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1 Introduction

The (20, A) RM codes have been agreed for CQI reporting on PUCCH [1]. The coding matrix has been carefully designed in order to reach the maximum dmin as close as possible, so the best performance can be provided for CQI coding [2]. However, according to our simulation results, it has been found that with current physical mapping method, frequency and time diversity can not be achieved sufficiently, which causes performance loss for the CQI transmission.
In this contribution, we investigate the problem of channel coding in PUCCH transmission and propose a method to improve the performance of CQI transmission. By introducing a row permutation criterion, frequency and time diversity can achieved sufficiently.
2 Discussion 
2.1 Mapping to physical resources
PUCCH uses one resource block in each of the two slots in a subframe. After RM coding and modulation, the QPSK symbols are mapped to the physical resources, which illustrated in figure 1 [3]. Each slot contains five OFDM symbols. To make good use of frequency diversity, the two slots in a subframe are mapped to the two band edges of the system respectively.
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Figure 1 Mapping to physical resource blocks for PUCCH
2.2 Problem analysis 
For the RM coding, the element 
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 in the (20,A) coding matrix can be viewed as the linear weight to the information bits. From the coding (20,A) coding matrix it can be observed that there exist many consecutive zero weights, as shown in Table 1, where the consecutive zeros are marked with red colour.
. Table 1 Concatenated zeros in (20, A) code
	i
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9
	Mi,10
	Mi,11
	Mi,12

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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


Take the 
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 in 6th column for instance, note that the value of 
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are all zero. When the number of input UCI bits is biger than 6, for the encoded bits 
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  for i=0,…9                                                                (1)

That is, the information of 
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 can only affect the values of b(10) to b(19), which are the last 10 encoded bits. This means that with the QPSK modulation, only the last 5 QPSK symbols contain the information of
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According to the physical mapping criteria mentioned in section 2.1, the last 5 QPSK symbols shall be mapped to the 2nd slot in the subframe. This leads to the result that the first slot will not contain any information of the
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, as illustrated in Figure 2. Thus the frequency diversity will not be achieved sufficiently. 
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Figure 2  Information bit 
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 mapping to physical resources
The same issue also exist in the other columns. With the consecutive zeros, some modulated symbols will not contain the CQI information bits. For facility, we call this kind of symbol as zero symbol, e.g. the modulated symbol constructed by 
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. Due to these zero symbols, the time diversity will not be obtained when the physical channel vary fast. 
Figure 3 shows the BLER performance relating to the different length of the CQI bits. Considering the payload size of the CQI transmited on the PUCCH, 4bits to 11bits CQI are evaluated. The simulation assumptions are listed in the Appendix A. It can be seen that an obvious gap exists between the 5bits and 6bits. This phenomenon is consistent with the previous analysis. 
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Figure 3 Performance of current matrix
2.3 Row permutation of the coding matrix

In order to achieve sufficient frequency and time diversity, we propose to do row permutation of the (20,A) coding matrix. It is easy to verify that after permutation, the relationship between 
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does not changed, so the generated matrix is still a RM coding matrix.

The method of switching the nth row and the mth row should fulfil the criteria as following:

· To achieve frequency diversity as more as possible, divide the coding matrix into 2 parts, where i=0,…,9 belong to one part, and i=10,…,19 belong to another part. Try to allocate number of zeros equably into the two parts. 
· The number of consecutive zeros in each column should be as small as possible
· If the consecutive zeros in a column are unavoidable, try to allocate them to the different modulated symbols. 
Based on the row permutation criteria, we obtain a new (20,A) coding matrix as an example showing in Table 2. Compare with the original matrix, in the modified matrix, the number of zero symbols decreased from 32 to 17 (mark with red). And the consecutive zero symbols does not exist.
Table 2  Modified (20, A) code matrix
	i
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9
	Mi,10
	Mi,11
	Mi,12

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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


3 Simulation results
In order to evaluate the performance of the proposed methods, link-level simulation is used. ML decoding is considered at the receiver. The simulation assumptions are shown in the Appendix A. The error rates versus SNR performance for different length of CQI are presented in the following figures. Figure 4 to Figure 7 show the comparison of the BLER performance between the current LTE method and the proposed modified method. It is observed that the proposed method can improved the BLER performance of the PUCCH significantly.
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                 Figure 4  Performance of 6bit CQI                        Figure 5  Performance of 7bit CQI
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 Figure 6  Performance of 8bit CQI                        Figure 7  Performance of 9bit CQI
The SNR points for CQI detection error with BLER of 1% is show in Table 3. It can be seen that the performance remains the same for 4-bit, 5-bit and 10-bit CQI, there exist about 1dB gain when the length of CQI is 6bits and 7bits, and about 0.7dB gain for 8bit and 9bit CQI transmission. 
Table 3.  SNR points for CQI detection error < 1%
	CQI (bits)
	4
	5
	6
	7
	8
	9
	10
	11

	Current coding

(dB)
	-5.9
	-5.4
	-3.4
	-3.0
	-2.6
	-2.3
	-1.8
	-0.5

	Modified coding

(dB)
	-6.0
	-5.5
	-4.6
	-3.9
	-3.3
	-2.9
	-1.9
	-0.7

	Gain (dB)
	0.1
	0.1
	1.2
	0.9
	0.7
	0.6
	0.1
	0.2


Figure 8 shows the BLER performance relating to the different length of the CQI bits. It can be seen that with the proposed method, the BLER performance raised evenly with the increasing of the UCI length.
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Figure 8 Performance of modified matrix

4 Decoder analysis

It is known that the punctured Reed-Muller codes can be decoded by simplified method like FHT (Fast Hadamard Transform), which can reduce the complexity greatly. In the efficient receiver, the punctured symbols are inserted into the block of 20 demodulated bits to generate a 32-bits long RM codeword, which is then by an appropriate permutation mapped into a liner combination of Walsh functions. The linear combination coefficients, i.e. the information bits are then detected by the FHT processor
For the modified coding matrix, the decoding implementation based on FHT of RM codes of length 32 can still be used. Just by modifying the original permutation which is used for the current LTE codes of 32-bits long codeword for mapping to Walsh functions, FHT can be performed to the modified RM codes without involve any additional computational complexity.
5 Conclusion
In this contribution, we analysed the channel coding of CQI (channel quality information) on PUCCH and point out that with current (20, A) RM coding matrix, frequency and time diversity can not be achieved sufficiently. A new method is also proposed to solve this deficiency. By introducing a row permutation criterion, frequency and time diversity can be achieved sufficiently without the loss of the properties of RM. The performance of different length of CQI bits can be improved significantly. Therefore, it is suggested that RAN1 employs the improved coding matrix in Rel-9 and beyond versions.
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7 Appendix A:
Table 1. Simulation assumptions

	Parameter
	Assumption

	Bandwidth
	10MHz

	CP Length
	Normal

	Number of transmit antennas
	1

	Number of received antennas
	2

	Modulation
	QPSK

	Channel model
	TU

	UE speed
	3km/h

	Channel estimation
	Realistic
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