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1. Introduction

From RAN1 #69, the adopted working assumption in relation to CSI feedback for CoMP is independent configuration of multiple CSIs for periodic reporting at least in the case of PUCCH.  In case of 2 or more CSIs being configured in the same reporting instance(s), the details of collision handling and compression/multiplexing are FFS.
In RAN1 #70, the discussions were mainly focused on the CSI reporting types/modes and collision handling issues.  The definition of “CSI process” was introduced as,

· One Rel-11 “CSI process” is the association of one channel part and one interference part.

· A “CSI process” can also be the CSI report of a cell with CSI-RS or CRS, but without IMR (Rel-10 or earlier).

This definition does not preclude the possibility of reporting CSI for multiple “CSI processes” in the same PUCCH.  Moreover, some additional working assumptions were adopted,
· Rel-11 supports the feedback configuration and reporting for simultaneous CA and CoMP
· Strive for reduction of UE complexity in CSI report design, e.g., limiting number of CSI processes, etc

· Indexing scheme for CSI processes is defined within a given CC.
In this contribution, we discuss the remaining issues of periodic CSI feedback - multiplexing and compression of periodic CSI feedback corresponding to multiple CSI processes within one reporting instance, based on our previous contribution [1].
2. Necessity of Multiplexing/compression of Periodic CSI Feedback 
It was agreed in RAN1 #70 that the multi-cell periodic CSI multiplexing for DL CA is not supported in Rel-11.  However, in CoMP scenario, CSI feedbacks for multiple TPs need to be received at the eNB together in order to coordinate the resource allocation, beamforming, and/or to select the TPs in the CoMP cooperating set.  Although the maximum size of CoMP measurement set is 3, it is still not yet decided whether the number of CSI processes may be larger than 3 due to the various combinations of channel part and interference part.  Especially in the case of simultaneous CA and CoMP, periodic CSI feedback corresponding to all the configured CSI processes may incur an enlarged reporting window and significant latency without multiplexing/compression, resulting in performance degradation.  Therefore, we suggest,
· Proposal 1: Multiplexing and compression of periodic CSI feedback corresponding to multiple CSI processes for a given CC is supported for CoMP in Rel-11.
3. Detailed Multiplexing/Compression Schemes
3.1. Multiplexing periodic CSI reports with/without HARQ-ACK

In the following, we consider the different multiplexing solutions of multiple periodic CSI reports for multiple CSI processes with/without HARQ-ACK from a UE for DL CoMP.

3.1.1. PUCCH format 2/2a/2b

PUCCH format 2/2a/2b can convey at most 13 information bits, thus it cannot contain more than one CSI report.  Multiple CSI reports for multiple CSI processes would require multiple PUCCH format 2/2a/2b messages.  These messages could be multiplexed on PUCCH through TDM, CDM or FDM.
1. TDM

Multiple CSI reports would be carried by multiple PUCCH format 2/2a/2b messages, with each resource being configured with a fixed time offset relative to other resources with the same period to avoid collisions.  Each CSI report would be transmitted on one PUCCH resource, which would be configured via higher-layer signalling.   In one subframe, only one CSI report from a single CSI process is fed back and the other CSI reports for other CSI-RS processes are fed back in the later subframes with an offset in time.   The time offset for each CSI process would be indicated to the UE via higher-layer signalling.  

The time offset of PUCCH format 2/2a/2b conveying the CSI reports for CoMP should be configured to avoid the collision.   However, TDM of PUCCH format 2/2a/2b incurs a scheduling delay for CoMP, since the network needs the CSI feedback for all points in the CoMP measurement set before it can coordinate the downlink transmissions as discussed in Section 2.  Single-subframe feedback of multiple CSI reports is therefore preferable for CoMP.
2. CDM

In this mechanism, multiple CSI reports from one UE would be allocated on the same time-frequency resource of PUCCH, but they are differentiated by using different cyclic time shifts.  The resource configuration of PUCCH format 2/2a/2b conveying the CSI report corresponding to the first configured CSI process could reuse the resource allocation mechanism specified in LTE Release 8/9/10.  The resource of PUCCH format 2/2a/2b conveying the CSI reports for other CSI processes could be assigned to the same frequency resource and the same orthogonal sequence with a cyclic shift offset to the one for the first CSI feedback.  The cyclic shift offset for each CSI report could be configured by higher-layer signalling.

