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Introduction
The following areas were identified in the eFD-MIMO WID for further enhancements of FD-MIMO in Rel-14 [1].
· Extend specification support for CSI reporting in the following areas [RAN1]
· Codebook(s) associated with the newly supported number of non-precoded CSI-RS ports for a subset of possible port layouts, both 1D and 2D
· CSI reporting mechanism to support joint utilization of different CSI-RS types at the UE such as between non-precoded CSI-RS and beamformed CSI-RS as well as between different types of beamformed CSI-RS
· 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)
· Analog feedback is not precluded
In this contribution, we discuss  the achievable gains with ideal link adaptation in multi-user transmission and the challenges with  interference measurement enhancements to support efficient multi-user transmissions.
[bookmark: _Ref426729914]Impact of Link Adaptation on MU-MIMO Performance 
Link adaption (LA) is an important part of LTE in order to achieve good UE throughput. Closed loop channel state information (CSI) feedback typically facilitates the LA.  The CSI feedback, in turn, requires accurate UE-side estimation of both the desired channel as well as the interference. However, how to estimate the interference level a UE can be expected to experience given some transmission hypothesis is often challenging.  In TM9, interference measurement is not defined explicitly in the specification and is up to the UE implementation.  In TM10, a UE can be configured with one or more CSI processes, where each CSI process is configured with a CSI interference measurement resource (CSI-IM) that defines the interference level to be used for CSI reporting.  The CSI-IM is part of the ZP CSI-RSs configured to the UE, and consists of 4 REs per PRB corresponding to a 4-port ZP CSI-RS resource. In Rel-11, there is no specification on whether filtering of a CSI-IM can be used by the UE. A UE may or may not average the measured interference over many subframes, reducing the possibilities by the network to dynamically control the interference produced on the CSI-IM resources on a subframe by subframe basis.  
In Rel-13, as part of the FD-MIMO work, measurement restriction (MR) was introduced to enable interference measurement on a CSI-IM in only one subframe for both Class A and Class B types of CSI reporting. This provides some control and certainty to the network on how the interference is measured by a UE, especially if the interference level is changing dynamically. 
However, the above CSI-IM targeted interference from other cells or transmission points, i.e. inter-cell interference. When a UE is scheduled for a multi-user MIMO (MU-MIMO) transmission, the interference experienced by the UE consists of both inter-cell interference and interference from co-scheduled UEs in the same cell, i.e.  intra-cell interference.  How to measure, feedback, and capture both interference levels in the LA is certainly more challenging.  But, before proceeding to try to improve the existing interference measurement mechanism based on CSI-IM, it may be helpful to understand the potential MU-MIMO gains with scheduling and LA based on ideal CSI. 
In order to understand the potential MU-MIMO gains with improved channel state information feedback, and in particular to capture the intra-cell interference in the scheduling; in [2] we compared the system performance gains in the following three cases through system simulations:
1. Ideal CSI for MU beamforming, scheduling, and LA 
2. Codebook based CSI for MU beamforming. Ideal CSI for scheduling and LA.
3. Codebook based CSI for MU beamforming, scheduling, and LA 
The first case corresponds to an ideal explicit CSI feedback mechanism, where the UE reports spatially rich CSI that can be used for both beamforming and to assess the impact of intra-cell interference. The second case corresponds to an ideal codebook based MU CQI feedback mechanism, where the UE reports the spatial information in a classical grid of beams sense which will impact the possibilities to spatially separate the UEs through null-forming, but where the scheduler is assumed to be able to perfectly assess the impact of intra-cell interference (possibly through multiple CSI-IM or UE emulated interference). The third case corresponds to normal implicit SU-MIMO CSI reporting that is interpreted on the BS-side to facilitate MU beamforming without accurate null-forming, and to assess the impact of intra-cell interference on a best effort manner.  The three cases are compared to a baseline SU-MIMO scheme.  Detailed simulation assumptions are given in the Appendix.
The gains from MU-MIMO over SU-MIMO in a 32 port setup in UMi, using 500 kB FTP traffic are shown in Table 1.  From the table, we can see that MU-MIMO has a modest 9% mean UPT gain over SU-MIMO in this scenario when a DFT codebook with real link adaptation is used (case 3 above).  Adding ideal scheduling and link adaptation (case 2 above) results in a more respectable 20% mean UPT gain, but it should be noted that this is likely a loose upper bound on the link adaptation gains, since we often see a large number of intra-cell interference hypotheses which are costly in terms of configuration management, CSI-IM overhead, and feedback overhead. On top of this interference conditions can vary quickly, making this type of CSI volatile.  Adding ideal CSI (case 1 above) with better MU beamforming, ideal scheduling, and link adaptation results in a substantial 68% mean UPT gain. From this we conclude that richer CSI and better precoding can be substantially more beneficial than ideal link adaptation through implicit CSI of intra-cell interference hypotheses.  The likely reason for the greater importance of rich CSI is that the spatial overlap is typically significant between active users in a cell, and without successful interference suppression between co-scheduled UEs the potential MU-MIMO gains quickly drop even if the scheduler is perfectly aware of the crosstalk. It should be noted here that we have not considered the additional negative impact due to feedback delay of the more volatile intra-cell interference CSI feedback, if compared to rich channel CSI feedback that only changes based on the coherence time of the channel.

