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1 Introduction

In the RAN1#68bis meeting, whether to enhance simultaneous transmission of periodic CSI and HARQ-ACK was discussed and the following conclusions were agreed [1]: 
· Multi-cell HARQ-ACK and Periodic CSI Multiplexing for DL CA is supported in Rel-11
· A Rel-11 UE that supports PUCCH Format 3 can be configured for simultaneous transmission of multi-cell HARQ-ACK feedback, SR and periodic CSI report for one serving cell on PUCCH Format 3

· For a Rel-11 UE that is configured for Format 1b with channel selection, simultaneous transmission of multi-cell HARQ-ACK feedback and a periodic CSI report on PUCCH Format 2a/2b is FFS

· FFS whether separate coding or joint coding of HARQ-ACK and CSI 
The contribution focuses on the channel coding for periodic CSI and HARQ-ACK on PUCCH format 3. Joint coding and separate coding will be discussed and the performance evaluation will also be provided.    
2 Discussion 
2.1 Joint coding of periodic CSI and HARQ-ACK  
For joint coding of periodic CSI and HARQ-ACK, one open issue is how to order the CSI bits and HARQ-ACK bits. If the total number of CSI bits and HARQ-ACK bits is more than 11, how to divide the information bits into two RM blocks also needs to be considered.     
Option 1: CSI bits are concatenated next to HARQ-ACK bits
Periodic CSI bits are concatenated next to HARQ-ACK bits, and then the concatenated bits are encoded by single RM (32, 11) coding or dual RM (32, 11) coding. When the number of the concatenated bits is less than 12, the concatenated bits are encoded by single RM (32, 11) coding with circular repetition as shown in Figure 1. 
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Figure 1. An example for single RM coding of option 1.
When the number of the concatenated bits is more than 11, the concatenated bits are encoded by dual RM (32, 11) coding, and the following two alternatives can be used for dividing the concatenated bits into two RM blocks. 

· Option 1-1: Even bits for the first RM block and odd bits for the second RM block      

The even bits are input to the first RM block and the odd bits are input to the second RM block [2-3]. An example is shown in Figure 2.

· Option 1-2: The concatenated bits are equally segmented into two parts for the two RM blocks      

The concatenated bits are equally segmented into two parts of length 
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is the total number of periodic CSI bits and HARQ-ACK bits. The first part is the input to the first RM block and the second part is the input to the second RM block. An example is shown in Figure 3.
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Figure 2. An example for dual RM coding with option 1-1.
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Figure 3. An example for dual RM coding with option 1-2.
For option 1, in the subframe configured to the UE by higher layers for transmission of scheduling request, one scheduling request bit can be transmitted with periodic CSI and HARQ-ACK. In this case, the HARQ-ACK bits are concatenated next to the one scheduling request bit, and then the periodic CSI bits are concatenated next to the HARQ-ACK bits. All of the concatenated bits are encoded using the same way as the case that periodic CSI and HARQ-ACK are transmitted simultaneously.
Option 2: HARQ-ACK bits are concatenated next to CSI bits

