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1 Introduction
In the previous working group meetings for RAN2 and RAN3, flow control and PDCP feedback between SeNB and MeNB have been discussed with the following agreements:
	Agreements RAN2#85bis
1
The SeNB provides to the MeNB PDCP SNs of the successfully delivered PDCP PDUs (based on RLC AM state in SeNB) among the ones that it received from the MeNB. 




Agreements RAN3#83bis (see R3-140980)
-
Flow control will be only specified for DL transmission of PDCP PDUs towards the SeNB.

-
Flow control requires a feedback from SeNB on the transmission status of PDCP PDUs transmitted to the UE via the SeNB. 

-
The feedback on PDCP PDUs successfully or unsuccessfully transmitted to the UE is PDCP SN based (the PDCP SN will be available at the SeNB e.g. through the PDCP header provided in the user plane packet or within the respective GTP-U extension header etc. is to be further discussed).

-
Flow control requires the SeNB to send the information of the buffer size acceptable by the SeNB. 
-
A constant feedback on the transmission status and the information of acceptable buffer size is necessary.

-
Working Assumption: The feedback on the transmission status and the information of acceptable buffer size is provided on U-Plane.
In this paper we would like to clarify the details of this feedback mechanism, i.e. explain how indication of the successfully delivered PDCP PDU in the SeNB to the MeNB could work also in cases of losses and out of order delivery on X2. Further, we discuss remaining required feedback for the flow control protocol. 
2 Feedback for PDCP buffer handling and flow control
As discussed in [1], flow control feedback between MeNB and SeNB is required for the split bearer operation in dual connectivity to balance the dataflow between MeNB and SeNB. 
Furthermore, feedback for the PDCP transmitter from SeNB to MeNB is necessary to make sure that for split bearers, the MeNB does not bring more than half of the sequence number space in flight in order to avoid HFN de-sync (as in legacy behaviour). This applies to both possible options for the PDCP reordering behaviour (pull-based and push-based window solutions), see [2].
In addition, the feedback signalling can also be used to control the MeNB buffer so that acknowledged PDUs can be removed and unnecessary retransmissions after handover, bearer- or SeNB removal can be avoided.  
2.1 X2 SN based feedback mechanism

2.1.1 How to report successfully delivered PDCP PDUs

As feedback for PDCP buffer handling, signaling of PDCP SNs of successfully delivered PDCP PDUs had been agreed in both working groups. It was left for further study how this feedback would look like exactly. 
We would like to point out that indication of the single highest successfully in order delivered PDCP PDU alone is not sufficient as feedback, since it would not consider potential losses or out of order deliveries on X2. It is however important that the MeNB is aware of those X2 deficiencies so that it never underestimates the data in flight, i.e. never sends more than half the PDCP SN space in flight to avoid HFN de-synchronisation.
Proposal 1 The feedback from SeNB to MeNB must be designed to be sufficient for the MeNB to not bring more than half the PDCP SN space in flight to avoid HFN desynch. 

If we keep the approach to report the highest successfully in order delivered PDCP PDU SN, in addition, feedback from the SeNB to the MeNB would have to include a list of PDUs not at all received at the SeNB. This can be only achieved, if the MeNB would assign additional X2 Sequence numbers (X2 SNs) to each PDCP PDU sent via X2-U in order to allow the SeNB to detect losses on X2-U. To illustrate this behaviour we discuss the following examples: 

We assume here that the MeNB sends PDCP PDUs with PDCP SNs 2, 4 directly to the UE via the air-interface and sends PDCP SN 1, 3, 5 to the SeNB via X2 while those PDCP SNs are mapped to X2 SN 10, 11, 12. 

1)
PDCP PDUs #1, #3, #5 received by the SeNB in-order


The SeNB would be able to understand that the PDUs are received in order and no PDUs are missing from the X2 SNs provided.


The SeNB transmits PDCP PDUs #1, #3 and #5 to the UE


If the SeNB would decide to provide feedback after successful delivery of PDCP PDU #5 via RLC to the UE, it would report PDCP SN#5 as the highest successfully in order delivered PDCP PDU SN to the MeNB, without reporting any lost PDU.

