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1. Introduction
During the discussion of PDSCH RE muting, some companies raise the concern that interference estimation over CSI-RS is not reliable if RE muting is configured [1]. Furthermore, the density of CSI-RS is not sufficient to get accurate interference measurement even if RE muting is not configured [2-3]. It was agreed in RAN1#61bis that, CRS is used to estimate interference for simulation purpose. However, relying on CRS for interference measurement has the following problems:
· Reuse factor of CRS is 3 for 2/4 antenna port system,  then CRS REs see much stronger interference than PDSCH REs since they are interfered with high probability by the CRS transmissions in other cells and those CRS transmissions are always enabled, regardless of system load.
· Considering the potential support of CoMP in future release, interference observed on CRS REs may be not appropriate. With respect to different CoMP transmission scheme, it is not clear that signal from cooperating cells are source of interference or not. If not interference, it is difficult to separate the contribution of cooperating cells from the interference observed on CRS REs. The CoMP operation is thus made even more complicated.
· The design philosophy of LTE Rel-10 and future release is to substitute high density CRS by low density CSI-RS. That is, CRS will fade out eventually. Rely on CRS for interference measurement may cause forward compatibility problem in case that CRS is removed from data region in future release. To make CSI-RS design future-proof, we should avoid such potential problem in the design of LTE Rel-10.
As a long-standing standard, LTE-A system should be future-proof design to cover a broad range of applications, such as CoMP, etc.
In this contribution, we will show that, combined with PDSCH RE muting, interference measurement can be made robust and future-proof.
2. Interference measurement over muted RE
It is common understanding that PDSCH RE muting is cell-specific configuration. That is, all the UEs in the cell see the same set of muted REs, regardless whether it is a CoMP UE or not. For a non-CoMP UE, the muted RE is actually wasted, since it is not necessary to estimate channel of other cells. As shown in Figure 1, the coordination area consists of three co-located sectors. For better CSI estimation accuracy of coordinating cells, each cell can be configured to mute PDSCH REs in the locations where there are CSI-RSs in coordinating cells. By this way, interference from serving cell is eliminated when a CoMP UE is attempting to estimate channel of coordinating cells. The RE mapping pattern is illustrated in Figure 2. For UEs anchored in Cell 1, RE group
 “1” is the CSI-RS of serving cell, and RE groups “2” and “3” corresponding to CSI-RS of two coordinating cells Cell 2 and Cell 3. Within RE group “2”, a UE can receive CSI-RS from Cell 2 and nothing from Cell 3, and a UE can receive CSI-RS from Cell 3 and nothing from Cell 2 within the RE group “3”. 
According to geometrical location of the UE, the muted RE group/s can be used differently.

· UEs located in the center of Cell 1

For example, for UE 3 located in the center of Cell 1, it does not make sense to estimate the CSI of Cell 2 or Cell 3, since it is suited for single cell transmission. For such type of UEs, the actual (PDSCH) interference from Cell 2 and Cell 3 may be rather weak compared with interference from other cells and thermal noise. On RE group “2”, UE 3 can see weak interference from Cell 2 CSI-RS and no interference from Cell 3. Thus, the interference on RE group “2” will not deviate much from the actual interference. Therefore, it is reasonable for UE 3 to estimate interference from RE group “2”. Following the same reasoning, UE 3 can also estimate interference on RE group “3”. 
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Figure 1: Co-located sectors
· UEs located at the boundary of Cell 1 and Cell 2
For a UE located at the boundary of Cell 1 and Cell 2, for example, UE 1 in Figure 1, if CoMP transmission is enabled, it may be configured to estimate CSI of Cell 1 and Cell 2, while Cell 3 is still regarded as source of interference. Moreover, the interference from Cell 3 may be weak compared with other cells. In this case, network can configure UE 1 to estimate interference on RE group “3”. On those REs, no interference comes from Cell 2 and weak interference of Cell 3 CSI-RS is observed. Although the interference of CSI-RS and PDSCH of Cell 3 may be different, the estimation error may be acceptable, since it is weak. If the UE is in single cell transmission mode, it may be better to estimate interference over RE group “2” to include dominant interference.
