
3GPP TSG-RAN WG2 NR AdHoc
R2-1707401
Qingdao, China, 27th – 29th June 2017
Resubmission of R2-1705777
Agenda item:
10.3.3.3
Source: 
Sequans Communications
Title: 
PDCP reordering operation
Document for:
Discussion and Decision
1. Introduction
During NR study item, the overall L2 protocol architecture was agreed and captured in the technical report [1], including the following main change compared to LTE:
· Out-of-order delivery (OOD) of complete PDCP PDUs after RLC SDU reassembly (PDCP reordering is always enabled if in order delivery to layers above PDCP is required)
In RAN2#97bis, the following was further agreed:
· A unified re-ordering schemes is used for DRB(s)/SRB(s) and UM and AM, with LTE as baseline.
In this contribution, we highlight some limitations of using LTE-based only PDCP reordering in NR to implement in-order-delivery to upper layers.
2. Discussion
2.1. Background
In LTE, reordering is first performed in RLC, and IOD (in-order-delivery) is ensured between RLC and PDCP. Hence reordering in PDCP is only needed in some very specific use cases: for HO retransmission and during dual connectivity, which is used only with RLC AM (i.e. without RLC PDU loss).

In NR, there is no longer IOD between RLC and PDCP. The current baseline is to reuse the LTE “T-reordering timer” based PDCP reordering (which is used only in DC case) to handle all the reordering operation. I.e., it will be used in all cases, including single connectivity, or RLC UM. 

The baseline mechanism has the benefit to be very simple. There is a single T-reordering timer instance, which is started as soon as missing PDUs in the PDU sequence are detected (the received PDU is not the next in-sequence). There is a latency impact each time the missing PDUs (or part of) do not arrive before expiry of the T-reordering timer, equal to the configured duration of the timer. That is to say, such reordering mechanism is sensitive to gaps in the PDU sequence.
Observation 1: A delay equal to the configured duration of the timer is generated each time there is a gap (not filled before timer expiry) in the received PDU sequence
2.2. Limitations of LTE-based only PDCP reordering for NR
In our view, it is important that the decision to move the reordering to PDCP does not result in increased latency impact compared to the LTE baseline. 
The latency impact appears when there are gaps in the received PDCP PDU sequence. Such gaps may be already existing at the transmitter, or be due to HARQ failures when RLC UM is used.
PDCP SN gaps at the transmitter 
In LTE in single connectivity, such gaps are transparent and cause no reordering delay, as the reordering is performed in RLC. They do happen in various common scenarios: AQM, flow control or SDU discard. As soon as reordering is in PDCP, each gap adds reordering delay, the reordering function waiting for PDCP PDUs which will never arrive.
Observation 2: PDCP SN gap at the transmitter results in reordering delay, contrary to LTE baseline
In our understanding, in can be desirable to also allow PDCP SN gaps at the transmitter for NR (for AQM, flow control or SDU discard).

HARQ failures (RLC UM)
In LTE, HARQ failures produce sporadic RLC SN gaps, and the additional delay is limited to waiting the sporadic lost RLC PDUs (each gap resulting in a delay of t-Reordering).

In NR, in case of HARQ failure, there will be at least one PDCP SN gap. In case of single connectivity, PDCP SNs are expected to be mostly consecutive in each TB, hence the PDCP SN gap may cover N consecutive PDCP PDUs. Since there is still only one gap, the additional delay is similar to LTE (delay of t-Reordering, but in PDCP rather than in RLC).
However, for NR, it was also agreed to support split bearer with RLC UM. Assuming for instance PDCP PDUs are alternatively routed to both legs, and given that a TB may include hundreds of PDCP PDUs, a single HARQ failure may result in hundreds of gaps in the PDCP PDUs sequence. With a t-Reordering timer configured to tens of ms, this leads to several seconds delay.
Observation 3: In case of RLC UM split bearer, a single HARQ failure may result in several seconds reordering delay
There are actually 2 problems which add up in this example:

· For dual connectivity, PDCP does not know whether gaps are related to HARQ reordering or just due to backhaul delay between both legs, hence the t-Reordering timer in PDCP needs to be set to a very conservative value, covering backhaul delay and HARQ reordering.
· Contrary to LTE case, the reordering function does not have to handle just sporadic gaps, but also group of successive gaps (created “at the same time”) – for which it is very inefficient
2.3. Solutions
We think that using lower layers (LL) assistance information and improving the t-Reordering timer algorithm can help to optimize the reordering latency, and actually yields better performance than current LTE operation.
LL reordering status assistance information

In NR, each LL leg connected to PDCP can deliver PDCP PDUs out-of-order. However, each LL leg actually has more information that can be useful for reordering purpose in PDCP. Indeed, generally each link will use a RLC entity with a receive state variable indicating which is the earlier missing RLC PDU considered for reordering (i.e. waited for retransmission on that leg, either with HARQ or ARQ). 

