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1	Introduction
This contribution discusses an issue that results from the streamlining of re-ordering windows in NR. It is an update of R2-1909114 taking into account the latest RAN2 agreements.
2	Reordering Windows
In LTE, because the occurrence of HARQ retransmissions and RLC retransmissions results in having RLC PDUs reaching the peer entity out-of-sequence, RLC takes care of re-ordering and delivers RLC SDUs to PDCP in ascending order of the RLC SN for both RLC-UM and RLC-AM bearers [36.322]. 
Because HARQ cannot guarantee a lossless delivery of SDUs, some gaps in the sequence of RLC SDUs delivered to PDCP may occur on RLC-UM bearers. It is however assumed that the gap will be short enough to avoid HFN de-synchronisation i.e. that less than the PDCP SN-space of PDCP PDUs are lost (128 or 4096 PDCP PDUs for 7 bits or 12 bits SN respectively) [36.323].
Because RLC-AM guarantees lossless delivery, one may expect that no losses are tolerated by PDCP on RLC-AM bearers. However, we first need to look at the mechanism agreed to handle re-establishment. At re-establishment, the reordering buffers are flushed and RLC delivers RLC SDUs to PDCP in ascending order of the RLC SN. One fundamental difference between RLC-UM and RLC-AM is while PDCP SNs are reset in the target eNB for RLC-UM bearers, they are maintained for RLC-AM bearers to provide in-sequence delivery and duplicate detection also during handover with data forwarding. In order to do so, first a reordering window at handover was agreed [36.323v810], then it was changed to “duplicate discard window” at handover [R2-082876] and finally it was agreed to apply the behaviour always and remove the flush_timer [R2-086314]. As a result, when the UE receives a PDCP SDU, it delivers it to higher layer together with all PDCP SDUs with lower SNs regardless of possible gaps and in ascending order of the SNs [36.323]:
	
-     deliver to upper layers in ascending order of the associated COUNT value:
-     all stored PDCP SDU(s) with an associated COUNT value less than the COUNT value associated with the received PDCP SDU;
-     all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from the COUNT value associated with the received PDCP SDU;



In effect, a receive window that was originally introduced to cope with possible forwarding losses over X2 during handover now also handle losses during normal operation. PDCP can then handle losses for RLC-AM bearers as long as less than PDCP SN-space consecutive PDCP PDUs are lost (4096 or 32768 PDCP PDUs for 12 bits or 15 bits SN respectively).
In NR, the buffering in radio protocols was streamlined: reordering of PDUs takes place at PDCP only and RLC limits itself to reorder possible segments. To prevent the receiver from stalling forever in case of gaps, a reordering timer (t-Reordering) was introduced [38.323]:
	
When t-Reordering expires, the receiving PDCP entity shall:
-	deliver to upper layers in ascending order of the associated COUNT value after performing header decompression, if not decompressed before:
-	all stored PDCP SDU(s) with associated COUNT value(s) < RX_REORD;
-	all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from RX_REORD;
-	update RX_DELIV to the COUNT value of the first PDCP SDU which has not been delivered to upper layers, with COUNT value >= RX_REORD;
-	if RX_DELIV < RX_NEXT:
-	update RX_REORD to RX_NEXT;
-	start t-Reordering.



