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1
Introduction

Our view on HARQ assisted ARQ operation for E-UTRAN as well as proposal on HARQ-ARQ interaction was reported in [1]. It has been noticed since then that many other contributions, e.g., [2]-[4] and reference thereof, also addressed the topics and shared our views to some certain extent. This contribution provides further details of the proposed ARQ operation with HARQ-ARQ interaction for RLC AM, including specific text proposal to be included in 3GPP TS 25.xxx, E-UTRAN Stage-2 [6].
2
Recap and update of our proposals in [1]
The following proposals have been made as the bases:

· HARQ assisted ARQ aims at significant enhancements in reducing complexity and improving efficiency for E-UTRAN L2 protocol design and throughput-delay performance, while keeping robustness of the ARQ operation comparable with that used in UTRAN.
· HARQ functions include HARQ error detection and recovery. The HARQ transmitter has certain knowledge about success or failure of a HARQ process being used for transmitting a given TB. Local NACK is generated whenever the HARQ transmitter gives up a particular HARQ process, e.g., the maximum number of retransmissions is reached and no ACK is received. The ARQ level retransmissions can be initiated based upon Local NACK indicated by the HARQ level, instead of ARQ status report from the peer receiver, to speed up the error recovery process.
· Normal ARQ operation with possible polling and status reporting is required for E-UTRAN ARQ to recover HARQ residual errors.

The following further enhancing features have been introduced and considered:
· HARQ receiver-oriented error detection and reporting in which the HARQ receiver detects errors of such NACK→ACK or DTX→ACK misinterpretations happening at the transmitter can be used to fasten the error recovery process. In this scheme, upon detecting a residual HARQ error, the receiver will generate an HARQ error indication in form of a MAC control-type PDU (C-PDU) and send it back to the transmitter. The HARQ error indication includes the information related to the lost data, for examples, the process ID and the time-stamp associated with the instant when the new data indicator of the relevant TB was first received. The process ID information can be omitted in the case of synchronous HARQ as it is implicitly specified with SFN. The time-stamp can be associated with other tracking time instant in specified HARQ operation as well. The transmitter then decides proper retransmissions from the ARQ level based on the reported information.

· Possible usage of Local ACK from the HARQ level combined with a suitable timer on the ARQ level at the transmitting node for advancing ARQ transmit (Tx) window. It is assumed that Local ACK, as opposite to Local NACK, is generated by the HARQ transmitter upon the reception of an ACK to a given HARQ TB being transmitted. Local ACK based indication(s) can then be sent from the HARQ level to the relevant outer ARQ transmitter(s) locally at the transmitting node. The outer ARQ transmitter applies the Local ACK indication in a combination with a certain timer which is associated with each PDU included in the TB of the Local ACK to advance Tx window. This timer, limited under the corresponding PDU discarding timer, is introduced in order to ensure robustness of the ARQ operation and herein defined as RB specific. For one RB, the receiver needs to have only one such the timer running for PDUs that have been received in order (continuous sequence number) and acknowledged by Local ACK. This timer shall be started in the ARQ transmitter when Local ACK indication is available from the HARQ level for the PDU transmitted in the TB of Local ACK. The timer shall be stopped when NACK status report (either HARQ Error Indication or ARQ PDU Error List) for the PDU is received. Otherwise, the Tx window can be advanced when the timer expires. This method reduces the ARQ signalling overhead, as an ARQ status report needs to be sent only when the receiver detects a missing PDU by checking SN. However, it may be hard to determine the optimal value of this timer so that the ARQ works efficiently and reliably in all cases. Thus, this method still needs further studies.
NOTE:

· The delay associated with the HARQ level operation is often much less than that associated with the ARQ level operation involved in transfer of a given packet. Thus, an HARQ assisted ARQ scheme that relies as little as possible on the ARQ level status report tend to provide, overall, shorter RTT and better packet delay.
· HARQ receiver is able to detect such NACK→ACK or DTX→ACK errors to large extent. In our proposal, HARQ error indication in form of a MAC C-PDU is sent to the transmitter and then the transmitter takes responsibility to notify the relevant ARQ entities for possible retransmissions, similarly when a Local NACK is generated.

· The proposals herein allow for flexible implementations. It is not necessary to have a fully-proved HARQ receiver-oriented error detection covering all possible error cases, as the outer ARQ is capable of recovering residual errors effectively. HARQ error detection is sufficient based on NDI and/or HARQ timer as follows. For instance, an HARQ error is detected if a new transmission or a time-out of HARQ timer is received instead of an expected retransmission.

