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Introduction
In this contribution, we discuss uplink split in dual connectivity (DC) in NR and LTE-NR integration, with a focus on NR PDCP design.
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc462315877][bookmark: _Toc462412180][bookmark: _Toc462639136][bookmark: _Toc462997234][bookmark: _Toc476138031][bookmark: _Toc476138044]LTE 
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.
In LTE, the scheme works as follows (acc. to 36.323):
For split bearers, when indicating the data available for transmission to a MAC entity for BSR triggering and Buffer Size calculation, the UE shall:
-	if ul-DataSplitThreshold is configured and the data available for transmission is larger than or equal to ul-DataSplitThreshold:
-	indicate the data available for transmission to both the MAC entity configured for SCG and the MAC entity configured for MCG;
-	else:
-	if ul-DataSplitDRB-ViaSCG is set to TRUE by upper layer [3]:
-	indicate the data available for transmission to the MAC entity configured for SCG only;
-	if ul-DataSplitThreshold is configured, indicate the data available for transmission as 0 to the MAC entity configured for MCG;
-	else:
-	indicate the data available for transmission to the MAC entity configured for MCG only;
-	if ul-DataSplitThreshold is configured, indicate the data available for transmission as 0 to the MAC entity configured for SCG.
For split bearers, routing is performed in the transmitting PDCP entity, and reordering is performed in the receiving PDCP entity. When requested by lower layers to submit PDCP PDUs, the transmitting PDCP entity shall:
-	if ul-DataSplitThreshold is configured and the data available for transmission is larger than or equal to ul-DataSplitThreshold:
-	submit the PDCP PDUs to either the associated AM RLC entity configured for SCG or the associated AM RLC entity configured for MCG, whichever the PDUs were requested by;
-	else:
-	if ul-DataSplitDRB-ViaSCG is set to TRUE by upper layers [3]:
-	if the PDUs were requested by the associated lower layers configured for SCG:
-	submit the PDCP PDUs to the associated AM RLC entity configured for SCG;
-	else:
-	if the PDUs were requested by the associated lower layers configured for MCG:
-	submit the PDCP PDUs to the associated AM RLC entity configured for MCG.
As becomes obvious from the above procedures. Buffered data below the split threshold is only indicated as available for transmission for BSR reporting to the prioritized cell group, while when buffered data is above the split threshold, data is indicated to both cell groups. Then, as stated above, in LTE, a transmission to lower layers is only done upon request from lower layers, i.e. at uplink grant reception. Otherwise the data remains on PDCP layer. At the time of the request, if the buffered data is below the threshold, data is only submitted to the prioritized cell group; if buffered data is above the threshold, data can be submitted to either MCG or SCG cell group, i.e. to the requesting cell group.
[bookmark: _Toc477443682]In LTE, the uplink split is configurable threshold based.
[bookmark: _Toc477443683]Data below the threshold is reported as available and transmitted only via a configurable prioritized cell group. 
[bookmark: _Toc477443684]If data is above the threshold, all data is reported to both cell groups, and transmission of data above the threshold is possible via both cell groups.
Also alternative schemes to the split threshold based approach had been discussed in the Rel-12 timeframe for LTE (e.g. discussed in [1]). This had been done with respect to whether the UE maintains one PDCP buffer, from which data is pulled (as defined above), or whether the UE maintains two PDCP buffers (one for MeNB and one for SeNB), where incoming data is split into these two buffers based e.g. on a configured ratio. The latter approach would have the disadvantage of assigning PDCP data prematurely, leading to inefficiencies, in case the configured ratio does not correspond to the actual ratio of throughputs to MeNB and SeNB.
NR 
For the NR uplink split and PDCP design, the solution for LTE should be used as a baseline. For NR, we should consider the following further requirements as compared to LTE, for UL split design:
· 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.
· 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, pre-processing of data must be considered. Considering the example of single connectivity, at arrival of data in the uplink PDCP buffer, PDCP SN assignment, encryption, RLC SN assignment, as well as PDCP and RLC header construction can be done before an uplink grant becomes available. Also in NR UL split, pre-processing should be enabled as much as possible.
[bookmark: _Toc477443685]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 split threshold base solution, can fulfil the above mentioned requirements for NR, as we explain in the following:
· Data above the split threshold is split according to the received grants, i.e. according to the actual link data rate.