3	Sequence Numbers Gaps
There are several reasons why the receiver needs to be able to cope with gaps in the receive SN sequence of PDCP PDUs. Firstly, during mobility events, forwarding losses can occur due to possible congestion. Although this should be a rare event, the radio protocols still need to handle such a case. This motivated the Rel-8 behaviour in LTE and was later confirmed by RAN3 for DC/Xn when challenged [R3-131538]:
-	packet loss over Xn can be assumed to be rare in reasonable load conditions but this cannot be guaranteed in high load or overload situations.
-	it is possible that the Xn deliver packets in wrong order, but this is assumed to be rare in reasonable load conditions. Assuming, as example, that Xn re-uses the X2 UP protocol stack as defined in TS 36.424, GTP-U as defined in TS 29.281 provides the possibility to indicate sequence numbers which enables the receiving node to perform reordering. 
Secondly, the fast MCG recovery mechanism which is being introduced in Rel-16 can also be lossy (e.g. due to pre-processing at path switch).
Thirdly, QoS flow handling in NR can also introduce losses at a radio bearer level:
-	during QoS flow relocation if packets on the old bearer are discarded;
-	when a QoS flow is released.
So, NR needs to handle gaps in the receive SN sequence of PDCP PDUs more frequently than in LTE but unfortunately, the streamlining of operations makes the handling of such gaps cumbersome. 
Observation 1: NR also needs to handle gaps in the receive SN sequence of PDCP PDUs.
Let us consider the following example for handover:
-	Before handover, PDUs 1, 2, 3, 4, 5 are sent to the UE in the downlink but 3 and 4 fails. The PDCP buffer at the UE therefore contains PDU 5. PDUs 1 and 2 were received in order and therefore delivered to upper layers.
-	At handover, PDUs 3 and 4 are forwarded by the source to the target.
-	In the target, PDU 4, 6 and 7 are sent to the UE. What happens in the UE depends on the PDCP reordering window:
-	In LTE, when receiving PDU 4, both PDUs 4 and 5 are delivered to upper layers (or the corresponding SDUs to be precise), ignoring the gap created by the missing PDU 3.
-	In NR, receiving PDU 4 and 5 does not move the window: it is stalled due to the missing PDU 3.
This appears as a major flaw for NR compared to LTE.
Observation 2: unlike in LTE, a missing PDU will stall the re-ordering window.
4	NR Correction
In order to fix the issue above, it is proposed to allow the gNB to temporarily alter the PDCP window behaviour in the UE so that whenever the gNB requires it, the PDCP layer in the UE follows the behaviour defined for LTE i.e. delivers to upper layers:
-	all stored PDCP SDU(s) with an associated COUNT value less than the COUNT value associated with the received PDCP SDU;
-    all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from the COUNT value associated with the received PDCP SDU.
This would be a one-shot-operation, and once completed, the window would then switch back to the agreed behaviour for NR.
Proposal: the gNB needs to be able to tell the UE to deliver to upper layers 1) all stored PDCP SDU(s) with an associated COUNT value less than the COUNT value associated with the received PDCP SDU; and 2) all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from the COUNT value associated with the received PDCP SDU.
With such control, the gNB is then able to reduce latency whenever PDCP SNs are known as missing. This provides for better mobility and QoS flow relocation. Going back to the handover example in section 3, with PDU 3 missing, considering the 3 alternatives above, the target could for instance:
-	use an R bit in the PDCP PDU 4;
-	use a PDCP control PDU to signal SN 4 or corresponding COUNT value;
-	include SN 4 or corresponding COUNT value in the handover command.
It should be noted that following the LTE behaviour always is not a viable solution as the RLC in NR does not provide in-sequence delivery of PDCP PDUs as in LTE. This would lead to unnecessary losses in the receiver whenever PDCP PDUs are received out-of-order (as moving the window would then lead to discard late PDUs).
To give an example why applying the LTE/prior art solution directly to NR would not lead to targeted behaviour with the same handover example with PDU 3 missing. 
-	In the target, PDU 4, 6 and 7 are sent to the UE but since the PDCP PDUs were received out-of-order, PDU 7 is the first one delivered to the PDCP by the RLC entity.
-	PDU 5 and 7 are delivered to upper layers, PDU 4 and 6 will be unnecessarily discarded after they are delivered to PDCP by the RLC entity.
