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Discussion and Decision
Introduction
In [3] it was agreed that Uplink hybrid-ARQ acknowledgements in TDD can be transmitted as single ACK/NACK feedback where ACK/NACKs from one or several DL subframes are combined (“bundled” by performing AND of all A/N) to a single ACK/NACK report and the PUCCH formats already defined for LTE are reused (PUCCH Format 0 and 1). This ACK/NACK mode has broadly be named “AN-bundling”. In [9], further decisions related to the AN-bundling way forward were made:

· A 2-bit Downlink Assignment Index (DAI) field is added to DCI formats 1, 1A, 1B, 2. The DAI must be greater or equal to the number of previously assigned subframes within the bundling window and must be less or equal to the maximum number of dynamic assignments within the bundling window.

· UE uses the CCE index in last received/detected dynamic DL assignment as well as the subframe number to (i) check for missed DL assignments and (ii) determine the UL ACK/NACK PUCCH index.
· Semi-persistent assignments are not counted in the Downlink Assignment Index.

A key-point for designing the DAI has been to allow the packet scheduler to conduct scheduling based on a flexibility to seek for a trade-off between system performance and scheduling complexity.

Following the discussions in RAN1#53, the exact solution for TDD configuration 5 (8DL:1SS:1UL) is still open as the use of 2 bits does not provide full data rate access for a given UE under the given definitions.

In the following we provide proposals for the way forward for how to handle TDD configuration 5 in the case when a UE can only support the transmission of a single ACK/NACK bit in the uplink. 
False positive error
A key aspect that related to ACK/NACK bundling is to prevent false positive error to happen. A false positive error can happen mainly due to dtx2ack and nack2ack errors and typically must be managed to less than 1% in the network. However, due to ACK/NACK bundling we create an additional error case for false positive error that occurs if

· UE has correctly received the last DL assignment within the bundling window. So that its ACK/NACK ends on the correct PUCCH resource.
· It has misinterpreted how many DL assignments have occurred in the bundling window and has correctly received all DL assignment but there are too few assignment detected.

In comparison to the ordinary error sources it is clear that this error probability should also be managed at an order of 1% and preferably less.
Options for the DAI field

Using the same interpretation of the DAI field for TDD configuration #5 as for other configurations we have some straightforward options to limit either 

1) the available downlink transmission capacity by allowing UE to only access 4/9 of the downlink transmission with dynamic assignments or

2) the available scheduling flexibility by redefining the meaning of the DAI field to e.g. values of {1, 3, 6, 9} DL assignments or visa versa.

Option (1) is not attractive as it would involve heavy use of semi-persistent allocations which requires even more aggressive prediction in the eNB. 
Option (2) requires some form of forward scheduling and limits the multiplexing flexibility of the users. Due to these limitations we propose an alternative and simple solution in the following.
Wrap-Around Method for 2-bit DAI Design
Option 1: Pure Wrap-Around Method

It was earlier proposed in [6] that a single toggling/alternating bit was used to allow for a 1-bit Downlink Assignment Index field to manage higher order allocations. With 2 bit Downlink Assignment Index field we can re-use same idea but at the same time be more resilient towards burst errors. The method can be integrated into the earlier adopted description of the Downlink Assignment Index field as:

The Downlink Assignment Index must for up to 4 DL assignments be greater or equal to the number of previously assigned subframes within the bundling window and must be less or equal to the maximum number of dynamic assignments within the bundling window. Every time a received Downlink Assignment Index is lower than an earlier receved Downlink Assignment Index, the UE shall assume that the number of DL assignments is 4 higher than the current estimate.
The decoding of above encoding method is straight-forward.

The advantage of pure wrap-around method  is easy to implement. However, some “false positive errors” may be introduced in some assignment cases as shall be shown in the results section. However, it is found in simulation that the performance is acceptable and can be further controlled by more conservative PDCCH link adaptation at the eNB side. If eNB wants to have full control of the false positive error, it can also choose to limit the number of scheduled subframes to a maximum of 4 subframes. To limit the false error cases for more than 4 scheduled subframes, we need a more advanced method which is discussed in the following. 

Option 2: Wrap-Around Method with Limited Scheduling Ahead

We have found that if the eNB knows its “commitment to schedule users ahead in time” we can more tightly control the false positive probability. Hence, we propose a wrap-around method with limited scheduling ahead:

The DAI field is designed for each assigned subframe: 
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A simple implementation of decoding at UE is illustrated here:

