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1. Introduction
The work item on enhanced FD MIMO was approved in the 3GPP RAN#71 meeting [1]. Enhancement of CSI feedback for MU-MIMO is included in the objective of this work item:
· As second priority, evaluate and, if needed, specify enhancement on CSI reporting based on non-precoded and beamformed CSI-RS to improve eNB precoding (such as new feedback methodologies in addition to codebook-based CSI feedback) and interference measurement to support efficient multi-user transmissions (e.g. further enabling interference estimation from NZP or ZP CSI-RS)

It is a common understanding that MU-MIMO is essential to reap the benefits provided by massive MIMO or FD MIMO. The massive antenna array gives more opportunities to successfully pair UEs in MU-MIMO transmission. It also leads to more frequent high-order MU-MIMO transmission. Accuracy of CSI available at eNB is important for successful deployment of MU-MIMO. Both precoders and CQI are critical parts of CSI for MU-MIMO. Precoder accuracy was enhanced in Rel.13 by high spatial resolution feedback with FD-MIMO codebook. On the other hand, CQI feedback has not been enhanced in several releases, which now becomes the bottleneck of MU-MIMO. In this paper, enhancement on interference measurement for MU-MIMO is investigated. 
2. Discussion
2.1. Multiple-CSI-process feedback

Up to LTE release 13, MU-MIMO transmission is implemented based on CSI provided by UE assuming SU-MIMO transmission. This incurs problem in dynamic switching between MU-MIMO and SU-MIMO. MU-MIMO favors low-rank transmission, and in TM8/9/10 at most two layers is allowed for a UE to participate in MU-MIMO transmission. SU-MIMO, on the other hand, benefits from high-rank transmission. Whether SU or MU-MIMO transmission will be used is decided at eNB, and is unknown to UE at the stage of CSI feedback. It may give rise to inconsistence between reported rank and actual rank of transmission. If a UE feeds back CSI with rank higher than 2 and is scheduled MU-MIMO transmission, the performance may degrade due to precoder overriding.

To support CoMP transmission, multiple-CSI-process feedback was introduced in TM10. A UE can be configured with multiple CSI processes, each of which is associated with an NZP CSI-RS and a CSI-IM. The NZP CSI-RS is used for channel estimation, and the CSI-IM is for interference measurement.

The problem with dynamic SU/MU-MIMO switching could be solved by reusing the multiple-CSI-process mechanism. Specifically, a UE could be configured with at least two CSI processes. Both CSI processes are associated with the same NZP CSI-RS. That is, both the CSI processes are used to provide CSI regarding the same transmission point (TP). The CSI processes are configured with different codebook subset restriction parameters. One CSI process is allowed to select rank freely, and other CSI processes are restricted to feedback low-rank CSI by disabling codewords with rank higher than 2. By this way, both rank free and rank limited CSI are available at eNB. 

