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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A set of observations were made in RAN1#80, including the following:
· For possible enhancements to UL control signaling to PUCCH formats and UCI on PUSCH,
· At least the following enhancements to PUCCH and PUSCH feedback formats could be considered in order to support the increase in UL control information based for the 36.300 CA deployment scenarios:
· The studies should take the effect on DL throughput and UL operation points into account
· One or more new PUCCH format for increasing PUCCH payload capacity including considerations on UL overhead
· Details FFS including but not limited to
· Supported payload size(s)
· Channel coding
· Detailed structure of the new format
[bookmark: _Ref129681832]In this contribution, we consider aspects of channel coding for the Uplink Control Information (UCI) for the possible new PUCCH format(s). The existing coding schemes (e.g., dual Reed Muller (RM) code) defined for the PUCCH may not accommodate sufficiently large UCI payloads for carrier aggregation with up to 32 serving cells [1]. Hence, enhanced or new channel coding schemes should be studied. The detailed structure of the new PUCCH format(s) is not yet defined and we discuss this in [2]. Therefore, in order to merely assess the code performance, we will here for simplicity evaluate using transmission on a non-frequency hopping PUSCH.   
Performance evaluation of coding and modulation schemes
Channel coding schemes for the PUCCH
Considering the existing coding schemes in LTE-Advanced, three main candidates can be identified.
Turbo code 
The turbo code defined for the PUSCH is used for payloads in the order of tens to several thousands of bits. It could be straightforwardly adopted and would not imply any additional implementation complexity in the UE or eNodeB. No significant specification impact is envisaged regarding the encoder or rate matching procedure.
Convolutional code
The tail-biting convolutional code which is defined for the PDCCH and for certain instances of UCI reporting on the PUSCH[footnoteRef:1] is used for payloads in the order of tens of bits. It may not require new encoder in the UE nor new decoder in the eNodeB. No significant specification impact is envisaged regarding the encoder or rate matching procedure. [1:  It is used for UEs supporting CQI/PMI reporting on PUSCH for more than one DL cell or more than one CSI process, for payloads larger than 11 bits. ] 

