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1. Introduction
As more and more scenarios and functionalities are taken into account in LTE, the accuracy of interference measurement based on CRS is being threatened. Identified problems of the CRS-based interference measurement are listed as following [1] [2].
· Interference unbalance between data and control region in low load situation or when applying almost blank subframes
· Interference over-estimation due to CRS collision 
· No measurability of inner-cell inter-point interference
· No or sparse CRS in MBSFN subframes and new carrier types with no CRS(TBD)
To support CoMP, in addition, UE needs to measure interference outside the set of coordinating points that can be composed of only a few points in the vicinity of the UE irrelevant to their physical cell ID. Since the conventional method measures the interference outside the serving cell, there shall be a mismatch between the result from CRS-based measurement and the real interference considering CoMP transmission [2]-[4].  
Because of its lack of robustness to various situations and functions being considered in Rel-11, there have been proposals to utilize CSI-RS resource for interference measurement instead of CRS resource. In this contribution, we provide our view on the CSI-RS based interference measurement for Rel-11.
2. Interference measurement based on zero-power CSI-RS
2.1. Overview 
Considering the limitations of CRS-based interference measurement, it is preferred to use CSI-RS resource for interference measurement thanks to its RE location, better collision avoidance, and point-wise measurability [2]. The direct extension from CRS to non-zero power CSI-RS is however not preferred because of the sparsity of CSI-RS resource as discussed in Rel-10. As an alternative approach, there has been a proposal to define a resource for UE to measure interference, where the resource is muted and can be configured by zero-power CSI-RS [2]-[4]. New muting resource could be considered for this functionality instead of zero-power CSI-RS [5], but it seems more reasonable to utilize existing resource in order to minimize specification impact if there is no serious problem from it.
In the zero-power CSI-RS based approach, UE measures interference from a zero-power CSI-RS resource where a set of points mute the resource intentionally [2] [3]. In this contribution, the set of points that mute the same REs together is referred to as ‘interference muting set’ and the REs from which UE measures interference is referred to as ‘interference measurement zone’. In addition to the good properties of CSI-RS resource for the interference measurement, this approach is beneficial in terms of robust application to various scenarios considered in Rel-11 and later releases. For example, this approach can be applicable to new carrier types with no CRS as well as CoMP scenario 1-4.
Observation1: Interference measurement based on zero-power CSI-RS resource is beneficial with respect to its robust application to various scenarios.
2.2. UE-specific interference measurement zone
The interference measurement zone can be set UE-specifically [3]. If it is set UE-specifically, the interference muting set can be optimized to UE by reflecting interference and coordination condition of the UE. Thus, no further adjustment on the measurement would be required. Also, this approach is applicable independently of the cell-ID, i.e., different points can participate in the muting at the same resource without regard to their cell-ID. However, resource overhead for muting can be a serious problem which will be discussed below.

In figure 1, for example, UE1 wants to measure interference from point B and C while UE2 wants to measure interference from point C only. In this case, point A should provide a zone for UE1 where point A mutes but point B and C transmit signals. For UE2, different muting zone is required where point A and B mute together but point C transmits signals. In this sense, each interference measurement set requires interference measurement zone separated from each other. In the example of figure 1, each point needs to mute four CSI-RS resources at maximum to support UEs with various interference and coordination circumstances as shown in figure 2, where muted REs are marked by red boxes inside which the interference muting set is remarked. UE2 in figure 1, for example, would be configured to measure interference in the REs remarked by {A, B} in figure 2 where interference from point C exists only.
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Figure1. Interference sources dependent on UE

[image: image2.emf]{C}

{B}

{A}

{A,B} {A,B}

{A,C} {A,C}

{B,C} {B,C}

{A,B,C} {A,B,C}

{A,B,C}

Muting resources of point A Muting resources of point B Muting resources of point C

{A}

{A,B}

{A,C}

{A,B,C}

{B}

{A,B}

{B,C}

{A,B,C}

{C} {A,C}

{B,C}

{A,B,C}

Interference

No interference


Figure2. An example of zero-power CSI-RS resources
From above observation, we can calculate the overhead from the RE muting as follows. First of all, resource overhead for one muting resource can be calculated as follows.
· Nm/(168TCSI-RS) in normal CP case,
· Nm/(144TCSI-RS) in extended CP case,
where Nm is the number of muted REs for measuring interference per RB and TCSI-RS is CSI-RS periodicity in subframes. 
If there are N points of which signal affect each other, 2N-1 interference muting sets are possible in total from network side that corresponds to 2N-1 interference muting sets from each transmission point side. Accordingly, the maximum resource overhead for muting is given by