[bookmark: _Ref447124527]Table 1:   UE throughput gains with MU-MIMO over SU-MIMO with rich CSI and ideal link adaptation
	Channel Knowledge & Codebook
	Mean UPT Gain over SU-MIMO

	Known Channel
	68%Substantial gain from rich channel information


	DFT Codebook + Ideal Link Adaptation
	20%Some modest gain from better intra-cell interference CSI


	DFT Codebook + Real Link Adaptation
	9%



Observations:
· There is large potential for gains from improved channel knowledge through rich CSI
· Improved link adaptation (including awareness of intra-cell interference) provides some modest gain.

Given these observations, we have the following proposal:

Proposal:
· High priority should be placed on improving the channel part of the CSI for MU-MIMO enhancements
Interference Measurements for MU-MIMO
One challenge of measuring intra-cell interference resulting from co-scheduled users in MU-MIMO is that the interference is not actually present at the time of measurement and thus some kind of assumption about the presence of the interference need to be made. Generally, a UE does not know which other UEs are to be co-scheduled during the time of interference measurement.  Hence, multiple hypotheses of the interference are needed.  This  usage of multiple interference hypotheses is very similar to dynamic point blanking (DPB) CoMP, with one difference being that the number of relevant hypotheses are more tractable for DPB as the hypotheses are typically not UE specific and only dependent on CoMP cluster topology. 
eNB Emulated Interference Measurement.
For MU-MIMO, a UE could be configured with multiple CSI-IMs, each for a particular intra-cell interference hypothesis. This could be done by configuring multiple CSI processes with the same CSI-RS but different CSI-IMs. Depending on the UE capability, up to 4 CSI processes can be configured for the purpose and thus up to 4 interference hypotheses can be supported. Unlike in the inter-cell interference measurement case where CSI-IM could be shared by multiple UEs, the CSI-IM here needs to be UE specific as the MU-MIMO interference would be different for different UEs. 
When a large number of UEs are present in a cell, that’s generally the case where MU-MIMO is beneficial, the CSI-IM  overhead could be high. For example, for 10 UEs in a cell and each with 3 CSI-IMs, 6 CSI-IM resources are required per subframe.  Assuming 5ms feedback time period, 2 CRS ports, 3 OFDM symbols for PDCCH, and 2 DMRS ports, this corresponds to roughly 22% (=4x6/108) of overhead. On top of this, for legacy UEs, the number of subframes where CSI-IMs are allowed are significantly reduced, making the mere configuration of CSI-IMs impossible. Another problem with this approach is that only a very small numbers of co-scheduling hypotheses are possible since each UE is limited to at most 4 interference hypotheses.
Observation:
· eNB emulated interference measurement for MU-MIMO is not scalable with a large number of UEs, since CSI-IM overhead can be high with large number of UEs
For the right interference to be measured, an eNB needs to have channel (or PMI) information of all UEs in order to emulate MU-MIMO interference, so the emulation likely involves two steps, i.e. in the first step, eNB obtains all the channel feedback from UEs and determine the MU-MIMO candidates and in the second step, eNB emulates MU-MIMO interferences and gets MU-MIMO CQI feedback from each UE candidate.  Thus at least 10ms feedback delay would be experienced. 
UE Emulated Interference Estimation