HARQ-ACK bits are concatenated next to periodic CSI bits. When the number of the concatenated bits is less than 12, the concatenated bits are encoded by single RM (32, 11) coding with circular repetition as shown in Figure 4. When the number of the concatenated bits is more than 11, the concatenated bits are encoded by dual RM (32, 11) coding as shown in Figure 5. Here the scheme for dividing the concatenated bits into two RM blocks is the same as option 1-2. In this way, option 2 is expected to have better HARQ-ACK performance if the total number of HARQ-ACK bits and periodic CSI bits is odd and the number of HARQ-ACK bits is smaller than the number of periodic CSI bits, because in such cases the HARQ-ACK bits are transmitted in the block with less information bits. 
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Figure 4. An example for single RM coding of option 2.
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Figure 5. An example for dual RM coding of option 2.
For option 2, in the subframe configured to the UE by higher layers for transmission of scheduling request, one scheduling request bit can be transmitted with periodic CSI and HARQ-ACK. In this case, HARQ-ACK bits are concatenated next to periodic CSI bits, and then one scheduling request bit is concatenated next to HARQ-ACK bits. All of the concatenated bits are encoded using the same way as the case that periodic CSI and HARQ-ACK are transmitted simultaneously.
2.2 Separate coding of periodic CSI and HARQ-ACK  
PUCCH format 3 can carry 48 coded bits, which are distributed among the HARQ-ACK and periodic CSI. Figure 6 shows the basic processing for separate coding. HARQ-ACK bits and CSI bits are encoded by single RM (32, 11) coding separately, and then rate matching is performed to each RM encoder according to the allocated coded bits for HARQ-ACK and periodic CSI. Interleaving of the coded bits from the two encoders is needed in order to obtain time and frequency diversity gain for both HARQ-ACK and periodic CSI. Thus, for separate coding, how to allocate the coded bits and how to perform the interleaving need to be solved. The following design principles can be considered.
· For the coded bits allocation scheme
· The number of allocated coded bits for both HARQ-ACK and periodic CSI should be even. In order to decode HARQ-ACK and periodic CSI separately using joint Data + RS decoding algorithm, each modulation symbol should only carry either HARQ-ACK coded bits or periodic CSI coded bits, which requires that the number of allocated coded bits for each encoder is even. 
· One or multiple parameter(s) signaled by eNB can be used to adjust the coding rate. In this way, eNB can adjust the allocated coded bits according to the performance requirements of HARQ-ACK and periodic CSI respectively.    
· For the interleaving scheme
· Both the HARQ-ACK coded bits and periodic CSI coded bits should be mapped to both slots, so as to obtain time and frequency diversity gain.  
· Make sure that each modulation symbol just carries the coded bits from one encoder. In this way, eNB can decode HARQ-ACK and periodic CSI separately using joint Data + RS decoding algorithm, which can improve the performance of HARQ-ACK and periodic CSI and reduce the decoding complexity. 
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Figure 6. Basic processing for separate coding.
In the subframe configured to the UE by higher layers for transmission of scheduling request, one scheduling request bit can be transmitted with periodic CSI and HARQ-ACK. In this case, one scheduling request bit is concatenated next to the HARQ-ACK bits and then encoded by one of the two encoders, and periodic CSI bits are encoded by the other encoder.
2.3 Performance comparison  
In this section, we evaluate the link performance of the coding schemes for periodic CSI and HARQ-ACK on PUCCH format 3 using the simulation assumptions listed in Table 1 in Appendix A. Considering that RI has higher target performance compared to CQI/PMI, the performance requirement for the cases with less than 4 bits CSI is BLER<=10e-3 in this simulation.
For separate coding, the number of coded bits for HARQ-ACK and periodic CSI is optimized to provide the minimum required SNR to meet the performance requirements of HARQ-ACK and periodic CSI with the consideration of the design principle given in section 2.2. The coded HARQ-ACK bits and coded periodic CSI bits are interleaved according to the interleaving scheme given in Appendix B, which also meets the design principles given in section 2.2.
The required SNR for the three options of joint coding described in section 2.1 is summarized in Table 2. The SNR in yellow rectangular grid is the minimum required SNR among the three options. Based on the simulation results, we can have the following two observations:

· Option 2 has the best HARQ-ACK performance among the three options when the total number of HARQ-ACK bits and periodic CSI bits is odd and the number of HARQ-ACK bits is smaller than the number of periodic CSI bits, because the HARQ-ACK bits are transmitted in the block with less information bits in these cases.

· Option 2 has the best performance for most of the combinations. And for the rest of the combinations, where option 2 doesn’t have the best performance, the performance difference between option 2 and the best one is small.
Thus if joint coding is used, the scheme of option 2 is preferred from performance point of view.
Table 2. The required SNR (dB) for different options of joint coding.
	Combination of A/N + CSI bits
	Dual RM (32, 11) code

	
	Option 1-1
	Option 1-2
	Option 2

	10 A/N + 11 CSI
	2.4* (1.0**)
	2.7* (1.0**)
	1.7* (0.7**)

	6 A/N + 11 CSI
	0.6* (-1.0**)
	1.1* (-1**)
	0* (-1**)

	10 A/N + 10 CSI
	1.9* (0.1**)
	1.8* (-0.9**)
	1.7* (-0.9**)

	10 A/N + 9 CSI
	1.2* (-0.4**)
	1.4* (-1.6**)
	0.8* (-1**)

	10 A/N + 8 CSI
	1.0* (-0.5**)
	0.8* (-1.5**)
	0.8* (-1.3**)

	6 A/N + 8 CSI
	-0.5* (-2**)
	-0.3* (-2.2**)
	-0.2* (-2.4**)

	4 A/N + 8 CSI
	-1.2* (-2.7**)
	-1.4* (-2.7**)
	-1.5* (-2.7**)

	10 A/N + 7 CSI
	0.7* (-0.9**)
	0.8* (-1.8**)
	0.8* (-1.5**)

	6 A/N + 7 CSI
	-1* (-2.5**)
	-0.5* (-2.7**)
	-1.3* (-2.7**)

	10 A/N + 6 CSI
	0.3* (-1.2**)
	0.5* (-1.8**)
	0.6* (-2**)

	10 A/N + 4 CSI
	-0.5* (-2.2**)
	-0.6* (-3**)
	-0.6* (-3**)

	10 A/N + 3CSI
	-0.9* (0.2***)
	-0.7* (-0.6***)
	-0.9* (0***)

	10 A/N + 2 CSI
	-1.3* (-0.3***)
	-1.3* (-0.9***)
	-1.1* (-0.6***)

	

