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1. Introduction
The following has been noted in RAN1#60b with regards CSI RS muting for Release 10 –

· Transparent muting has an impact on Rel-10 UE
In this paper we discuss the inter cell aspects of CSI RS including the impact to interference measurement due to muting.
2. Inter-cell Aspects of CSI-RS
Impact to Rel-8/9 UEs: Currently there is no consensus in RAN1 on the degree of impact due to muting to Rel-8/9 UEs. Results that demonstrate significant additional degradation to Rel-8/9 UEs due to muting [1] (TI) as well as results that demonstrate small additional degradation to Rel-8/9 UEs [2] (Huawei) have been observed. Irrespective of the degree of impact a scheduler may choose to mitigate such impact by – (i) not scheduling Rel-8/9 UEs if possible (ii) adjusting MCS to Rel-8/9 UEs in a CSI RS subframe. Obviously this burden on the scheduler will also have a performance impact which is harder to measure in practice. Therefore it is reasonable to consider that – 

· Muting will have some additional impact to Rel-8/9 UEs and will present additional constraints to an eNB scheduler. The scheduler impact in reality with bursty traffic is difficult to measure. 
Muting for non-CSI RS subframes: Muting naturally applies to subframes that contain CSI RS transmission from the serving cell. The need for muting in other subframes may occur in cases where the reuse factor is not sufficient. This, however, will cause further degradation of Rel-8/9 UE performance and impose additional constraints on an eNB scheduler. Therefore it is preferable to minimize the number of subframes with muted REs. The reuse factor for 2Tx and 4Tx cases can be designed to be large enough to not require such non-CSI RS subframes with muted REs.

· It is preferable to minimize the number of muted subframes. A decision on muting for non-CSI RS subframes also depends on the reuse factor for 8Tx ports. 
Benefits of muting: The objective of RE muting (with or without power utilization from muted REs) is to obtain a cleaner estimate of CSI at the UE. This translates to a better precoder selection and more importantly makes the design forward compatible to spatial interference measurement (for CoMP) or a high resolution spatial channel feedback. It has been observed in several contributions that RE muting is beneficial for inter-cell CSI measurements. The benefits of RE muting in terms of system throughput with CoMP need careful evaluation including realistic channel estimation models. The application of RE muting, however, is ultimately a scheduler choice.
Impact to Interference Measurement: The issue of interference measurement for CSI-RS has been studied in [3] (Ericsson). A higher periodicity of CSI-RS and a lower density of CSI-RS (compared to CRS) have been noted to impact interference measurement. It has also been noted that an alternate for interference measurement is CRS (if available). In this paper we study the impact of muting on interference measurement by the UE from CSI RS. It is assumed that a UE estimates the desired channel from CSI RS and then estimates interference from the CSI RS RE locations subtracting out the estimated signal. If muting is enabled interference is also estimated from the muted REs. Some additional issues related to muting are noted here –
· If muting is not used, the interference measured by an UE mainly includes interference due to data REs, especially when the reuse factor is large. For example, assuming the same subframe is being used for CSI RS transmission network wide, only 1/r-th fraction of interferers contribute interference due to CSI RS (r is the reuse factor). 
· If muting is used, the interference measured by an UE includes interference due to CSI RS and not data REs. This creates a different interference measurement scenario compared to Rel-8 CRS.
· The impact of measuring interference due to data REs verses CSI RS REs for CQI computation needs to be studied especially in lightly loaded cells. The extent of this impact is valuable to evaluate the utility of muting for non-CoMP operation. 
In the following we investigate some scenarios of interference measurement and the necessity/impact due to muting in each case. 
· Macro only case
· In a non-CoMP scenario, if muting is not used then the measured interference is mainly due to data REs as in the case with Rel-8 CRS. This is especially true with larger reuse factors of CSI RS. Muting may not be critical for single cell operation in typical scenarios.
· In a non-CoMP scenario, if muting is used then the measured interference is mainly due to other cell CSI RS – further studies may be needed to determine if this leads to pessimistic CQI.
· In a CoMP scenario if muting is used 
· For UEs receiving CoMP transmission the interference estimation for CQI is significantly inaccurate if coordination is not assumed at the UE – the issue of pessimistic CQI (for lightly loaded cells) may be compensated by the network if the lightly loaded cell is a cooperating eNB. For UEs not receiving CoMP transmission, perhaps there is little interference from other cells.
· Macro + Pico/Femto case
· If range extension is not used (and CSG is not present), the geometry at the low end should not differ significantly from a macro-only case and therefore in terms of interference measurement it is similar to a macro-only scenario. Therefore the discussion in the earlier bullet is relevant.
· If range extension is used (or with CSG), the fraction of UEs in low and very low geometry may increase. In such cases some enhanced ICIC technique may also be needed. There are two options for CSI RS planning in this case denoted by Figure 1 in Figure 2 –
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Figure 1: Macro layer and the pico/femto layer transmit CSI RS on the same subframe
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Figure 2: Macro layer and the pico/femto layer transmit CSI RS on interlacing subframes
Figure 1: Macro and pico/femto CSI RS in the same subframe:
· If muting is not used – (i) low CINR for range extension pico UEs (ii) a macro UE estimates interference from all pico eNBs, a pico UE estimates interference from all macro eNBs which may not reflect the interference conditions with enhanced ICIC

