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1 Introduction 

According to current agreements, only so called ACK/NAK bundling is supported for TDD ‎[1].  This means that ACK/NAKs from multiple subframes are combined into a single ACK/NAK.  To solve problems with missed DL assignment, a so called DL assignment index (DAI) has been introduced into the DL assignments [1]. The need for transmission of multiple ACK/NAKs associated with different subframes is still under discussion as is the detailed solution. Offline discussions during the last RAN1 meeting resulted in a proposed but not agreed way forward ‎[2].
In the present paper, the need for multiple ACK/NAKs is discussed and various characteristics of a design are identified and proposed. Furthermore, two of the solutions in ‎[2], one based on PUCCH format 1 and one based on PUCCH format 2, are discussed.
The paper is a revision of R1-083065, with new simulation results in section 3.6.

2 On the need for multiple ACK/NAK multiplexing
To be able to meet the target error requirements in all cases when a bundled ACK/NAK is transmitted using only the DAI, such as together with a scheduling request or a CQI report on PUCCH or currently on PUSCH,   the scheduling must be done in a such a way that the DAI gives an indication of whether one or more future DL subframes will be assigned or not. This is expected to increase the processing time and hence the HARQ RTT as well as the latency in a practical implementation unless over-provisioning of resources is done, see ‎[1], where an alternative solution is described for the case with transmission of a bundled ACK/NAK on PUSCH. 

Neglecting the problem with missed DL assignments, one may argue that ACK/NAK bundling is further inefficient as it leads to un-necessary retransmissions. At the same time, with appropriate link adaptation and reasonably accurate CQI measurements, we currently believe that the loss due to temporal bundling can be made rather small. This holds at least in scenarios with not too large interference variations and where resources with similar BLER targets are allocated so that the error events of different subframes become correlated. On the other hand, losses are expected where rather aggressive link adaptation with high BLER targets is used. At the same time, we suspect that the loss due to bundling in the space domain may become slightly larger as compared to the loss due to temporal bundling. 

In summary, even though the performance degradation due to ACK/NAK bundling under certain circumstances may be rather small, ACK/NAK multiplexing can be used  improve the latency and HARQ RTT in an efficient implementation, see also ‎[1], since the DAI need not to indicate future subframe assignments. 
Proposal: For TDD, two ACK/NAK feedback modes are supported, ACK/NAK bundling and ACK/NAK multiplexing.
3 Multiple ACK/NAK multiplexing on PUCCH

3.1 Number of ACK/NAKs

UL:DL allocation 5 is rather different in the sense that ACK/NAK feedback from up to nine subframes needs to be considered. To limit the flexibility and avoid optimizing for a special, perhaps not so common case, we propose to focus the efforts mainly on the case with multiple ACK/NAK feedback from up to four subframes. 

Proposal:  The basic ACK/NAK multiplexing design mainly considers ACK/NAK feedback from up to four DL subframes

At the same time, we see no reason to preclude ACK/NAK multiplexing with UL:DL allocation 5. To support such operation, some form of bundling can be applied.

Proposal: TDD UL/DL configuration 5 with 8DL+DwPTS:1UL is supported with some form of bundling. 

Hence, additional bits will not be added to support UL/DL configuration 5.

3.2 DTX feedback
For FDD, a terminal will not transmit any ACK/NAK feedback for the case the corresponding DL assignment is missed. Similarly, for TDD and ACK/NAK bundling, if the terminal detects using the DAI that a DL assignment has been missed, it will not transmit any bundled ACK/NAK. This is referred to as discontinuous transmission (DTX), and the eNodeB can by detecting DTX and distinguish it from NAK deduce that the terminal missed the DL assignments and adapt the transmission of redundancy versions accordingly.  If the eNodeB can not distinguish between DTX and NAK, a possible link adaptation strategy is to rely only on Chase combining and not capture the benefits of incremental redundancy.   Furthermore, unless the eNodeB can distinguish between a NAK and DTX, it is also difficult to use all the currently defined 32 MCS indices.  
At the same time, the DL performance improvements come at the expense of UL performance in terms of coverage and capacity, since not only binary feedback representing ACK/NAK but ternary feedback representing ACK/NAK/DTX per subframe is needed.   In any case, UL performance will be worse for very DL heavy asymmetries, and therefore it makes sense to consider only binary feedback for the DL heavy asymmetries. 
We note that for both FDD and TDD with ACK/NAK bundling, the eNodeB can not distinguish between NAK and DTX when the UE transmits an ACK/NAK simultaneously as it transmits a scheduling request or CQI on PUCCH.  For TDD, especially for the DL heavy asymmetries, this may happen with a higher relative frequency, and one may therefore argue that DTX detection support already is somewhat limited on PUCCH. 
Proposal:  Explicit DTX feedback may not be supported for DL heavy asymmetries such as TDD UL:DL configurations 2, 4 and 5.
3.3  Spatial bundling
For the case with DL MIMO transmission, there may be two ACK/NAK feedbacks per DL subframe. Furthermore, even though the performance degradation of spatial bundling is expected to be larger than the performance degradation for temporal bundling, spatial bundling may still be preferable since it simplifies the design and since it still achieves the goal to improve latency and RTT.  The relative uplink coverage may also already be worse for TDD with MIMO transmission due to potential feedback of multiple DL subframes in a single UL subframe.  Hence, at least for the most DL heavy asymmetries, spatial bundling may be considered.
Proposal:  To simplify the design spatial bundling can be considered for MIMO operation, at least for the most DL heavy asymmetries.
3.4 Transmission of ACK/NAKs and CQI 