· Using Local ACK alone for advancing Tx window in the ARQ operation is not reliable enough, as HARQ level NACK→ACK or DTX→ACK errors happen. This can be enhanced by using Local ACK combined with a suitable timer. This, however, is subject to FFS.
· Polling for ARQ status report on the last packet or isolated packets such as infrequent high-priority traffic of RRC signalling is needed. However, the polling and status reporting in E-UTRAN should be simplified, compared to that in UTRAN.
3
HARQ assisted ARQ operation details
3.1
ARQ operation

Herein we focus on the main functions of ARQ in AM, assuming that a selective ARQ scheme is adopted. These functions include: Tx window operation, retransmission and polling at the transmitter side; and Rx window operation and status reporting at the receiver side.
3.1.1
Transmitter operation

Tx window operation
Traditionally, Tx/Rx window is used in a cumulative or selective ARQ scheme for flow control between the transmitter and the receiver. The transmitter is not allowed to send RLC PDUs beyond the Tx window upper edge, and the window moves forward when the PDU in the lower edge is acknowledged from the receiver. The window size is often defined by a number of PDUs which are supposed to have the same length in octets.

This window operation, in principles, can be applied to E-UTRAN RLC as well. However, it is likely that E-UTRAN will support variable length of RLC PDUs with dynamic re-segmentation for ARQ retransmissions. Therefore, the window size should better be defined by an actual buffer-size limit in octets.
From UE point of view at least, sum of all ARQ window sizes should be limited under a certain constraint, which can be defined as a UE capability, to avoid excessive memory needs.

The methods often used for advancing the Tx window include: 

· Timer: using a timer associated with the lower edge of a buffer to remove the lower edge PDU (e.g., based on relevant discarding timer);

· Status Report: using status report from the receiver to acknowledge and remove PDUs.

Both of the above could be applied for E-UTRAN. However, the proposed HARQ assisted ARQ scheme may consider to use the following method effectively and eliminate the need of status reporting specific to advancing the Tx window (such like ACK SUFI notation in Rel.6). This, however, is subject to FFS.
· Local ACK combined with a timer: as mentioned in the previous section. Due to possible NACK→ACK or DTX→ACK misinterpretations happening at the transmitter, Local ACK from HARQ level alone is not reliable enough to be used for advancing the window. Thus, an associated timer is introduced and used to improve the robustness of this method. This timer can be defined for each RB service type based on the QoS profile characteristics of the RB service and used for each logical channel in AM, not exceeding relevant discarding timer. The setting of effective value for this timer should consider the window/timer functions of e.g. possible re-ordering applied to compensate for parallel HARQ processes and out-of-sequence detection. This is because loss detection and status reporting is usually perform per such re-ordering window/timer. This timer re-starts from the instant when a given RLC PDU is re-transmitted on the ARQ level. Provided that Local ACK is indicated from the HARQ level for the given RLC PDU(s), the RLC PDU(s) can be removed from the buffer right away when the timer expires.
Triggering conditions of retransmissions

To ensure reliable, e.g., in-order and lossless, transmissions, RLC retransmissions in a regular ARQ scheme are often initiated using:

· Timer or Polling Timer: using a timer to expect feedback from the receiver after a particular sending event. If the timer expires and no feedback is received, a retransmission is initiated;
· Status Report: based upon NACK status reporting from the receiver.
The main concern here is the signalling overhead resulted from regular polling and status reporting, also the delay associated with such the signalling procedures.

In the proposed HARQ assisted ARQ scheme, it is expected that most of ARQ retransmissions will be just triggered by Local NACK at the transmitter with possible HARQ error indication from the receiver. Thus, not only the RLC signalling overhead is notably reduced but also the RTT and therefore packet delay over the radio link is improved.
Then, the status reporting in E-UTRAN is expected to be either polled or event-triggered. The latter is made only when the receiver detects a lost sequence for instance. Thus, any timer other than polling timer is likely not needed for triggering a retransmission on the ARQ level.
Polling

Polling is an effective and flexible means of enhancing reliability of the ARQ operation. Polling is also used to support L2 level acknowledgement to confirm the reception of a particular RRC message on RRC request as in UTRAN.
There are seven different triggering conditions defined for UTRAN polling. In the proposed HARQ assisted ARQ scheme, polling is seen necessary in the following:
· Last PDU in the transmission buffer;
· Isolated packets such as infrequent RRC messages, especially those RRC requests L2 assisted to have confirmation from the receiver;

