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1 Introduction
In 3GPP RAN1 #61 meeting, a way forward on the CSI feedback design has been agreed [1]. To be specific, two CSI feedback modes are defined for the “W1/W2 reporting procedure” of periodic PUCCH feedback:

· Periodic PUCCH

· W_1/W_2 reporting procedure 

· CSI Mode 1: W1 and W2 are signaled in separate subframes 

· W2 could be wideband or subband 

· CSI Mode 2:  W is determined by a single report confined to a single subframe, e.g.

· one of W1/W2 could be fixed and hence does not need to be signaled 

· W1/W2 is not fixed but still does not necessarily need to be signaled

· But the precoder W is still derived from W1 and W2

· W2 could be wideband (i.e., subband size could be the system bandwidth)
In PUSCH, the following was decided:

· Aperiodic PUSCH: 

· Natural extension of CQI/PMI/RI modes from Rel-8/9 within R1-101683 framework 

· The report in aperiodic PUSCH is self-contained in the same subframe

· One report can contain both W1 and W2 

· In case one of W1/W2 is fixed, one report can contain W1 only or W2 only

· Regardless of which, the precoder W is derived from W1 and W2

· The same report contains RI and CQI

In 3GPP RAN1 #61bis meeting, two following-up ways forward on uplink control signalling for feedback (periodic PUCCH feedback) have been discussed in [2 - 3]. For CSI mode 2, the two ways forward have similar views resulting a compromised way forward in [4]:

“

· W_1/W_2 reporting for periodic PUCCH feedback

· CSI Mode 2:  

· Direct extension of Rel.8 PUCCH Mode 1-1

· W is determined from a single sub-frame report conditioned upon the latest RI report in a previous sub-frame

· Separate or joint selection of subset(s) of codebook C1 and/or codebook C2 is applied to ensure a total payload size (W1 and W2 and CQI(s)) of at most 11 bits

· The subset(s) are fixed and hence not configurable 

· Details on CSI Mode 1 is to be studied further

”   

It seems that there is some convergent view on CSI mode 2 while there is still some different views on CSI mode 1. As for CSI mode 1, the major different views from the two ways forward mainly lie in the following two questions:
1. Whether to perform joint encoding between RI and W1?
“Yes” in [2] and “No” in [3].

2. Whether to send subband W2 report in PUCCH feedback?
“No” in [2] and “Yes” in [3].

In this contribution, we will discuss the potential pros and cons of the proposed feedback schemes described in the two ways forward. Based on the analysis on the pros and cons, we provide a feedback signalling design for CSI mode 1. The similar concept is also used to design the feedback signalling for CSI mode 2.
We also provide our views on PUSCH reporting modes.
2 Aperiodic CQI/PMI/RI Reporting using PUSCH

For Rel. 10 UEs in Rel. 10 transmission modes, we define the following reporting modes in Table 3. It has to be noted that, in modes defined in Table 3, the number of transmit antennas can be 2, 4 or 8. 
Table 3: CQI and PMI Feedback Types for PUSCH Rel. 10 reporting Modes

	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI
	Multiple PMI

	PUSCH CQI                 Feedback Type
	
	
	
	

	
	Wideband
	
	
	Mode 1-2

	
	(wideband CQI)
	
	
	

	
	
	
	
	

	
	UE Selected
	Mode 2-0
	
	Mode 2-2

	
	(subband CQI)
	
	
	

	
	
	
	
	

	
	Higher Layer-configured
	Mode 3-0
	Mode 3-1
	

	
	(subband CQI)
	
	
	


As a direct extension of Rel. 9, Rel. 10 transmission modes should support the following reporting modes:

· Modes 1-2, 2-2, 3-1 if the UE is configured with PMI/RI reporting. Those modes can be thought of as a revision of Modes 1-2, 2-2 and 3-1 originally introduced in Rel. 8 for up to 4Tx but adapted to cover the new feedback framework (W function of W1 and W2)  and 8Tx. Those new reporting modes are discussed in the sequel. 
· Modes 2-0 and 3-0 if the UE is configured without PMI/RI reporting. Modes 2-0 and 3-0 are not affected by the new feedback framework (W function of W1 and W2) and therefore do not require any modification.
In PUSCH 3-1, W1 and W2 are both wideband in order to provide an accurate wideband information.
· A single matrix W1 is selected from the codebook subset C1 assuming transmission on set S subbands
· A single matrix W2 is selected from the codebook subset C2 assuming transmission on set S subbands