To simplify the design and to ensure that benefits of multiple ACK/NAKs can be exploited in as large part of the cell as possible, a simple solution is to not allow simultaneous transmission of multiple ACK/NAKs and CQI or allow for transmission of a bundled ACK/NAK together with CQI. 

To handle missed DL assignments, without using the DAI to indicate future subframes, we note that an alternative is to let the UE signal to the eNodeB the number of received DL subframes. Furthermore, assuming that there is no need to distinguish between NAK and DTX and hence only reduce the probability of DTX to ACK errors, the actual number of combined subframes is not so important if a bundled NAK is transmitted. Hence, for the case when D DL subframes are associated with the UL subframe, it is sufficient with D+1 signaling alternatives, namely NAK, 1 ACK, 2 ACKs, .., D ACKs.  Transmission of more information in the UL will of course degrade performance in the sense that a higher SINR is required. At the same time, a terminal operating in ACK/NAK multiplexing mode is expected to operate at higher SINR and hence UL transmission of more information is feasible. 
Furthermore, currently up to two bits ACK/NAK information may be transmitted together with CQI and a possible solution is to map NAK to one of the four constellation points  and map the remaining D  messages representing  1 ACK, 2 ACKs, … , D ACKs  in a possibly many-to-one way to the other three constellation points.  
Proposal: A UE in ACK/NAK multiplexing mode can feed back a bundled NAK or the number of bundled ACKs  using two bits using together with CQI using existing PUCCH  formats.
3.5 Transmission of ACK/NAK and SR

The case with a scheduling request (SR)  in the same UL subframe is similar to the case with CQI transmission and an alternative is hence to transmit a bundled NAK or the number of bundled ACKs on the SR resources in case of a positive SR. Another alternative is of course to add an extra feedback bit for the SR.  The preferred solution depends on which PUCCH format is selected for ACK/NAK only feedback.
Proposal: For an ACK/NAK multiplexing mode based on PUCCH format 1, two bits representing a bundled NAK or the number of bundled ACKs can be transmitted on the scheduling request resource in case of a positive scheduling request.
3.6 Modulation for ACK/NAK
For the case with multiple ACK/NAK only, the alternatives identified during offline discussions ‎[2]  include to based the multiplexing on
· PUCCH format 1a or 1b combined with code selection, or
· PUCCH format 2.
From the results in ‎[4], one may suspect that the performance of PUCCH format 1a/b combined with code selection may perform better than PUCCH format 2. However, given that channel estimation and data detection is improved so that a similar order of processing is used for both PUCCH formats, the performance is indeed similar. Below in Figure 1 and Figure 2 BER performance is shown for transmission of two and four bits respectively for the case that the PUCCH format 1 resources have different cyclic shifts and are multiplexed in the same RB for a case with low speed (3km/h). 
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Figure 1: Performance for PUCCH format 1 and 
PUCCH format 2 for transmission of two bits
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Figure 2: Performance for PUCCH format 1 and PUCCH format 2 for transmission of four bits