In this mechanism, only one DMRS orthogonal resource would be needed for multiple CSI reports.  Compared to TDM, CDM of multiple PUCCH format 2/2a/2b reduces scheduling delay significantly by enabling multiple reporting in the same reporting instance(s).  

However, the superposition of multiple PUCCH messages for CDM increases the transmission power of one PRB, which impacts the power scaling, and may also incur a PAPR issue.  A further limitation is that, due to the consumption of orthogonal sequences, the multiplexing of multiple UEs in the same PUCCH region is restricted.
3. FDM

In this mechanism, different PRBs would be used to enable multiple CSI reports using PUCCH format 2/2a/2b for CoMP to be fed back within the same reporting instance(s).  The multiple resource indices would need to be configured for the UE either implicitly or explicitly with some additional higher-layer signalling.
It is observed that the FDM and CDM multiplexing for multiple CSI reports fit naturally in the current framework of PUCCH format 2/2a/2b, with the only significant drawback being the potential PAPR issue.  Taking into account the fact that non-contiguous resource allocation for PUSCH and simultaneous PUSCH+PUCCH transmission are already a possibility in Rel.10, the PAPR issue may not be such a problem for PUCCH in Rel.11.

As discussed above, the three multiplexing methods of multiple CSI reports for CoMP have different pros and cons.  Since none of the methods incurs significant complexity, allowing the network the flexibility to configure any combination of these three methods could therefore be a possible way forward.

· Proposal 2: If the PAPR issue is not the bottleneck, allow the network to configure the multiplexing of multiple PUCCH format 2/2a/2b messages corresponding to CSI feedback for different CSI processes using any of TDM, CDM and FDM.
If multiple CSI reports are transmitted using CDM or FDM, it would also be necessary to define which CSI report carried the HARQ-ACK in PUCCH format 2a/2b. We propose: 
· Proposal 3:  HARQ-ACK is transmitted in conjunction with the CSI feedback corresponding to the CSI process with the lowest index if multiple CSI reports are transmitted in the same reporting instance(s) on PUCCH format 2a/2b.
3.1.2. PUCCH format 3 for multiple CSI reports, A/N, and SR

Considering the ability of PUCCH format 3 to convey high control information payloads, it is worth considering using PUCCH format 3 to transmit multiple CSI reports in a given subframe for CoMP, even though for CA agreement was not able to be reached in the timeframe of Rel-11.  For a simple solution, the information bits of multiple CSI reports could be concatenated in ascending order of the CSI process index.  

By using a dual (32,11) RM coding, each group of multiplexed CSI reports could have up to 22 bits in a PUCCH format 3 message, which can contain 2 CSI reports at most.   If more than 2 CSI reports or HARQ-ACK or SR needed to be multiplexed in a given subframe, the multiplexing of multiple PUCCH format 3 messages could then be performed using the TDM, CDM, FDM methods discussed above for PUCCH format 2.  Since the orthogonal cover sequences of PUCCH format 3 are DFT sequences of length 5, multiplexing of up to 5 PUCCH format 3 in one PRB is possible.

By using PUCCH format 3 to convey multiple CSI reports, a single HARQ-ACK and SR in the same reporting instance(s), some additional issues need to be further studied.

· Similar to the multiplexing of PUCCH format 2/2a/2b, the multiplexing of multiple PUCCH format 3 messages directly may impact the power scaling with CDM and incur a potential PAPR issue with FDM.  We provide some possible solutions to address the PAPR issue in Section 3.1.2.1.

· If HARQ-ACK and only 2 CSI reports for 2 CSI-RS processes need to be fed back in one subframe, some efficient mechanisms which fully utilize the conveying ability of PUCCH format 3, need to be considered as mentioned in Section 3.2.1.2.
Note that PUCCH format 3 is already used to convey HARQ-ACK information in Rel.10, and its application for multiple CSI reports and resource allocation would need to be configured by higher layer signalling.  
3.1.2.1. Simultaneous transmission of HARQ-ACK and three CSI reports

Consequently, to support simultaneous transmission of all these UCI including three CSI reports, HARQ-ACK and SR, they should be segmented into two groups and each group is conveyed by one PUCCH format 3.  Thus two PUCCH format 3 messages are needed.  