· 2N-1 ∙Nm/(168TCSI-RS) in normal CP case,
· 2N-1 ∙Nm/(144TCSI-RS) in extended CP case.
This overhead can be quite significant when N is high because the overhead grows exponentially with N. In case of N=5, Nm =4, and TCSI-RS =5, for example, the resource overhead is 7.6% in normal CP case. 
In the analysis above, however, we assumed that N points can interfere or coordinate each other. If a point does not have any possibility to coordinate with a reference point, then the reference point does not need to set any interference measurement zone for the coordination of the two. For example, if point B does not coordinate with point A all the time, no muting resource for the interference muting set {A, B} and {A, B, C} is required in figure 2. Therefore, the resource overhead would be marginal where a point may coordinate with a few points. In heterogeneous networks such as CoMP scenario 3/4, resource overhead for muting in low power RRH side might be marginal because the low power RRH may coordinate with a macro-point plus a few low-power RRHs. However, resource overhead for muting in macro-point side can be significant because all low power RRHs would be the candidate coordinating points from the macro-point perspective.
Observation2: Resource overhead for UE-specific interference measurement zoning depends on the number of potentially coordinating points so that it can be significantly high from high-power point perspective in CoMP scenario 3/4.
2.3. Cell-specific interference measurement zone
One possible approach to reduce the resource overhead is to set the interference measurement zone cell-specifically. In this approach, all UEs in a cell measure interference on pre-determined REs that all points within the cell mute together. Accordingly, the interference muting set includes all points within the cell. Resource overhead for muting can be minimized from this approach since only one CSI-RS resource is needed to be muted for all points. In figure 2, for example, all three points needs to mute only one CSI-RS resource corresponding to the interference muting set {A, B, C}. The resource overhead from this approach is thus greatly reduced to

· Nm/(168TCSI-RS) in normal CP case,
· Nm/(144TCSI-RS) in extended CP case.
Since the interference circumstance shall be different per UE, however, further adjustment on the measurement would be essential to take inner-cell inter-point interference and cooperative transmission among points belonging to different cell-ID into account. One possible solution for the adjustment is to listen in the channel of interference sources described in section 3. 
Though the interference measurement zone is cell-specific, it is possible to configure it UE-specifically followed by the way of Rel-10 CSI-RS configuration. In this case, it could be an implementation issue whether to set the interference measurement zone cell-specifically or UE-specifically. However, the decision between them might have an impact on whether further adjustment on the result is needed or not.

In summary, we compare the UE-specific and cell-specific interference measurement zoning in table 1. Further investigation is required related to which approach is more beneficial. 
Table 1. Comparison between UE-specific and cell-specific interference measurement zone
	
	UE-specific interference measurement zone
	Cell-specific interference measurement zone

	Pros
	· No need to adjust the result further

· Robust application to various scenarios
	· Negligible resource overhead for muting
· Robust application to various scenarios 

	Cons
	· Moderate or large resource overhead for muting
	· Need to adjust the measurement further


Observation3: Resource overhead for cell-specific interference measurement zoning is negligible. However, the measurement needs to be adjusted further according to the interference and coordination circumstance of UE.

3. Interference adjustment

In [2], an interference adjustment approach by listening in CSI-RS and/or CRS transmitted from interfering point(s) was introduced. The baseline measurement to be adjusted could be zero-power CSI-RS-based measurement as well as the CRS-based measurement [2]. The CRS-based measurement can be used only when the CRS based result is still valid to use. Since the CRS based measurement cannot be applied robustly to various situations being considered in Rel-11, it seems more beneficial to use zero-power CSI-RS resources for the baseline interference result. When we use the result from zero-power CSI-RS resources as a baseline, the result will take interference outside the interference muting set into account. Accordingly, UE can add interference from a point within the interference muting set by listening in its non-zero power CSI-RS or CRS. Also, UE can subtract interference from a coordinating point outside the interference muting set by listening in its CSI-RS or CRS as well. If all the possible interference muting sets are supported in network side, this kind of adjustment might not be necessary because network can configure UE to measure interference on the REs corresponding to its coordinating points. If not, this kind of adjustment is necessary. For example, the interference muting set may always include all the points within the cell to minimize resource overhead as introduced in section 2.3. 
For the interference adjustment, UE does not need to know the interference channel itself but rather its power. Therefore, performance requirements for the interference listening can be far below that for the CSI measurement so that CSI-RS muting for the purpose of cleaner listening might not be necessary. If an interfering channel to be listened in does not belong to the set of coordinating points, additional channel or power estimation is required.
Observation4: Resource overhead for interference listening is zero or marginal but additional computational power may be required for UE. 
4. Conclusions
In this contribution, we analyzed and compared several approaches for the interference measurement. We support the following two alternatives for the interference measurement. 

· Alt1. UE-specific interference measurement zoning 

· Alt2. Cell-specific interference measurement zoning with interference adjustment 

As a result, we propose the following.

Proposal: It is preferred to introduce interference measurement based on zero-power CSI-RS in Rel-11. Further investigation is required whether to set interference measurement zone UE-specifically or cell-specifically if the interference measurement based on zero-power CSI-RS is introduced in Rel-11.
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