From such LL information for a given leg i, it can easily be derived which is the earliest PDCP PDU that can still be expected from that leg. It can be defined through a state variable VR(RLi) (in terms of COUNT value). That is to say, PDCP PDUs earlier than VR(RLi) are no longer expected from that leg.

Assuming VR(RLi) is available from all connected legs, the PDCP entity can know that no PDCP PDUs earlier that the earliest VR(RLj) (across all legs) needs to be waited for. This can expedite the reordering process in PDCP. 

In case RLC UM is used, this is possible if RLC UM in NR keeps using a t-Reordering timer (as in LTE) to maintain a receive state variable indicating which is the earlier missing RLC PDU considered for reordering, as explained in our companion contribution [2]. I.e. RLC UM should keep the functionality to detect HARQ failures.
Hence we make the following proposal:

Proposal 1: PDCP should use reordering information from LL to expedite reordering processing 

At the UE side, i.e. for DL, PDCP and LL (RLC) are collocated hence this can be easily implemented. As regard specification impact:

· The PDCP reordering algorithm could include the use of VR(RLi), for each LL leg connected to PDCP. 
· For RLC AM and UM, how VR(RLi) is set may not need to be specified, as it is understood that this information can be retrieved in a non-ambiguous way (only the definition is important). 
This can solve both limitations raised in Observations 2 and 3.

T-reordering timer operation

In legacy implementation, reordering is specified by using a single T-reordering timer, started each time a gap in the PDU sequence is detected.

It may happen that PDUs creating further gaps in the sequence are received while T-reordering was already running, due to initial missing PDUs. In that case, after initial missing PDUs are received or no longer waited, the timer will be restarted just as if the gaps were just created, without consideration of when the PDUs actually created these gaps. This is further detailed in Annex A.
Obviously, this is not efficient and leads to additional reordering delay. Whenever new gaps in the sequence are created, the corresponding missing PDUs should not be waited for during more than T-reordering delay.

This can be easily specified by considering starting a new T-reordering timer whenever a gap is created (when receiving highest SN PDUs). In practical implementation, only one single reordering timer is needed, since it is enough to store a timestamp for each newly created gap. When the timer needs to be restarted, the duration can just be set as T-reordering delay - (current timestamp - gap timestamp), which ensure that the missing PDUs are just waited for as long as it is required, with no extra. Hence, both specification an implementation impact is low.
Proposal 2: Multiple instances of t-Reordering timer can be started, such that missing PDUs are never waited for more than the configured t-Reordering duration.

This can solve the limitation raised in Observation 3.

The overall reordering operation with above proposed improvements is further detailed in Annex B.
3. Conclusion 
In this contribution, we highlighted some limitations of using LTE-based only PDCP reordering in NR, and made the following observations and proposals:
Observation 1: A delay equal to the configured duration of the timer is generated each time there is a gap (not filled before timer expiry) in the received PDU sequence
Observation 2: PDCP SN gap at the transmitter results in reordering delay, contrary to LTE baseline
Observation 3: In case of RLC UM split bearer, a single HARQ failure may result in several seconds reordering delay
Proposal 1: PDCP should use reordering information from LL to expedite reordering processing
Proposal 2: Multiple instances of t-Reordering timer can be started, such that missing PDUs are never waited for more than the configured t-Reordering duration.
References

[1] 3GPP TR 38.804 V1.0.0
[2] R2-1705778, “RLC UM operation for NR”, Sequans Communications
Annex A – LTE T-reordering timer operation 
Considering a flow of incoming PDUs, identified by their sequence number, the reordering functionality maintains the following sequence number variables:

· R: corresponds to the SN of the earliest PDU considered for reordering. Earlier PDUs are no longer considered for re-ordering, i.e. they are already sent to the following block (when used to provide in-order delivery) or considered in status report (when used for ARQ). Used as the lower edge of the reordering window.

· H: corresponds to the SN of the highest received PDU. Used as the higher edge of the reordering window.

· X: corresponds to the SN of the “reordering PDU”, i.e. the PDU which triggered/which is associated with the t-Reordering timer. 

As usual all arithmetic operations on SNs are affected by the modulus on SN space size, which is not detailed here for simplicity. Moreover, the actual variables can equivalently be R-1, H+1 or X+1 depending of the implementation in the specification.

The Figure 1 gives an illustration of a possible situation at a given time t. The PDUs in blue are no longer considered for reordering (e.g., already sent to upper layers). The PDUs within the reordering window (in light red, and yellow) are considered for reordering, i.e., the missing PDUs in between are waited for. 
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Figure 1
The timer t-Reordering is used to detect the loss of PDUs and avoid reordering window stalling. Typically its value is configured by RRC. In the following we note its value “Treordering” (without dash). It needs to cover the worst reordering delay introduced by lower layers. When a PDU is received with a sequence number N different from R, the missing PDUs R, …, N-1 are supposed to arrive within Treordering from reception of PDU N (at instant TN). Hence these missing PDUs only need to be waited for during that time (up to instant TN + Treordering). 