· Alt 1:

One solution is to directly multiplex two PUCCH format 3 messages by CDM or FDM, which may incur a PAPR issue.   Fig. 1 (a) shows the direct FDM scheme.
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Fig. 1 (a)
Direct FDM of two PUCCH format 3 messages
· Alt 2:

PUCCH format 3 is not based on ZC sequences and is more similar to PUSCH transmissions, which has a DFT processing prior to IFFT.  Based on the structure of PUCCH format 3, a new PUCCH format could be envisaged as illustrated in Fig. 1 (b), which is similar to a clustered-DFT processing. 
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Fig. 1 (b)
Extended PUCCH format 3 of multiplexing two UCI groups

In this new format, the two groups of UCIs are multiplexed tone-by-tone in block-wise way just before DFT.  The DFT size is double that of PUCCH format 3.  Thus the extended PUCCH format 3 can convey up to 44 information bits.
The allocated RBs corresponding to these two groups of UCIs could be consecutive or nonconsecutive.  If they are consecutive, it looks like SC-FDMA.  If they are nonconsecutive, it looks like 2 clustered DFT-S-OFDM.  Thus a good PAPR property could be achieved.  Since the orthogonal cover sequence and cyclic shift remains as before, the orthogonality is not destroyed.  The resource index corresponding to both the orthogonal cover sequence and cyclic shift could be same or different between the two UCI groups.

The resource allocated for the 1st group of UCIs could be signaled by a higher layer signalling and the resource allocated for the 2nd group of UCIs could be signaled through

· another higher layer signalling, or

· a predefined or configurable offset to the 1st resource index.

Since the extended PUCCH format 3 requires two RBs to convey the multiple UCI reports, the length of reference signal (RS) needs to be extended.  An additional OCC could be introduced to guarantee the orthogonality between different UEs with different RB sizes.
3.1.2.2. Simultaneous transmission of HARQ-ACK and dual CSI reports

· Alt 1:

To support simultaneous transmission of dual periodic CSI reports with/without SR and HARQ-ACK, a possible solution is to use the existing solution for 1 periodic CSI report as in single-cell transmission.  That is each periodic CSI is conveyed by one PUCCH format 2 message.  

If HARQ-ACK is to be transmitted simultaneously, the HARQ-ACK symbol could be multiplexed with one of two PUCCH format 2 messages as PUCCH format 2a/2b.   To support simultaneous transmission of these UCI payloads, the CDM or FDM of two PUCCH format 2/2a/2b messages should be supported as discussed in Section 3.1.1.  However, both CDM and FDM of two PUCCH format 2/2a/2b messages may incur the PAPR issue.  

If SR is also transmitted in a given subframe, the two CSI reports contained in two PUCCH format 2 may be dropped.

· Alt 2:

Another possible solution is to use PUCCH format 3 like for 3 periodic CSI reports.  To support simultaneous transmission of all these UCI including dual CSI reports, HARQ-ACK and SR, they should be segmented into two groups and each group is conveyed by one PUCCH format 3 as in Fig. 1 (a) or multiplexed with another before DFT-processing as in Fig. 1 (b).  

The main advantage of this solution is that all of these UCI could be conveyed simultaneously.  No CSI drop is needed if SR is also transmitted in the same subframe. However, the conveying ability of PUCCH format 3 is not fully utilized since two PUCCH format 3 messages could convey up to 44 information bits.
· Alt 3:

We could simultaneously transmit dual periodic CSI reports and HARQ-ACK in a single modified PUCCH format 3 to fully utilize the resource of PUCCH format 3.
Firstly, the dual CSI reports are encoded by two (32, 11) RM codes, respectively, as shown in Fig.2.
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 Fig. 2 Coding of dual CSI reports in PUCCH format 3

Then the block of 48 coded CSI bits goes through scrambling, modulation, de-multiplexing, spreading, cyclic shifting and DFT as in PUCCH format 3.

