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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)-Type2 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-Type2 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.

The following observations were made regarding PDSCH muting for inter-cell CSI estimation:

Legacy UE Impact
· There is a performance impact due to muting for case 1 and case 2.

· Especially, when PDSCH muting is applied in other subframes than the ones transmitting CSI-RS of the serving cell, performance degradation of Rel-8/9 UE becomes more significant. 

· Thus, in terms of legacy impact, it is preferable that PDSCH muting (if supported) is limited to the same subframe as the ones transmitting CSI-RS on the condition that sufficient reuse factor providing the muting gain can be obtained.

Mean Square Error during CSI estimation
· MSE performance improvement is achieved by CSI-RS with PDSCH muting compared with CSI-RS without muting and CRS in channel estimation of neighboring cells. 
· Throughput performance should be evaluated to further clarify the benefit of muting 

Throughput performance
· Throughput performance of CoMP UE is improved by CSI RS with PDSCH muting compared with CSI-RS without muting and CRS.

· PDSCH muting is beneficial for CoMP schemes that require inter-cell channel measurements in future release.

· It is noted that introduction of PDSCH muting in future release (>Rel-10) would cause negative impact to Rel-10 UE

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, interference estimation and identifies high-level design guidelines if standardized muting is adopted for Rel-10 LTE and beyond.

2. Background

Muting serving cell PDSCH REs which collide with neighboring cell CSI-RS is being studied in RAN1 for performing inter-cell CSI estimation at the UE. The idea is as follows: Serving cell mutes its PDSCH REs on CSI-RS locations corresponding to a set of non-serving cell (s). Muting offers a two-fold benefit: First the UE increases its CSI accuracy to the serving cell since neighboring cells silence their PDSCH transmissions on colliding REs. Next, the UE increases its CSI accuracy to non-serving cells since the serving cell’s data is anyway muted on CSI-RS REs corresponding to non-serving cells. 

Example applications wherein PDSCH muting on inter-cell CSI-RS resources is viable include:

a) Coverage enhancement (e.g. CoMP).
b) Het-net scenarios wherein muting at a coordinating eNodeB (e.g CSG HeNB) assists victim UEs (non-CSG UEs) to estimate CSI to their serving macro. eNodeB.

3. CSI Measurement and Interference Estimation
This section examines muting impact on CSI measurement and interference estimation aspects.

3.1. Muting Occurrence and Rate-Matching Aspects
In prior meetings (RAN1 #61bis), it was recognized that legacy UE (Rel-8/Rel-9 LTE) performance degrades because it is unaware that its PDSCH is punctured at RE positions on which intra-cell CSI-RS is transmitted. Further work has shown that PDSCH RE muting over inter-cell CSI-RS locations additionally degrades legacy UE operation [2][3]. 
Proposal 1: To minimize performance impact at legacy UEs, PDSCH RE muting should preferably be restricted to (intra-cell) CSI-RS subframes only. 

We believe that PDSCH muting within the intra-cell CSI-RS carrying subframe is sufficient to get reliable inter-cell CSI for CoMP. As an aside, the above proposal (which has also been made in [5]) follows somewhat naturally considering the large available reuse factors equaling 5/10/20 – sufficient at least for intra-site CoMP with 3 cells/site – for 8-TX/4-TX/2-TX CSI-RS transmissions in the finalized CSI-RS pattern in [1]. 
Regarding rate-matching around muted CSI-RS locations, the eNodeB will have to signal the muted RE locations around which its PDSCH is rate-matched. Further, the rate-matching procedure will have to discriminate between legacy (Rel-8) and advanced (Rel-10) LTE UEs, since legacy UEs are anyways not equipped to receive their muting signaling information.

3.2. Interference Estimation
While muting support is certainly desirable for CoMP, associated impact on interference estimation should be factored in ongoing studies in RAN1. Interference estimation is carried out at the UE for ascertaining the “true” levels of interference experienced on its data REs. Accurate interference estimation should be representative of the true interference over PDSCH and essential for providing accurate CQI feedback [4] – [7]. That is, if the UE estimates interference over its muted PDSCH REs, then the majority of interference over those REs should be representative of PDSCH (and not CSI-RS) transmissions   from other cells.
3.3. Case studies
Case study A [CoMP-CBF]: For accurate beam-forming (and interference-nulling), the CoMP-CBF UE requires measuring its channels to coordinating cells. Interference estimation from coordinating cells may be required for estimating companion PMI (s) [7] as well as accurate CQI reporting. In the event that the CSI-RS is transmitted more than once in each frame, it is desirable that the set of CSI-RS subframe with muted PDSCH REs is a strict subset of the set of subframes carrying intra-cell CSI-RS.

