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Introduction
In RAN1#87, Polar codes were agreed to be the channel coding scheme for uplink and downlink control information of eMBB, except for very short block size [1]. 
For very small block size, less than or equal to K = 11 information bits, a variation of (N=32, K=11)-Reed-Muller (RM) block codes is used in LTE [3]. Using this code, the first 6 columns of LTE-RM generator matrix contain (32,6)-RM code and the remaining 5 columns contain basis sequences that are exhaustively searched in order to maximize the minimum distance of the final code. An inherent gain, applying the LTE-RM code is that maximum likelihood (ML) decoding implementation would be possible via the fast Hadamard transform (FHT) algorithm, which is due to structure of the LTE-RM coding scheme. 

In this contribution, we investigate the performance of the LTE-RM code (for information block size ) when some bits are known a priori at decoder, where the a priori information is available when the LTE-RM code is used for codebook adaptation for CA PUCCH. In such situation, we show the superiority of LTE-RM codes to Golay block codes [6] and PC-Polar codes [7], all using ML decoding.
Codebook Adaptation for CA PUCCH
In the context of carrier aggregation in LTE there are two ways of determining the coding scheme used for PUCCH transmission when the number of A/N bits is larger than two. 
· Slow codebook adaptation, where the UE reports A/N bits for all configured CCs.
· Fast codebook adaptation, where the UE reports A/N bits for all detected scheduled CCs.
For slow codebook adaptation, the UE reports NACK for all configured CCs on which it didn’t detect any PDCCH. At first sight it might seem that the performance of the channel code used for PUCCH is determined by the number of reported A/N bits. However, since the eNB knows on which CCs the UE wasn’t scheduled it knows that the information bits for these carriers will be NACK, and it can use this information when decoding the PUCCH. For the RM block code used for PUCCH Format 3 in LTE there is negligible loss when reporting A/N bits for all configured CCs compared to only reporting A/N bits for detected scheduled CCs [5].
For fast codebook adaptation, the UE uses the additional counter and total DAI fields in the DCI to detect any missed PDCCHs. These fields incur additional overhead in the DCI and there are error cases when the UE misses more than one PDCCH. Thus slow codebook adaptation is preferred over fast codebook adaptation.

For the LTE-RM code, the loss from reporting additional ACK/NACK bits known a priori at the receiver is negligible.
Usage of a priori information at the receiver


Consider a (N, A) block code. The bits input to the channel coding block are denoted by   where A is the number of information bits. The code words of the (N, A) block code are a linear combination of the A basis sequences denoted Mi,n (shown in Table 2). The encoded block is denoted by  where

 where i = 0, 1, 2, …, N-1.
If the eNB has a priori information that some of the input bits are known to be zero, the eNB can remove the corresponding basis sequences from the generator matrix and decode a code of smaller dimension. After removing the known bits, if there are K unknown bits, the size of the effective generator matrix corresponds to a (N, K) code. The unknown bits are the actual information bits to transmit.




Note that for a systematic code  for i < K and . Thus if  is known at the receiver, then is constant for all possible input sequences of the unknown bits and carries no information about the unknown bits. 

When using systematic codes and a priori information, some coded bits carry no information about the unknown bits.
[bookmark: _Ref477961227]Simulation results
In the following simulation study we have compared the Golay codes of [6], the PC-Polar codes of [7] and the LTE-RM codes, all decoded using ML. We have used a codebook of size (32, 11) with K unknown bits at the receiver. In each trial a random subset of K bits is selected, and the other 11 – K bits are set to 0. The decoder uses an ML decoder, which means that performance cannot be improved in the future by e.g. using a larger list size in an SCL decoder of Polar codes. Our simulation setup is summarized in Table 1.
[bookmark: _Ref477945034]Table 1 – Simulation setup for various block codes
	Channel/Modulation
	AWGN/QPSK

	Code length N
	32

	Unknown info. Bits K
	2~11

	Targeted BLERs
	0.1, 0.01, 0.001, 0.0001

	Coding scheme
	LTE-RM [3]
	Golay [6]
	PC-Polar [7]

	Decoding algorithm
	ML




LTE-RM codes outperform PC-Polar and Golay codes by up to 1 dB when using a priori information at the receiver.

