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Introduction

As discussed in [1], carrier aggregation introduces more challenges for UL ACK/NAK feedback, especially for TDD system. In [2] and [3], we present our considerations related to UL ACK/NAK feedback for power-limited cases in LTE-A TDD. 

For non-power-limited cases, the following issues are still open w.r.t., UL ACK/NAK feedback:
· What is the maximum ACK/NAK overhead to be supported in LTE-A TDD?
· What is related container used for multiple ACK/NAK feedback in LTE-A TDD?

In this paper, we present our views on these issues.

Discussion
In RAN1 #60bis, the following has been agreed for at least FDD:
· Maximum 10 A/N bits shall be supported.
· FFS: 12 bits if DTX is explicitly indicated.
· Optimization shall be for M to N bits where M<N<10.
However, for TDD, the maximum ACK/NAK overhead to be supported is still FFS. In our opinion, it depends on the decision of following properties:
· ACK/NAK spatial bundling is enabled or not.

· Explicit DTX is supported or not.

· Further ACK/NAK bundling is adopted or not.

As shown in Table 1, different combinations of these properties mean different ACK/NAK overhead levels. For full ACK/NAK feedback cases, extremely heavy ACK/NAK overhead (up to 40 or 47 bits) needs to be supported during single UL subframe. 
So, from UL performance and UL resource consumption point of view, it makes sense to evaluate the necessity of these properties carefully. Our target is to find a good balance between UL overhead and DL throughput by keeping reasonable standardization efforts in mind.
Table 1 UL ACK/NAK overhead in LTE-A TDD

 (Assumption: 5 CCs in frequency domain, 4DL:1UL in time domain, 2 CWs in spatial domain)
	
	with ACK/NAK spatial bundling
	without ACK/NAK  spatial bundling

	without explicit DTX
	up to 20 ACK/NAK bits
	up to 40 ACK/NAK bits

	with explicit DTX
	up to 32 ACK/NAK bits
	up to 47 ACK/NAK bits


ACK/NAK Spatial Bundling

ACK/NAK spatial bundling means ACK/NAK bundling across spatial code-words (CWs). Such kind of bundling will lead to DL throughput loss in the case that:

· 2 CWs are employed for DL transmissions. And
· Feedbacks for 2 CWs are neither “ALL_ACK” nor “ALL_NAK”.

Obviously, for DL transmission with rank adaptation, exact DL throughput loss due to ACK/NAK spatial bundling mainly depends on the probability of “2 CWs transmission & one CW is NAK & another CW is ACK”, which is proved to be a rare case with around 1% probability in our evaluation. And according to our simulation results, the DL throughput loss due to ACK/NAK spatial bundling is less than 1%, which shows similar trends as those in [4] and [5].

Furthermore, it is also noted that, in Rel’8 TDD, ACK/NAK spatial bundling has already been adopted in “ACK/NAK multiplexing” mode.

So, based on observed marginal DL throughput loss and potential UL ACK/NAK overhead reduction, we propose that:

Proposal: In LTE-A TDD, ACK/NAK bundling across spatial code-words is enabled.
Explicit DTX Support

For explicit DTX support, following two options are on the table:
· Option A: for each assignment, feedback 3 states →ACK, or NAK, or DTX.

· Option B: for each assignment, feedback 2 states →ACK, or NAK (NAK and DTX share same state).
In comparison with option B, the main advantage of option A is to make some aggressive transmission strategies (e.g. IR: incremental redundancy) at eNB side to be possible, which may boost DL throughput. And the main cost to be paid by option A is significantly increased ACK/NAK overhead (60% increments than option B, assuming ACK/NAK spatial bundling is enabled).
So, in our opinion, the real DL throughput gain of e.g. IR combining is one of the main justifications for explicit DTX support in LTE-A. 
Table 2 provides our simulation results to evaluate the DL throughput gain coming from explicit DTX support, which reflects the difference between IR combining and Chase combining for PDSCH transmissions in nature. In the simulations, “CQI error =5dB” is just used to show an extreme case with poor CQI accuracy.
Table 2 DL throughput gain coming from explicit DTX support
	
	CQI error =1dB
	CQI error = 5dB

	DL throughput gain
(cell average)
	Less than 1%
	18.6%

	DL throughput gain
(cell edge)
	Less than 1%
	13.3%


According to the simulation results, explicit DTX feedback could provide potential robustness gain, which is mainly visible for poor CQI accuracy cases. However, it is also noted that the poor CQI accuracy may come from UE channel estimation error, high UE mobility, or large feedback delay. And in such cases, eNB is more likely to be fallback to some conservative transmission strategy, which makes the real use cases of explicit DTX support to be narrower. 
Also remembering that, in Rel’8 TDD, for ACK/NAK on PUSCH, no explicit DTX state is supported. And for ACK/NAK on PUCCH, only very limited explicit DTX states are possible.
So, in our opinion, for explicit DTX support in LTE-A, real use cases should be justified first, while significantly increased UL overhead should be kept in mind at the same time.
In fact, to find a good balance between potential throughput gain and UL overhead, for explicit DTX support, one way is to only reserve e.g. 1-bit for DTX bundling purpose, instead of reserving DTX state for each assignment. In such a way, thanks to DAI in TDD system, UE could distinguish that PDCCH missing exists or not among the assignments, and convey this information via DTX bundling bit, which is helpful for eNB to obtain potential throughput gain. It is also noted that, in comparison with “ACK/NAK 2-state feedback” (Option B), the UL overhead increment in such a way is only e.g. 1-bit.