Case study B [Het-Net Scenarios]: In het-net scenarios with severe co-channel interference (e.g. CSG HeNB deployments), proposed “enhanced” time-domain coordination approaches include transmitting silent subframes (e.g. “almost-blank” (AB) subframes
) from coordinating aggressor HeNBs. Since silent subframes, by their very nature, do not carry data (PDSCH), they naturally lend themselves for intra-cell/inter-cell CSI estimation.

We identify the following desirable features for inter-cell CSI estimation in het-net scenarios:

a) The macro. eNodeB transmits its CSI-RS during subframes that are time-synchronized with the silent  HeNB subframes. This helps its “victim” UEs avoid dominant interference and reliably estimate their channels to the macro. eNodeB, since HeNBs are “silent” over the corresponding resources.
b) Coordinating HeNBs should preferably transmit their CSI-RS only during their silent subframes. During subframes overlapping with silent HeNB subframes, the macro. eNodeB can mute its PDSCH REs (overlapping with CSI-RS locations of coordinating HeNB (s)) in order to facilitate accurate inter-cell CSI estimation at macro. UEs.
[image: image1.wmf]

3.4. Partial Muting Considerations
In Rel-8 LTE, a UE first estimates its serving cell channel over CRS. Thereafter, the UE may estimate interference by subtracting the contribution of its serving cell from the received signal over either its serving cell or neighboring cell’s CRS locations (for example, after demodulating its PDSCH). Similarly, Rel-10 LTE UEs may estimate interference by subtracting off their serving cell signal from the received signal over intra-cell and/or inter-cell CSI-RS positions. However, the comparatively low measurement RE density of CSI-RS (1 RE/PRB/port and transmitted at most twice in each radio frame) implies limited number of opportunities available for interference estimation and CSI estimation on CSI-RS. 

Note that the above conflicts occur mainly for 8 TX antenna port eNodeBs for which CRS is not available on all antenna ports. At least for 2 TX and 4 TX antenna port eNodeBs, the UE can estimate interference on its serving cell CRS RE locations. However, mandating different reference symbols for interference estimation depending on the eNodeB antenna port configuration increases the UE channel estimator complexity and complicates RAN4 testing.

As pointed out in [5], if there is no PDSCH muting on inter-cell CSI-RS, the UE can obtain reasonably good interference estimate, considering the large available reuse factor of 5 (with 8 TX for normal CP transmission). That is, on average, 1/5th of interference as seen on inter-cell CSI-RS arises from CSI-RS transmissions, while the remaining 4/5th of interference arises from PDSCH transmissions of non-serving cells. The case studies’ in the preceding sections motivate partial PDSCH RE muting on inter-cell CSI-RS locations as an acceptable compromise for enabling inter-cell CSI estimation without compromising interference estimation. 
Two approaches have been suggested in on-going studies: The first approach is based on time-domain muting where PDSCH REs on inter-cell CSI-RS positions are muted over a subset of the CSI-RS bearing subframes (suggested in [10]) . The second approach [9] advocates frequency domain muting wherein the PDSCH is selectively muted on certain RBs across the entire resource grid.

We prefer time-domain (subframe level) partial PDSCH muting on intra-cell CSI-RS carrying subframes. That is, the duty cycle for PDSCH muting should preferably be configured separately from the CSI-RS duty cycle (e.g. muting may occur in a single CSI-RS subframe in each radio frame, even though CSI-RS is transmitted in two subframes within a radio frame).

3.5. Power usage of muted resources
One remaining issue is to study how to handle reallocating the (unused) power from muted PDSCH REs. The available options for re-allocating power from muted CSI-RS resources include a) intra-cell CSI-RS, b). PDSCH, and c). Rel-10 DMRS. As pointed out in [11], power transfer on to PDSCH requires defining newer power levels (in addition to existing levels). Power transfer on to Rel10 DMRS is awkward because DM-RS is UE-specific – implying that DM-RS may not be carried across entire bandwidth – unlike CSI-RS.  By process of elimination, the unused power from muted PDSCH REs shall be transferred (UE transparent) onto intra-cell CSI-RS.
4. Conclusions
Based on the above discussion, we have the following proposals if standardized muting is adopted in Rel-10 LTE:

Proposal 1: To minimize legacy impact, PDSCH muting should be carried out in intra-cell CSI-RS subframes only.
Proposal 2: Interference estimation on CSI-RS should be factored in while standardizing muting aspects. For doing so, muting should be carried out (across entire bandwidth) on a subset of configured CSI-RS subframes. That is, the muting duty cycle should be configured separately from the CSI-RS duty cycle.
Proposal 3: Muting pattern(s) should be determined by the network and communicated to the UEs on a cell-specific basis. 
Proposal 4: 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).
Proposal 5: Power from muted PDSCH REs is re-allocated (UE transparent) on to intra-cell CSI-RS.
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Figure � SEQ Figure \* ARABIC �1�: Time-domain partitioning in het-nets
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� In our understanding, almost blank subframes do not carry PDSCH, however they can carry cell-specific RS.
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