· For last received DL assignment within the bundling window, calculate the value: (Last_Received_DAI + Second_Last_Received_DAI), and check if this value is equal to the number of received DL assignments prior to the current received one.
· If the assignment with DAI value ‘0’ is not the first assignment received within the bundling window, it’s DAI value should be increased by ‘4’.
· If only one DL assignment is received, the value of Second_Last_Received_DAI is ‘0’.
· If the checking is OK, UE will send A/N using PUCCH index derived from the first CCE  carrying the DL assignment in the last received/detected subframe. Otherwise, UE sends DTX.
This method could provide near-error-free performance for any number of DL assignments in any subframe per bundling window as shown in the simulation section. And the operation complexity is not so high because the eNB only needs to make a rough estimation about the number of following assigned subframes (i.e. at least 2 assignments or not).
Option 3: Flexible Wrap-Around Method 
Considering the pros and cons of above-mentioned 2 options, it appears to be interested to seek a combination of above two options to complement each other if the overall complexity is not increased. This integrated method allows the packet scheduler to decide whether it will do scheduling on the fly (but possible at cost of higher false positive error) or if it will make commitment into the future to remove false positive errors. Hence, by this method the scheduling can make a trade-off between system performance and scheduling complexity. 
The method requires no explicit signaling among UE and eNB and selection of the method is transparent to the UE’s decoding method. This is inline with the DAI solutions already proposed and decided for the other TDD configurations.
The DAI field is designed for each assigned subframe: 
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has two options, and eNB could switch between these two options freely although interpretation has to remain fixed for each bundling window as long as the UE behaviour/interpretation is clearly defined without ambiguity:

· Option 1: 
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A simple implementation of blind decoding at UE is illustrated here:
· For last received subframe within the bundlind window, UE always check whether (1) the Last_Received_DAI or (2) Sum_of_Last_and_SecondLast_Received_DAI is equal to the number of received DL assignments prior to the current received one.
· When making the first comparison, if the received DAI is lower than an earlier receved DAI, the DAI value shall be increased by ‘4’.
· When making the second comparison, if the assignment with DAI value ‘0’ is not the first assignment received within the bundling window, it’s DAI value should be increased by ‘4’.
· If one of checking is OK, UE will send A/N using PUCCH index derived from the first CCE  carrying the DL assignment in the last received/detected subframe. Otherwise, UE sends DTX.
In Figure 3 in the Appendix, we show some DAI encoding examples depending on which option the eNB chooses for the current DL assignment window.

Simulations
We have conducted simulations of the false error probability (not the combined one but only the error specific to ACK/NACK bundling as discussed above). We have used the assumptions listed in Table 1. We run through all possible number of DL assignments assuming that DL subframes are uniformly distributed over the total bundling window. For each possible permutation we conduct 100,000 drops and assess the false error probability including both the PDCCH error rate as well as the correlation among PDCCH detection errors.
Table 1. Assumptions and parameters for false positive error analysis.

	Item/parameter
	Setting/assumption

	PDSCH error rate
	0% (worst-case for analysis of false error probability)

	PDCCH error rate
	5%

	Correlation among successive PDCCH errors, PDCCH CORR
	75%

	Distribution of DL assignments over bundling window
	Uniform

	Downlink Assignment Index encoding methods
	Option 1, with and without blind decoding
Option 2, with and without blind decoding


The false positive error probabilities for the studied DAI design methods are plotted in Figure 1.
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Figure 1. The false error probability versus the number of DL assignments for wrap-around method with option 1 and option 2

Simulation results show that 
· Wrap-around with option 1 could provide acceptable false positive performance while wrap-around with option 2 is really a near-error-free solution (error free for 1-7 assignments per bundling window and around 2E-3 false positive probability for 8-9 assignments per bundling window).
· The performance degradation due to blind decoding between option 1 and option 2 is very slight. Thus eNB could switch between two options freely based on its own decision to seek for a trade-off between system performance (e.g. nearly error free VS. acceptable performance) and scheduling complexity (e.g. limited prediction or not). 
Furthermore, the eNB can use PDCCH link adaptation in order to improve on the false positive error also for wrap-around with option 1 as shown in Figure 2. Same methods can be used to further reduce the false positive error when using 8 or 9 DL assignments with option 2.
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Figure 2. Illustration of wrap-around with option 1. False positive error versus the PDCCH link adaptation performance measured in PDCCH BLER.
Conclusions

Wrap-around method with option 1 works well and although error probabilities are on the high side we believe this is attractive solution to have available to the packet scheduler. We have shown how error probabilities can be managed with more conservative PDCCH link adaptation. We believe as minimum that this method is adopted to allow for UE with single ACK/NACK bit support to access maximum downlink capacity. The method is straightforward extension of what has been decided for other TDD configurations and inline with earlier TogBit proposal from [6].

Wrap-around method with option 2 can provide nearly error free performance with not so high operation complexity. Because the eNB only needs to make a rough estimation about the number of following assigned subframes (i.e. at least 2 assignments or not). With this method the overall false positive error (including dtx2ack and nack2ack) can be maintained at around 1% as required even if UE can dynamically access the full downlink capacity.

Our preferred method is therefore to allow the eNB to choose which option shall be active for a certain UE in the current DL assignment window. For this optionality to work, it is a requirement that the counter for option 1 represents a counter, and not an indication of the minimum number of subframes that will be scheduled. Hence, the eNB has the flexibility to seek for a trade-off between system performance and scheduling complexity. This makes the DAI design philosophy consistent for TDD configuration 5 with the other TDD configurations. We have provided an encoding and decoding scheme that allows for blind detection at UE side.
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Appendix: DAI design example
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Figure 3  DAI design example for a bundling window size of nine subframes.
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