· A UE shall report one subband CQI value per codeword for each set S subband which are calculated assuming the use of the precoder that is function of both selected W1 and W2 in all subbands and assuming transmission in the corresponding subband.
· A UE shall report a wideband CQI value per codeword which is calculated assuming the use of the precoder that is function of both selected W1 and W2 in all subbands and transmission on set S subbands

· The UE shall report the single selected precoding matrix indicator  

· The reported PMI and CQI values are calculated conditioned on the reported RI. 
In PUSCH 2-2, a wideband W1 and one subband W2 are reported.

· A single precoding matrix W1 is selected from the codebook C1 assuming transmission on set S subbands

· A UE shall report a wideband CQI value per codeword which is calculated assuming the use of the single precoding matrix W1 in all subbands and transmission on set S subbands

· A UE shall also report the selected single precoding matrix W1 indicator for all set S subbands.

· The UE shall perform joint selection of the set of M preferred subbands of size k within the set of subbands S and a preferred single matrix W2 selected from the codebook C2 such that the precoder W, function of the selected W1 and W2, is the preferred precoder to be used for transmission over the M selected subbands. 

· The UE shall report one CQI value per codeword reflecting transmission only over the selected M preferred subbands and using the same selected single precoding matrix W in each of the M subbands.  

· The UE shall also report the selected single matrix W2 indicator preferred for the M selected subbands.
In PUSCH 1-2, a wideband W1 and multiple subband W2 are reported.

· A single precoding matrix W1 is selected from the codebook C1 assuming transmission on set S subbands

· For each subband a preferred matrix W2 is selected from the codebook C2 assuming transmission, based on the precoder W, function of the selected W1 and W2, only over the selected subband

· A UE shall report one wideband CQI value per codeword which is calculated assuming the use of the corresponding precoding matrix W in each subband and transmission on set S subbands.

· The UE shall report the single selected precoding matrix W1 indicator.
· The UE shall report the selected matrix indicator W2 for each set S subband.
Note that in 4Tx, the previous description is only valid for rank 1 and 2. For rank 3 and 4, no enhancement of the feedback is performed and therefore Rel. 8 modes are applicable.
3 Periodic CQI/PMI/RI Reporting using PUCCH: Feedback Signalling for CSI Mode 1
3.1 Joint Coding Versus Subband W2
In [5-6], joint coding between RI and W1 is proposed for PUCCH periodic feedback. To be specific, the feedback signalling of this proposal can be summarized as follows [2, 6]:
PUCCH Periodic CSI Feedback Mode 1:

· W1 and W2 are signalled in separate subframes.

· W1 and RI are reported together in one subframe
· W1 and RI are jointly encoded 

· W2 is wideband (a single W2 for the entire system bandwidth) 
In this proposal, the joint coding of W1 and RI is fed back from UE to the network in a relatively long-term basis similar to the feedback of RI in Rel-8 while W2 is fed back to the network in a relative short-term basis similar to the feedback of PMI in Rel-8. This feedback proposal can be seen more clearly in Figure 1:
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Figure 1: Joint Coding of RI and W1

Essentially, the joint coding of RI and W1 specifies a subset of the overall codebook while W2 specifies the precoder within the specified subset. Therefore, the joint coding of RI and W1 is actually the subset index (SI) of the overall precoders while W2 is the PMI within the subset. This philosophy is very much the same as that in Rel-8. The only difference is that in Rel-8 the subsets depend on the rank of the precoders while in [5-6] the subsets depend on the beam directions.  The resemblance between the proposal in [2, 5, 6] and Rel-8 feedback mechanism is summarized in Table 1.
Table 1: Resemblance of Rel-8 feedback and new proposal in [2]