The simulations include channel and noise estimation for detection of DTX.  The threshold used in the DTX detection is set to achieve the target probability of 1% for DTX to ACK error rate.  For a target error rate requirement of 1% for ACK miss detection (ACK is detected as DTX or NACK) and NACK to ACK of around 1e-4 , we see that the performance of Format 1a or 1b with code selection is indeed very similar to performance of PUCCH format 2. Note that the simulations are somewhat optimistic since for example not all imperfections are included. Furthermore, DTX detection is naturally included also for format 2.
Observation: The performance of PUCCH format 1 and PUCCH format 2 may be similar.
3.6.1 PUCCH resources
For PUCCH format 1, the resources associated with each DL assignment can be reused to transmit multiple bits ‎[1].  Using PUCCH format 2 however requires a PUCCH format 2 resource and hence higher layer configuration similar to configuring for CQI reporting. There appears however not to be any need to introduce a specific PUCCH format 2 region. One alternative is hence to configure the UE with a set of PUCCH format 2 resources and use the DAI to select between the resources as outlined in ‎[5].
Based on this, from a pure multiplexing perspective, one may argue that the PUCCH overhead for format 2 is greater than the overhead for PUCCH format 1.  This since the PUCCH format 2 region likely needs to be extended to carry the multiple ACK/NAK feedback, and that a PUCCH region 1 is needed anyway for transmission of ACK/NAKs from UEs operating in single ACK/NAK feedback mode.  
The performance results indicate that the required SNR increases with increasing number of bits. Whereas a basic solution based on PUCCH format 2 would for simplicity transmit the same number of bits, corresponding to the maximum number of DL subframes that can be assigned, independent of the number of assigned DL subframes, a solution based on PUCCH format 1 may also need to reserve resources in terms of transmission power to ensure adequate performance for the maximum number of DL subframes that can be assigned.
Observation: For both solutions, transmission power may need to be set in accordance with the maximum number of subframes that can be assigned. 
Another aspect to be considered is the noise rise, coverage and capacity. The performance results above show that the SNR requirement increases with increasing number of bits.  Assuming that transmission of four bits requires roughly 3dB higher SNR as in the examples above, then for 95% coverage probability in a 3GPP case 1 scenario, the average number of user that can be served in a single RB is reduced with around 50% under the assumption that all users have the same SINR requirement. To maintain 95% coverage probability also with multiple ACK/NAK transmission, the load, in terms of the number of scheduled users is hence reduced.  
In the context of PUCCH format 1, this could mean that fewer users can be scheduled when each user is assigned more subframes, whereas at high loads with many scheduled users, a cell edge user can not be assigned many subframes. Furthermore, since users operating in both ACK/NAK bundling mode and ACK/NAK multiplexing mode use the same resources, and the ACK/NAK multiplexing users use higher transmit power,  there is an impact on the cell edge users and hence coverage.   Also within a cell, UEs in ACK/NAK multiplexing mode   may impact performance of UEs in ACK/NAK bundling mode, due to noise estimation, power balance and so on.    This is similar to the case with MIMO operation.  
Observation: ACK/NAK multiplexing UEs impact coverage and capacity of  ACK/NAK bundling users when the same PUCCH format 1 resource are used.

For both formats, it is possible to define different PUCCH regions, configurable by higher layers,  in case it is desirable. At the same time, the opposite, i.e using the same resources for both ACK/NAK bundling and ACK/NAK multiplexing users, is not possible with format 2. 
Observation: A major difference is that PUCCH format 1 can share the same resources for UEs in ACK/NAK bundling mode and UEs in ACK/NAK multiplexing mode in a simple way.
4 Discussion and conclusion
Based on the discussion above we note that bundled ACK/NAK transmission for cases with ACK/NAK + SR and/or ACK/NAK + CQI according to above enables re-use of existing PUCCH formats to a very large extent. This requires that spatial bundling is done, and for simplicity and consistency, spatial bundling may then be used in all cases. At the current phase to complete release 8, the simplest solution possible appears to be characterized by

· No per subframe DTX feedback for any UL:DL allocation at all, despite that both format 1 and format 2 may support this, at least  for the not so DL heavy UL:DL configurations. 
· Adoption of spatial bundling.
· Transmission of bundled ACK/NAK with SR and CQI as described above.
Furthermore, under the assumption that performance is similar, we note that a solution based on format 1b offers a possible advantage, namely that the same PUCCH resources can be used for both bundling and multiplexing users.   Hence we recommend considering format 1 for PUCCH since such a solution is also consistent with the approach proposed in ‎[5] for ACK/NAKs on PUSCH for both bundling and multiplexing.  At the same time,   if a solution based on block coding is adopted for PUSCH, we may reconsider format 2 for PUCCH.
We therefore propose the following:
· For TDD, two multiple ACK/NAK feedback modes are supported, ACK/NAK bundling and ACK/NAK multiplexing.
· To base the ACK/NAK multiplexing format on PUCCH format 1b with code selection which is aligned with the solution for PUSCH in ‎[5].
· To adopt spatial bundling as described in ‎[2],  and no explicit per subframe DTX feedback state.

· For ACK/NAK+SR, the UE in ACK/NAK multiplexing mode transmits two bits representing a bundled NAK or the number of bundled ACKs on the SR resource in case of a positive SR.
· For ACK/NAK+CQI, the UE in ACK/NAK multiplexing mode transmits two bits representing a bundled NAK or the number of bundled ACKs together with CQI using existing PUCCH formats.
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