Legacy implementation

While PDUs are received in sequence, R=H+1, the reordering window is empty and no delay is introduced. As soon as a PDU with SN N >R is received, H is set to N, R does not change. The reordering window becomes non-empty (R<H+1) and the timer t-Reordering is started and is associated with the reordering PDU X=H. If t-Reordering timer expires (lost PDU), any remaining missing PDUs before X is no longer waited for, and the reordering window lower edge R is advanced to the first missing PDUs>X. The PDU X, as well as earlier PDUs which were blocked in the reordering window are no longer considered for reordering (and can e.g. be delivered to upper layers). As expected the maximum introduced delay is t-Reordering from the reception of PDU X.

Whenever t-Reordering is stopped and reset (because missing PDUs up to X were received), or expires, the reordering window lower edge R is advanced to the first missing PDUs>X. Then, if R < H+1 (reordering window is still not empty, because further PDUs were received increasing H and creating other gaps in the received PDUs), t-Reordering is started and is associated with X = H. However in that case, the PDU with SN H could have been received  ms before, which introduces an additional delay of  ms to the expected maximum delay.

This is described in Figure 2. At T1, PDU H1 is received, which starts the timer t-Reordering associated to X1 = H1. At TA, before t-Reordering expiry, the green PDU A is received. The timer t-Reordering is stopped, the reordering window lower edge is advanced from R1 to R2, PDUs up to R2 can be delivered in sequence. At this point, since R2 < H2+1,  the timer t-Reordering is started again and is associated to X2 = H2. As it can be seen, the PDU X2 was actually received at T2, i.e.  ms before TA. In this scenario, assuming the PDU R2 is lost, the PDUs up to X2 are blocked till :

TA + Treordering = T2 + Treordering ms, 

whereas they could (should) have been delivered at T2 + Treordering.
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Figure 2
Annex B – NR PDCP reordering window operation (proposal)
With proposed improvements, the following overall mechanism could be specified for the receiver reordering functionality. It is based on a COUNT modelling (where COUNT = HFN+SN, and HFN update is not described here).
The following state variables are used:

a) VR(R) – Receive state variable

This state variable holds the value of the COUNT which indicates the first missing PDU which is still waited for from lower layers (LL).. It is initially set to 0. It serves as the lower edge of the receiving window.
b) VR(MR) – Maximum acceptable receive state variable

This state variable equals VR(R) + AM_Window_Size, and it holds the value of the COUNT of the first PDU that is beyond the receiving window. It serves as the higher edge of the receiving window.

c) VR(Xi) – t-Reordering state variable i

This state variable holds the value of the COUNT following the COUNT of the PDCP PDU which triggered t-Reordering. Multiple instances are possible.

d) VR(H) – Highest received state variable

This state variable holds the value of the COUNT following the COUNT of the PDCP PDU with the highest COUNT among received PDCP PDUs. It is initially set to 0.

e) VR(RLi) – Receive state variable for leg i

This state variable holds the COUNT corresponding to the latest PDCP PDU no longer considered for reordering for leg i, based on lower layers information. This means PDCP PDUs with earlier COUNT are no longer expected from leg i. The setting of this variable is not detailed.
The overall procedure is described below. The description assumes that all arithmetic operations are affected by modulus over the COUNT range. The modulus reference is VR(R) (similar as RLC AM operation described in 36.322).
· Initial state is VR(R) = VR(H) = 0. 

· If a new PDU with COUNT N is received in receiving window:

· If N already stored (IOD case) or marked as delivered (OOD case)

· Discard the PDU

· Else

· Retrieve the SDU

· Store the SDU (IOD case) or deliver to UL and mark as delivered (OOD case)

· If N = VR(R)
· Update VR(R) to the first missing PDU
· If VR(H) < N

· Start a new t-Reordering timer instance i associated to V(Xi) = N

· Update VR(H)

· If t-Reordering i expires

· Update VR(R) to the first missing PDU with COUNT >= VR(Xi)
· If one VR(RLi) is updated, and VR(RLj) is available for all configured legs j
· Update VR(R) to the earliest of all VR(RLj) (if >= then current VR(R) )
· Whenever VR(R) is updated

· Deliver the stored PDCP SDUs which falls out of the receiving window to upper layers (only applicable when IOD to upper layers is configured)

· If VR(Xi) <= VR(R) for any i (i.e. PDUs which were waited for are received)

· The timer i is stopped and reset 
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