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1. Introduction 
In RAN2#108 and 109e meetings, following were agreements for DAPS AM DRBs.  

Agreements

1
 PDCP status report is triggered when UL switching occurs (from MAC to RRC to PDCP). Since PDCP has switched to target, it is transmitted to target only.

2
The second PDCP status report is introduced for AM DRBs
As part of email discussion [Post109e#11][MOB] Resolving open issues for DAPS, need for PDCP status report for DPAS UM BRBs is still under discussion.
In this document, we will discuss issues with PDCP status reporting for DAPS DRBs and required enhancements. These enhancements are applicable for both NR and LTE DAPS HO.
2. Discussion 

Main goals of the DAPS HO are two-fold – 

1. To reduce user plane data interruption close to 0ms 
2. To continue providing the received data (from Source + Target) to application as soon as possible during Handover
During DAPS HO, once source cell sends DAPS HO command to UE, then source cell will continue to allocate PDCP SNs and will continue to transit data via source Uu interface. If source cell implements early data forwarding, then source will continue to schedule data over source Uu interface and at the same time source allocated PDCP SNs and data packets will be forwarded to target cell. During DAPS HO, Source cell uses source ROHC context and source security keys and Target cell uses target ROHC context and target security keys.
From UE side, after receiving DAPS HO command from source cell, UE will maintain connection with source cell and continues to receive data from source cell. Once UE performs successful RACH towards target cell then UE will switch UL data transmission towards target cell. After UL switching, UE will send 1st UL PDCP Status Report to target cell, which includes any missing DL PDCP packets from source cell and successfully received PDCP packets from source cell. After target cell receiving 1st PDCP Status Report from DAPS HO UE, target will start scheduling DL PDCP packets with target ROHC context.  DAPS HO UE will continue to receive DL scheduled data from both source and target cells until explicit source cell release message is received from target cell. After receiving source cell release indication from target cell, UE switches from DAPS PDCP to normal PDCP, releases source cell connection and sends 2nd PDCP status report to target cell (if configured). 
Observation 1. DAPS HO key goals are to reduce interruption time close to 0ms and delivering received packets reliably to upper layers as soon as possible.

Observation 2. During DAPS HO for DL scheduling, source cell uses source ROHC context and target cell uses target ROHC context.               

The function of PDCP Status Report is to indicate both successfully received PDCP data SDUs and missing PDCP data SDUs. 

· Successfully received PDCP data SDUs will be used by target cell to avoid duplicate re-transmission.  

· UE uses missing PDCP data SDUs information to request re-transmission from target cell for data recovery. 

Observation 3. During DAPS HO, indication of missing PDCP data SDUs in PDCP Status Report is used by UE to request re-transmission of missing data from target cell for data recovery.     

Observation 4. During DAPS HO, indication of successfully received PDCP data SDUs in PDCP Status Report is used by target cell to avoid duplicate data re-transmission.          

Compared to current procedures defined in NR PDCP spec, both for PDCP Data Recovery or PDCP re-establishment, data interruption reduction is not main criteria,  whereas in DAPS HO, the basic principle is to have data continuity (reliability of the received data) while meeting the minimal interruption time close to 0ms.

If the DL received data is not successfully decompressed and delivered to upper layer, even after ensuring the DL Reordering Window is filled with all the PDUs, the primary DAPS goal will not be achieved. In the DL PDCP Reordering window, If any of the packets received from Source Cell which are not IR packets and having intermittent packet loss, then even though they are recovered from target cell (with target ROHC context), it will not help UE decompression all source cell received DL packets due to some missing PDCP DL packets will be received with different target cell ROHC context .

DAPS HO feature will not be effective to achieve close to 0ms interruption if received data can not be utilized effectively for successful decompression and fast delivery to upper layers.

Observation 5. DAPS HO main goals are to have continuous data reception and successful delivery to upper layers, with minimal interruption time.

Observation 6. After successfully recovering all the missing packets from target NB at PDCP reordering window, dropping some source cell received packets due to decompression failure defeats the purpose of DAPS HO.
Lets assume that source cell is transmitting PDCP SNs 1 to 30 and source sends DAPS HO command when PDCP SN is at 15. From PDPC SN 16-30, source will schedule over Uu and at same time forwards to target cell as well. Assume that source will schedule PDCP SNs 21-30 after UE does UL switching from source to target cell.
There are 2 possible cases depending on whether source cell ROHC uses IR state packets after sending DAPS HO command to UE or not.

