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1. Introduction
During RAN1 #61bis, CSI-RS patterns for Rel-10 LTE were finalized. Two sets of patterns [1] were agreed-upon in a harmonized proposal, wherein the first set of CSI-RS patterns are intended for Frame Structure (FS)-Type 2 only, while the second set of CSI-RS patterns is applicable for both FS-Type1 and FS-Type2. 
Considering 8 TX antenna port eNodeBs, each set of patterns have the following reuse factors:

· FS-Type 2 specific patterns offer reuse factors of 3 [resp. 7] for normal CP [resp. extended CP] transmission.

· Patterns applicable for both FS-Type1 and FS-Type2 provide a reuse factor of 5 [resp. 4] for normal CP [resp. extended CP] transmission.
It was also decided to examine the specification aspects including, but not restricted to rate-matching around muted REs and signalling support for enabling/disabling muting, signalling muting subframe offset/duty cycle and the power reuse of muted REs. This contribution takes a closer look at various aspects of PDSCH RE muting and identifies high-level design guidelines if standardized muting is adopted for Rel-10 LTE and beyond.
2. Background

PDSCH muting over Channel State Information Reference Symbol (CSI-RS) is being studied in RAN1 for CSI measurement. When muting is configured, PDSCH of the serving cell is muted on RE positions corresponding to non-serving cell CSI-RS. As a consequence, inter-cell CSI can be measured free of PDSCH interference from the serving cell. 

PDSCH RE muting is closely related to the CSI-RS pattern design. The following CSI-RS design for 8Tx has been agreed for Rel-10 LTE.

· A re-use factor of N, where N = 5 for frame structure 1 (FDD) and normal CP, and N<5 otherwise. 

· Each serving cell may choose one of N orthogonal CSI-RS base patterns. A well-planned network should configure adjacent cells to use different orthogonal CSI-RS pattern in the set of N base patterns, whereas non-adjacent cells at further distance may configure the same CSI-RS pattern as their co-channel interference is substantially lower due to path loss.

· 2Tx and 4Tx CSI-RS patterns are a nested subset of the 8Tx CSI-RS pattern, and hence have a higher reuse factor (20 for 2Tx and 10 for 4Tx).

It has been agreed that the eNodeB shall rate match it’s PDSCH REs around its CSI-RS. In the case of PDSCH muting for inter-cell CSI measurement, it is natural to rate match PDSCH around serving-cell CSI-RS as well as inter-cell CSI-RS where PDSCH muting will be performed.  
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2.1. Considerations on Muting and Interference Estimation

In prior meetings (RAN1 #61bis), it was recognized that legacy UE (Rel-8/Rel-9 LTE) performance degrades [2][3] because it is unaware of both PDSCH puncturing on intra-cell CSI-RS and PDSCH muting (if activated) on inter-cell CSI-RS RE locations.  In [6], we proposed the following: 
Proposal 1: To minimize legacy impact, PDSCH muting should be carried out in intra-cell CSI-RS subframes only.

Per Proposal 1, with configurable muting, PDSCH of the serving cell is rate matched around the serving cell CSI-RS as well as the muted REs (which in theory shall correspond to non-serving cell CSI-RS).  As a consequence, no PDSCH transmission occurs on RE corresponding to CSI-RS of serving and non-serving cells. 

Proposal 2: Muting should be carried out (across entire bandwidth) on a subset of configured CSI-RS subframes. The muting duty cycle should be configured separately from the CSI-RS duty cycle. 
Motivation: During link adaptation, the UE uses the CSI-RS of its serving cell, and possibly those of non-serving cell(s) for CSI measurement (s) and interference estimation.  While muting improves CSI accuracy, it restricts available opportunities to estimate interference, potentially resulting in inaccurate CQI reporting [3] – [6].  To address this, we propose (similar to [7]) that the muting duty cycle and PDSCH muting patterns can be configured differently than the CSI-RS duty cycle and the patterns on which CSI estimation is carried out.

Proposal 3: CSI estimation pattern (on CSI-RS) and corresponding PDSCH muting pattern(s) should be determined by the network and communicated from serving eNodeBs to their UEs on a cell-specific basis. 

· The network should, at the very least, inform the UE the pattern index on which it receives intra-cell CSIRS.
Proposals 1 through 3 result in the following specification impact:
Proposal 4:  Signaling for CSI-RS and PDSCH muting encodes the following information:
· CSI-RS pattern index corresponding to serving cell CSI-RS.

· Index set of patterns (non-serving cells) corresponding to RE locations on which the UE estimates its CSI.

