
· Pre-processing of data below and above the split threshold is possible, as further explained below.
[bookmark: _Toc477443686][bookmark: _Toc481060183][bookmark: _Toc481060912][bookmark: _Toc481669069][bookmark: _Toc481671526][bookmark: _Toc481671979][bookmark: _Toc481672700][bookmark: _Toc481674255][bookmark: _Toc484174922][bookmark: _Toc484178501][bookmark: _Toc485386802][bookmark: _Toc485386844]The LTE split threshold based solution fulfils the requirements of NR on UL split design.
We note that pre-processing is an implementation-specific operation in the UE to prepare data for transmission and will not be standardized. Pre-processing does not necessarily imply that PDCP PDUs are pushed to the respective RLC entity. Pre-processing in the UE may include:
· PDCP ciphering of data
· PDCP header construction, PDCP (virtual pre-) SN assignment
· RLC header construction, RLC SN (virtual pre-) assignment
Thereby, pre-processing does not mean pushing down data to RLC. We note especially that RLC header construction with potentially virtually pre-assigning RLC SNs should not change the RLC transmitter state. Otherwise, prematurely associating PDCP PDUs to RLC and this way changing the RLC transmitter state, comes with the risk that data may become delayed or be stuck on RLC of a transmission leg, if this leg is (cannot) be scheduled, which leads to transmission delays of this data. Furthermore, delivery of data on the other leg is also blocked, due to PDCP reordering.
[bookmark: _Toc481671527][bookmark: _Toc481671980][bookmark: _Toc481672701][bookmark: _Toc481674256][bookmark: _Toc484174923][bookmark: _Toc484178502][bookmark: _Toc485386803][bookmark: _Toc485386845]Pre-processing of data PDCP SDUs is implementation-specific and may include some of the following operations: PDCP ciphering of data, PDCP header construction, RLC header construction, virtual pre-assignment of SNs on PDCP and/or RLC.
[bookmark: _Toc481671528][bookmark: _Toc481671981][bookmark: _Toc481672702][bookmark: _Toc481674257][bookmark: _Toc484174924][bookmark: _Toc484178503][bookmark: _Toc485386804][bookmark: _Toc485386846]Pushing PDCP PDUs to RLC prematurely may lead to delays in data delivery due to PDCP reordering.
Transmit operation below threshold
It had been agreed in the NR split threshold based solution, that data below the threshold can only be sent via one link. This way, the transmission path for that data is fixed so that data can be readily pre-processed for the prioritized cell group. 
For uplink data below the split threshold: all PDCP data below the split threshold can be pre-processed readily before an uplink grant is received with the correct assumption that later transmission is done on the prioritized cell group. I.e. PDCP SN is assigned, encryption is done, as well as RLC SN of RLC associated with the prioritized cell group is done. When the uplink grant arrives the data can be in-sequence transmitted via low layers. At the receiving side, PDCP would need to apply reordering only due to HARQ and RLC out of sequence deliveries within this cell group. This would lead to the same low jitter as in single connectivity.
When data buffered is below the split threshold, in order to avoid reordering due to usage of different links, this data should also only be transmitted via the prioritized link. We thereby assume that the buffer status is evaluated once and at the beginning of a TTI (and not after each grant reception, in case of multiple grants per TTI, one per cell group). Then, when data is above the split threshold, according to the LTE solution, all data (including also the data below the split threshold), can be transmitted via both cell groups (as clarified during [1]). Under this assumption, however, low latency delivery of this data cannot be guaranteed. To avoid this, it must be ensured that the first data in the PDCP buffer (below the threshold) can only be sent via the prioritized link. In this case, this data can also be fully pre-processed, as the link direction is pre-determined.
Currently, it had been agreed that “If below a threshold the UE transmits on one link”. To be more precise, we should agree that:
[bookmark: _Toc481671534][bookmark: _Toc481671987][bookmark: _Toc481672709][bookmark: _Toc481674252][bookmark: _Toc484174930][bookmark: _Toc484178509][bookmark: _Toc485386839][bookmark: _Toc485386852]Independent of the total amount of buffered data, data below the split threshold (evaluated at the beginning of the TTI) can be sent only via the prioritized link direction.
Transmit operation above threshold
In the email discussion in [1] it had become apparent that also in this case the hard-split approach would come with disadvantages. In the hard-based split, we think it is very likely that the actual grant per cell-group does not cater for the configured hard-split ratio. This could be as a result of changing NW load, varying radio link or other (rather dynamic) reasons. This results in that the split is not done according to the actual throughput and result in a performance loss. I.e. the loss in throughput and latency loss would defeat the purpose of using hard-split approach. Also, it restricts the gNBs across cell-groups scheduling to send grants according to the set hard-split ratio. 
For uplink data above the split threshold: data above the split threshold can be sent via one of both cell groups, depending on which cell group the uplink grant is available first. This way, all received grants can be utilized. Compared to the hard-split approach, there would be no discrepancy between received grants and ratio of splitted data, i.e. in the threshold-based approach the split would be optimal. By splitting the data, and due to the uncertainty which grant arrives first, data may be transmitted and eventually received out of order at the PDCP receiver. The PDCP receiver applies reordering so that this out of order delivery will eventually be visible as jitter to higher layers, where the jitter relates to the skew time between the transmitted blocks among both the links. This skew time would be even bigger in case of usage of a hard-split approach. 