Case 1 : Assume that source does not send any IR packets after DAPS HO command.
Assume that UE is missing PDCP SNs 5-10 from source link and successfully received PDPC SNs 11-20 with source ROHC context before UL switching. Depending on type of compression mode and ROHC profile used, due to missing PDCP SNs 5-10, UE will not attempt decompression until receiving missing packets (even if UE attempts to decompress SNs 11-20, it may fail to decompress). Upon UL switching, UE sends 1st PDCP Status Report including PDCP SNs 5-10 as NACKs (11-20 as ACKs) then target cell may re-transmit PDCP SNs 5-10 with target ROHC context. Due to lack of source ROHC context for PDPC SNs 5-10, UE may still fail to decompression SNs 11-20. This issue can be addressed by allowing UE to send PDCP Status Report indicating PDPC SNs 5-20 as NACKs.
Any PDCP SNs received from source cell after UE sending 1st PDCP Status Report to target cell also causes decompression failure and all PDCP SNs missing and any received SNs in the range 21-30 also need to be reported to target cell in 2nd PDCP Status Reporting (which will be sent by UE at the time of releasing source cell for RLC AM bearers if configured) and it is very inefficient and also adds to additional DL data interruption .

Observation 7. If source cell does not use IR state packets after sending DAPS HO command to UE, if there are any missing PDUs, then UE need to report any successfully received PDCP SNs as failures (before and after UL switching) and causes DL interruption due to re-transmission delay.                
As per current NR PDCP specification [4]:

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:

-     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 = 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.
5.2.2.2         Actions when a t-Reordering expires
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.
Above PDCP text clearly indicates that upon receiving PDCP Data PDUs, after performing deciphering, integrity verification, duplicate discarding then received PDCP data PDUs will be placed in receiving window buffer. Once PDCP PDUs are moved out of receiving window buffer, ( i.e PDCP SDUs are in sequence  or when t_reordering timer expires ), at the time of delivering PDCP SDUs to upper layers ROHC decompression is performed as last step.
Observation 8. When PDCP PDUs are moved out of receiving window (i.e when t_reordering timer expires or PDCP data received in sequence), then UE receiver will perform ROHC decompression as last step just before delivering packets to upper layers.               
From [2], NR PDCP CR for DAPS HO
5.4
Status reporting

5.4.1
Transmit operation

For AM DRBs configured by upper layers to send a PDCP status report in the uplink (statusReportRequired in TS 38.331 [3]), the receiving PDCP entity shall trigger a PDCP status report when:

-
upper layer requests a PDCP entity re-establishment;

-
upper layer requests a PDCP data recovery;

-
upper layer requests a uplink data switching;

-
upper layer requests a PDCP entity reconfiguration and the associated RLC entity is released for a radio bearer.

If a PDCP status report is triggered, the receiving PDCP entity shall:

-
compile a PDCP status report as indicated below by:

-
setting the FMC field to RX_DELIV;

-
if RX_DELIV < RX_NEXT:

-
allocating a Bitmap field of length in bits equal to the number of COUNTs from and not including the first missing PDCP SDU up to and including the last out-of-sequence PDCP SDUs, rounded up to the next multiple of 8, or up to and including a PDCP SDU for which the resulting PDCP Control PDU size is equal to 9000 bytes, whichever comes first;

-
setting in the bitmap field as '0' for all PDCP SDUs that have not been received, and optionally PDCP SDUs for which decompression have failed;
-
setting in the bitmap field as '1' for all PDCP SDUs that have been received;

-
submit the PDCP status report to lower layers as the first PDCP PDU for transmission via the transmitting PDCP entity as specified in clause 5.2.1.
In DAPS HO case, if there are any missing PDCP SNs from source cell, UE will not attempt to decompress any subsequent successfully received PDCP SNs due to dependency on missing packets . From first missing SN, all the subsequent successfully received PDCP SDUs also need to be discarded and UE need to request them for re-transmission from target cell to have ROHC context continuity across SDUs.

Existing PDCP spec text mentioned above does not cover this case. We think PDCP text updates are needed depending on whether source uses IR packets or not.

Case 2 : Assume that source cell sends IR packets after DAPS HO command.
In above case 1 example description of PDPC SNs received from source cell, PDPC SNs 5-10 are missing. PDPC SNs 11-15 are received but UE does not attempt to decompress due to missing SNs 5-10. Assume that source starts sending PDPC SNs 16-20 in IR state before UL switching and PDCP SNs 21-30 after UL switching and before releasing source cell connection by UE.