To transmit a 1-/2-bit HARQ-ACK for one point of DL CoMP together with the dual CSI reports, the HARQ-ACK bits are modulated as a single BPSK or QPSK symbol, dHARQ.

The single modulated HARQ-ACK symbol could be used to modulate the 2nd RS symbol of each slot.  Thus the HARQ-ACK is signaled using the RS symbols.  

This solution fully utilizes the conveying ability of single modified PUCCH format 3 for 22 bits with small specification impact.  Since two PUCCH formats are unnecessary, the PAPR issue of multiplexing two PUCCH formats does not arise.

This modified PUCCH format 3 can convey dual CSI reports and a HARQ-ACK symbol at most.  If SR is transmitted in the same subframe, the dual CSI reports may need to be dropped.  However, since both the transmissions of SR and periodic CSI reports are in control of the eNodeB, this situation could be avoided by proper configuration.
· Proposal 4: Consider using PUCCH format 3 (including extended format 3 in Section 3.1.2.1 and/or modified format 3 in Section 3.1.2.2) to convey multiple CSI reports for DL CoMP.
 If multiple PUCCH format 3 messages conveying multiple CSI reports need to be transmitted in a single subframe, consider the same TDM, CDM and FDM mechanisms as for PUCCH format 2/2a/2b or a new PUCCH format.
3.1.3. PUSCH

Considering the payload limitation of PUCCH, it is a natural solution to multiplex multiple periodic CSI reports for a large number of CSI processes on PUSCH as detailed in our companion paper [2].  The dedicated PUSCH resource could be configured by a higher-layer signalling.
However, UCI multiplexing on PUSCH without data is not very efficient in the case of limited number of CSI processes (e.g., 2~3 CSI reports with/without only one HARQ-ACK).  Different from PUCCH, the PUSCH resource allocated for UCI transmission of one UE can not be reused by other UEs in general.  Thus we propose,

· Proposal 5: Support of multiple periodic CSI with/without one HARQ-ACK for DL CoMP multiplexed on PUSCH should be considered in the case of a large number of CSI processes.
3.2.  CSI compression to support multiple CSI feedbacks
PUCCH format 2/2a/2b can convey at most 13 information bits and format 3 could support up to 22 information bit by using a dual (32,11) RM coding.   PUCCH format 2/2a/2b could support one CSI report without increasing multiplexing capacity.  PUCCH format 3 could support up to 2 CSI reports.   Since new periodic CSI feedback modes are desired to provide common reporting type for all configured CSI processes, multiple CSI reports could be jointly encoded, for example with differential encoding, to achieve data compression

· Proposal 6: If new periodic reporting modes are specified for CoMP, joint encoding of multiple CSI reporting mode should be considered.  
4. Conclusions

In this contribution, we discuss the remaining issues of periodic CSI feedback for CoMP, i.e., multiplexing and compression of periodic CSI feedback corresponding multiple CSI processes.  We propose:

· Proposal 1: Multiplexing and compression of periodic CSI feedback corresponding to multiple CSI processes for a given CC is supported for CoMP in Rel-11.
· Proposal 2: If the PAPR issue is not the bottleneck, allow the network to configure the multiplexing of multiple PUCCH format 2/2a/2b messages corresponding to CSI feedback for different CSI processes using any of TDM, CDM and FDM.
· Proposal 3:  HARQ-ACK is transmitted in conjunction with the CSI feedback corresponding to the CSI process with the lowest index if multiple CSI reports are transmitted in the same reporting instance(s) on PUCCH format 2a/2b.
· Proposal 4: Consider using PUCCH format 3 (including extended format 3 in Section 3.1.2.1 and/or modified format 3 in Section 3.1..2.2) to convey multiple CSI reports for DL CoMP.
· Proposal 5: Support of multiple periodic CSI with/without one HARQ-ACK for DL CoMP multiplexed on PUSCH should be considered in the case of a large number of CSI processes.
· Proposal 6: If new periodic reporting modes are specified for CoMP, joint encoding of multiple CSI reporting mode should be considered for compression.  
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