· If muting is used the measured interference is mainly due to other cell CSI RS and further studies may be needed to determine if this leads to pessimistic CQI for lightly loaded cells if any of the macro/pico eNBs or both are muted
Figure 2: Macro and pico/femto CSI RS in interlacing subframes:
· If muting is used the measured interference is mainly due to other cell CSI RS and further studies may be needed to determine if this leads to pessimistic CQI for lightly loaded cells if any of the macro/pico eNBs or both are muted
· If muting is not used then the interference of macro CSI RS on the PDSCH of (range extended) pico/femto UEs remains. There could be several approaches for mitigating this (i) enabling CSI RS avoidance/cancellation for pico UEs (ii) using non-overlapping PDSCH for data ICIC in a TDM fashion (iii) restricting CSI-RS to smaller bandwidths in the case of FDM ICIC for data
Clearly the CSI RS planning described in Figure 2 is more promising. We elaborate on this further -
Case 1- This assumes that there is no overlap between macro and pico/femto PDSCH resources for a given macro cell and muting is not used. In that case (a) there is no interference from the macro eNB to the pico UEs in the cell so channel estimation due to CSI RS is not affected, (b) macro UEs and pico UEs can capture interference properly that includes the effect of ICIC and there are no issues of pessimistic CQI for light load (this holds irrespective of whether the resource partitioning between macro and pico/femto is synced network wide)
Case 2 – This assumes that the macro PDSCH resources are a subset of the pico PDSCH resources in a given macro cell (e.g. pico wideband, macro few subbands) and muting is not used. In that case (a) the CINR of a range-extended pico UE should be good in the non-overlapping bands and the CINR of a non-range-extended pico UE should be fine across the band, the CINR of macro UEs should be fine across the band (b) macro and pico UEs can capture interference properly and there are no issues of pessimistic CQI for light load (this holds irrespective of whether the resource partitioning is synced network wide)
In both the cases described above if resource partitioning across macro cells is not aligned, then downlink outer-cell interference to RE pico UEs need to be studied (to investigate whether muting is needed).
In summary with respect to interference measurement we have the following observations -
· If muting is not used, the interference measured by an UE from CSI RS mainly includes interference due to data REs, especially when the reuse factor is large. This is similar is characteristic to Rel-8 interference measurement.

· If muting is used, the interference measured by an UE includes interference due to CSI RS and not data REs. This creates a different interference measurement scenario compared to CRS and further studies may be needed to determine the impact on link adaptation.
· If muting is used in a CoMP scenario, the impact to interference measurement may be compensated by the network through coordinated scheduling.

· In a heterogeneous network CSI RS transmission from the macro layer and the pico/femto layer may be interlaced to mitigate dominant interference scenarios and the need for muting can be minimized.

The issue of pessimistic CQI in that case can be compensated to some extent by coordinated scheduling. 
3. Conclusions 
In this contribution we studied the inter-cell aspects of CSI-RS design. It is observed that a CoMP scenario is the most likely scenario for CSI-RS muting. We draw the following conclusions from our study
· If muting is not used, the interference measured by an UE from CSI RS mainly includes interference due to data REs, especially when the reuse factor is large. This is similar is characteristic to Rel-8 interference measurement.

· If muting is used, the interference measured by an UE includes interference due to CSI RS and not data REs. This creates a different interference measurement scenario compared to CRS and further studies may be needed to determine the impact on link adaptation.

· If muting is used in a CoMP scenario, the impact to interference measurement may be compensated by the network through coordinated scheduling.

· In a heterogeneous network CSI RS transmission from the macro layer and the pico/femto layer may be interlaced (Figure 2) to mitigate dominant interference scenarios and the need for muting can be minimized.

· Muting will have some additional impact to Rel-8/9 UEs and will present additional constraints to an eNB scheduler. The scheduler impact in reality with bursty traffic is difficult to measure.

· It is preferable to minimize the number of muted subframes. A decision on muting for non-CSI RS subframes also depends on the reuse factor for 8Tx ports.
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