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[bookmark: _Ref477939648]Introduction
[bookmark: _GoBack]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 [2]. 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 when 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 the structure of the LTE-RM coding scheme. 

In this contribution, we investigate the performance of the LTE-RM code using ML or equivalently FHT decoder, for coding of eMBB control information. The LTE information block size range of  is assumed for the LTE-RM code study, and dual-RM code is not used.  We compare the LTE-RM code with Golay block codes [4] using ML decoding, PC-Polar [5] as well as CA-Polar codes using list decoding. The performance of dual-RM code for   is studied in the companion contribution [8].
LTE-RM code for very small block size


Consider a (N, K) block code. The bits input to the channel coding block are denoted by   where O is the number of bits. The code words of the (N, K) block code are a linear combination of the K basis sequences denoted Mi,n (see Table 2 for (32,11)-LTE RM basis sequences), The encoded block is denoted by  where

 where i = 0, 1, 2, …, N-1.
Note that for control information of size N = 20 or N = 24, the last 12 rows or the last 8 rows of the basis sequences are punctured, respectively. Further, for N > 32 code length, repetition of the basis sequences starts from the first one. There also exists an extension of the LTE-RM codes up to K=14 bits [6].

The decoding of the LTE-RM code is based on FHT algorithm, whose performance coincides with that of the ML decoding (see [3] for more details on implementation of FHT-based decoding). 

Observation 1 ML decoding implementation of LTE-RM code can be realized using FHT algorithm, leading to significantly lower decoding complexity.

Simulation results
In this section, we compare the performance of four coding candidates, 
1. LTE-RM [2] (using ML or FHT decoder); 
2. Golay [4] codes (using ML decoder); 
3. PC-Polar [5] codes (using SCL decoder with list size L=8); 
4. CA-Polar [7] codes (using SCL decoder with list size L=8). 
For the CA-Polar code, a CRC outer code is concatenated with the original Polar code to check if any of the candidate paths in the list is correctly decoded. In the following simulations, it is assumed that the information bits at the input to the encoder do not contains CRC bits. Thus, 3 CRC bits are added to the end of K information bits to be encoded using CA-Polar code. That the PC-Polar decoder uses no CRC bits and just selects the list with the best path metric considering the PC bits. Table 1 summarizes simulation setup for the four coding schemes. 

[bookmark: _Ref477945034]Table 1 – Simulation setup for various block codes
	Channel/Modulation
	AWGN/QPSK

	Code length N
	20, 24, 32

	Information length K
	2~11

	Targeted BLERs
	0.1, 0.01, 0.001

	Coding scheme
	LTE-RM [2]
	Golay [4]
	PC-Polar [5]
	CA-Polar (with 3 CRC bits) [7]

	Decoding algorithm
	ML (or FHT)
	ML
	PC-SCL
List size = 8
	SCL
List size = 8



The criterion we show for performance comparison is SNR (in dB) to reach a targeted BLER as a function of information block size. This criterion basically provides more informative and compact curves compared to BLER vs. SNR criterion.

Figures 1 to 6 demonstrate the curves showing SNR vs. K performance of the codes for fixed code length and targeted BLERs. We have the following observations:
Observation 2 LTE-RM and Golay codes provide similar performances and outperform PC-Polar and CA-Polar codes.
Observation 3 Golay code gives slightly better performance compared to LTE-RM codes at  N=20 and N=24. However, this improvement for Golay code comes at the price of high ML-decoding complexity while LTE-RM code can be decoded ML-wise using FHT algorithm with lower complexity. 
LTE RM code is a good code that should be reused in NR due to its superior performance and ML-optimal low-complexity decoding. Based on the simulation results and our observations, we have the following proposal:


Reuse LTE-RM code for NR control channel information at least for  bits.

[image: ]
Figure 1 – SNR for targeted BLER = 0.1 as a function of K for N = 32
[image: ]
Figure 2 -- SNR for targeted BLER = 0.1 as a function of K for N = 24
[image: ]
Figure 3 -- SNR for targeted BLER = 0.1 as a function of K for N = 20
[image: ]
Figure 4 -- SNR for targeted BLER = 0.01 as a function of K for N = 32
[image: ]
Figure 5 -- SNR for targeted BLER = 0.01 as a function of K for N = 24
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Figure 6 -- SNR for targeted BLER = 0.01 as a function of K for N = 20
[image: ]

Figure 7 -- SNR for targeted BLER = 0.001 as a function of K for N = 32
[image: ]
Figure 8 -- SNR for targeted BLER = 0.001 as a function of K for N = 24
[image: ]
Figure 9 -- SNR for targeted BLER = 0.001 as a function of K for N = 20


Conclusions
In this contribution, we studied the performance of block codes for very short control channel information with a focus on LTE-RM codes. Based on our simulation results, we made the following observations and proposal:

Observation 1 ML decoding implementation of LTE-RM code can be realized using FHT algorithm, leading to significantly lower decoding complexity.
Observation 2 LTE-RM and Golay codes provide similar performances and outperform PC-Polar and CA-Polar codes.
Observation 3 Golay code gives slightly better performance compared to LTE-RM codes at  N=20 and N=24. However, this improvement for Golay code comes at the price of high ML-decoding complexity while LTE-RM code can be decoded ML-wise using FHT algorithm with lower complexity.

1. 
      Reuse LTE-RM code for NR control channel information at least for  bits. 
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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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