The polling is guarded by the aforementioned polling timer for possible retransmission and error recovery. The need of other polling conditions, such as periodical polling once for awhile or once for a certain amount of data transmitted, is questionable. However, polling functions could remain configurable.
3.1.2
Receiver operation

Rx window operation
The receiver in a traditional ARQ scheme controls data reception buffer(s) via status reporting. In case RLC re-ordering is needed due to HARQ operation, re-ordering window/timer functions will be required. The receiver will still detect loss by out-of-sequence detection, but delay sending a status report for a sufficient time period for sufficient reception of parallel HARQ processes and re-ordering taking place. It can be expected that out-of-sequence detection is performed once per re-ordering window/timer. This has an impact on the frequency of status report, traded off with possible retransmission delay. The upper edge of the Rx window will then be advanced by the highest numbered SDU/PDUs received. Note that duplicated detection is performed upon a reception of a PDU and duplicated PDU is removed.
In case actual L2 re-ordering is moved to PDCP as to avoid duplication in functions of the RAN protocol stacks (as re-ordering at PDCP is needed anyway due to impact of HO,) RLC is still able to perform out-of-sequence detection by bookkeeping of received SNs over certain window/time-period (i.e., similar to or even same as the aforementioned re-ordering window/timer.)
Using Local NACK together with HARQ error indication for fast ARQ retransmission, the proposed HARQ assisted ARQ scheme is able to operate with a large enough reordering window to reduce unnecessary status reports, while still maintaining small transmission delay.
Status reporting

In cooperation with the transmitter, status reporting of the receiver in the proposed HARQ assisted ARQ scheme is triggered by:
· Polling from the transmitter;
· Out-of-sequence detection per e.g. reordering window/timer. The reordering window can be set as large as possible to keep the need of sending such status report as low as possible without impacting the retransmission delay as mentioned above.
The receiver-initiated periodical window/timer based status reporting is not really needed.
3.2
HARQ-ARQ interaction

The interaction of HARQ and ARQ is utilized to quickly recover from the HARQ error and HARQ failure with the reduced amount of control signalling.
· HARQ error occurs due to:
· NACK→ACK misinterpretation

· DTX→ACK misinterpretation (only in DL HARQ)

· HARQ failure occurs when the transmitter gives up the transmission of the given TB. It is when the maximum allowed retransmissions fail or some pre-emptive scheduling decision is made.
3.2.1
Recovery from NACK→ACK misinterpretation

On the assumption that the ACK/NACK signal for the UL HARQ in the L1 DL control signal is protected by CRC, the NACK→ACK misinterpretation in the UL HARQ can be almost avoided (e.g. CRC error should be treated as NACK), and NACK→ACK misinterpretation needs to be considered only in DL HARQ. If the assumption of the transmission method of ACK/NACK is different, it also needs to be considered in UL HARQ.

Another TB of the same HARQ process follows (on-going flow)

Figure 1 shows the error occurrence and its recovery process. Through the detection error due to noise and interference, NACK on the control signal is misinterpreted as ACK. When another TB of the same HARQ process follows after this error, the HARQ receiver can detect the error by checking the new data indicator field of the following transmission. Then the HARQ receiver generates Local NACK to trigger a C-PDU of HARQ error indication. C-PDU is more reliable than the L1 control signal, and can be used for HARQ error recovery. The C-PDU of HARQ error indication contains the frame number at which the last transmission of the corresponding TB is received so that the transmitter can identify the TB.

NOTE:

· In both synchronous and asynchronous HARQ, the frame number is sufficient if only one TB is sent in one sub-frame. If there can be multiple TBs in one sub-frame, HARQ process ID should be also contained in the HARQ error indication C-PDU.

· If the NACK→ACK error occurs on the ACK/NACK control signal for the last retransmission, it is natural that the new data is received as the next TB. However, even in this case, Local NACK is generated and HARQ error indication C-PDU is sent to trigger the ARQ retransmission.
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Figure 1: HARQ NACK→ACK error detection and recovery in on-going flow

NOTE:
· The entity denoted as C-ARQ is considered as a common ARQ control entity inside RLC/MAC which is responsible for generating the HARQ error indication in form of a C-PDU in the receiver and interpreting it in the transmitter. The transmitter-side C-ARQ then takes the responsibility to indicate the NACK to each corresponding ARQ entity. This C-ARQ, however, is introduced for modelling purposes.
No TB of the same HARQ process follows (last TB)

How the error occurs is the same as the in previous case. When no TB of the same HARQ process follows after NACK→ACK misinterpretation, there can be two cases for the error recovery depending on the implementation of HARQ.