	
	Rel-8 Feedback Mechanism
	Proposal in [2, 5, 6]

	Feedback of Subset of the overall codebook
	Rank indicator (RI)
	Beam direction and rank partition 
(joint coding of RI and W1)

	Feedback codeword entry within the subset
	Precoding matrix index (PMI)
	Wideband W2


The advantage of this proposal is that by joint coding of RI and W1 we will allow the flexibility of having different number of codewords for different ranks. For example, as suggested in the design of [6], the number of codewords for lower ranks (rank 1 or rank 2) could be 3 times larger than that of higher ranks (rank 3 and above).  In Rel-8, since RI is the indicator of the subsets, this forces each rank to have the same number of codewords.
On the other hand, in [7-8], subband W2 feedback sent together with subband CQI is proposed to extend PUCCH mode 2-1. To be specific, the feedback signalling of this proposal can be summarized as follows [1]:

PUCCH Periodic CSI Feedback Mode 1:

· CSI Mode 1: W1 and W2 are signaled in separate subframes 

· Direct extension of Rel.8 Mode 2-1

· Subband W2 is reported with subband CQI in the same subframe 

· If wideband W2 is signaled, it is reported with wideband CQI in the same subframe. 

· If wideband W2 is fixed, wideband W2 is not reported and W1 and wideband CQI are reported in the same subframe.

· Direct extension of Rel.8 Mode 1-1

· Wideband W2 is reported with wideband CQI in the same subframe 
· No subband PMI and CQI reported

In this proposal, subband W2 feedback is sent together with subband CQI to improve the feedback accuracy. This feedback proposal can be seen more clearly in Figure 2:
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Figure 2: Subband W2 with subband CQI
In this proposal, W1 is similar to wideband PMI in Rel-8. In this way, the payload size of W2 can be reduced and can be put to the PUCCH feedback containing the subband CQI report. Examples of W2 can also be seen in [9, 10, 11,12] .
As suggested in [9-10], having subband W2 could bring gains for average user throughput as well as the cell-edge user throughput. Since the total payload of subband CQI feedback is less than 11 bits, the gain of subband W2 feedback is kind of coming for free. However, the disadvantage of this proposal is that by sending rank indicator (RI) alone we enforce the fact that each rank has to have the same number of codewords.
Comparing with the two feedback signalling in [1] and [2], we have the following observation.

Table 2: Comparison between two feedback signalling proposals

	
	Feedback signalling in [1]
	Feedback signalling in [2]

	Pro
	Flexible # of CWs in each rank

Improve performance in PUCCH mode 1-1
	Improve performance in PUCCH mode 1-1 and 2-1 

	Con
	Wideband W2 only (payload of W2 is too large to put in subband feedback) 
	Same # of CWs in each rank


3.2 Proposal for UL 8Tx Control Signalling

In CSI mode 1, W1 and W2 are sent in different frames. Therefore, this feedback mode can be viewed as a direct extension of Rel-8 PUCCH feedback mode 2-1. It is desirable to have both of the properties proposed in the two proposals:

· Flexible # of CWs in each rank

· Improve the performance under PUCCH periodic feedback
Accordingly, we can take advantage of the both proposals. To be specific, we propose to partition the codewords into different subsets while sending the subset index (SI) instead of the rank indicator in the uplink feedback. 
For example, we can participate the total number of codewords into four subsets where

· S0 contains rank 1 codewords 
· S1 contains rank 2 codewords
· S2 contains rank 3 and rank 4 codewords
· S3 contains rank 5, rank 6, rank 7, and rank 8 codewords 
Each subset contains 16 codewords of W1 which results in a total payload of 4 bits for W1. On top of W1, we have 2/3 bits W2. Codebooks following this principle can be found in [11] and [12].  This feedback proposal can be seen more clearly in Figure 3:
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Figure 3: Extension of PUCCH Mode 2-1
In this proposal, SI is similar to RI in Rel-8. The difference is that the introduction of SI will allow flexible number of codewords in each rank. Furthermore, 2 bits of W2 can be put together with subband CQI report which can be used to help improve MU-MIMO performance which is illustrated in [10].
As a conclusion, the proposed CSI mode 1 for 8Tx is made of 3 reports:
· Report 1: Subset Index SI 