· Index set of patterns (non-serving cells) corresponding to RE locations on which PDSCH RE muting occurs.
· Subframe offset (relative to the starting subframe on each frame) on which intra-cell CSI-RS is transmitted. This is identical to the subframe offset on which muting is carried out.
· The Intra-cell CSI-RS duty cycle and PDSCH RE muting duty cycle. Both duty cycle values lie in the set {5 ms, 10 ms, and 20 ms}.
Proposal 5: Muting configuration is communicated to the UE semi-statically, for example using either UE-specific RRC signaling on its PDSCH or as cell-specific signaling on SIB1 (PBCH).

3. Signaling aspects
Based on Proposals 1 through 5 in the preceding section, the following are in order:
· CSI-RS pattern for intra and inter-cell CSI measurement is signaled by higher-layer parameters. 
· Intra-cell CSI-RS subframe offset – the earliest subframe offset carrying CSI-RS – is signaled by a higher-layer parameter. For simplicity, the CSI-RS subframe offset implicitly conveys the muting subframe offset. 
· Intra-cell CSI-RS duty cycle Drs (belonging to {5 ms, 10 ms, 20 ms}) is signaled by higher-layer parameter.

· PDSCH muting (whether enabled or not) is signaled by higher-layer parameter. The UE uses this parameter for determining the CSI-RS pattern RE positions around which its PDSCH is rate-matched.
· PDSCH RE muting duty cycle Dmute (>=Drs) is signaled by higher-layer parameter.
3.1. Signaling CSI-RS Offset and Duty Cycle Periodicity
The intra-cell CSI-RS offset is chosen from an element to the set {1, 2, 3, 6, 7, and 8} – note that subframe offsets  0 and 5 may be used for transmitting broadcast information while subframes offsets 4 and 9 may carry paging information. For configuring periodicity (duty cycle configuration), we assume that the eNodeB signals the CSI-RS duty cycle corresponding to each CoMP cell as well as the corresponding muting periodicity i.e. how often is PDSCH muting applied (on CSI-RS RE indices) for that cell. 
3.2. Joint vs. separate signaling: CSI-RS Patterns and Muting Patterns 
In addition to the earlier proposal (Proposal 2, Section 2.1) which specifies the relative frequency of occurrence of muting subframes, the eNodeB requires to signal the set of cells (pattern indices) for which a). PDSCH RE muting is carried out and b). UE estimates its CSI. 
We identify the following candidate schemes:

Alt1: Joint signaling: A UE may assume that its PDSCH muting/rate-matching pattern and CSI-RS pattern for inter-cell measurement are equivalent, and hence they are signaled jointly. For example, the higher layer may inform the UE to perform CSI measurement on patterns corresponding to Cells 1, 2 and 3. Correspondingly, PDSCH on CSI-RS REs for patterns 1 through 3 are muted. Such a configuration may be used for CoMP joint processing. 

Alt 2: Separate signaling: The parameters for enabling PDSCH RE muting and the CSI-RS patterns for intra/inter-cell measurement and/or interference estimation are separately signaled.  For example, in CoMP-CBF configuration, it may be sufficient to rate-match PDSCH only across intra-cell CSI-RS (anchor cell). The UE may however require channel estimates and/or interference estimates over CSI-RS patterns of (non-serving) cells even though its PDSCH is not muted over those REs.
Proposal 6: We have a slight preference for Alt2 (separate signaling of muting and CSI estimation patterns) because it provides eNodeB flexibility – with consequent increase in signaling overhead – on whether or not to rate-match its PDSCH across RE locations where the UE estimates its CSI.
3.3. Signaling for CSI-RS
We identify two possibilities for higher-layer signaling of CSI-RS patterns:

Possibility 1 [Bitmap] A bitmap of length N, where N is the re-use factor (for the given eNodeB antenna port configuration), signals the CSI measurement pattern for that particular cell. A bit value 1 on the k-th bit position informs the UE to measure its CSI over the k-th CSI-RS pattern.  Note that the serving cell eNodeB separately signals its intra-cell CSI-RS pattern index to its UE. 

Possibility 2 [Pattern Index]. Given N CSI-RS patterns, the higher layer informs the UE a symbol sequence {L1, L2 … LN} where 1 <=L1 <= N is the pattern index of the serving cell, and 0 <= Lk <= N (k>1) is the pattern index of the k-th non-serving cell. If Lk=0, estimation on the k-th CSI-RS pattern is not performed. 
4. Conclusions

This contribution has presented our views on signalling aspects for CSI-RS (in Rel-10 LTE) and muting (if standardized for Rel-10 LTE). 
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