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1 Introduction
This contribution is a summary of the proposals for reporting of CQI, PMI, ACK/NACK, and RI on PUCCH. We also provide our recommendations on a way forward for several of the issues.  

While there are many ongoing proposals for the CQI format, there are also some agreements.  From [1] the following has been agreed as a way forward for CQI:
· CQI, PMI and rank can be transmitted on PUCCH and PUSCH 

· PUSCH is used when and only when UE is scheduled in uplink. 

· CQI, PMI and rank can be transmitted on PUSCH even without simultaneous data transmission. 

· Multiple message sizes will be defined 

· No blind decoding for Node B. 

· PUCCH is used when and only when UE is not scheduled in uplink. 

· Reporting can be periodic or aperiodic. 

· Periodic reporting is the baseline 

· Aperiodic reporting is FFS 

· The following types of multi-band CQI reports are under consideration (where sub-band sizes (number of PRBs) are configured by the network):

·  “eNB-selected sub-bands reported in one PUSCH subframe”

· “eNB-selected sub-bands reported using one or multiple PUCCH subframes”

·  “UE-selected sub-bands over PUCCH or PUSCH”

· UE reports which sub-bands it has selected

· CQI reporting metric is TBD

In [2] it is also noted that a single rank report is the current RAN1 working assumption.  REF _Ref168372163 \h 

2 CQI Format
We discuss the following issues for CQI:

· Wideband vs. multi-band CQI reporting

· CQI compression methods

2.1 Wideband vs. multi-band CQI reporting

Although multi-band CQI reporting has larger uplink signaling overhead than wideband, the improvement of cell throughput is significant. We recommend that multi-band CQI reporting should be adopted for E-UTRA together with wideband CQI reporting. Based on factors such as UE mobility and etc, eNode-B can decide which reporting to be used and configure the UE accordingly. 

2.2 CQI Compression Methods
One major concern for multi-band CQI reporting is its large signaling overhead. The motivation of CQI compression methods is to reduce the CQI overhead as much as possible. 

Multi-band schemes can be grouped into two main categories: Best-M-based, and full-band reporting. 

For Best-M based CQI reporting, the reported CQI values reflect some information about the best subbands along with an average of the remaining subbands [22]. Examples of such schemes are Best-M individual [22]-[23], Best-M Haar [9] and Best-M average [22]-[23], Differential-M [23], Distributed Haar Best-M [24], and DCT Partitioning [11].

In full-band reporting, an estimate of the CQI of the entire band is reported to the NB. Some notable examples of such schemes are Full report, DCT Significant-M [11], Full-band Haar [12], and bitmapping [19]. 

Table 1 - Overhead comparison of CQI compression schemes and potential savings using these methods
	Scheme
	Signalling Cost (bits)
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	DCT Significant-M [3]
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	DCT Partitioning
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	N1=3,N2=1

34 bits
	N1=4,N2=1

43 bits
	N1=6,N2=1

57 bits

	Haar Best-M Individual [19]
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	Distributed Haar [10] 
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	Full-band Haar [24]
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Since most CQI compression stills require more than 10 bits, multiple subframe transmissions of CQI is necessary.

In our recent contributions, we have shown that Haar transform can be applied to both categories of reporting schemes, namely Best-M and full-band.  In our contribution [18] we show that both Distributed Haar (Best M) and full-band Haar are the best choices among competing schemes and have very comparable performance, taking into account differences in respective overhead.  Some of the advantages of our full-band Haar approach are given below:

· Compared to Best-M methods, there is a significant saving by not requiring sending the label and average information. (Reduction in overhead requirements)

· Compared to schemes such as bitmapping, it provides significantly more accurate representation of the channel and consequently more reliable scheduling can be achieved.

· Incremental update is possible. In other words, it is not necessary to receive the whole set of coefficients at the eNode-B to start updating the scheduler. 

· By using incremental update, the system can be easily adapted to various UE conditions or a given CQI budget.

· In comparison against other full-band compression methods, full-band Haar is significantly less complex. 

There have been methods other than those above proposed to address the issues mentioned.  These have included scanning [8], base and delta CQI [6], [14], and [15], and Hierarchical Granularity Refinement (HGR) [16]. 

It has been noted that scanning involves a complicated merging of multiple CQI reports from several RBGs while a method similar to Best-M or the full-band Haar transform does not.   
It has also been commented that HGR offers a full CQI report for all clusters.  Full-band Haar is also capable of reporting a CQI report for all clusters. It is important to mention that the resolution offered by full-band Haar is higher than HGR. Hence, full-band Haar is more agile in tracking channel variations.

