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1. Introduction

In the past meetings there has been some discussion regarding the HARQ mechanisms that should be defined for LTE. In particular there has been discussion on whether we should define synchronous schemes or asynchronous schemes. For the uplink, support for synchronous HARQ schemes has been expressed. This contribution summarizes the various issues we need to consider and some of various options available.
The goals for overall system performance for LTE are very aggressive: 
i) Spectral Efficiency of 3X over Rel-6.
ii) Peak data rates of 100 Mbit/s in DL

iii) Peak data rates of 50 Mbit/s in UL

iv) Significant improvement in latency 
In order, to obtain such large increments in performance, it is critical that an overall perspective regarding various options available and the cost/benefit analysis of each option be made to conclude on the HARQ schemes to be supported.

2. The Case for Synchronous HARQ Schemes

The discussion here assumes an N-process SAW HARQ scheme similar to that adopted for HSDPA. In this case for a synchronous HARQ scheme, the scheduler assigns a HARQ process to the receiver along with control information on how to decode the packet. Retransmissions for the process based on ACK/NACK feedback are scheduled in a periodic fashion with the repetition occasion for that process implicitly tied to a frame occurrence in the N-cycle sequence of frames. The synchronous scheme therefore provides the following advantages:

i) Minimum control overhead 

- the HARQ process identity need not be signaled; 

- in addition, the resource assignment need not be signaled either during retransmissions.

ii) Lower complexity of operation

- given the more deterministic nature of the scheme it is possible to reduce the number of error cases that need to be dealt with

- scheduler has a limited range of flexibility that needs to be accommodated

iii) Improved control channel reliability

In some cases, the receiver can soft combine the control channel information if it is repeated and identical to improve decoding reliability. However, this benefit does not accrue in case the scheduler aborts transmissions for any reason. Hence, this is of limited use.

· In case of Chase combining the radio resource assignment needs to be identical in every (re)transmission. However, in case of IR and in particular, adaptive IR, it might be beneficial to size the resource to the requirements of the transmission. This leads to greater scheduling flexibility which is likely very important especially given frequency selective scheduling and to be able to efficiently support distributed allocations. In this case, 
· retransmissions would have different radio resource assignments from the prior transmission for that process and,

· could be also based on the feedback received in the interim period by the scheduler. 
· In addition, it might be necessary to repeat control channel information regarding the radio resource assignment in order to address the case of missed/incorrectly decoded control channel assignments. 
· In case of scheduling of parallel services, it might be necessary to pre-empt a process and more particularly assign the radio resource to another process during the time interval previously assigned to the pre-empted process. This would require the explicit identification of the process identity being assigned – in this case, there is no basic difference from the asynchronous case; however, some receiver actions (such as sleep, etc.) can still be optimized due to the known fixed periodicity of potential resource assignments.
With the above considerations, the primary advantage of a synchronous scheme derives from the lack of need to send the HARQ process identity – this typically would be of the order of 3 bits, and at a maximum, 4 bits. 

3. The Case for Asynchronous HARQ Schemes

In asynchronous HARQ schemes, the HARQ process is explicitly identified in the control signaling; this then allows maximum flexibility to the scheduler to assign processes as required to a given radio resource. This allows per-emption in an easy way assisting with the handling of higher priority packets or signaling and the case of different sized packets. This applies both to the downlink and, in particular, uplink cases.
The need to repeat the assignment due to the inherent lack of synchronicity, also mitigates the inefficiency caused by missed scheduling assignments. The issue of missed scheduling assignments becomes more critical in case of TTIs extending over multiple frames.  
Furthermore, in order to exploit the time varying nature of the channel it might be advantageous to adopt an adaptive IR scheme permitting both varying packet formats and varying radio resource assignments for the individual (re)transmission attempts. This could also be based on CQI reports received in the interim period between retransmissions.
4. Variable TTI and feedback considerations

In order to minimize protocol overhead and benefit from coding gain it is considered beneficial to be able to transmit an IP packet natively over the radio i.e. transmit a complete IP packet over the radio without segmenting it to fit the elemental sub-frame transmit duration of 0.5 ms. Along with the coding gain that can be obtained, this helps in avoiding multiple upper layer protocol header and equally important, avoids the need for multiple feedback resources for the individual segments that would otherwise need to be supported. This leads to the need to support variable TTI – the variability could be limited to the first transmission or could be extended to the retransmissions as well. 