[bookmark: _Toc481672703][bookmark: _Toc481674258][bookmark: _Toc484174925][bookmark: _Toc484178504][bookmark: _Toc485386805][bookmark: _Toc485386847]Split data is reordered in PDCP receiver leading to delays that are more significant for performance than impact of no support for pre-processing.
Nevertheless, virtual pre-processing of data above the split threshold is also possible, so that it is ready for transmission when a grant is available on MCG or SCG. This can be ensured by UE implementation, i.e.:
· The UE pre-processes, but keeps all data responsibility on PDCP. This may include PDCP ciphering of data, PDCP header construction, PDCP (virtual pre-) SN assignment, RLC header construction, RLC SN (virtual pre-) assignment. 
· The UE does only give responsibility of the data to lower layers once the grant is received. This way, the before-mentioned delays can be mostly avoided. When the queue changes in between TTIs, e.g. due to received grant on one of the links, a virtual re-pre-processing needs to be done (e.g. discarding previous virtual SN assignments, and assigning new SNs). So that at a next TTI pre-processed data is again available for the potentially received uplink grants.
[bookmark: _Toc477443687][bookmark: _Toc481060184][bookmark: _Toc481060913][bookmark: _Toc481669070][bookmark: _Toc481671529][bookmark: _Toc481674259][bookmark: _Toc484174926][bookmark: _Toc484178505][bookmark: _Toc485386806][bookmark: _Toc485386848][bookmark: _Toc481671982][bookmark: _Toc481672704]Pre-processing of PDCP data is possible in threshold based UL split. 
From the discussion we conclude:
[bookmark: _Toc484174931][bookmark: _Toc484178510][bookmark: _Toc485386840][bookmark: _Toc485386853]Above the split threshold, data can be transmitted via either cell group. No enhancements for LTE-split threshold approach are standardized.
Metric for the threshold
In LTE, the metric of the threshold is the transmit buffer size in byte. An FFS was listed in RAN2#98 whether the threshold should be based on data rate or delay in NR.
We believe considering rate as the threshold for splitting is less optimal, as it would lead to similar disadvantages of the hard-split approach (where it was proposed to also compare data rates). 
In [1] it had been mentioned to utilize delay as the metric for the buffer. It is however not clear how this delay can be determined. What is indeed important to decide upon buffer splitting is an expected queuing delay of a new packet in the buffer. To estimate the delay, an estimation by the UE on future data rate must be predicted. We don’t believe that such an approach could lead to better performance especially not in dynamic bitrate environments in NR. The gNB can estimate the (average) data rate more precisely, and configure the split threshold in terms of byte accordingly. Therefore, we believe the metric of buffer size is sufficient and be reused in NR.
[bookmark: _Toc484174932][bookmark: _Toc484178511][bookmark: _Toc485386841][bookmark: _Toc485386854]Metric for the threshold is buffer size (like in LTE).
Conclusion
[bookmark: _In-sequence_SDU_delivery]In section 2, we made the following observations:
Observation 1	Assigning PDCP SNs late, i.e. not immediately upon data arrival, avoids HFN desynchronization.
Observation 2	UL split design in NR should consider: link rate differences, latency and processing time differences, as well as the generally significantly shorter latency and processing time in NR, i.e. between grant reception and transmission.
Observation 3	The LTE split threshold based solution fulfils the requirements of NR on UL split design.
Observation 4	Pre-processing of data PDCP SDUs is implementation-specific and may include some of the following operations: PDCP ciphering of data, PDCP header construction, RLC header construction, virtual pre-assignment of SNs on PDCP and/or RLC.
Observation 5	Pushing PDCP PDUs to RLC prematurely may lead to delays in data delivery due to PDCP reordering.
Observation 6	Split data is reordered in PDCP receiver leading to delays that are more significant for performance than impact of no support for pre-processing.
Observation 7	Pre-processing of PDCP data is possible in threshold based UL split.

Based on the discussion in section 2 we propose the following:
Proposal 1	In duplication and split operation, PDCP transmitter sends data to lower layers only upon request, i.e. when pulled down at UL grant arrival.
Proposal 2	PDCP transmitter keeps a reference to transmitted PDCP PDUs for which successful delivery was not yet acknowledged, for the purpose of data recovery or to transmit a duplicate. PDUs successfully delivered are not retransmitted or duplicate-transmitted.
Proposal 3	PDCP transmitter behaviour for duplication in DC and CA are aligned.
Proposal 4	Independent of the total amount of buffered data, data below the split threshold (evaluated at the beginning of the TTI) can be sent only via the prioritized link direction.
Proposal 5	Above the split threshold, data can be transmitted via either cell group. No enhancements for LTE-split threshold approach are standardized.
Proposal 6	Metric for the threshold is buffer size (like in LTE).
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