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1 Introduction

At RAN1 #81 meeting, some agreements on enhancements to UL control channel for LTE CA of up to 32 CCs have been achieved: 
· The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at least 128 bits

· In case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits
· Continue offline discussion until Thursday aiming at [Adoption of a fixed number for the maximum HARQ-ACK codebook size] – (Ericsson)
· For a UE that transmits more than 22 HARQ-ACK/SR bits in a subframe in a CG on either PUCCH or PUSCH, 

· X-bit CRC is included in the HARQ-ACK transmission, X>=8 

· Baseline X for evaluation purpose only: X=8

· Rel-8 TBCC and rate matching is used 

As discussed in [1], new PUCCH format(s) should be introduced as the baseline to support UCI feedback for up to 32 DL CCs. Based on the new PUCCH format design, in this contribution, the issues related to HARQ-ACK codebook determination are further discussed. 
2 Evaluation

2.1 The number of carriers scheduled and configured
Some concerns about the relationship of the number of carriers scheduled and configured in CA were raised at RAN1#81. As we know, the number of carriers configured to a UE is generally based on the service request. However, the number of carriers scheduled to a UE is related to many factors, such as channel quality, users’ priority, scheduling principle etc. Therefore the number of carriers scheduled is not always consistent with the number of carriers configured. Simulation about the number of carriers scheduled with fixed number of carriers configured is performed according to the simulation assumption given in Appendix Table A1.
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Figure 1 CDF of the number of carriers scheduled in the small cell with 32 configured carriers
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Figure 2 CDF of the number of carriers scheduled in the small cell with 16 configured carriers
It can be seen from the results given in Figure 1 that there are more than 90% probabilities of fewer than 16 carriers scheduled with 32 carriers configured to the UE in the small cell. Only less than 1% probabilities of the number of carriers scheduled in accordance with the number of carriers configured. The similar trend can be found in Figure 2 with 16 configured carriers. From these results, a UE configured with a very large number of CCs does not mean that it would be always scheduled on all the configured CCs, but may instead by scheduled only on a subset of the configured CCs. In LAA, the probability of such cases to occur is likely to be higher than in previous CA releases due to the co-existence with other wireless systems (e.g., WiFi) on unlicensed spectrum.
Observation 1: The number of carriers scheduled is usually subset of the number of carriers configured.
It may argue that why not configure fewer carriers to the UE. The carrier utilization might increase with fewer carriers configuration. But it should be pointed out that the main purpose of carrier aggregation is to improve the user's throughput. From this point of view, the peak and the average throughput of a UE with more configured carriers are expected larger than that with fewer carriers configured. Table 1 shows the results of the average and peak UE throughput in the small cell with 8 and 16 configured carriers. It can be seen that the average throughput of the 16 configured carriers is about 1.8 times over that of the 8 configured carriers. It is about 1.5 times in peak UE throughput. That is the reason why more carriers are configured to a UE in order to meet the requirement of its throughput.
Table 1 Average and peak UE throughput in small cell
	The number of carriers configured in small cells
	8
	16

	Average UE Throughput in small cells 
	34.32 Mbps
	63.04 Mbps

	Peak UE Throughput in small cells
	156.30 Mbps
	236.80 Mbps


2.2 Performance of HARQ-ACK transmission between different codebook determination ways
Taking a UE for TDD UL/DL configuration #2 with 8 scheduled CCs and 32 configured CCs as an example, there are two options to determine the HARQ-ACK codebook:
Option 1: HARQ-ACK codebook is determined based on RRC configuration (transmission mode, bundling window size and number of carriers), following the way of PUCCH format 3 HARQ-ACK codebook determination in current specification.

Option 2: HARQ-ACK codebook is determined based on the number of carriers/subframes and codeword scheduled.
Assuming only one codeword TM is configured for each carrier, thus 128-bit HARQ-ACK and 32-bit HARQ-ACK codebook size are derived according to Option 1 and Option 2 respectively.  The evaluation results about the performance of HARQ-ACK transmission were given in [2]. It can be found out that the performance of 32-bit codebook is about 6 dB better than 128-bit codebook, for both new PUCCH formats, multi-PRB PF3 and PUSCH based format. For 32-bit codebook, 2-PRB PF3 and 1-PRB PUSCH-based PUCCH format are considered and for 128-bit codebook, 6-PRB PF3 and 1-PRB PUSCH-based PUCCH format are used. The TBCC decoder used in the evaluation is exactly the same as legacy implementation. Any new information processing procedure may have impact on the hardware of the receiver. 
Observation 2: HARQ-ACK codebook size reduction could improve significantly the decoding performance.
3 HARQ-ACK codebook determination based on the scheduled carriers
Based on observations above, HARQ-ACK codebook determined by the number of scheduled carriers/subframes could significantly improved HARQ-ACK performance without TBCC decoder optimization. And the PUCCH format fallback is discussed in [6]. If it is expected to support fallback to PUCCH format3, the HARQ-ACK codebook determination based on the scheduled carriers should be assumed. Therefore, HARQ-ACK codebook based on the number of scheduled carriers should be supported for carrier aggregation enhancement beyond 5 carriers.
Proposal 1: HARQ-ACK codebook based on the number of scheduled CCs/subframes should be supported when UEs are configured with more than 5 CCs. 
The key issue need to be solved for codebook determination based on the scheduled carriers/subframes is that the UE and the eNB should have the same understanding of the HARQ-ACK feedback. That means the UE should identify DL CCs/subframes for which the UE fails to detect the DL assignment. Two kinds of DL assignment missing need to be considered:
1) Middle missing: An DL assignment missing occurs when the UE fails to detects DL assignments for CCs/subframe index less than the largest CCs/subframe index for which the UE detected a DL assignment
2) Last missing: An DL assignment missing occurs when the UE fails to detects DL assignments for CCs/subframe index larger than the largest CCs/subframe index for which the UE detected a DL assignment 
To solve these DL assignment missing issues, several solutions were discussed in [3]