The number of HARQ processes that need to be assigned, while ensuring no starvation at the scheduler, is intimately tied to the minimum round trip time and processing times at the mobile and base station. With OFDMA, a mobile may be assigned only a fraction of the elemental sub-frame duration. In case of adaptive IR, it is even possible that even without variable TTI for retransmissions, the receiver is allowed to send early feedback as soon as the decoding attempt has been completed as opposed to waiting for the end of the TTI of the transmission. With these considerations in mind, in order to fully exploit the variability in TTI, it is beneficial to then allow for asynchronous operation so that the scheduler can react to the feedback as soon as it is received. 
5. Voice Service considerations

By exploiting the well-known distinguishing attributes of cellular voice traffic, such as vocoder output at fixed intervals, well-defined minimum and maximum rates and intermittent lack of activity, it is possible to devise control channel signaling that can support a large number of users in a resource efficient manner. Group persistent scheduling mechanisms can be used to obtain this benefit, wherein mobiles are scheduled at known time instances over a given period. It has been shown (R1-060397) that even for the small voice packets, HARQ combining provides significant system performance benefit. In the simplest case, a synchronous scheme would suffice whereby the a prior determined scheduling occasions given the operation of the synchronous HARQ scheme. However, to support the case of overload for example, occasional aperiodic scheduling might need to be supported. This too then would require some hooks at the minimum to enable intermittent asynchronous operation.
6. HARQ Processes

In order to further improve the overall system performance and enable some of the mechanisms outlined, it might be necessary to support multiple simultaneous HARQ processes. The number of processes simultaneously supported by the receiver would then exceed the minimum number dictated by considerations of round trip time and processing delays. This would lead to the need to support multiple ACK/NACKs to be transmitted by the receiver in a sub-frame.
7. Summary

The aggressive targets for LTE make it necessary to exploit a wide variety of techniques in order to meet the overall system performance goals. It is necessary to take into consideration the resource assignment mechanisms adopted, the length(s) and type of TTIs that will be supported and the types of scheduling allocations (localized, distributed, long short, etc.) and then consider the gains offered by the synchronous and asynchronous mechanisms in order to arrive at the optimal solution for LTE. 
Asynchronous HARQ best addresses the issues of:

· Scheduling flexibility (especially for muxing localized and distributed allocations)

· Preemption

· Control Signaling errors and reliability

· IR or Chase partial re-transmission
· Optimal radio resource utilization especially if accurate CQI reporting is available
· Early feedback leading to improved latency and resource utilization 
and therefore is the best candidate for the HARQ N-channel stop-and-wait protocol since these benefits out weigh the 3-bit overhead (channel ID) relative to synchronous HARQ.
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7.1.2.3

HARQ
Downlink hybrid ARQ should be based on Incremental Redundancy. Note that Chase Combining is a special case of Incremental Redundancy and is thus implicitly supported as well.
The capability of adaptively being able to change the packet format (i.e., adaptive IR) and the transmission timing (i.e., asynchronous IR) yields an adaptive, asynchronous IR based HARQ operation. Such a scheme has the potential of optimally allocating the retransmission resources in a time varying channel. For each HARQ retransmission, control information about the packet format needs to be transmitted together with the data sub-packet.

Synchronous HARQ transmission entails operating the system on the basis of a predefined sequence of retransmission packet format and timing. 

The benefits of synchronous HARQ operation when compared to adaptive, asynchronous IR based HARQ operation are: 

· Reduction of control signalling overhead.

· Lower operational complexity.

· Possibility to soft combine control signalling information across retransmissions for enhanced decoding performance.
Asynchronous HARQ best addresses the issues of:

· Scheduling flexibility (especially for muxing localized and distributed allocations)

· Preemption

· Control Signaling errors and reliability

· IR or Chase partial re-transmission

· Optimal radio resource utilization especially if accurate CQI reporting is available

· Early feedback leading to improved latency and resource utilization 

and therefore is the best candidate for the HARQ N-channel stop-and-wait protocol since these benefits seem to out weigh the HARQ channel ID overhead relative to synchronous HARQ
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9.1.2.5
HARQ
Uplink hybrid ARQ should be based on Incremental Redundancy. Note that Chase Combining is a special case of Incremental Redundancy and is thus implicitly supported as well.
The capability of adaptively being able to change the packet format (i.e., adaptive IR) and the transmission timing (i.e., asynchronous IR) yields an adaptive, asynchronous IR based HARQ operation. Such a scheme has the potential of optimally allocating the retransmission resources in a time varying channel. For each HARQ retransmission, control information about the packet format needs to be transmitted together with the data sub-packet.

Synchronous HARQ transmission entails operating the system on the basis of a predefined sequence of retransmission packet format and timing. 

The benefits of synchronous HARQ operation when compared to adaptive, asynchronous IR based HARQ operation are: 

· Reduction of control signalling overhead.
· Lower operational complexity.
· Possibility to soft combine control signalling information across retransmissions for enhanced decoding performance.
Therefore, for the purpose of the feasibility study, synchronous HARQ operation is assumed for the SC-FDMA based E-UTRA uplink. The impact of ACK/NAK signalling errors on synchronous HARQ operation needs further study.

Adaptive asynchronous HARQ is for further study and is believed to best address the issues of:
· Scheduling flexibility (especially for muxing localized and distributed allocations)

· Preemption

· Control Signaling errors and reliability

· IR or Chase partial re-transmission

· Optimal radio resource utilization especially if accurate CQI reporting is available

· Early feedback leading to improved latency and resource utilization.