2) Only PDCP PDUs #1 and #5 received


SeNB would be able to detect that a PDCP PDU is missing and would memorize X2 SN#11 as a “lost” PDU. The SeNB will not be able to tell the PDCP SN of the lost PDU, and therefore X2 SN must be used.

The SeNB transmits PDCP PDUs #1and #5 to the UE


If the SeNB would decide to provide feedback after successful delivery of PDCP PDU #5 via RLC to the UE, it would report PDCP SN#5 as the highest successfully in order delivered PDCP PDU SN to the MeNB, and report X2 SN #11 as being lost PDU.
-
The MeNB would need to increase the sending window from PDCP SN#3 onwards up to halve of the PDCP SN space only when opportune, i.e. when it can make sure that the receiving window at the UE wouldn’t span over half of the PDCP SN space.

3) Only PDCP PDUs #1 and #3 received


If no other PDCP PDU would be received at the SeNB it would not be able to report the loss of X2 SN#11.

The SeNB transmits PDCP PDUs #1and #3 to the UE


If the SeNB would decide to provide feedback after successful delivery of PDCP PDU #3 via RLC to the UE, it would report PDCP SN#3 as the highest successfully in order delivered PDCP PDU SN to the MeNB and not report any lost PDU.

-
If PDCP PDU #4 would have been successfully delivered, this would be the lower window size for the MeNB. 

4) SN 1, 3, 5 received in-order but SN 3 discarded in SeNB


The same handling as described in case 2). The MeNB wouldn’t behave differently if #3 hasn’t reached the SeNB at all or would have been discarded there.
5)
SN 1, 5, 3 received out-of-order


The SeNB could, as an implementation option, put PDUs #3 and #5 in order in the receiving buffer, then the SeNB would behave as described for case 1)


The SeNB could also simply discard PDU#3 and would then behave as described for case 2)

As elaborated above, in all cases no explicit indication of successful delivery of PDUs by the SeNB is necessary. In case the delivery failure is due to failure on the radio interface, i.e. due to RLC, an eNB-based radio link failure (RLF) should be indicated instead (as in legacy behavior), which can be handled by SeNB modification or release request message [REF_X2_PROCEDURES]. Detection of losses or out of order delivery on X2 by the SeNB would be possible with introducing a X2 SN.

Therefore, we list the following proposals for the feedback for PDCP:
Proposal 2 As feedback from SeNB to MeNB, the SeNB indicates the highest successfully in order delivered PDCP PDU SN.
Proposal 3 Feedback of unsuccessfully delivered PDUs is based on to be introduced X2 Sequence Numbers. A respective list is provided to the MeNB.
2.1.2 How to report desired additional bytes

As the RAN3 agreements indicate, a window-based flow control mechanisms [1] had been agreed where based on current queue state in the MeNB together with the feedback about queue state in the SeNB, the MeNB is able to adjust the transmission window which considers both SeNB rate and X2 backhaul delay. 
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Figure 1: PDCP and flow control feedback mechanism based on PDCP SNs.

In Figure 2 the flow control entity in the SeNB keeps track of the following states: lower transmission window edge L’, which is the highest successfully in order delivered PDCP PDU SN, higher transmission window edge H’, which is the last data unit in the buffer, and desired further data estimate D’, which is a byte offset to L’. The SeNB may determine D’ itself e.g. based on averaged data rate on the radio interface and estimated RTT on the X2 interface. 

Within the flow control feedback the SeNB informs the MeNB then about the highest successfully in order delivered PDCP PDU SN, i.e. L’ as well as the current value of D’. The MeNB keeps also track of those values, L and D, and further knows how much data units it had already sent, which is denoted as S in the figure. Based on all these values the MeNB knows how much data is already “in flight” from its own point of view, which is data currently on the backhaul as well as unacknowledged data in the buffer of the SeNB. Thus, the MeNB can determine how much more data needs to be brought “in flight” to satisfy the SeNB request. Since the MeNB is also aware of data units lost on X2 (part of the feedback as described in the previous chapter), it can take this information into account so that it does not bring more than half the PDCP SN space in flight to avoid HFN desynch in the receiver.