· UEs located at the boundary of Cell 1 and Cell 3
Similarly, for UE located at the boundary of Cell 1 and Cell 3, interference can be estimated over RE group “2” or group “3” with respect to the transmission mode.
· UEs located at the boundary of Cell 1, Cell 2, and Cell 3
A UE located at the boundary of Cell 1, Cell 2, and Cell 3 is most likely to be served by the three cells, i.e., non of them is interference. In this case, UE can be configured to estimate interference on RE group “1”, i.e., CSI-RS of serving cell.
As a summary, if cell-specific RE muting is configured, UE can be configured to estimate interference over muted RE according to its position, transmission scheme, etc. In order to decide the RE group over which a UE should estimate interference, RSRP reported by UE may be exploited. 
Furthermore, it is possible that some muted REs are reserved for interference estimation only. For example, in addition to the two muted RE groups, Cell 1 is configured to mute the third RE group as shown in Figure 3. RE group “2” and “3” correspond to CSI-RS of Cell 2 and Cell 3, respectively. RE group “4” does not correspond to CSI-RS of any cooperating cells. Then all UEs in single cell transmission mode can estimate inference on these REs, they can observe interference of PDSCH from Cell 2 and Cell 3 accurately. Of course, the three cells should coordinate the REs reserved for interference estimation to avoid collision between muted REs as shown in Figure 3. A CoMP UE can still be configured to estimate interference on RE group “1”, “2”, or “3”.
With the additional muting RE group, it is possible to find appropriate RE group for each UE to estimate interference according to its transmission mode. The overhead incurred by the additional muting RE group is marginal since it is sparse in both time and frequency domains.
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Figure 2: RE mapping pattern
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Figure 3: RE mapping pattern
3. Specification impact
Based on the agreed RE muting signalling [4], only a little standardization work is needed to incorporate such interference measurement method. The duty cycle and subframe offset of the interference measurement RE group can be tied to that of RE muting. The only extra signaling needed is to indicate UE on which muted RE group the UE is expected to estimate interference. Following two approaches can be considered.
Bitmap approach
As stated above, all the UEs in the cell know which REs are muted. Assume that RE group “2”, “3”, “4” are muted. Then, 3 bits are needed to indicate the interference estimation RE group. For example,  a bitmap with value {0, 0, 1} means that UE should estimate interference on RE group “4”. This signalling is UE-specific, i.e., different UE can be configured to estimate interference on different RE group according to its location in the cell as explained in section 2. If only one group is allowed to be used for interference estimation, group label can be signalled to save signalling overhead. In the above example, 2 bits are needed to signal group label. 
In case, UE is allowed to estimate interference on CSI-RS or CRS, additional 2 bits can be appended to the bitmap to indicate whether the UE should estimate interference on CSI-RS or CRS.
Virtual cell approach
In the operation of CoMP, a UE needs to be informed about the cells that it should measure (measurement set). Along with the Cell ID, the configuration of CSI-RS, including number of antenna ports, duty cycle and subframe offset, pattern index etc, should also be informed. In this case, a virtual cell can be included in the measurement set to indicate the interference measurement RE/s. The virtual cell is distinguished from other cells by its ID, e.g. a cell with cell ID beyond 503 can be recognized as a virtual cell.
Since CoMP is not supported in Rel-10, signalling of measurement set will not be included in this release. Therefore, bitmap approach seems appropriate under current situation.
4. Conclusions
In this contribution, we discuss an interference measurement method basically relying on the RE muting itself in LTE Rel-10. If cell-specific RE muting is enabled, UE can be configured to estimate interference on muted RE according to its location, transmission scheme, etc. By this method, the interference measurement can be made unified independent of the transmission scheme. Furthermore, relying on the RE muting can get more accurate on interference estimation than relying on CRS, which is demonstrated in a companion contribution [3]. 
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