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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Recently, EBF/FD-MIMO SI [1] was completed, and the WI started. It was proposed to utilize the elevation dimension to improve the quality of service for cellular users in urban/dense deployment scenarios. One of the features this WI introduces is the beamformed CSI-RS. See [2]-[4] and references therein. Benefits of using beamformed RS signals include better support of EBF/FD-MIMO with more antenna ports and improved signal estimation quality owing to beamforming gains. 
An aspect that needs to be discussed in this WI is how to perform interference measurements in FD-MIMO. As evident from RAN1 #82 Chairman Notes, there are two interference measurement approaches, that is, interference measurements with CSI-IM resources (aka IMR) or without CSI-IM resources. In this contribution, both approaches are analyzed and how they may be supported is discussed.
Interference measurements with CSI-IM configured
For this approach, there can be one or more (e.g., CoMP) CSI processes for a UE and each CSI process is configured with CSI-RS and CSI-IM, and the associated transmission mode is TM10-like (or its further evolution). A CSI process may be associated with one or more CSI-RSs and one or more CSI-IMs; however, for EBF/FD-MIMO, generally within a time window, only one CSI-RS and one CSI-IM are relevant, and thus the discussion in this section is mainly based on one CSI-RS/CSI-IM per CSI process for simplicity.
A few aspects are discussed below.
Mechanisms
There are two cases when CSI-IM is configured, depending on if the CSI-IM is covered by adjacent eNBs' (and/or virtual sectors') zero-power (ZP) CSI-RS resources:
· CSI-IM not covered by adjacent eNBs' ZP CSI-RS
See Figure 1 below for an example. For this case, adjacent eNBs do not configure ZP CSI-RS on the time/frequency resources corresponding to this UE's CSI-IM, and no eNB coordination on CSI-IM REs is required. 
The interference perceived on CSI-IM by the UE may be generally the same as the interference perceived on non-CSI-IM REs. Such interference reflects the current interference being experienced by the UE, but not necessarily reflects the prospective interference the UE will experience.
In Figure 1, there are 16 CSI-RS REs per eNB, that is, 4 REs for signal, 8 REs for muting of adjacent eNB signals, and 4 REs are used for CSI-IM.  
· CSI-IM covered by adjacent eNBs' ZP CSI-RS
See Figure 2 below for an example. For this case, adjacent eNBs need to configure zero-power CSI-RS on the time/frequency resources corresponding to this UE's CSI-IM, and their transmissions on those resources should be consistent with the coordinated transmission hypotheses. As a result, those ZP CSI-RS resources cannot be used for data transmissions (i.e., rate matching is needed) by the adjacent eNBs. [footnoteRef:1] [1:  Note that ZP CSI-RS does not necessarily mean muting. Assume eNB1's CSI-IM is covered by eNB0's ZP CSI-RS. Assume further eNB0 serves UE0 and eNB1 serves UE1. From UE0's perspective, it just performs rate matching around the ZP CSI-RS REs. Then eNB0 may mute or transmit signals according to a coordinated hypothesis on the ZP CSI-RS REs, and in the latter case, the transmitted signals by eNB0 is seen by UE1 as interference on the CSI-IM. Therefore, ZP CSI-RS here is a means to provide the eNBs the flexible capability of measuring interference according a certain transmission hypothesis.  ] 

The interference perceived on CSI-IM by the UE may not be directly related to the interference perceived on non-CSI-IM REs (e.g. data REs). Depending on how the eNB coordination is done, such interference may reflect the prospective interference the UE will experience. That is, on the adjacent eNB's ZP CSI-RS, the transmissions are according to a transmission hypothesis determined by the network, and the hypothesis may be applied to actual transmissions several subframes later.
In Figure 2, there are 24 CSI-RS REs per eNB, that is, 4 REs for signal, 8 REs for muting of adjacent eNB signals, 8 REs for transmissions for adjacent cell UE's interference measurements, and 4 REs are used for CSI-IM.
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Figure 1. Example of resources for CSI measurements with CSI-IM not covered by adjacent eNBs' ZP CSI-RS resources.
[image: ]
Figure 2. Example of resources for CSI measurements with CSI-IM covered by adjacent eNBs' ZP CSI-RS resources. (The CSI-IM of eNB0 overlaps with eNB1/2's ZP CSI-RS. The interference measured by eNB0's UE on the CSI-IM is what eNB1/2 transmit on those ZP CSI-RS, which does not have to be the same as eNB1/2's PDSCH transmissions and generally needs to be rate matched by eNB1/2's UEs. See Footnote 1.)