Currently, the maximum number of CSI processes that can be configured to a UE could be 1, 3, or 4 depending on UE capability. With the additional CSI process dedicated to MU-MIMO CSI, it is likely that the maximum number of CSI processes would exceed what is defined in current specification. However, only minor standardization effort is needed to extend the maximum number.
Proposal 1:
· Multiple-CSI-process feedback mechanism could be reused to facilitate CSI reporting dedicated to MU-MIMO.
Another problem happens to be link adaptation for MU-MIMO. As SU-MIMO is assumed while calculating CQI, eNB has to predict post-schedule MU-MIMO SINR based on those reported SU-MIMO CQI and precoder information. The prediction is hardly accurate, since eNB does not have access to complete channel information except in TDD system. A straightforward solution is to let UE report MU-MIMO CQI that is calculated assuming MU-MIMO transmission. For calculating MU-MIMO CQI, UE needs to measure intra-cell interference from co-scheduled UEs. In a real system with multiple UEs, the co-scheduled UEs may vary from subframe to subframe, and different combination of co-scheduled UEs will result in drastically different intra-cell interference. A combination of co-scheduled UEs can be called an intra-cell interference hypothesis. MU-MIMO CQI calculated under the hypothesis of actual PDSCH transmission is the most desirable for accurate link adaptation. However, it may impose limitation on eNB scheduling, potentially leading to performance degradation. Ideally, UE measures interference resulting from all possible intra-cell interference hypotheses and calculates MU-MIMO CQI corresponding to those hypotheses. This can give eNB greater flexibility in choosing co-scheduled UEs. Methods to measure intra-cell interference are dealt in following subsections.
Proposal 2:
· CQI in CSI process dedicated to MU-MIMO should be calculated with MU-MIMO transmission assumption.
2.2. Interference measurement enhancement based on UE emulation
Difficulty of measuring intra-cell interference lies in the fact that information about co-scheduled UEs is unknown to UE at the time of carrying out the measurement. Useful information includes precoders and transmission power used by those co-scheduled UEs. If this information is available to UE, then it is feasible for UE to emulate the corresponding intra-cell interference. Assume there are K co-scheduled UEs for a UE, and then interference received by the UE is 
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where Int0 is inter-cell interference, H is the channel matrix from eNB to the UE, and Vk is the precoder of the kth co-scheduled UE，ak is the ratio of power allocated to the kth co-scheduled UE, and sk is the symbol vector of UE k. Assume that the symbol vector of each UE is spatially isotropically distributed, i.e., 
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, then the covariance matrix of interference could be expressed as
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where R0 is the covariance matrix of inter-cell interference. From Eqn. (2), it is clear that if the precoders and ratio of power allocation of co-scheduled UEs are available at UE, UE could obtain covariance matrix of interference.
Based on above observation, a mechanism to measure intra-cell interference could be envisioned. In this mechanism, precoders and power allocation ratios of tentative co-scheduled UEs are provided to UE. In addition, a CSI-IM is also configured for the UE to measure inter-cell interference. To do so, the serving cell shall mute on the configured CSI-IM while neighboring cells keep transmitting. 
With the information available, the UE could then have covariance matrix of interference as
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where 
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is covariance matrix of inter-cell interference measured on the configured CSI-IM, 
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is the channel estimated from a configured NZP CSI-RS. The interference consists of two parts: inter-cell interference measured on CSI-IM and intra-cell interference emulated by UE. 
As the interference is measured assuming certain scheduling condition, the performance might degrade if the scheduled UEs are not as assumed. If higher layer signaling is adopted to configure these parameters, it may also impose constraints on scheduling flexibility. As a solution, a UE can be configured to report multiple CQIs with different intra-cell interference hypothesis. That is, multiple sets of parameters are provided to UE, and each set of parameter corresponds to an intra-cell interference hypothesis. UE calculates CQI for each intra-cell interference hypothesis. For example, there are three possible co-scheduled UEs for a UE, and eight hypotheses are shown in Table I.

Table I: Intra-cell interference hypothesis configuration

	Intra-cell interference hypothesis
	UE 1
	UE 2
	UE 3

	#1
	ON
	ON
	ON

	#2
	ON
	OFF
	OFF

	#3
	ON
	ON
	OFF

	#4
	ON
	OFF
	ON

	#5
	OFF
	ON
	OFF

	#6
	OFF
	ON
	ON

	#7
	OFF
	OFF
	ON

	#8
	OFF
	OFF
	OFF


It shall be noted that eNB could select the most relevant configuration from Table I and configure it to UE. Reporting multiple CQIs would of course result in increased feedback overhead. To reduce overhead, dynamic signaling can be employed to trigger the required CQI only when necessary. Taking the configurations in Table I as an example, 3-bit field in DCI could be utilized to indicate which hypothesis is required by the eNB. Upon reception of such an indication, the UE could calculate and report CQI with appropriate intra-cell interference hypothesis.
In summary, a CSI-IM is configured for UE to measure inter-cell interference and an NZP CSI-RS is configured to estimate channel from eNB to UE. Parameters of a couple of intra-cell interference hypotheses are provided to UE such that UE could measure respective intra-cell interference for MU-MIMO CQI calculation.