Hence, the proposal allows ignoring only the gaps known/controlled by the network and does not lead to any unnecessary additional losses that would occur by applying the LTE behaviour always.
4	Conclusion
This contribution has observed the following:
Observation 1: NR also needs to handle gaps in the receive SN sequence of PDCP PDUs.
Observation 2: unlike in LTE, a missing PDU will stall the re-ordering window.
And made the following proposal to reduce latency:
Proposal: the gNB needs to be able to tell the UE to deliver to upper layers 1) all stored PDCP SDU(s) with an associated COUNT value less than the COUNT value associated with the received PDCP SDU; and 2) all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from the COUNT value associated with the received PDCP SDU.
Without such a proposal, mobility and fast MCG recovery will not perform as well as in LTE.
Possible changes to 38.323 are given below as an example:
First Modified Subclause
[bookmark: _Toc12616336]5.2.2	Receive operation
[bookmark: _Toc12616337]5.2.2.1	Actions when a PDCP Data PDU is received from lower layers
In this clause, following definitions are used:
-	HFN(State Variable): the HFN part (i.e. the number of most significant bits equal to HFN length) of the State Variable;
-	SN(State Variable): the SN part (i.e. the number of least significant bits equal to PDCP SN length) of the State Variable;
-	RCVD_SN: the PDCP SN of the received PDCP Data PDU, included in the PDU header;
-	RCVD_HFN: the HFN of the received PDCP Data PDU, calculated by the receiving PDCP entity;
-	RCVD_COUNT: the COUNT of the received PDCP Data PDU = [RCVD_HFN, RCVD_SN].
At reception of a PDCP Data PDU from lower layers, the receiving PDCP entity shall determine the COUNT value of the received PDCP Data PDU, i.e. RCVD_COUNT, as follows:
-	if RCVD_SN < SN(RX_DELIV) – Window_Size:
-	RCVD_HFN = HFN(RX_DELIV) + 1.
-	else if RCVD_SN >= SN(RX_DELIV) + Window_Size:
-	RCVD_HFN = HFN(RX_DELIV) – 1.
-	else:
-	RCVD_HFN = HFN(RX_DELIV);
-	RCVD_COUNT = [RCVD_HFN, RCVD_SN].
After determining the COUNT value of the received PDCP Data PDU = RCVD_COUNT, the receiving PDCP entity shall:
-	perform deciphering and integrity verification of the PDCP Data PDU using COUNT = RCVD_COUNT;
-	if integrity verification fails:
-	indicate the integrity verification failure to upper layer;
-	discard the PDCP Data PDU;
-	if RCVD_COUNT < RX_DELIV; or
-	if the PDCP Data PDU with COUNT = RCVD_COUNT has been received before:
-	if RCVD_COUNT is flagged for selective reordering:
-	deliver to upper layers in ascending order of the associated COUNT value after performing header decompression, if not decompressed before;
-	all stored PDCP SDU(s) with an associated COUNT value less than the COUNT = RCVD_COUNT;
-	all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from COUNT = RCVD_COUNT;
-	update RX_DELIV to the COUNT value of the first PDCP SDU which has not been delivered to upper layers, with COUNT value > RCVD_COUNT;
-	discard the PDCP Data PDU;
If the received PDCP Data PDU with COUNT value = RCVD_COUNT is not discarded above, the receiving PDCP entity shall:
-	store the resulting PDCP SDU in the reception buffer;
-	if RCVD_COUNT >= RX_NEXT:
-	update RX_NEXT to RCVD_COUNT + 1.
-	if outOfOrderDelivery is configured:
-	deliver the resulting PDCP SDU to upper layers.
-	if RCVD_COUNT is flagged for selective reordering:
-	deliver to upper layers in ascending order of the associated COUNT value after performing header decompression, if not decompressed before;
-	all stored PDCP SDU(s) with an associated COUNT value less than the COUNT = RCVD_COUNT;
-	all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from COUNT = RCVD_COUNT;
-	update RX_DELIV to the COUNT value of the first PDCP SDU which has not been delivered to upper layers, with COUNT value > RCVD_COUNT;
-	else, if RCVD_COUNT = RX_DELIV:
-	deliver to upper layers in ascending order of the associated COUNT value after performing header decompression, if not decompressed before;
-	all stored PDCP SDU(s) with consecutively associated COUNT value(s) starting from COUNT = RX_DELIV;
-	update RX_DELIV to the COUNT value of the first PDCP SDU which has not been delivered to upper layers, with COUNT value > RX_DELIV;
-	if t-Reordering is running, and if RX_DELIV >= RX_REORD:
-	stop and reset t-Reordering.
-	if t-Reordering is not running (includes the case when t-Reordering is stopped due to actions above), and RX_DELIV < RX_NEXT:
-	update RX_REORD to RX_NEXT;
-	start t-Reordering.
Next Modified Subclause
[bookmark: _Toc12616367]6.2.2	Data PDU
(…)
[bookmark: _Toc12616369]6.2.2.2	Data PDU for DRBs with 12 bits PDCP SN
Figure 6.2.2.2-1 shows the format of the PDCP Data PDU with 12 bits PDCP SN. This format is applicable for UM DRBs and AM DRBs.