· Case 1: HARQ receiver know the maximum allowed number of retransmission, and HARQ transmitter always retransmits data if NACK is received and the number of retransmission does not exceed the maximum allowed number.

Since the network configures the maximum number of allowed retransmissions, this case can be applied to the UL HARQ. In DL, UE does not know the maximum number of transmissions, and this cannot be applied to DL.

By using a certain timer to wait for the corresponding retransmission, the HARQ receiver can detect the NACK→ACK misinterpretation as an expiration of the timer. In this case, the Local NACK is generated and HARQ error indication C-PDU is sent as shown in Figure 2. In synchronous HARQ (UL HARQ), this timer is very straight forward because the timing of expected retransmission is known to the receiver. In asynchronous HARQ (DL HARQ), this timer needs to be adjusted. 
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Figure 2: HARQ NACK→ACK error detection and recovery at the last TB

· Case 2: HARQ transmitter may stop the retransmission even if NACK is received and the number of retransmission does not exceed the maximum allowed number.

The HARQ error of this case can be recovered only by the polling of ARQ. Because the HARQ ACK does not affect on the status of ARQ, the polling can be properly triggered.
3.2.2
Recovery from DTX→ACK misinterpretation

DTX→ACK misinterpretation occurs when the corresponding HARQ ACK/NACK signal is not sent and the receiver misinterprets the noise as ACK. Figure 3 shows how this error occurs. In UL HARQ, because the BS always knows the time-frequency position of UL data transmission, the situation that the BS does not send ACK/NACK control signal will not occur. On the other hand, in DL HARQ, UEs may not notice the transmission of the data from the BS, for example if L1 control signal (allocation table) accidentally collapsed etc. Thus, this case can be applied only to the DL HARQ. 
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Figure 3: DTX→ACK error occurrence
Another TB of the same HARQ process follows (on-going flow)

Since the receiver does not notice the transmission of the TB, the recovery via the HARQ error indication C-PDU cannot be used. After receiving and reordering RLC PDUs in one reordering window, the ARQ receiver can detect the missing RLC segments. It is signalled to the ARQ transmitter via ARQ status report.

No TB of the same HARQ process follows (last TB)

The HARQ error of this case can be recovered only by the polling of ARQ similarly to the case 2 of NACK→ACK misinterpretation. 

3.2.3
Recovery from HARQ failure at the transmitter side
When HARQ failure occurs, the HARQ transmitter generates a Local NACK for this specific TB so that the ARQ transmitter can start the ARQ retransmission for the RLC segments in the TB. The procedure is shown in Figure 4.
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Figure 4: HARQ failure recovery.
4
Conclusions

Based on the above presentation and analysis, we propose to include the following text proposals in TS 25.xxx (E-UTRAN Overall Description, Stage-2) Sections 9.2 and 9.3 [6].
9.2
ARQ principles

The ARQ within the RLC sublayer has the following characteristics:

-
It is FFS whether the ARQ retransmits RLC SDUs or RLC PDUs (segments);

-
ARQ retransmissions are based on:

-
RLC status reports;

-
HARQ/ARQ interactions (see subclause 9.3).

-
Polling for RLC status report is used when needed by RLC or by request of upper layer;

-
The RLC transmitter can invoke a discard procedure (FFS);

-
The RLC can invoke a reset procedure (FFS).

9.3
HARQ/ARQ interactions

In HARQ assisted ARQ operation, ARQ uses knowledge obtained from the HARQ about the transmission/reception status of a TB e.g.:

-
If the HARQ transmitter detects a failed delivery of a TB due to e.g. maximum retransmission limit reached, the relevant transmitting ARQ entities are notified and retransmissions can be initiated;

-
ARQ should not rely on HARQ Local ACK solely for advancing Tx window. Upon detection of a successful delivery of a TB at the HARQ transmitter, it is FFS if the relevant transmitting ARQ entities are notified so that by using such Local ACK based notification in combining with a suitable timer, relevant transmitted PDUs can be removed from Tx buffer.
-
If the HARQ receiver is able to detect a NACK to ACK error, the relevant transmitting ARQ entities are notified via explicit signalling of a MAC control PDU;
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