	
	Single RM (32, 11) code

	
	Option 1
	Option 2

	4 A/N + 7 CSI
	-2.2* (-4.5**)
	-2* (-4.4**)

	4 A/N + 6 CSI
	-2.5* (-4.7**)
	-2.5* (-4.8**)

	6 A/N + 4 CSI
	-2.6* (-4.8**)
	-2.6* (-4.9**)

	4 A/N + 4 CSI
	-3.4* (-5.7**)
	-3.4* (-5.8**)

	3 A/N + 4 CSI
	-4* (-6**)
	-3.6* (-6.4**)

	6 A/N + 3 CSI
	-3* (-2.1***)
	-3.2* (-2.7***)

	6 A/N + 2 CSI
	-3.5* (-3.1***)
	-3.5* (-3.1***)

	10 A/N + 1 CSI
	-2.3* (-2***)
	-2.3* (-2.1***)

	6 A/N + 1 CSI
	-3.7* (-3.6***)
	-3.9* (-3.9***)

	4 A/N + 1 CSI
	-5.2* (-5.3***)
	-5.4* (-5.2***)


Note 1: * required SINR determined by HARQ-ACK BER ≤ 10-3

Note 2: ** required SINR determined by CQI BLER ≤ 10-2
Note 3: *** required SINR determined by RI BLER ≤ 10-3
In order to compare the performance of joint coding and separate coding, Table 3 shows the required SNR for separate coding and joint coding. In Table 3, the performance of option 2 is used for joint coding. The yellow rectangular grid represents the cases that separate coding has positive performance gain over joint coding. The purple rectangular grid represents the cases that separate coding has negative performance gain over joint coding. From Table 3, we can see that separate coding has positive performance gain compared to joint coding in some combinations, but it also has negative performance gain in some combinations. Thus, from the performance point of view, both separate coding and joint coding can be considered for the coding of periodic CSI and HARQ-ACK on PUCCH format 3. 
According to the simulation results in Table 3, we can see that the number of coded periodic CSI bits and the number of coded HARQ-ACK bits for separate coding depends on the number of HARQ-ACK bits and the number of periodic CSI bits. In practice, besides the number of HARQ-ACK bits and the number of periodic CSI bits, the allocation of the coded bits will also be influenced by other factors like the channel quality and the detection algorithm of the receiver. Thus, if separate coding is used, it is preferred that eNB can configure one or multiple UE-specific parameter(s) to adjust the number of coded periodic CSI bits and the number of coded HARQ-ACK bits. 
Table 3. The required SNR (dB) for joint coding and separate coding.
	Combination of A/N + CSI bits
	Joint coding
	Separate coding
	Gain of using separate coding [dB] 

