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1 Introduction 

At the last RAN1 #53 meeting, ACK/NAK bundling for TDD was discussed and a way forward was agreed ‎[1]. More specifically, a DL assignment index (DAI) was added to the DL assignment. The DAI indicates the number of assigned DL subframes with the ACK/NAK bundling window.  The UE indicates to the eNodeB the last received DL assignment within the bundling window by selecting the PUCCH resource.  There are however some cases that could need further consideration when it comes to missed DL assignments, such as
· Bundled ACK/NAK and scheduling request or CQI on PUCCH

· Bundled ACK/NAK transmission on PUSCH

In the present contribution, some different solutions to handle missed DL assignments for bundled ACK/NAK transmission on PUSCH are discussed.
2 Background

For LTE operating in TDD mode it has been agreed ‎[2] to support ACK/NAK bundling for those DL:UL configurations with more DL subframes (including DwPTS) than UL subframes per 5 ms or 10 ms periodicity. ACK/NAK bundling means that instead of sending individual ACK/NAK (or DTX) feedback per DL subframe, a single ACK/NAK/DTX report is sent accounting for several transport blocks in several DL subframes. This bundled ACK/NAK is computed by performing a logical AND operation on all ACKs for the respective DL transmissions to be acknowledged in a given UL subframe, i.e. a bundled ACK is sent only if all individual DL transport blocks were correctly received by the UE. In the following we focus on transmission of at most one transport block per subframe only, and do thus not consider spatial multiplexing. 

Through ACK/NAK bundling each UL subframe is associated to a set of DL subframes, namely those that when carrying a DL transmission will have their ACK/NAK included in the bundle in the given UL subframe. This set of DL subframes is commonly referred to as the bundling window associated to the given UL subframe. Bundling windows are given by ACK/NAK timing relations as specified in ‎[2], and contain from 1 to 9 DL subframes.
It has been agreed to reserve two bits, the Downlink Assignment Index (DAI), in the DL signaling assignment (DCI formats 1/1A/2) [2] to let the eNodeB signal the number of dynamically scheduled DL assignments transmitted during the current bundling window. More precisely, the DAI is a counter of the minimum number of previous and future dynamic downlink assignments transmitted during the bundling window. Reading the DAI can allow the UE to detect any missed dynamic DL assignments, and hence respond with DTX as the bundled feedback ‎[1]. An important point is that to guarantee such detection in all cases, including the case when the bundled ACK/NAK is transmitted on PUSCH ,  the eNodeB must include in the DAI information about whether at least one more dynamic DL assignment is to be sent in some later subframe within the current bundling window, see ‎[4] for signaling examples, which can only be done with a non-causal DL scheduler, i.e. a scheduler that looks at least one DL subframe ahead while scheduling. With a causal scheduler that schedules purely on a subframe-by-subframe basis and can hence only signal the number of previously sent DL assignments in the DAI, the UE cannot detect missed DL assignment (or two last, three last…) when the bundled ACK/NAK is transmitted on PUSCH or on PUCCH in conjunction with a scheduling request or CQI.
3 ACK/NAK bundling on PUSCH

Data transmissions on PUSCH may be granted in three different ways, by a dynamic grant, by means of semi persistent scheduling or by means of a NAK on PHICH.  Signaling the number of assigned DL subframes in the UL grant is only applicable to the case when the transmission is granted with a dynamic grant on PDCCH and aiming for a simple single solution that is applicable for all cases leads to two basic approaches
1. DL signaling using the DAI  to signal the number of  previous and future DL assignments

2. UL signaling on PUSCH of the number of bundled DL subframes together with the bundled ACK/NAK.
Next, these two approaches are discussed in more detail when it comes to PUSCH transmission.
3.1 DL signaling using the DAI
As mentioned above to be able to handle the case with missed DL assignments at the end of the bundling window, the DL assignment will need to include an indication of whether more DL subframes will be assigned in the bundling window. For this to be possible, ACK/NAK feedback of all processes to be transmitted in the bundling window needs to be available in time before the start of the bundling window. As seen in Figure 1, for some TDD configurations there are bundling windows that are composed of non-consecutive DL subframes. For two types of such of bundling windows, one for the configuration 7DL:3UL and also for the configuration 9DL:1UL, it is also the case that the UL subframe that lies within the bundling window may carry (bundled) feedback to a DL HARQ process that should then send again during the same bundling window.   
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Figure 1 Timing for DL HARQ processes for DL heavy UL:DL configurations. Certain UL subframes, marked with red, lie within a bundling window and contain ACK/NAK feedback to a processes that is to be transmitted again.   
This feature is problematic for a non-causal DL scheduler. Indeed, assume that at the beginning of the bundling window, the eNodeB has a single transport block to transmit to a given UE, and that it chooses to send this transport block in the first DL subframe of the bundling window. Assume also that the eNodeB also signals through the DAI of the corresponding DCI that the UE should expect no more DL transmissions during the bundling window. Now suppose that in the UL subframe within the bundling window, the eNodeB receives a bundled NAK from the UE, involving the DL HARQ process that should send later within the same bundling window. The eNodeB will then do another DL transmission to the UE within the bundling window, despite previously indicating to the UE that it should expect no more such transmissions. As a result, if the later DL assignment is missed the UE will not be able to detect the miss if the bundled ACK/NAK is to be transmitted on PUSCH. On the other hand, should the eNodeB indicate in the first DL transmission that the UE will receive at least one more DL transmission, and hence overprovision for a possibly un-necessary retransmission within the bundling window, and then the bundled feedback is an ACK, the eNodeB may have nothing else to send to the UE during the bundling window. If it does indeed not transmit again within the bundling window, the UE will believe it missed a DL scheduling assignment and hence subsequently respond with a bundled DTX. This situation is not satisfying either.