Proposal: In LTE-A TDD:

· ACK/NAK 2-state feedback is the baseline.
· DTX state compression is desirable if the use cases for explicit DTX feedback are justified.

ACK/NAK container and ACK/NAK Partial Bundling

With ACK/NAK spatial bundling and ACK/NAK 2-state feedback, UL ACK/NAK overhead in LTE-A TDD is shown in Table 3, where N is the number of CCs in frequency domain, and M is DL/UL ratio in time domain.
Table 3 ACK/NAK overhead
	
	M=1
	M=2
	M=3
	M=4

	N=1
	1
	2
	3
	4

	N=2
	2
	4
	6
	8

	N=3
	3
	6
	9
	12

	N=4
	4
	8
	12
	16

	N=5
	5
	10
	15
	20


Based on Table 3, one observation is that the number of ACK/NAK bits to be supported in LTE-A TDD will not exceed 12 bits except some extremely DL heavy cases (with gray background color). 
For the support of these cases with more than 12 bits ACK/NAK overhead, following two ways are possible:
· Way A: Introduce new PUCCH structure (e.g. MSM or DFT-s-OFDM) as ACK/NAK container in LTE-A TDD.

· Way B: Perform further ACK/NAK bundling (i.e. ACK/NAK partial bundling) to keep the upper-bound of ACK/NAK overhead under a certain level, and re-use existing PUCCH format (e.g. PUCCH format 2) as ACK/NAK container in LTE-A TDD
Way A could provide more signalling room for ACK/NAK feedback in LTE-A TDD, and could be easy for potential overhead extension. However, backward-compatibility (e.g. multiplexing with existing PUCCH formats) is one concern of such a way. In addition, more standardization efforts are expected if new PUCCH structure will be introduced for ACK/NAK feedback purpose.
Way B means existing PUCCH formats (including PUCCH format 1a/1b and PUCCH format 2) are enough for ACK/NAK feedback in LTE-A TDD. In comparison with Way A, the main concern of such a way is that further ACK/NAK bundling is needed in some extreme cases and may lead to potential DL throughput loss. 

However, we also noticed that, for Way B, the worst case in terms of DL throughput may happen in case e.g. 20 DL assignments are scheduled to one UE. In realistic, we tend to think it’s an extreme and rare case. And in most general cases, assuming medium number of assignments are scheduled for one UE, related DL throughput loss due to ACK/NAK partial bundling is not expected to be that big.
To evaluate the real DL throughput loss due to ACK/NAK partial bundling in LTE-A TDD, following simulation is conducted:
· Take 5 CCs in frequency domain and 4DL:1UL in time domain as an example, up to 12 ACK/NAK bits are generated via partial bundling.

· ACK/NAK partial bundling patterns are shown in Appendix, which are based on ACK/NAK CC-domain bundling as discussed in [2] and [3].

· In comparison with 20 ACK/NAK bits feedback, our simulation results show that:

· For cell-average case, 12 ACK/NAK bits feedback could provide 95.5% DL throughput. 
· For cell-edge case, 12 ACK/NAK bits feedback could provide 92.4% DL throughput.

So, in our evaluation, real DL throughput loss due to ACK/NAK partial bundling is less than 5% for cell-average and less than 10% for cell-edge cases.
Finally, one thing we would like to emphasize is that we’re just trying to find a trade-off for extremely DL-heavy cases. So, to make final decision, we should always keep related impacts on e.g. DL throughput, compatibility, and standardization efforts in mind.

Proposal: In LTE-A TDD, 

· Existing PUCCH formats are the baseline as ACK/NAK containers.

· MSM or DFT-s-OFDM is FFS as ACK/NAK container for extremely DL-heavy cases.

Conclusions
In this paper, maximum ACK/NAK overhead and related ACK/NAK containers in LTE-A TDD are discussed. The main proposals are, in LTE-A TDD:

· ACK/NAK bundling across spatial code-words is enabled.

· ACK/NAK 2-state feedback is the baseline.

· DTX state compression is desirable if the use cases for explicit DTX feedback are justified.

· Existing PUCCH formats are the baseline as ACK/NAK containers.

· MSM or DFT-s-OFDM is FFS as ACK/NAK container for extremely DL-heavy cases.
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Appendix

A. Simulation Assumptions

	TDD configuration 
	UL/DL Configuration 2 (DSUDD DSUDD)

	CC configuration 
	All UEs are statically configured 5x5MHz. The number of scheduled CCs/per UE/per Subframe is dynamically determined by eNB.

	CC correlation 
	Independent CCs 

	Simulation scenario 
	3GPP Macro case 1

	Fast fading model 
	TU-20

	Transmission scheme 
	2x2 MIMO, dual stream with rank adaptation 

	A/N spatial bundling 
	Disabled/Enabled

	UE-specific bundling
	Based on Geometry

	Packet Scheduler 
	PF 

	CQI feedback 
	Full reporting; 1dB or 5dB error for both measurement and quantification; 2ms delay, 5ms period; Per-CC CQI report 

	First Tx BLER target 
	10%

	The number of UEs per sector
	10

	PDCCH error model
	Fixed BLER = 5%, ideal DAI encoding (no DTX->ACK error due to DAI encoding)

	PDCCH Tx
	w/o cross-CC scheduling 


B. Example of ACK/NAK partial bundling patterns
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ACK/NAK partial bundling patterns for 4 CCs and 5 CCs cases

(Up to 12 ACK/NAK bits are generated. 

For 1-3 CCs cases, no ACK/NAK partial bundling is needed).
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