· 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.
· Pre-processing of data below and above the split threshold is possible, as further explained below.
[bookmark: _Toc477443686]The split threshold based solution fulfils the requirements of NR on UL split design.
[bookmark: _GoBack]For uplink data below the split threshold: data below the split threshold can only be sent via the prioritized cell group. Therefore, 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 some jitter same as in single connectivity.
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. 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. Pre-processing of data above the split threshold is also possible, so that it ready for transmission when a grant is available on MCG or SCG. The following can be considered for pre-processing of this data, which is explained with the help of Figure 1:
· Since only data above the split threshold can be potentially sent via the un-prioritized link, pre-processing can be applied starting from the split threshold. At least the maximum grant size on the un-prioritized link must be pre-processed (blue in Figure 1).
· Data above the split threshold can also be sent via the prioritized link (green in Figure 1), in case the split threshold is smaller than the maximum grant size on the prioritized link. This can be avoided by configuring higher split thresholds (part 3 in Figure 1). 
· The UE could pre-process chunks of data according to expected grant sizes in subsequent TTIs. 
· If the UE also gives responsibility of this data to lower layers before the grant are received, the data needs to be transmitted also eventually via the lower layer the pre-processing was done for. This is not a problem if the grant is eventually received within the PDCP reordering time. This way, a potential delay because the grant was not received when/as large as expected, is eventually only visible as jitter to higher layers. 
· If the UE keeps all data on PDCP (i.e. assigns RLC SNs, but by this does not affect RLC transmitter state), and does only give responsibility of the data to lower layers once the grant is received, the before mentioned jitter can be mostly avoided. When the queue changes in between TTIs, e.g. due to received grant on one of the links, a re-preprocessing needs to be done (e.g. discarding previous tentative 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]Pre-processing of PDCP data is possible in threshold based UL split.
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Figure 1: Pre-processing of PDCP data in UL split.
From the discussion we conclude:
[bookmark: _Toc477443224][bookmark: _Toc477443659][bookmark: _Toc477443688][bookmark: _Toc477789885][bookmark: _Toc478045068]Reuse LTE-UL-split threshold based solution in NR.
Furthermore, in LTE, the split threshold is configured based on RRC reconfiguration. Since in NR however faster throughput changes are expected due to potential blocking and fading dips at higher carrier frequencies, it appears useful to make the split threshold in NR more dynamically configurable. This way, the UL transmission direction can be quickly adapted towards the link with the highest throughput. 
Therefore, we propose to make the split threshold configurable by PDCP control signaling (which by the network could be sent via the link with the highest throughput to the UE). 
[bookmark: _Toc477789886][bookmark: _Toc478045069]NR UL split threshold is configurable by RRC and dynamically adaptable by PDCP control signalling.
The same reasoning applies to the PDCP parameter of prioritized link direction (in LTE: ul-DataSplitDRB-ViaSCG). For example, in implementations, where the split threshold is not used, the uplink link direction should be quickly adaptable to the link with highest throughput, e.g. in case the other link suffers from throughput degradation, e.g. due to fading.
[bookmark: _Toc477789887][bookmark: _Toc478045070]The prioritized UL transmission direction (similar as ul-DataSplitDRB-ViaSCG), should be configurable by RRC and dynamically adaptable by PDCP control signaling.

Conclusion
In summary, from the discussion in Section 2, we list the following observations.
Observation 1	In LTE, the uplink split is configurable threshold based.
Observation 2	Data below the threshold is reported as available and transmitted only via a configurable prioritized cell group.
Observation 3	If data is above the threshold, all data is reported to both cell groups, and transmission of data above the threshold is possible via both cell groups.
Observation 4	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 5	The split threshold based solution fulfils the requirements of NR on UL split design.
Observation 6	Pre-processing of PDCP data is possible in threshold based UL split.

Based on the discussion and observations, we conclude:
Proposal 1	Reuse LTE-UL-split threshold based solution in NR.
Proposal 2	NR UL split threshold is configurable by RRC and dynamically adaptable by PDCP control signalling.
Proposal 3	The prioritized UL transmission direction (similar as ul-DataSplitDRB-ViaSCG), should be configurable by RRC and dynamically adaptable by PDCP control signaling.
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