Summing up, we have seen that non-consecutive bundling windows containing UL subframes that can trigger HARQ retransmissions within the same bundling window are difficult to handle for a non-causal DL scheduler, irrespective of whether scheduling is done per subframe or per bundling window or some way in between. This is caused by the fact that the HARQ feedback is not available for all processes before the start of the corresponding bundling window.
Furthermore, also the eNodeB processing time needs to be considered in the context of an efficient implementation.  To avoid error case with missed DL assignments while at the same time avoiding problems due to control channel limitations and over provisioning of resources for retransmissions, it may be preferable to schedule at least one additional, but possibly all subframes, within the bundling window before its start.  Scheduling of multiple DL subframes will for a given processing capacity take longer time.  For example, if the allowed processing time between ACK/NAK transmission and retransmission is 3ms for a single DL subframe, the time required to schedule two DL subframes may become 4ms. Similarly, the required processing time for four DL subframes may become 6ms.  Considering the time between the received ACK/NAK feedback of a process that may be needed to avoid HARQ starvation and the start of the bundling window, we see from Figure 1 that it is only 2ms for configuration 1, 1ms for configuration 2 and 3ms for configuration 4.

From this we conclude that the number of DL HARQ processes may not be sufficient, and that the number of processes may need to be increased in order to allow an efficient implementation which avoids problems with over-provisioning of resources, control channel collisions and shortage as well as HARQ starvation. 
We further note that with the current agreement of “overbooking” the UE’s soft bit buffer when more than 9 DL HARQ processes are addressed [8], there is essentially no cost of increasing the number of HARQ processes. Since four bits are available for indicating the HARQ process number, the maximum number can be no larger than 16. One alternative is then to let the eNodeB to configure the number DL HARQ processes. Another alternative, which has the advantage of not requiring any higher layer signaling, is to allow the eNodeB to address up to 16 DL HARQ processes independent of the UL:DL configuration, at least for UEs operating in ACK/NAK bundling mode.
Alternative 1: When ACK/NAK bundling is used, the number of DL HARQ processes is increased to 16. Only a bundled ACK/NAK is transmitted on PUSCH.
We note that some refinements can e done with respect to the soft buffer split, but leave that for further discussion.

3.2  UL signaling of the number of bundled DL subframes
An alternative to the approach above is to signal the number of received DL assignments and hence the number of bundled ACK/NAKs on PUSCH together with the bundled ACK/NAK.  Similarly to multiplexing of multiple individual ACK/NAKs on PUSCH, the signaling needs to be defined and UL performance is expected to degrade.  A difference as compared to transmission of multiple ACK/NAKs is that the performance requirements are different.  Whereas an error probability of around 1e-4 is required for a NAK to ACK error is required, the performance requirement for the number of assigned DL subframes is around 1e-2.  A straight forward approach is to use the same coding scheme as for the rank indicator, and preliminary investigations indicate that the number of coded bits needed is around 16 bits per bit for signaling the number of received assignments with hone or two bits in the scenario with a single resource block and an SNR of -5dB. 

Alternative 2: The number of bundled ACK/NAKs is signaled on PUSCH. One or two bits are signaled using the same format as the rank indicator.  The number of DL HARQ processes is kept the same.
4 Conclusion

In the present paper, two alternatives to handle the case with bundled ACK/NAK transmission on PUSCH were discussed.  

1. The number of DL HARQ processes is increased to 16 for the case that the terminal operates in ACK/NAK bundling mode.
2. The number of bundled ACK/NAKs is signaled on PUSCH using the same coding as the rank indicator.
We propose that the two alternatives are discussed and that one is selected. ACK/NAK bundling was introduced to improve UL performance, and from that the perspective alternative 1 may be the most consistent alternative.  In light of this, given that alternative 1 is adopted, we see a need for multiple ACK/NAK multiplexing to improve the HARQ RTT and latency for LTE TDD in practical implementations. 
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