Multiple-RM code
The dual-RM code defined for the PUCCH is used for payloads up to 22 bits. A multiple-RM code can be defined to accommodate larger payloads by dividing the payload bits into parts and separately encode each 
[image: ]
Figure 1. Required SNR for 1% BER for transmission on a non-frequency hopping PUSCH on a TU channel, using QPSK modulation and 1, 2 or 3 of PRB pairs. 
part by the (32,11) RM code. It would require new encoder in the UE and new decoder in the eNodeB, although it may be possible to partly reuse some of the single-RM encoder/decoder structure. It would require specification effort to define the encoder in terms of allocating the bits to the encoders (i.e., determining the columns of the generator matrix), the rate matching (i.e., determining the rows of the generator matrix) and the arrangement (i.e., interleaving) of modulation symbols related to the different encoders. In Appendix A, we describe the multiple-RM code used in these evaluations. 
Fig. 1 shows that there are performance differences in terms of required signal-to-noise ratio (SNR) for achieving a target bit error rate (BER) of 1% for the different coding schemes. This BER may be representative considering some of the existing performance requirements (e.g., ACK missed detection probability for PUSCH and for PUCCH format 3 or CQI BLock Error Rate (BLER) for PUCCH format 2 [3]). The results are obtained by a large number of simulation runs and search in steps of 0.1 dB with linear interpolation between the SNR points and simulations are following the assumptions of Table 1 in Appendix B.
A first observation from Fig. 1 is that the required SNR becomes significantly lower when allocating more physical resource block (PRB) pairs, i.e., lowering the code rate while keeping a fixed payload. There is more than 3 dB gain going from 1 to 2 PRB pairs and the gain becomes larger for larger payloads. Thus, performance gains could be realized even when keeping the same total transmit power for 1 PRB pair as for 2 PRB pairs.  The gain is slightly less, but still very substantial, when going from 2 to 3 PRB pairs. Thus, large UCI payloads will not be an issue in terms of detection performance if sufficient amount of PUCCH resources are allocated.
In terms of code performance, the following can be concluded:
· The turbo code performs worse than the convolutional code.
· The multiple-RM code performs marginally better (~0.1 dB) than or equal to the convolutional code for payloads up to ~60 bits (~50 bits), for allocations of 1 PRB pair (2 PRB pairs).
· For all other cases, the convolutional code performs best. 
In Fig. 1, the number of information bits is the same as the block length taken as input to the encoder. Cases with some known bits (e.g., NACKs for unscheduled carriers) may be incorporated in decoding algorithms for any of these three codes, leading to improved performance. This is therefore not a decisive factor for selection among these codes. 
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Figure 2. Required SNR for 1% BER for transmission on a non-frequency hopping PUSCH on a TU channel, using 1 PRB pair and QPSK and 16QAM modulation, respectively.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]It should be noted that in these simulations, no CRC is attached. Usage of a CRC may lead to a slightly worse BER. However, a CRC could also be beneficial as it may practically drive the BER to 0, given that the eNodeB would completely discard all the decoded UCI bits when the CRC fails (i.e., at the expense of creating ACK-to-DTX or NACK-to-DTX errors). Thus, at least for UCI consisting of HARQ-ACK, if it is envisaged that very stringent BER requirements should be supported, (e.g., NACK-to-ACK error probability of 0.1% [3]), a CRC may be useful.    
Usage of 16-QAM 
Higher order modulation, such as 16-QAM, allows for larger UCI payload, or alternatively a smaller PUCCH overhead for a given UCI payload. Typically, these advantages come at the expense of higher required SNR due to the smaller Euclidean distance for 16-QAM. However, despite this there are cases where the lower code rate (i.e., 2x reduction) resulting from using 16-QAM renders gains over using QPSK. As can be inferred from Fig. 2, these gains occur at large code rates (~0.73) for QPSK.
Conclusions
In terms of implementation/specification complexity, turbo codes and convolutional codes appear to be the simplest choice since the encoder and decoder are already implemented in the UE/eNodeB. The multiple-RM code will require some additional implementation work for the encoder/decoder. The multiple-RM code may have the largest specification impact.
In terms of code performance, the turbo code is the worst and the convolutional code typically performs the best. The multiple-RM code is marginally better for payloads up to ~60 bits for a transmission on 1 PRB pair (i.e., a code rate of ~0.21).
Sufficiently low BER can be obtained for large UCI payloads if the new PUCCH format can utilize multiple-PRB pairs. Gains from 16-QAM are obtained for large code rates, e.g., a code rate of at least 0.73 for QPSK. 
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Appendix A
In the following, the principles of the evaluated multiple-RM encoder are given. Suppose there are  information bits, where , bits are allocated to encoder . Let  be the input vector to RM encoder  using the  generator matrix  and let  be the output coded bits. The matrix  is obtained from the  RM code generator matrix , by truncation of the rows (if  or by cyclic extension of the rows (if , such that . Furthermore, assume the modulation level is  and that there are  modulation symbols.
% Number of RM encoders

% Allocate bits to each RM encoder such that


% Determine the number of rows in each generator matrix such that:
% All bits in one modulation symbol are from one RM encoder

% The number of coded bits matches the number of modulation symbols  

% Concatenate the coded bits
 
% Map consecutive bits from the vector  to modulation symbols 

Appendix B
Table 1. Simulation assumptions.
	Parameter
	Value

	Transmission format
	PUSCH, no frequency hopping

	Number of PRB pairs
	1,2 or 3

	System bandwidth
	5 MHz

	Channel model
	TU, 3 km/h

	Cyclic prefix
	Normal

	Antenna configuration
	1 TX, 2 RX

	Channel estimation
	LMMSE

	Decoding algorithms
	Turbo code: Max LogMap, 8 iterations
Convolutional code: Viterbi
Multiple-RM code: Maximum likelihood

	CRC bits
	0

	Modulation
	QPSK / 16QAM
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