We feel there must be a tradeoff between the feedback required and the accuracy of the CQI report derived.  This tradeoff is easily accommodated by Haar compression techniques thus allowing the eNode-B the ability to schedule the feedback overhead for the desired level of CQI accuracy.   

3 PMI Signaling
3.1 PMI reporting format

Both wideband and multi-band PMI reporting have been proposed. The advantage of multi-band PMI reporting is an increase in cell throughput. These benefits have been shown in [21].  In our Tdoc [26] 2-3 dB or  10% throughput gain is shown by frequency selective precoding compared with non-frequency selective precoding. We consider a 10% gain in throughput to be significant enough to warrant using multi-band PMI reporting.

 The major concern for multi-band PMI reporting, as it was for multi-band CQI reporting, is its larger signaling overhead compared to wideband PMI reporting. This can be improved by using either large size of sub-band for PMI reporting or efficient PMI bit width reduction methods. Therefore, we recommend that multi-band PMI reporting should be adopted for E-UTRA.  
3.2 PMI Bit Width Reduction 
In [20] a PMI bit width reduction method using binary differential feedback is presented. Figure 3 depicts a possible timing for binary differential feedback scheme using resets and tracking feedback between resets. We use constant modulus Householder (CM-HH) pre-coding matrices [25] for MIMO precoding at initialization and resets. For every N feedback instances the index to the selected PMI is fed back to the eNode-B from the UE. Binary differential feedback is used for tracking. It is used to update the pre-coding matrix that is fed back at initialization and resets.
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Figure 3. Illustration of PMI feedback reduction scheme timing 

This method could be used to reduce the total bit width required for joint coding of CQI and PMI, or for sending PMI updates during periods that CQI does not need to be sent. It can also be used to increase MIMO performance at the same overhead as non-differential feedback.
4 Simultaneous Transmission of CQI, PMI, RI, and ACK/NACK

In [4] joint coding is given as the preferred method for preserving the target BLER of CQI and ACK/NACK.  Note that the number of bits assumed in [4] is 8 for MIMO while others have assumed 10 per codeword. 

In [5] CDM multiplexing by cyclic shifted CAZAC sequences is used for simultaneous transmission of CQI and ACK/NACK.
In both [4] and [5] the CQI bits are punctured with the ACK/NACK bits.

Another approach is implicit signaling where the ACK/NACK bits are embedded in the CQI RS. The benefit of this approach is that the coding scheme of CQI does not depend on whether the simultaneous transmission of ACK/NACK bits is needed.

For joint coding when the UE is in DTX, if it misses the DL grant and does not transmit the ACK/NACK bits, the Node-B erroneously decodes the CQI bits with the assumed coding scheme in which ACK/NACK bits are transmitted.

It is noted in [7] that a joint CQI/PMI feedback method is desirable. A potential difficulty with this approach may be the different reporting interval requirements for CQI and PMI. While the Best-M reporting method is not mentioned in [7], using the argument in [7] it is possible to use Best-M Haar for joint coding of CQI/PMI.   Also with joint coding, once the first sub-frame containing CQI information has been transmitted, ACK/NACK can no longer be jointly coded with the CQI.  
In [13] the reporting of rank based on rank adaptation statistics is presented.  The issue of how PMI should be reported for the case of rank adaptation between rank-1 and higher rank channels is FFS.  

5 Open Issues and Our Recommendations
1) CQI Format

· There has been support for a wideband and narrowband format.  As noted in the way forward [1] wideband has been agreed and a combination of CQI formats is FFS.  We propose that  narrowband CQI be agreed in the way forward, with the exact implementation being FFS.   

· Further, we recommend that full-band Haar [17] be accepted as the way forward for the narrowband format, because the benefits of this approach noted in section 2.2 are very desirable, and are consistent with the requirements of the proposed way forward.

2) PMI Signaling and Format

· Open issue: PMI signaling techniques as well as its type need to be agreed.

· Wideband versus multi-band PMI signaling.  

· We prefer multi-band signaling, as we have shown its benefits in our Tdoc [26]. 

· We prefer 1 bit PMI differential feedback.

· If 1 bit PMI differential feedback is not supported we support the use of PMI bit width reduction as a means to reduce PMI overhead. 

3) Coding of control fields

· We recommend separate coding of rank.

· We recommend joint coding of CQI, ACK/NACK, and PMI.
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