	
	Required SNR [dB] 
	Required SNR [dB] 
	Coded A/N bits
	Coded CSI bits
	

	10 A/N + 11 CSI
	1.7* (0.7**)
	1.1* (1.7**)
	26
	22
	0

	6 A/N + 11 CSI
	0* (-1**)
	-0.3* (0**)
	24
	24
	0

	10 A/N + 10 CSI
	1.7* (-0.9**)
	0.3* (0.7**)
	28
	20
	1.0

	10 A/N + 9 CSI
	0.8* (-1**)
	0.3* (0**)
	28
	20
	0.5

	10 A/N + 8 CSI
	0.8* (-1.3**)
	0.3* (-0.2**)
	28
	20
	0.5

	6 A/N + 8 CSI
	-0.2* (-2.4**)
	-1.6* (-0.1**)
	28
	20
	-0.1

	4 A/N + 8 CSI
	-1.5* (-2.7**)
	-2.0* (-2.5**)
	24
	24
	0.5

	10 A/N + 7 CSI
	0.8* (-1.5**)
	0.3* (-0.6**)
	28
	20
	0.5

	6 A/N + 7 CSI
	-1.3* (-2.7**)
	-1.6* (-0.5**)
	28
	20
	-0.8

	4 A/N + 7 CSI
	-2* (-4.4**)
	-2.1* (-2.3**)
	26
	22
	0.1

	10 A/N + 6 CSI
	0.6* (-2**)
	-0.8* (0.3**)
	32
	16
	0.3

	10 A/N + 4 CSI
	-0.6* (-3**)
	-1* (-1.3**)
	36
	12
	0.4

	10 A/N + 3CSI
	-0.9* (0***)
	-0.4* (-0.4***)
	34
	14
	0.4

	10 A/N + 2 CSI
	-1.1* (-0.6***)
	-1.0* (-1.4***)
	36
	12
	0.4

	10 A/N + 1CSI
	-2.3* (-2.1***)
	-1.5* (-1.7***)
	42
	6
	-0.6

	4 A/N + 6 CSI
	-2.5* (-4.8**)
	-2.1* (-2.7**)
	26
	22
	-0.4

	6 A/N + 4 CSI
	-2.6* (-4.9**)
	-2.6* (-3.6**)
	32
	16
	0

	4 A/N + 4 CSI
	-3.4* (-5.8**)
	-3.6* (-3.7**)
	32
	16
	0.2

	3 A/N + 4 CSI
	-3.6* (-6.4**)
	-4* (-4**)
	28
	20
	0.4

	6 A/N + 3 CSI
	-3.2* (-2.7***)
	-1.7* (-1.4***)
	30
	18
	-1.3

	6 A/N + 2 CSI
	-3.5* (-3.1***)
	-1.8* (-1.8***)
	34
	14
	-1.3

	6 A/N + 1 CSI
	-3.9* (-3.9***)
	-3.3* (-3.3***)
	40
	8
	-0.6

	4 A/N + 1 CSI
	-5.4* (-5.2***)
	-4* (-4***)
	38
	10
	-1.2


Note 1: * required SINR determined by HARQ-ACK BER ≤ 10-3

Note 2: ** required SINR determined by CQI/PMI BLER ≤ 10-2
Note 3: *** required SINR determined by RI BLER ≤ 10-3
2.4 Summary of the discussions  
For joint coding, basically it can reuse the coding block for the case of HARQ-ACK only and thus has less impact on the specification and implementation. For separate coding, as described in section 2.2, it needs to define the coded bits allocation scheme and the interleaving scheme, so it has more impact on the specification and implementation. Therefore, from the point of view of impact on the specification and implementation, joint coding is better.
Based on the simulation results shown in section 2.3, we can see that separate coding has positive performance gain compared to joint coding in some combinations, but it also has negative performance gain in some other combinations. Thus, from the performance point of view, separate coding and joint coding are even. 
For simplicity on the specification and implementation, and considering that separate coding also has negative performance gain in some combinations, joint coding is slightly preferred. 
Proposal: Joint coding is slightly preferred for periodic CSI and HARQ-ACK on PUCCH format 3.
3 Conclusion 
In this contribution, we provide our views on the channel coding for periodic CSI and HARQ-ACK on PUCCH format 3. Joint coding and separate coding were discussed and the performance evaluation was provided. Based on performance evaluation and analysis in section 2, we have the following proposal:
Proposal: Joint coding is slightly preferred for periodic CSI and HARQ-ACK on PUCCH format 3.
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Appendix A
Table 1. Simulation assumptions.

	Parameter
	Value

	Carrier frequency
	2GHz

	Channel model
	ETU/5MHz

	Velocity
	3km/h

	Frequency hopping
	At slot boundary

	Antenna configuration
	1x2

	RX antenna correlation
	Uncorrelated

	CP
	Normal

	Signal bandwidth
	180kHz

	DTX detection
	Disabled

	Noise estimation
	Ideal

	Number of UEs
	1

	Number of PRBs for PUCCH
	1
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	Receiver Type
	Joint ML detection using data and DM-RS

	A/N performance requirement
	BER<=1%

	CQI/PMI performance requirement
	BLER <= 10%

	RI performance requirement
	BLER<=1%

	A/N payload size
	{10, 6, 4, 3} bits

	Periodic CSI (CQI/PMI/RI) payload size
	{11, 9, 8, 7, 6, 4, 3, 2, 1} bits


Appendix B

In the simulation, the interleaving of the coded HARQ-ACK bits and coded periodic CSI bits for separate coding are performed as follows:
· The coded HARQ-ACK bit sequence is segmented into two parts. The length of the first part and the second part is 
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 is the number of coded bits for HARQ-ACK. 
· The coded periodic CSI bit sequence is segmented into two parts. The length of the first part and the second part is 
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is the number of coded bits for periodic CSI. 
· The output bit sequence of the channel coding block for HARQ-ACK and periodic CSI is obtained by concatenation of the first part of the coded HARQ-ACK bit sequence, the first part of the coded periodic CSI bit sequence, the second part of the coded HARQ-ACK bit sequence and the second part of the coded periodic CSI bit sequence.  
Figure 7 shows an example of the mapping of the coded HARQ-ACK bits and coded periodic CSI bits to the resource elements. 
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Figure 7. An example of the mapping of the coded HARQ-ACK bits and coded periodic CSI bits for separate coding.
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