This flow control mechanism would require a feedback periodicity in the order of 10ms which can be regarded as minor in addition to the ongoing data transmission, especially when considering the size of such feedback messages in relation to the sent payload data. If there is no data transmission, also no feedback is required, so that no unnecessary overhead is generated.

As agreed, the values of L and L’ are given as absolute PDCP SNs. For simplicity reasons it would seems however most straight forward to give D and D’ as an offset in byte to the lower window edge L’.

Proposal 4 Indicate desired amount of bytes by SeNB to the MeNB as an offset of bytes to the lower window edge L’.

Based on agreements taken previously in RAN2 and after clarifying the remaining issues with PDCP feedback and flow control discussed in this contribution, we believe that open issues from RAN2 point of view are solved. The implementation of the actual X2 protocol can be handled by RAN3.

Proposal 5 After clarifying the remaining issues of PDCP feedback and flow control as discussed in this contribution, RAN3 can take over and handle the actual realization of the flow control protocol.

2.1.3 Detailed function description of the overall feedback mechanism

In this scheme 

the MeNB 

-
assigns to each PDCP PDU sent over X2-U a consecutive X2 Sequence Number (X2 SN).

the SeNB 

-
upon receiving PDUs from the MeNB, detects whether there are PDUs lost during transmission via X2-U along the provided X2 SN.

-
declares those missing PDUs “lost” after a e.g. certain (implementation specific) time) and memorises the respective X2 SNs.

-
after a further implementation specific time or other kind of trigger, provides feedback to the MeNB containing the following information:
a)
the highest PDCP SN of that PDCP PDU that was successfully delivered in sequence towards the UE among those PDUs received by the SeNB.
b)
the desired additional bytes, counted from the PDU reported in a) (see also discussion in the previous chapter). 
c)
a list of X2 SNs of those PDUs that were not at all delivered to the SeNB and not yet reported to the MeNB of being “lost”. After being reported to the MeNB, the SeNB removes the respective X2 SN from its list of lost PDUs.

the MeNB, when receiving feedback from the SeNB.

-
can remove the buffered PDCP PDUs according to the feedback of successfully delivered PDUs.

-
decides upon the actions necessary to take for PDUs reported “lost” as in c)
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Figure 2: PDCP and flow control feedback mechanism based on X2 SNs

Figure 2 depicts the scheme. 

Starting with describing the SeNB box,

-
L’ corresponds to the information reported under a)
-
M1’ and M2’ corresponds to sample PDUs declared as being “lost” at the SeNB and report to the MeNB in c) 

-
D’ corresponds to the desired additional bytes as reported in b). Note, that the bytes reported is relative from L’ which was reported in a).

In contrast to that, the first approach would only avoid the introduction of “X2 SNs”, while the effort spent for providing feedback to the MeNB would remain the same. Indeed, regardless of the successfulness of data delivery on the SeNB link, each and every PDCP PDU would have to be acknowledged.

3 Conclusion

Based on the discussion above on feedback for PDCP buffer handling and flow control we list here our proposals: 
Proposal 1
The feedback from SeNB to MeNB must be designed to be sufficient for the MeNB to not bring more than half the PDCP SN space in flight to avoid HFN desynch.
Proposal 2
As feedback from SeNB to MeNB, the SeNB indicates the highest successfully in order delivered PDCP PDU SN.
Proposal 3
Feedback of unsuccessfully delivered PDUs is based on to be introduced X2 Sequence Numbers. A respective list is provided to the MeNB.
Proposal 4
Indicate desired amount of bytes by SeNB to the MeNB as an offset of bytes to the lower window edge L’.
Proposal 5
After clarifying the remaining issues of PDCP feedback and flow control as discussed in this contribution, RAN3 can take over and handle the actual realization of the flow control protocol.

Following the discussion in this paper, text proposals for TS 36.300, TS 36.401 and TS 36.420 have been elaborated in [2], assuming the introduction of an X2UP protocol, showing how such a protocol entity would be located in the X2-U protocol stack.

Further [3] contains a draft specification of such a X2UP protocol, incorporating all the functions describe, especially in section 2.1.3.

Final Proposal
Take the text proposals in [2] and the new X2UP FP in [3] as a baseline for further work on stage 2 and stage 3 work for flow control.
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