In this case, UEs 1st PDCP Status Report has to indicate NACK for PDPC SNs 5-15 (even though 10-15 are received but decompression will not be attempted immediately without SNs 5-10 from source cell). For PDPC SNs 16-20 (IR state, self-decodable), it is sufficient for report only missing IR state PDPC SNs as NACK. For IR state PDCP SNs 21-30 received from source cell after UL switching, UE need to report only missing PDCP SNs (IR state packets are self-decodable). 
During DAPS HO, having source cell always using IR state packets after sending DAPS HO command to UE will prevent UE from reporting any successfully received IR state packets and this reduces unnecessary DL re-transmission, improves overall DL efficiency and reduced DL data interruption time as well. Thus, it is reasonable for source cell to always implement ROHC IR state transmission after sending DAPS HO command to UE.
Applicability of PDCP Status Report enhancements for DAPS UM DRBs:

For R16 DAPS HO, it was agreed that PDCP SN continuity is supported for both DL and UL. In RAN2#109e email discussion #11, there is ongoing discussion about whether UE is allowed to send UL PDCP status reporting for DAPS UM DRBs after UL switching. If UL PDCP status reporting is going to be agreed for DAPS UM DRBs, one question arises. Question is whether PDCP status reporting enhancements is needed for DAPS UM DRBs or not?

Typically, RLC UM mode will be used for DRBs for serving delay sensitive applications (Ex: Voice) and able to handle higher error rate. PDCP SN continuity for DAPS UM DRBs is primarily motivated by the fact that, when simultaneous DL data is scheduled from both source and target cells during DAPS HO (to improve reliability and to reduce DL data interruption) then UE should be able to detect DL data duplication and discard them. Without PDCP SN continuity for DAPS UM DRBs, UE would not be able to perform DL duplicate detection and discarding operation.  For DAPS UM DRBs, if RAN2 agrees to support PDCP status reporting upon UL switching, its main goal is to minimize DL duplicate transmission from target cell but not for the purpose of lossless DL re-transmission of any missing packets. Since DAPS RLC UM bearer is meant for handling delay sensitive application, if there are any missing PDCP data SDUs from source cell, there is no need for UE requesting re-transmission of any PDCP SDUs already received from source cell. ROHC decompression failure is possible if UE does not receive some PDCP SNs and UM bearers can tolerate higher error rate. Thus, it is reasonable to assume that any PDCP status reporting enhancements discussed in this paper are not necessary for DAPS UM DRBs  

Observation 9. PDCP Status reporting enhancements for DAPS DRBs are mainly useful for RLC AM bearers and is not essential for RLC UM bearers.               
Thus, we have following proposals for DAPS AM DRBs:
Proposal 1.  Source cell always uses ROHC IR state for DL PDCP data transmission after sending DAPS HO command to UE, for better DL performance. 
Proposal 2.   For DAPS AM DRBs, as part of 1st PDCP status reporting sent after UL switching, UE includes 
a) NACK: First missing PDCP SN.

b) NACK: Any subsequent non-IR state PDCP SNs, which includes both missing and successfully received non-IR state PDCP SNs, and any missing IR state packets before UL switching.

c) ACK: Any subsequent received IR state packets.

Proposal 3.   If source cell sends all IR state packets after sending DAPS HO command, for 2nd PDCP status reporting after source connection release, UE has to report only missing IR state packets as NACK and any successfully received IR state packets as ACK.
Proposal 4.   For DAPS AM DRBs with ROHC configured, adopt text proposal given in annex. 
3. Conclusion

Following are key observations and proposals for PDCP status reporting enhancements for DAPS AM DRBs:

Observation 1.
DAPS HO key goals are to reduce interruption time close to 0ms and delivering received packets reliably to upper layers as soon as possible.
Observation 2.
During DAPS HO for DL scheduling, source cell uses source ROHC context and target cell uses target ROHC context.
Observation 3.
During DAPS HO, indication of missing PDCP data SDUs in PDCP Status Report is used by UE to request re-transmission of missing data from target cell for data recovery.
Observation 4.
During DAPS HO, indication of successfully received PDCP data SDUs in PDCP Status Report is used by target cell to avoid duplicate data re-transmission.
Observation 5.
DAPS HO main goals are to have continuous data reception and successful delivery to upper layers, with minimal interruption time.
Observation 6.
After successfully recovering all the missing packets from target NB at PDCP reordering window, dropping some source cell received packets due to decompression failure defeats the purpose of DAPS HO.
Observation 7.
If source cell does not use IR state packets after sending DAPS HO command to UE, if there are any missing PDUs, then UE need to report any successfully received PDCP SNs as failures (before and after UL switching) and causes DL interruption due to re-transmission delay.
Observation 8.
When PDCP PDUs are moved out of receiving window (i.e when t_reordering timer expires or PDCP data received in sequence), then UE receiver will perform ROHC decompression as last step just before delivering packets to upper layers.
Observation 9.
PDCP Status reporting enhancements for DAPS DRBs are mainly useful for RLC AM bearers and is not essential for RLC UM bearers.