 REF _Ref425772636 \n \h 
[4][5]. Cell-domain accumulative DAI and cell-domain total DAI were proposed. In this contribution, another alternative for accumulative DAI and total DAI is provided to solve the same issues.
Proposal 2: Accumulated DAI and total DAI are used to determine HARQ-ACK codebook based on the number of scheduled CCs/subframes.
Figure 3 and Figure 4 give examples for FDD and TDD respectively. The original values of accumulated and total DAI for TDD are shown in Figure 4 to facilitate understanding. The refined fewer bits DAI, such as the 2-bit DAI bit, can be used by a “MOD 4” operation just like the time domain DAI for TDD in current specification. This can be seen in Figure 3 for FDD. The reason of this refinement is that the probability of the error event occurs if the UE fails to detect 4 consecutive DL assignments is very small, about1e-8 or less and it is acceptable. The total DAI for FDD denote the total number of carriers scheduled in a subframe. For TDD, it should be noted that the accumulated DAI is increased first across the cell domain and then across the time domain. This will help UE to detect the DL assignment middle missing issue even the whole subframe is missing. For example, if three DL assignments of the first subframe in Figure 4 are missed, the detected accumulated DAI in the second subframe can help UE find out the error of DL assignment missing in previous subframe. For the value of total DAI, there are two options. The meanings of these two total DAI options and analyses of other alternative definitions for accumulated DAI are tabulated in Table 1.
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Figure 3 Accumulated DAI and total DAI for FDD
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	Option 1
	Option 2


Figure 4 Accumulated DAI and total DAI for TDD
Table 1 Comparison of different alternatives for accumulated DAI and total DAI
	
	Accumulated DAI
	Total DAI
	Analysis

	Alt-1:[3]
	In DL assignment;
	In UL grant
	Legacy time-domain DAI for TDD is combined with cell-domain DAI;
Can solve the Middle missing issue; 

Can solve the Last missing issue if there is UL grant; 

The last missing issue without UL grant cannot be solved

	Alt-2:[4]
	In DL assignment;

first across the cell domain and then across the time domain
	In UL grant
	Can solve the Middle missing issue; 

Can solve the Last missing issue if there is UL grant; 
The last missing issue without UL grant cannot be solved

	Alt-3: shown in Figure 3 and Figure 4
	In DL assignment;

first across the cell domain and then across the time domain
	In DL assignment;

Option 1：denotes the total carriers/subframes scheduled 
Option 2：denotes the total carriers scheduled in the current subframe
	Can solve the Middle missing issue; 

Can solve the Last missing issue with total DAI option 1;



It should also be noted that if the number of code words of each carrier is not the same, the ambiguity on the number of HARQ-ACK bits will occur when some DL assignment is missing. To solve this issue,value of these two DAIs including number of codeword may be considered, or number of codeword is determined always based on transmission mode. 
The new DCI size including accumulated DAI field and total DAI field is used if the UE is configured with more than 5 carriers. Therefore the increased DCI size will not impact on the blind detection.
Proposal 3: Accumulated DAI should first across the cell domain and then across the time domain in TDD
Proposal 4: Both accumulated DAI and total DAI  in DL assignment should be supported. 
4 Conclusion

Based on the agreements at RAN1#81, simulations have been performed for the number of carriers been scheduled and configured. The HARQ-ACK performance of codebook based on the number of scheduled and configured carriers are also provided. Several alternatives are listed and analyzed to avoid misunderstanding HARQ-ACK codebook and indexing between eNB and UE. The following observations and proposals are provided:

Observation 1: The number of scheduled carriers is usually subset of the number of configured carriers.

Observation 2: HARQ-ACK codebook size reduction could improve significantly the decoding performance.
Proposal 1: HARQ-ACK codebook based on the number of scheduled CCs/subframes should be supported when UEs are configured with more than 5 CCs. 
Proposal 2: Accumulated DAI and total DAI are used to determine HARQ-ACK codebook based on the number of scheduled CCs/subframes.
Proposal 3: Accumulated DAI should first across the cell domain and then across the time domain in TDD
Proposal 4: Both accumulated DAI and total DAI  in DL assignment should be supported. 
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Appendix

Table A1 Simulation assumption
	
	Macro cell
	Small cell

	Layout
	Hexagonal grid, 3 sectors per site, 7 Macro sites is used. 
	












Clusters uniformly random within macro geographical area; small cells uniformly random dropping within cluster area

	System bandwidth per carrier
	10MHz
	10MHz

	Carrier frequency 
	2.0GHz
	3.5GHz

	Carrier number
	16
	8,16 or 32

	Total BS TX power (Ptotal per carrier)
	46dBm
	30 dBm

	Number of clusters/buildings per macro cell geographical area
	1

	Number of small cells per cluster
	4

	Number of small cells per Macro cell
	[4]*Number of clusters per macro cell geographical area

	Number of UEs 
	42 UEs per macro cell geographical area 

	Traffic model
	Full buffer

	UE receiver
	MMSE-IRC as baseline

	UE noise figure
	9dB

	UE speed
	3km/h

	Cell selection criteria
	Baseline: RSRP for intra-frequency and RSRQ for inter-frequency, with cell common bias if CRE is applied.

	Scheduler
	PF (Proportional Fair )

	Other Parameters
	Same as 3GPP TR 36.872 A.1.2 Scenario 2a
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