Another approach to capture intra-cell MU-MIMO interference could be UE emulated interference measurement, in which a UE estimates the MU-MIMO interference based on a MU-MIMO hypothesis, i.e. which UE(s) are paired for MU-MIMO.  The estimated MU-MIMO interference is combined with the inter-cell interference measured on a CSI-IM configured for the UE.  For Class A type of CSI reporting, the UE needs to know the precoding information as well as transmit power of other co-scheduled UEs. Therefore, similar to the eNB emulated interference case, at least two steps are needed here, i.e.  eNB obtains the channels from all UEs first and followed by interference estimation. With zero-forcing type of MU-MIMO precoding, which is likely used with improved channel feedback, signaling the precoder information to a UE can be challenging.    
Observation:
· For Class A type of CSI reporting, it will be challenging to signal MU-MIMO zero-forcing type of precoder information for UE emulated interference estimation
For Class B type of CSI reporting, the UE may estimate the channel for a CSI-RS that is beamformed towards a potential co-scheduled UE, and then add the emulated interference contribution to an inter-cell CSI-IM interference measurement in order to account for the impact of intra-cell interference. In this case, additional CSI-IMs  one for each interfering beam, could be defined on NZP CSI-RS resources for inter-beam interference measurement. The UE could report multiple CQIs corresponding to multiple MU hypotheses. Alternatively, eNB could signal to the UE  which hypothesis should be used for CQI reporting.  One issue is that the CSI-IMs are semi-statically configured before a preferred beam is reported by a UE, so it would be difficult for the eNB to pre-determine the interfering beam(s) for the UE.  So the additional CSI-IMs for intra-cell interference measurement need to be configured after the first CRI reporting.  
However, the same could be done without additional CSI-IMs.   A UE could be configured with multiple beam groups  and beams in the same group may be co-scheduled in MU-MIMO.  After a preferred beam is selected, a UE would know which beam(s) are potential interfering beams and could then measure MU interference based on the NZP CSI-RS associated with the beam(s). In this case, there is no need to configure additional CSI-IMs.  
Observation: 
· For Class B K>1 type of CSI reporting, CSI-RS could be used for inter-beam interference measurement. However, the measurement could be done without defining  new CSI-IMs on NZP CSI-RS resources
Given the modest performance gain with MU-MIMO interference measurement and its complexity nature, we have the following proposal:
Proposal:
· Further study is required on interference measurement for MU-MIMO
Conclusion
In this contribution, we have discussed the performance gain with improved link adaptation for MU-MIMO and potential ways for interference measurement improvement. Based on the discussion, we have the following observations and proposals:
Observations:
· Rich CSI knowledge has the greatest potential for throughput gain:
· There is large potential for gains from improved channel knowledge
· Improved link adaptation (including awareness of MU interference) provides some modest gain.
· Interference estimation mechanisms most suitable for MU-MIMO are different from CoMP
· eNB emulated interference measurement for MU-MIMO is not scalable with large number of UEs, IMR overhead can be high with large number of UEs
· It will be challenging to signal MU-MIMO zero-forcing type of precoder information for UE emulated interference estimation
· The need for new CSI-IM definitions is not yet clear: 
· For Class B K>1 type of CSI reporting, CSI-RS could be used for inter-beam interference measurement. However, the measurement could be done without defining  new CSI-IMs  on NZP CSI-RS resources
Proposals:
· High priority should be placed on improving CSI  for MU-MIMO enhancement
· Further study is required on interference measurement for MU-MIMO
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Appendix
	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	8x4 with 2x1 virt., UMi (130° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 500 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS






