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1. Introduction

In this contribution we discuss the bit positioning of CQI and other control information bits in the uplink.
2. PUCCH
2.1. Current Design on Joint CQI+ACK/NAK Coding

The (20, B) Reed-Muller code has been adopted as the coding scheme for uplink CQI feedback on PUCCH.  In the case of extended CP, CQI and ACK/NAK are to be jointly encoded and reported. Because the ACK/NAK bit is apparently more important than CQI bits and requires more reliable reception, it is specified in [1] to map the ACK/NAK bit to the 1st bit of PUCCH payload, which corresponds to the RM basis matrix with all “1” elements and arguably has the best error protection. 
There are still different opinions on whether the 1st column of the RM design is the most protected bit. However, one can always swap the columns of the RM basis matrix according to their error protection capability, given that the error protection of various bits can be differentiated.
Table 1: Basis sequences for (20, B) 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
	Mi,13

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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


2.2. CQI Bit Position on PUCCH
As a step further, we propose to order the CQI bits according to their importance before mapping to the PUCCH payload. Without loss of generality, denote the CQI bits S’ as [s0’, s1’, s2’, …, sB-1’] where B is the number of CQI information bits. Note that here CQI may include the following information fields
· Rank 
· PMI (both wideband and frequency selective)

· Indicator of the positions of the selected M sub-bands, in the case of UE-selected CQI feedback

· Wideband and/or sub-band CQI in the form of MCS.

In general, the importance of different CQI fields is different, as some of the CQI information bits are more important than the others. A very simple example is the 4-bit wideband CQI, where the most significant bit (MSB) of the 4 MCS bits is more important than the least significant bit (LSB), because an error in the MSB has larger impact on the received MCS value and on the throughput than the error in the LSB.  

As a result, it is proposed to CQI information bits S’ according to their importance and requirement for error protection. In other words, bit s1’ is the most important and most protected bit (i.e, mapped to the 1st most protected bit of PUCCH payload) and sB-1’ is the least important and least protected bit (i.e. mapped to the least protected bit of PUCCH payload).

In the following we specifically discuss the CQI bit positioning of different CQI feedback formats. Notations: 

· N=4: bit-length of wideband CQI;
· x=2: bit-length of sub-band (frequency) differential CQI;
· d=3: bit-length of spatial differential CQI;
· L: number of sub-bands;
· p: bit-length for PMI feedback, e.g., p = 4 for 4TX MIMO and 2 or 3 for 2TX precoding.
2.2.1. Single Transmit Antenna and Transmit Diversity
In these cases, CQI report of a single codebook is required.
2.2.1.1. Wideband CQI

A single CQI value is reported for the entire system bandwidth. One should order the CQI bits simply from the MSB to the LSB [2].
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Figure 1: CQI bit positioning for wideband CQI only
2.2.1.2. UE-Selected CQI

The most error protection should be allocated to the wideband CQI because it serves as a reference and impacts the entire system bandwidth. The indication of the best-M sub-band position is the next most important value, as it specifies where the best-M sub-band should be scheduled. If the position indicator is decoded erroneously, eNB scheduling will be sub-optimal where higher MCS is used on sub-bands with actually worse channel condition, resulting in too aggressive link adaptation. An example of the bit positioning is therefore given in Figure 2. Note that in each CQI bit field (e.g., wideband, indicator of best-M position, best-M average CQI), the CQI bits are ordered from the MSB to the LSB.

[image: image2.emf]wideband CQI

indicator of best-M sub-

bands position

best-M sub-band CQI

more error protection less error protection


Figure 2: CQI bit position for UE-selected CQI feedback
2.2.2. MIMO Spatial Multiplexing

Both closed-loop and open-loop spatial multiplexing are included under this scenario. In the case of open-loop spatial multiplexing, no PMI is reported.
2.2.2.1. Wideband CQI

For rank-1 transmission, the wideband CQI bit fields should be designed similarly to Figure 1. In the case of rank>1 feedback, CW2 wideband CQI is encoded differentially with respect to CW 1 wideband CQI. As a result, CW1 1 wideband CQI is more important than the differential wideband CQI of CW2, and should be more protected.
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Figure 3: CQI bit positioning for wideband CQI 
For closed-loop MIMO, PMI is also included in the feedback. The wideband CQI bits field is more important and should be placed in front of the PMI bit field. The PMI bit fields should be ordered with more error protection to the MSB and less protection to the LSB.
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Figure 4: CQI bit positioning for joint CQI/PMI feedback

2.2.2.2. UE-Selected CQI

Option 2 in [3] has been agreed as the frequency-selective CQI report on PUCCH for SU-MIMO. In subframe #m where wideband CQI + wideband PMI is reported, the bit positioning should be designed similarly to Figure 4. The wideband PMI is less important than the wideband CQI.
In subframe #n where the best-M average CQI + best-M average differential CQI is reported, the bit ordering can be designed similarly as in Figure 5.
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Figure 5: Bit positioning for wideband CQI and PMI
The above discussion applies to 

· CQI-only feedback 
· CQI + ACK/NAK feedback with extended CP. In this case, ACK/NAK is more important than CQI bits.
3. PUSCH
The exact format of uplink control in PUSCH has not been completely determined. However, the general principles discussed in Section 2 should also be considered when designing control feedback on PUSCH
· Rank bits are more important than other CQI bits, and should be more protected.
· Wideband CQI bits are more important than sub-band differential CQI (i.e., UE-selected and higher-layer configured CQI).

· For UE selected CQI feedback, CQI bit positioning can be designed similarly to Section 2.
· For higher-layer configured CQI feedback, a general principle in designing the CQI bit field is exemplified in Figure 6. The MSB of each sub-band CQI are equally important, followed by the 2nd most significant bit, the 3rd most important bits, and so on. 
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Figure 6: CQI bit positing for higher-layer configured CQI
4. Summary and Conclusions

In this paper we propose to assign different error protection to different control information bits according to their importance. More error protection should be assigned to more important bits. Specifically, 
· Rank bits are more important than other CQI bits.
· Wideband CQI is more important than sub-band differential CQI.

· For rank>1 MIMO feedback, the CQI of the 1st codeword (reference CQI) is more important than the CQI of the 2nd codeword. 

· For UE-selected CQI feedback, the indicator of the positions of the best-M sub-band is more important than the best-M average CQI/PMI.
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