Based on this observation we propose the following

Adopt the LTE-RM codes for at least block sizes  when using a priori information at the receiver.
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Figure 1 -- Required SNR for BLER = 0.1
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Figure 2: Required SNR for BLER = 0.01
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Figure 3: Required SNR for BLER = 0.001
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Figure 4: Required SNR for BLER = 0.0001
Conclusion

In this contribution, we investigated the performance of the LTE-RM code for information block size ).  Some bits are assumed known a priori at decoder as used for codebook adaptation of CA PUCCH. 

Observation 1 For the LTE-RM code, the loss from reporting additional ACK/NACK bits known a priori at the receiver is negligible.
Observation 2 When using systematic codes and a priori information, some coded bits  carry no information about the unknown bits.
Observation 3 LTE-RM codes outperform PC-Polar and Golay codes by up to 1 dB when using a priori information at the receiver.

Based on the discussion in this contribution we propose the following:
1. 
Adopt the LTE-RM codes for at least block sizes  when using a priori information at the receiver.
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Appendix
[bookmark: _Ref477943868]Table 2 -- Basis sequences for (32, K) code.
	i
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9
	Mi,10

	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	1

	1
	1
	1
	1
	0
	0
	0
	0
	0
	0
	1
	1

	2
	1
	0
	0
	1
	0
	0
	1
	0
	1
	1
	1

	3
	1
	0
	1
	1
	0
	0
	0
	0
	1
	0
	1

	4
	1
	1
	1
	1
	0
	0
	0
	1
	0
	0
	1

	5
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	1

	6
	1
	0
	1
	0
	1
	0
	1
	0
	1
	1
	1

	7
	1
	0
	0
	1
	1
	0
	0
	1
	1
	0
	1

	8
	1
	1
	0
	1
	1
	0
	0
	1
	0
	1
	1

	9
	1
	0
	1
	1
	1
	0
	1
	0
	0
	1
	1

	10
	1
	0
	1
	0
	0
	1
	1
	1
	0
	1
	1

	11
	1
	1
	1
	0
	0
	1
	1
	0
	1
	0
	1

	12
	1
	0
	0
	1
	0
	1
	0
	1
	1
	1
	1

	13
	1
	1
	0
	1
	0
	1
	0
	1
	0
	1
	1

	14
	1
	0
	0
	0
	1
	1
	0
	1
	0
	0
	1

	15
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1

	16
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	0

	17
	1
	0
	0
	1
	1
	1
	0
	0
	1
	0
	0

	18
	1
	1
	0
	1
	1
	1
	1
	1
	0
	0
	0

	19
	1
	0
	0
	0
	0
	1
	1
	0
	0
	0
	0

	20
	1
	0
	1
	0
	0
	0
	1
	0
	0
	0
	1

	21
	1
	1
	0
	1
	0
	0
	0
	0
	0
	1
	1

	22
	1
	0
	0
	0
	1
	0
	0
	1
	1
	0
	1

	23
	1
	1
	1
	0
	1
	0
	0
	0
	1
	1
	1

	24
	1
	1
	1
	1
	1
	0
	1
	1
	1
	1
	0

	25
	1
	1
	0
	0
	0
	1
	1
	1
	0
	0
	1

	26
	1
	0
	1
	1
	0
	1
	0
	0
	1
	1
	0

	27
	1
	1
	1
	1
	0
	1
	0
	1
	1
	1
	0

	28
	1
	0
	1
	0
	1
	1
	1
	0
	1
	0
	0

	29
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	0

	30
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	31
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
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