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[bookmark: _Ref298777854]Introduction
A new WI was agreed at RAN #66 plenary meeting to support LTE carrier aggregation beyond 5 carriers [1]. At RAN1#80b, DL HARQ enhancements have been discussed. In this contribution, we discuss DL HARQ-ACK codebook adaptation and evaluate the performance of slow and fast codebook adaptation schemes for CA enhancements to support up to 32 DL component carriers. 
[bookmark: _Ref419276017]HARQ-ACK codebook size
In general, the exact relationship between the number of HARQ-ACK bits and the transmitted signals can be referred to as the encoding codebook of a CA PUCCH scheme. It is evident that the codebook needs to be synchronized between the UE and the eNB for the HARQ-ACK feedback signal to be correctly understood and processed on both sides. Basically, there are three different codebook adaptations:
· Codebook adapted to the number of detected (E)PDCCHs
· Codebook adapted to the number of activated CCs
· Codebook adapted to the number of configured CCs
The pros and cons of three mechanisms have been discussed in [2]. 
The first option is clearly problematic since the UE may miss detecting (E)PDCCHs from the eNB, which immediately leads to divergence of codebooks assumed by the two sides. HARQ operations and status can thus be corrupted rather frequently. It has been proposed to use DAI (Downlink Assignment Index) signalling mechanism to indicate to the UE the number of scheduled carriers/subframes. Note that if the DAI is extended to the frequency domain, 5 additional bits are needed to support up to 32 DL carriers. However, it will be still problematic if the “last” grant(s) is missed by the UE and hence cause severe error cases. In addition, this approach introduces the overhead on both DL assignment and UL grant as well as specification impacts which needs to be justified by the technical benefits. 
The second option provides improved stability and reliability over the first in the period between activation and de-activation of CCs. HARQ-ACK bit fields corresponding to CCs with no detected (E)PDCCHs are set to 0 (NACK) by the UE. The activation and de-activation of CC is performed via MAC control elements. Due to HARQ feedback errors in the (de)-activation message, this signalling can be not very reliable. In addition, CCs can also be autonomously and hence unilaterally de-activated by the UE based on UE-side timers. Therefore, basing the codebook adaptation on the CC activation state could be error prone.
The third option is a slow codebook adaptation and seems to be less efficient and have worse link performance than first two options at first glance. However, it has been shown in [2] that when a block code is used as a channel code it has similar link performance as the first option with smart eNB decoding based on the fact that eNB is aware of the scheduled and non-scheduled carriers. Therefore, it was agreed to be adopted in Rel-10. We show in Section 3 that smart decoding performs well also when the channel code is the Rel-8 tail-biting convolutional code (TBCC).


Observations:
· Fast codebook adaptation can cause severe error cases which lead to divergence of codebooks between eNB and UE. 
· DAI signalling mechanism could be enhanced to solve the problem of fast codebook adaptation by signalling the number of scheduled carriers to UE. 
· Problem still exists if the “last” grant(s) is missed
· The DCI signalling overhead, specification impacts need to be considered and justified by the technical benefits.
[bookmark: _Ref419192052]Performance evaluation of smart decoding of TBCCs for new PUCCH format
Here we present simulation results for the PUSCH-like design described in our companion paper [3], using smart decoding of the TBCC at the eNodeB. The smart decoding procedure is described in the appendix, and we expect that the results will be similar for other new PUCCH format design options using TBCC as a channel code, e.g., the multiple PUCCH Format 3 option using a TBCC. 
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[bookmark: _Ref419275666]Figure 1 ACK error rate and NACK to ACK rate for EPA 3 km/h with smart decoding.
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[bookmark: _Ref419275669]Figure 2 ACK error rate and NACK to ACK rate for ETU 3 km/h with smart decoding.
In the simulations, we show an example where the number of valid ACK/NACK bits is 22. With fast codebook adaptation, the reported bits are 22 and with slow codebook adaptation, the reported bits are assumed to be 32 or 64. It has been show in Figure 1 and Figure 2 that the performance of reporting more bits by using smart decoding is very similar to only reporting the valid information bits. The same performance is observed for ACK/NACK bits of 32. The smart decoding of TBCC is described in details in Appendix.

Observation:
· Slow codebook adaptation has similar performance to codebook adaptation based on the number of detected (E)PDCCHs also for a tail-biting convolutional code using smart decoding at the eNodeB.
Note that for PUCCH format using block code such as RM code, we have provided results in [2] showing that low codebook adaptation has similar performance to codebook adaptation based on the number of detected (E)PDCCHs.
Conclusion
In this contribution we discussed DL HARQ-ACK codebook adaptation and evaluate the performance of slow and fast codebook adaptation schemes for CA enhancements. The above discussion is summarized with the following proposals and observations:
Proposal:
· Reuse Rel-10 codebook adaptation for HARQ-ACK transmission, i.e., codebook size is determined by the number of configured CCs.
Observations:
· Fast codebook adaptation can cause severe error cases which lead to divergence of codebooks between eNB and UE. 
· DAI signalling mechanism could be enhanced to solve the problem of fast codebook adaptation by signalling the number of scheduled carriers to UE. 
· Problem still exists if the “last” grant(s) is missed
· The DCI signalling overhead, specification impacts need to be considered and justified by the technical benefits.
· Slow codebook adaptation has similar performance to codebook adaptation based on the number of detected (E)PDCCHs also for a tail-biting convolutional code using smart decoding at the eNodeB.
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Appendix: Smart decoding of TBCC
[bookmark: _GoBack]When decoding a convolutional code using the Viterbi algorithm each input bit corresponds to a transition from one state to another in the decoding trellis. If some of the input bits are known, this means that not all transitions in the trellis are possible for that stage. The Viterbi algorithm can easily be modified to take this into account by adding a large bias to the branch metrics of the possible transitions, thereby ensuring that no impossible transitions are chosen. One aspect to take into account is that which bits are known affects the performance. For example, if half of the bits are known, placing the known bits at the beginning or the end gives worse performance than alternating known and unknown bits. Alternating known and unknown bits can be done through eNB implementation of configuring and scheduling the carriers.
Appendix: Simulation assumptions
	Parameter
	Setting

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Channel model
	EPA or ETU

	UE speed
	3 km/h

	Antenna setup
	1Tx, 2Rx, uncorrelated

	Channel coding
	TBCC

	DMRS Structure
	2 DMRS per slot

	Channel estimation 
	Practical, non-ideal

	Number of PRBs for PUCCH
	1

	PUCCH frequency hopping
	At slot boundary

	CRC length 
	0 bits

	Payload size
	22 bits, or 32 bits

	Number of reported HARQ bits
	22 bits, 32 bits, or 64 bits

	CP type
	Normal CP

	Signal bandwidth per PRB 
	180 kHz 

	Modulation
	QPSK

	Number of UEs
	1

	Receiver noise 
	AWGN

	Noise estimation
	Ideal

	Performance Metric 
	ACK missed detection probability (1 %), NACK-to-ACK error probability (0.1%);  DTX-to-ACK probability 1%
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