Proposal 1.
Source cell always uses ROHC IR state for DL PDCP data transmission after sending DAPS HO command to UE, for better DL performance.
Proposal 2.
For DAPS AM DRBs, as part of 1st PDCP status reporting sent after UL switching, UE includes
a)
NACK: First missing PDCP SN.
b)
NACK: Any subsequent non-IR state PDCP SNs, which includes both missing and successfully received non-IR state PDCP SNs, and any missing IR state packets before UL switching.
c)
ACK: Any subsequent received IR state packets.
Proposal 3.
If source cell sends all IR state packets after sending DAPS HO command, for 2nd PDCP status reporting after source connection release, UE has to report only missing IR state packets as NACK and any successfully received IR state packets as ACK.
Proposal 4.
For DAPS AM DRBs with ROHC configured, adopt text proposal given in annex.
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Annex
For NR PDCP:
5.4
Status reporting

5.4.1
Transmit operation

For AM DRBs configured by upper layers to send a PDCP status report in the uplink (statusReportRequired in TS 38.331 [3]), the receiving PDCP entity shall trigger a PDCP status report when:

-
upper layer requests a PDCP entity re-establishment;

-
upper layer requests a PDCP data recovery;

-    upper layer requests a uplink data switching;

-
upper layer requests a PDCP entity reconfiguration and the associated RLC entity is released for a radio bearer.

If a PDCP status report is triggered, the receiving PDCP entity shall:

-
compile a PDCP status report as indicated below by:

-
setting the FMC field to RX_DELIV;

-
if RX_DELIV < RX_NEXT:

-
allocating a Bitmap field of length in bits equal to the number of COUNTs from and not including the first missing PDCP SDU up to and including the last out-of-sequence PDCP SDUs, rounded up to the next multiple of 8, or up to and including a PDCP SDU for which the resulting PDCP Control PDU size is equal to 9000 bytes, whichever comes first;

-
setting in the bitmap field as '0' for all PDCP SDUs that have not been received, and optionally PDCP SDUs for which decompression have failed; 
-
setting in the bitmap field as '1' for all PDCP SDUs that have been received;
-     for DAPS AM DRBs and ROHC is configured, after uplink data switching, optionally setting in the bitmap field as '0' for all PDCP SDUs with COUNT value greater than FMC;
-
submit the PDCP status report to lower layers as the first PDCP PDU for transmission via the transmitting PDCP entity as specified in clause 5.2.1.
For LTE PDCP:

5.3
PDCP Status Report

5.3.1
Transmit operation

When upper layers request a PDCP re-establishment or PDCP Data Recovery; or when PDCP status report is triggered by polling or periodic reporting; or when PDCP status report is triggered by WLAN Connection Status Reporting of temporary unavailability (suspended, see TS 36.331 [3]); or when upper layers request uplink data switching during DAPS handover, or when upper layers request a PDCP entity reconfiguration and the associated RLC entity is released for a radio bearer, for radio bearers that are mapped on RLC AM, the UE shall:

-
if the radio bearer is configured by upper layers to send a PDCP status report in the uplink (statusReportRequired, see TS 36.331 [3]) or the status report is triggered by PDCP status report polling or PDCP periodic status reporting or the status report is triggered by WLAN Connection Status Reporting of temporary unavailability (suspended, see TS 36.331 [3]) when wlan-SuspendTriggersStatusReport is configured, see TS 36.331 [3], compile a status report as indicated below after processing the PDCP Data PDUs that are received from lower layers due to the re-establishment of the lower layers as specified in the subclause 5.2.2.1 or due to release of one set of RLC entity, and submit it to lower layers as the first PDCP PDU for the transmission, by:

-
setting the FMS field to the PDCP SN of the first missing PDCP SDU;

-
if there is at least one out-of-sequence PDCP SDU stored, allocating a Bitmap field of length in bits equal to the number of PDCP SNs from and not including the first missing PDCP SDU up to and including the last out-of-sequence PDCP SDUs, rounded up to the next multiple of 8, or up to and including a PDCP SDU for which the resulting PDCP Control PDU size is equal to 8188 bytes, whichever comes first;

-

if the radio bearer is not configured as DAPS bearer:

-
setting as '0' in the corresponding position in the bitmap field for all PDCP SDUs that have not been received as indicated by lower layers, and optionally PDCP SDUs for which decompression have failed;

-
indicating in the bitmap field as '1' for all other PDCP SDUs.
-
else if the radio bearer is configured as DAPS AM bearer and ROHC is configured, upper layers request uplink data switching during DAPS handover or upper layers request a PDCP entity reconfiguration and the associated RLC entity is released for a radio bearer:

-
indicating in the bitmap field as '1' for all IR state PDCP SDUs that have been received as indicated by lower layers.
-
setting as ‘0’ in the corresponding position in the bitmap field for all other PDCP SDUs.
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