Proposal 3:
· UE emulation should be studied to enable intra-cell interference measurement.
2.3. Interference measurement enhancement based on eNB emulation
The mechanism in section 2.2 lets UE emulate intra-cell interference. As an alternative, intra-cell interference could also be emulated by eNB. An example is illustrated in Figure 1. A UE is configured with a CSI-IM, and on the CSI-IM, eNB transmits some signal to emulate interference from co-scheduled UEs. The signal transmitted on the CSI-IM could be 
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where Vk is the precoder of the kth co-scheduled UE，ak is the ratio of power allocated to the kth co-scheduled UE, and sk is the emulated symbol vector of the kth co-scheduled UE. The statistical property of sk, e.g., covariance matrix, shall match the property of actual PDSCH signal.
CSI-IM has to be UE-specifically configured, and for each intra-cell interference hypothesis a dedicated CSI-IM is needed. When the number of UEs in a cell is large, CSI-IM alone will cost a great amount of system resources. The overhead could be saved due to following two facts:

· UE needs to measure interference only when CSI is triggered for aperiodic feedback or when periodic CSI is to be reported. Especially, if interference measurement restriction is enabled, time domain averaging is not permitted. In this case, many of the periodically occurring CSI-IMs are actually wasted.
· UE does not need to measure all intra-cell interference hypothesizes all the time. Actually, eNB could make proper choice based on traffic and other reported CSI and indicates UE to measure a subset of intra-cell interference hypothesizes. 
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Figure 1: CSI-IM configuration for intra-cell interference measurement

The above facts inspire instantaneous or aperiodic CSI-IM transmission. A UE is configured with M (M >= 1) CSI-IM configurations, but it does not update interference measurement unless a dynamic signaling is received. In other words, UE assumes the configured CSI-IM is not present unless dynamically signalled by the eNB. If M > 1, dynamic signaling also needs to indicate UE on which CSI-IM the UE shall measure interference. By this way, a CSI-IM could be shared among multiple UEs by time domain multiplexing. When a measurement is triggered for a UE, eNB transmits emulated interference signal on the indicated CSI-IM aligned with desired intra-cell interference hypothesis. An example with M = 1 is given in Figure 2. Two UEs share one RRC configured CSI-IM. At an instance of CSI-IM, UE1 or UE2 is triggered to measure interference. It is also possible that both UE1 and UE2 are triggered if the intra-cell interference hypothesis needs to be measured by the two UEs happens to be the same. When none of the UE is triggered, the CSI-IM is not present and the CSI-IM REs could be used for data transmission. 
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Figure 2: CSI-IM shared between two UEs
An example with M = 4 can be found in Figure 3. Four CSI-IMs are configured for a UE by RRC signaling, and at each measuring instance, one of the CSI-IM is selected and indicated to the UE. 
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Figure 3: CSI-IM configuration for interference measurement
Proposal 4:
· Aperiodic CSI-IM should be studied to facilitate eNB emulation of intra-cell interference.
· A UE is configured with M (M >= 1) CSI-IM and eNB sends dynamic signaling to trigger UE measurement.

· If M > 1, dynamic signaling also needs to indicate UE on which CSI-IM the UE shall measure interference.
3. Conclusions
In this paper, interference measurement enhancement targeting MU-MIMO transmission is investigated. With multiple-CSI-process feedback mechanism, interference measurement enhancement based on UE emulation and eNB emulation are discussed.  The following proposals are given:
Proposal 1:
· Multiple-CSI-process feedback mechanism could be reused to facilitate CSI reporting dedicated to MU-MIMO.
· Proposal 2:
· CQI in CSI process dedicated to MU-MIMO should be calculated with MU-MIMO transmission assumption.

Proposal 3:
· UE emulation should be studied to enable intra-cell interference measurement.
Proposal 4:
· Aperiodic CSI-IM should be studied to facilitate eNB emulation of intra-cell interference.
· A UE is configured with M (M >= 1) CSI-IM and eNB sends dynamic signaling to trigger UE measurement.
· If M > 1, dynamic signaling also needs to indicate UE on which CSI-IM the UE shall measure interference.
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