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1   Introduction
In dual connectivity, radio protocol stack design for split bearer has just one PDCP entity, which will be associated to the MeNB, and two RLC entities, of which one will be associated with MeNB and the other with SeNB. This protocol structure for split bearer necessitates scheduling of PDCP PDUs in MeNB: PDCP PDU can get transmitted either over MeNB’s Uu interface or SeNB’s Uu interface. PDCP PDU, scheduled for transmission over SeNB’s Uu interface, is first forwarded over X2 User Plane (X2 UP) interface to the SeNB. User plane for X2 interface is implemented using GTP-U over UDP/IP, which provides unreliable transport service and hence data forwarding over X2 UP interface may result in PDCP PDU losses. To account for PDCP PDU losses on X2 interface and to control the rate at which PDCP PDUs can be forwarded by MeNB to SeNB, it is decided to implement flow control for data forwarding on X2 interface in the DL direction [1].
To help detect PDU losses over X2 interface, one needs to assign Sequence Numbers (SN) to those PDCP PDUs, in addition to the PDCP SNs assigned by MeNB’s PDCP entity, that get forwarded over the X2 interface[1]. X2-interface-specific-SNs of the PDCP PDUs detected to be lost on the X2 interface will be intimated to MeNB by SeNB for further decision. In this contribution, we point out some considerations that can influence flow control design for the X2 UP interface.
2   Flow Control Design
For PDCP PDUs lost on the X2 UP interface, MeNB has two choices: reschedule a lost PDU either on SeNB’s Uu interface or over MeNB’s Uu interface. This scheduling decision of MeNB may be influenced by the delay that the lost PDCP PDU has already suffered. Because of these two choices, a good flow control design should not allow SeNB expect retransmission of those lost PDCP PDUs. However, flow control may allow SeNB to expect retransmission of GTP-U PDUs for reordering. We must note here that the retransmission of a lost GTP-U PDU, if allowed, may encapsulate the original PDCP PDU or a fresh PDCP PDU, and this choice should be left to the scheduling policy in MeNB. GTP-U PDU reordering in SeNB only ensures that the order in which PDCP PDUs are released to SeNB’s RLC entity is the same order in which MeNB forwarded PDCP PDUs on the X2 UP interface. Because PDCP PDUs anyway get reordered in the UE before they are released to higher layers, we believe that GTP-U PDU reordering in SeNB does not provide any extra benefits other than what PDCP PDU reordering in UE is expected to provide. Essentially, these observations suggest to decoupling of PDCP PDU scheduling in MeNB from the flow control for data forwarding over X2 UP interface. Supposing that GTP-U PDU reordering is not provided by flow control design, SeNB simply extracts PDCP PDU from the GTP-U PDU and then forwards it, without any further delay, to the corresponding RLC entity. To model this behavior one may define the receiver variable Next_X2UP_RX_SN with the following interpretation: Suppose that GTP-U PDU with SN = x is received. Then the variable Next_X2UP_RX_SN will be updated to x+1. 
Observation 1: Flow control for data forwarding over X2 UP interface and PDCP PDU scheduling in MeNB should be decoupled. Reordering of GTP-U PDUs in SeNB does not provide extra benefits than what PDCP PDU reordering in UE is expected to provide.
Following Observation 1, let us suppose that flow control protocol does not require SeNB wait for missing GTP-U PDUs on the X2 interface. Then the task that X2-UP protocol needs to perform after successful GTP-U PDU reception is to pass on the PDCP PDU to the RLC entity in SeNB that is responsible for handling the split bearer. The radio resources that SeNB can offer to a split bearer can vary with time because of fluctuations in the load on SeNB’s downlink and also the time-varying radio channel conditions of UEs served by SeNB. An important radio resource that SeNB can offer to a split bearer is the RLC buffer space. Assuming that X2-UP protocol, responsible for split bearer in SeNB, simply passes on the correctly received PDUs to the corresponding RLC entity in SeNB we can see that the rate at which MeNB can schedule PDCP PDU on X2 interface is proportional to the RLC buffer space that SeNB can offer the split bearer. This observation suggests that flow control for X2 interface be designed such that SeNB will inform MeNB how many more bytes of data it can accept further than simply the number of RLC SDUs. This is akin to the credit scheme implemented in TCP flow control.
Observation 2: Design flow control such that the way in which SeNB informs MeNB about the number of PDCP PDUs it can accept further flows the credit scheme of the TCP flow control. 
3   Reordering