· Report 2: W1/wideband CQI

· Report 3: Subband W2/subband CQI and L-bit subband indicator
3.3 Proposal for UL 4Tx Control Signalling

In the 4Tx case, SI simply boils down to RI and the proposed CSI mode 1 is made of 3 reports:

· Report 1: RI 

· Report 2: W1/wideband CQI

· Report 3: Subband W2/subband CQI and L-bit subband indicator
4 Periodic CQI/PMI/RI Reporting using PUCCH: Feedback Signalling for CSI Mode 2

In CSI mode 2, W1 and W2 are sent in the same subframe. In this mode, subsets selection could be used to reduce the payloads of W1 and W2 to fit in the same PUCCH report.

For example, in both [11] and [12] W1 codewords are constructed from 
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is 4-Tx beams. Therefore, we could partition the 16 4-Tx beams (4 times oversample of the 4 DFT vectors) into different groups. For the case where we partition the 16 beams into 4 groups, we could have the following partition (v = exp{2π/8}):
1. Group 1 (G1):  
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, i.e. columns of DFT1 in [12]
2. Group 2 (G2): 
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, i.e. columns of DFT2 in [12]
3. Group 3 (G3): 
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, i.e. columns of DFT3 in [12]
4. Group 4 (G4): 
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 i.e. columns of DFT4 in [12]
A beam group index (BGI) can be used to identify the group(s) of the beams in which the final feedback precoder is constructed from. In order to have flexible number of CWs in each rank, we propose to jointly encode RI and BGI. A simple example of joint coding of RI and BGI can be illustrated as:
Rank 1: {G1, G2} and {G3, G4}

Rank 2: {G1, G2} and {G3, G4}

Rank 3 + Rank 4: {G1, G2} and {G3, G4}   
Rank 5 to Rank 8: {G1, G2} and {G3, G4}
Therefore, 3 bits can be used to jointly encode RI and BGI.
Under the joint coding of RI and BGI, W1 can be used to identify the wideband precoder within the jointly coded CW subsets and W2 can be used to fine tune the precoder in the subband level. An example of the payloads of W1 and W2 can be as follows:
	
	Payload of W1
	Payload of W2

	Rank 1 and Rank 2
	3 bits
	1 bit

	Rank 3/4

with {G1, G2} and {G3, G4}
	3 bits 
	1 bits

	Rank 5/6/7/8 
with {G1, G2} and {G3, G4}
	3 bits
	1 bits


Overall, the proposed feedback framework can be seen more clearly in the following figures for the extension of PUCCH mode 1-1 for 8Tx.
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Figure 4: Extension of PUCCH mode 1-1 for 8Tx
In the 4Tx, PUCCH mode 1-1 as defined in Rel. 8 can be re-used.

5 Conclusions
The reporting mechanism follows Rel. 8 philosophy:

· Natural extension of CQI/PMI/RI modes from Rel-8/9

· On PUSCH, the wideband CQI/PMI, subband CQI/PMI and subband indication are jointly encoded. 

· On PUCCH, two reporting modes are supported

· CSI Mode 1: W1, W2 are signaled in separate subframes

· This mode should target subband report
· For both 4Tx and 8Tx, a mode 2-2 on the PUCCH is defined as an extension of mode 2-1 to enable the report of a subband matrix indicator (W2) and the subband CQI
· In 8Tx, a subset index is introduced as a generalization of the Rel. 8 RI 
· CSI Mode 2: W is determined by a single report confined to a single subframe

· This mode should target wideband report and is seen as an extension of PUCCH mode 1-1
· In 4Tx, it is proposed to keep Rel. 8 PUCCH 1-1 mode. In the W2W1 framework, the wideband precoder is computed based on W=W1, assuming a wideband W2 equal to identity matrix

· In 8Tx, a beam group index (BGI) is introduced and jointly encoded with RI
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