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1. Introduction
CSI feedback enhancement is one of the key tasks in both Rel-11 DL MIMO enhancement SI and CoMP WI. The task covers a wide area including transmission scheme, codebook, feedback content, and feedback behavior in diverse deployment scenarios. Among many issues, an interference measurement issue has been identified [1]-[7]. Especially for CQI calculation, interference measurement accuracy is a crucial factor for system performance. In this contribution, we identify the issues related to the interference measurement in section 2 and consider possible approaches in section 3.
2. Interference measurement on CRS 
Though the calculation of interference is left as an implementation issue so far, it has been a common sense that CRS REs are used for interference measurement. As more and more scenarios and functionalities are taken into account in LTE, however, the accuracy of interference measurement on CRS REs is being threatened. Since a part of CRS REs are located in PDCCH region, the interference level measured on CRS REs could be different from the actual interference level in PDSCH region. The gap could be seriously large when CRS collides with that from neighbor cell(s) and/or when no PDSCH but PDCCH is transmitted from neighbor cell(s) because of empty buffer or application of almost blank subframe (ABS) for eICIC [1]. Though the CRS collision probability can be reduced by well-organizing frequency shifts of CRS, it is expected to be getting harder and harder to manage it with only three frequency shift values as more and more cells are being created. In addition to the interference over-estimation problem from CRS collision, empty buffer, and application of ABS, the absence of CRS REs in MBSFN subframes can be a problem since data can be transmitted in the MBSFN subframes [1]. 
The interference measurement issue becomes more critical when it comes to the single cell multi-point scenario, which is one of the three highly prioritized scenarios in DL MIMO enhancement SI [8] and one of the four CoMP scenarios at the same time [9]. In the scenario, CRS can be transmitted from either the macro-point only or from all points within the cell in an SFN style for legacy support [4][6]. Therefore, there is no way of discriminating each point under the same cell with CRS. In other words, intra-cell inter-point interference cannot be measured on CRS REs.
Without regarding the single cell multi-point scenario, in addition, the measured outer-cell interference can still be mismatched to the actual interference on PDSCH when taking multi-cell CoMP transmissions into account (e.g., JT in CoMP scenario 1/2/3). Since the interference on CRS REs of the serving cell includes all outer-cells’ interference, the contribution of coordinating cell(s) to the total interference on CRS needs to be excluded to calculate the actual interference on PDSCH during CoMP transmission [2]. This issue could be addressed to some extent by utilizing measurement restricted subframes . To be specific, the interference measurement can be done by configuring a subframe subset for a CoMP UE and letting the coordinating points transmit no signal in the configured subset like ABS of Rel-10 eICIC. This approach has limitation that some resource wastage is expected and CSI reporting opportunity is limited in aperiodic reporting. Thus, further investigation, with the possibility of the enhancement to Rel-10 restricted CSI measurement, is needed on its feasibility and efficiency.
Observation 1: Current assumption on interference measurements based on CRS seems to be insufficient when taking CRS collision, low load situation, application of ABS, PDSCH transmission in MBSFN subframes, and single cell multi-point scenario into account. Especially, measurement of intra-cell inter-point interference needs to be newly defined. 
Observation 2: Measurement restricted subframes can be considered for inter-cell interference measurement in multi-cell CoMP scenarios with investigating its feasibility and efficiency.
3. Possible approaches with CSI-RS
Since all CSI-RS REs are located in data region unlike CRS, it could reflect interference on PDSCH more correctly. Also, there are a number of CSI-RS configurations available, which can be used to avoid CSI-RS collision, and CSI-RS shall be transmitted with PDSCH in MBSFN subframes. Moreover, it is possible to distinguish points within the same cell by CSI-RS because CSI-RS is not cell-specific but possibly point-specific [9]. Therefore, it seems beneficial to utilize CSI-RS REs as a reference resource for interference measurement. In this section, we observe several possible approaches.
3.1. Interference measurement on non-zero power CSI-RS REs

As CSI-RS is used for channel estimation in transmission mode 9, it can be a natural extension to use non-zero power CSI-RS REs for interference measurement instead of CRS REs, i.e., measure overall interference by subtracting the estimated channel from the received signal on the non-zero power CSI-RS REs. However, the low density of non-zero power CSI-RS is problematic for estimating interference correctly. For example, the interference measurement from the sparse CSI-RS can be erroneous in frequency selective channels [10]. Accordingly, direct extension from CRS to non-zero power CSI-RS for interference measurement is not preferable.
Observation 3: Direct extension from CRS to non-zero power CSI-RS for interference measurement is not preferable due to low density of CSI-RS as discussed in Rel-10.
3.2. Interference measurement on zero power CSI-RS REs

CSI-RS RE muting was introduced in Rel-10 mainly for mitigating interference to CSI-RS of neighbor cell(s), resulting in an improved channel estimation of UEs in the neighbor cell(s). The muted REs are signalled by zero power CSI-RS to UE. In [2] and [3], there was a proposal to utilize the zero power CSI-RS REs for the purpose of interference measurement. In detail, the serving point(s) blank a set of REs and set those REs as an interference measurement zone where only interference components remain. For CoMP JT, for example, the coordinating point(s) could black the same set of REs to be excluded from the interference measurement result [3]. In this approach, the interference measurement zone can be freely widened by configuring multiple zero power CSI-RS patterns to UE, which is already supported functionality. In this way, the low density problem of CSI-RS could be addressed. In this approach, however, the zero power CSI-RS REs should not overlap CSI-RS REs of interfering points unless the CSI-RS EPRE is identical to the PDSCH EPRE. This approach thus sacrifices PDSCH resource for the sole purpose of interference measurement. Accordingly, we need to carefully address this approach by examining trade-off relationship between the resource overhead and the interference measurement accuracy. 
Observation 4: UE-specific interference measurement zoning approach based on zero power CSI-RS is an effective approach if the overhead issue for muted REs is addressed carefully. 
3.3. Interference measurement on both CRS and CSI-RS REs 
One approach can be using both CRS REs and CSI-RS REs in order to adjust the interference measurement result. If interference measurement on CRS REs is proved to be tolerable to the issues from the CRS collision and the interference unbalance between control and data region, the interference measurement on CRS could be still valid for the purpose of “outer-cell” interference measurement. To address the issue of measuring “inner-cell” inter-point interference with above assumption, UE can measure overall outer-cell interference plus noise on CRS REs and approximate inner-cell inter-point interference by estimating channel or power from interfering point(s) within the same cell on CSI-RS REs. Then, UE can sum those two parts of interference for total interference calculation. For the channel estimation of interfering point within the same cell, multiple non-zero power CSI-RS patterns may need to be configured to UE for separate CSI-RS configuration of serving point and interfering point(s).
The interference measurement issue in multi-cell CoMP operations can be solved in a similar fashion. Once a UE measures interference on its serving cell CRS REs in which all the outer-cell interference including the power from the coordinating cell(s) are seen, the contribution of coordinating cell(s) to the outer-cell interference can also be subtracted by overhearing their channels from their own CRS and/or CSI-RS. 

Observation 5: Using both CRS and CSI-RS REs for interference measurement is an effective approach where outer-cell interference is measured on CRS REs and inner-cell interference is approximated by estimating channels from interfering point(s) on CSI-RS REs, where the outer-cell interference result can be adjusted by estimating channels from coordinating cell(s) in case of multi-cell CoMP operations.
4. Conclusions 
In this contribution, we observed that the current assumption on interference measurements based on CRS is insufficient. CSI-RS resource can be a promising candidate for a new reference resource for the interference measurement.
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