Potential enhancements for interference measurements in Rel-13 FD-MIMO
Evolution of TM10 and/or CSI-IM based interference measurements may be needed in Rel-13 to efficiently support FD-MIMO. A new transmission mode may need to be introduced for this purpose. In addition, the following enhancement, namely, measurement restriction, may be considered.
If CSI-IM is to be used for a UE operating in EBF/FD-MIMO and the CSI-IM is covered by adjacent eNB's ZP CSI-RS, different CSI-IM REs (in time and/or frequency) may experience different precoding weights. This is especially so as the precoding weights may be UE specific and vary in time/frequency. The interference measurement based on time-domain and/or frequency-domain interpolation and/or averaging corresponding to different precoding weights may not have any clear physical meaning. Therefore, it is needed to apply measurement restriction, in time and/or frequency domains. See [12] for more detailed discussions. However, if the CSI-IM is not covered by adjacent eNB's ZP CSI-RS, which is generally associated with no eNB coordination, measurement restriction seems not applicable.
The following observation is made based on above discussion:
Observation 1: Measurement restriction for interference measurements is more relevant if the CSI-IM is covered by adjacent eNB's ZP CSI-RS than not.
Interference measurements with no CSI-IM configured
This approach is applicable to any non-CoMP scenarios, which may be the typical scenarios for FD-MIMO. For this approach, the CSI process [footnoteRef:2] is configured with no CSI-IM, and the associated transmission mode may be any other than TM10 (or its extension). The interference measurements may be performed on CSI-RS REs (preferred) or CRS REs (not preferred). The following discussions assume the interference measurements are done on CSI-RS REs. A few aspects are discussed below. [2:  According to TS 36.213 Clause 7.2.1: For a given serving cell, if the UE is configured in transmission modes 1-9, the "CSI process" in Table 7.2.1-1B and Table 7.2.1-1C refers to the aperiodic CSI configured for the UE on the given serving cell. Therefore, one can view that TM1-9 also have the concept "CSI processes" defined.
] 

Mechanism
Figure 3 illustrates an example of how non-CSI-IM based CSI measurements work. Specifically, the UE first detects the signal on the CSI-RS REs, then subtract it from the total received signal, and finally obtain the interference estimate. More steps for interference measurements are involved in this case than that with CSI-IM; however, such capability is already supported by UE (for CRS based interference measurements).
For this example case the overhead is only 4 REs (for CSI-RS) per eNB. 
It is also possible to allow the CSI-RSs to be non-overlapped for the eNBs, but that does not seem to bring any benefit and can only capture the current interference instead of potential future interference (as the precoding weights on the CSI-RSs of an adjacent eNB may be used in later transmissions by the adjacent eNB; hence the precoding weights may be able to reflect potential future interference). 
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[bookmark: _Ref430723193]Figure 3. CSI measurements without CSI-IM and with overlapping CSI-RS.

This approach can also allow the CSI process to have multiple CSI-RSs. The interference measurement resources for each CSI-RS are the CSI-RS REs. 
Discussion on measurement accuracy
It may be viewed that the accuracy of interference measurement without CSI-IM could be reduced, mainly due to the need to first estimate and subtract CSI-RS signals (without RE muting) before obtaining the interference estimate. However, analysis can reveal that the measurement accuracy is not an issue. 
First, RE muting when introduced was primarily for measurements of weak signals in CoMP. It is generally not necessary for non-CoMP as the signals are typically sufficiently strong. Second, let us take the above example and compare the number of REs used in interference measurement against the number of REs when demodulation using DMRS is performed. In the DMRS case there are 12 REs per RB. In the above example there are 4 REs/RB; however, with proper interpolation/averaging and measurement restriction (e.g., 3 or 6 RBs per feedback granularity), generally the CSI-RS REs from multiple RBs can be used. In this way the accuracy of CSI-RS measurements can at least match the accuracy required for demodulation, although the sufficient measurement accuracy needs to be achieved at the cost of more operations in interference measurements. Additionally, the accuracy might be increased further thanks to beamforming gain since CSI-RS are precoded in EBF/FD-MIMO. Therefore, the measurement accuracy without CSI-IM is not really a concern.
Potential enhancements for interference measurements in Rel-13 FD-MIMO
Similar to CSI-IM based interference measurements, it is also important to introduce proper measurement restriction in time/frequency domain for non-CSI-IM based interference measurements.
To summary, we have the following observation/proposals:
Observation 2: CSI-RS REs can be used for interference measurements with sufficient measurement accuracy.
Observation 3: The interference measurements performed on CSI-RS REs can be enhanced by measurement restriction.
Comparison and discussions
The following table compares the three main mechanisms discussed above.
Table 1. Comparison of interference measurement mechanisms 
	
	IM resource
	Measured interference
	Overhead
	Require coordination
	Require MR

	A: CSI-IM not covered by adjacent eNB's ZP CSI-RS
	CSI-IM REs
	Present interference
	Medium
	No
	Not applicable

	B: CSI-IM covered by adjacent eNB's ZP CSI-RS
	CSI-IM REs
	Prospective interference
	High
	Yes
	Yes

	C: No CSI-IM
	CSI-RS REs
	Prospective interference
	Low
	No
	Yes



One may see that mechanism C is the best choice for FD-MIMO. Note that mechanism B can cover mechanism C if it is allowed that the CSI-IM overlaps with the CSI-RS with proper UE behavior clarified. Further discussion may be done to see if they can be merged into one mechanism.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424] Conclusion
 In this contribution, the approaches for interference measurements with or without CSI-IM configured are analyzed and how they may be supported is discussed. The following observations and proposals are obtained:
Observation 1: Measurement restriction for interference measurements is more relevant if the CSI-IM is covered by adjacent eNB's ZP CSI-RS than not.
Observation 2: CSI-RS REs can be used for interference measurements with sufficient measurement accuracy.
Observation 3: The interference measurements performed on CSI-RS REs can be enhanced by measurement restriction.
Proposal 1: Enhance CSI-IM and non-CSI-IM based interference measurements by applying measurement restriction.
Proposal 2: Specify to use CSI-RS REs for interference measurements.
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