According to X2 interface specification, PDCP PDUs can be forwarded on the X2 interface by encapsulate them into GTP-U PDUs. Because GTP-U PDUs may arrive at SeNB out of order owing to unreliable transport service provided by UDP/IP, two kinds of reordering may be considered. One kind of reordering may be based on the GTP-U SN and the other kind of reordering may be performed based on the PDCP SN after extracting PDCP PDUs from GTP-U PDUs. However, according to Observation 1 reordering based on PDCP SN couples flow control design with PDCP PDU scheduling in MeNB, which is not desirable. Hence we propose that PDCP PDUs received by SeNB for split bearer should not be reordered based on PDCP SN. If reordering needs to be performed at all in SeNB then it should be based on GTP-U SN.
Observation 2: To decouple flow control design for X2 interface from the PDCP PDU scheduling in MeNB, we propose that PDCP PDU reordering in SeNB should not be based on PDCP SN.

In addition to PDCP PDU reordering in SeNB, reordering of PDCP PDUs is required in UE’s PDCP entity. Reordering in UE’s PDCP entity may be required because of the effects of scheduling in MeNB’s PDCP entity.  We make two observations here:  (i) reordering is always required on the UE side whether or not reordering is performed in SeNB and (ii) reordering in SeNB, following Observation 2, will be based on GTP-U SN whereas reordering in UE’s PDCP entity is based on PDCP SN. Thus two choices are available for flow control design from reordering perspective: reordering is performed in SeNB or reordering is not performed in SeNB. Next we argue that reordering in UE’s PDCP entity renders PDCP reordering in SeNB, based on GTP-U SN, optional in the sense that correctness of the protocol between PDCP entities in MeNB and UE is not influenced by not having reordering in the SeNB.
4   SeNB’s Feedback to MeNB

For split bearer, SeNB is required to provide two kinds of feedback to MeNB: one feedback is about PDCP PDUs transmitted over SeNB’s Uu interface and successfully received by the UE, and the other feedback is about PDCP PDUs lost on the X2 UP interface. To indicate loss of a PDCP PDU on the X2 UP interface SeNB has to employ separate numbering which can be provided, for example, using GTP-U SN [1]. Whereas to indicate identity of the PDCP PDU successfully received by UE one can think of two choices: use SN of the PDCP PDU itself or SN of the GTP-U PDU that encapsulated the PDCP PDU in question. A disadvantage of the later option is that the SN space of the GTP-U PDU and SN space of the PDCP PDU become coupled. To see this we have to understand that SeNB, after extracting PDCP PDU from the GTP-U PDU, forms the mapping that binds GTP-U SN with PDCP SN of the PDCP PDU that was carried in the GTP-U PDU in question. Until SeNB provides MeNB with feedback about the SN of the GTP-U PDU that carried the PDCP that is known to be successfully received by UE, MeNB cannot use that particular GTP SN again. This situation may lead to stalling of the flow control protocol. One of way of addressing this issue is to have the range of the GTP-U SN space to be much larger than the range of the PDCP SN space. But we feel that the solution that uses PDCP SN to convey MeNB about successful reception of the PDCP PDUs, instead of the GTP SN that the carried the PDCP PDU, is straightforward and preferable.
Observation 3: SeNB should use PDCP SN to provide feedback to MeNB about the PDCP PDUs that are successfully received by the UE.
5   Conclusion
In this contribution, we made the following observations:
Observation 1: Flow control for data forwarding over X2 UP interface and PDCP PDU scheduling in MeNB should be decoupled. Reordering of GTP-U PDUs in SeNB does not provide extra benefits than what PDCP PDU reordering in UE is expected to provide.

Observation 2: Design flow control such that the way in which SeNB informs MeNB about the number of PDCP PDUs it can accept further flows the credit scheme of the TCP flow control. 
Observation 3: SeNB should use PDCP SN to provide feedback to MeNB about the PDCP PDUs that are successfully received by the UE.
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