Figure 6.2.2.2-1: PDCP Data PDU format with 12 bits PDCP SN
[bookmark: _Toc12616370]6.2.2.3	Data PDU for DRBs with 18 bits PDCP SN
Figure 6.2.2.3-1 shows the format of the PDCP Data PDU with 18 bits PDCP SN. This format is applicable for UM DRBs and AM DRBs.



Figure 6.2.2.3-1: PDCP Data PDU format for DRBs with 18 bits PDCP SN

Next Modified Subclause
[bookmark: _Toc12616374]6.3	Parameters
(…)
[bookmark: _Toc12616385]6.3.11	Interspersed ROHC feedback
Length: Variable
This field contains one ROHC packet with only feedback, i.e. a ROHC packet that is not associated with a PDCP SDU as defined in clause 5.7.4.
6.3.12	SRF
Length: 1 bit
This field indicates whether the corresponding PDCP Data PDU is flagged for reordering reset.
Table 6.3.12-1: SRF field
	Bit
	Description

	0
	PDCP Data PDU is not flagged for selective reordering.

	1
	PDCP Data PDU is flagged for selective reordering.



End of Modified Subclauses





image1.emf
...

PDCP SN(cont.)

Data

D/C PDCP SN Oct 1

Oct 2

Oct 3

SRF R R

MAC-I (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

Oct N-3

Oct N-2

Oct N-1

Oct N


oleObject1.bin
...


PDCP SN (cont.)


Data


D/C


PDCP SN


Oct 1


Oct 2


Oct 3


SRF


R


R


MAC-I (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


Oct N-3


Oct N-2


Oct N-1


Oct N



image2.emf
...

PDCP SN(cont.)

Data

D/C PDCP SN Oct 1

Oct 2

Oct 3

R R R

MAC-I (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

Oct N-3

Oct N-2

Oct N-1

Oct N


Microsoft_Visio_2003-2010_Drawing3.vsd
...


PDCP SN (cont.)


Data


D/C


PDCP SN


Oct 1


Oct 2


Oct 3


R


R


R


MAC-I (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


Oct N-3


Oct N-2


Oct N-1


Oct N



image3.emf
D/C PDCP SN SRF R R R R

...

PDCP SN(cont.)

Data

Oct 1

Oct 2

Oct 4

PDCP SN(cont.)

Oct 3

MAC-I (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

Oct N-3

Oct N-2

Oct N-1

Oct N


oleObject2.bin
D/C


PDCP SN


SRF


R


R


R


R


...


PDCP SN (cont.)


Data


Oct 1


Oct 2


Oct 4


PDCP SN (cont.)


Oct 3


MAC-I (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


Oct N-3


Oct N-2


Oct N-1


Oct N



image4.emf
D/C PDCP SN R R R R R

...

PDCP SN(cont.)

Data

Oct 1

Oct 2

Oct 4

PDCP SN(cont.)

Oct 3

MAC-I (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

MAC-I (cont.) (optional)

Oct N-3

Oct N-2

Oct N-1

Oct N


Microsoft_Visio_2003-2010_Drawing4.vsd
D/C


PDCP SN


R


R


R


R


R


...


PDCP SN (cont.)


Data


Oct 1


Oct 2


Oct 4


PDCP SN (cont.)


Oct 3


MAC-I (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


MAC-I (cont.) (optional)


Oct N-3


Oct N-2


Oct N-1


Oct N



