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1. Introduction
The following agreements were reached in RAN1#69 regarding CSI feedback for CoMP.
Agreement:

· The eNB configures the CSI(s) to be reported by the UE

· A Rel-11 UE can be configured to report one or more CSIs per CC

· Each CSI is configured by the association of

· Channel part: one NZP CSI-RS resource in CoMP Measurement Set

· Interference part: 

· one Interference Measurement Resource (IMR) which occupies a subset of REs configured as Rel-10 ZP CSI-RS

· FFS whether one or two NZP CSI-RS resources can be configured, on which ports the UE assumes the transmission of an isotropic signal to be considered as interference in addition to the interference measured on the configured IMR

· Configuration of multiple CSIs

· IMRs associated with different CSIs can be configured independently

· If NZP CSI-RS resources are configured (as per the FFS above), they can be different for different CSIs

· FFS the maximum number of CSIs configurable for one UE 

· This does not affect the ability to configure subframe subsets for CSI reporting

· If PMI/RI reporting is configured, each CQI is associated with a PMI+RI

In this contribution we provide our views on the configuration of CQI reports and interference measurement in order to finalize CoMP CQI definition in Rel.11. 
2. Discussion
2.1. General principles

Different CoMP schemes are envisioned for Rel.11. In theory, being able to dynamically switch between different CoMP schemes is appealing to exploit the maximum scheduling flexibility and CoMP performance gain. However from a practical implementation perspective, dynamically switching between several CoMP schemes could be quite challenging and it is unclear if the performance gain could justify the additional implementation efforts. From a realistic deployment point of view, it is expected that one CoMP transmission scheme will be semi-statically chosen whereas eNB may configure UE to report CSI(s) targeting the specific CoMP transmission hypothesis, reaping the desirable scheduling need without incurring significant CSI overhead. 

In addition, dynamic fall-back to single-cell transmission is important. Feedback of single-point CSI according to Rel.10 definition should be adequately supported. 
For a specific CoMP transmission scheme, it is in general beneficial to have information of multiple CQI(s) that target different interference hypothesis. This is particularly true for DPS/DPB where for a given transmission point, the per-point CQI may vary significantly depending on the blanking of other transmission points in the measurement set. These CQIs with different interference hypotheses are necessary to facilitate CoMP coordination, and can be obtained in several ways:
Alt1:   Multiple IMRs are configured, where one IMR corresponds to one interference hypothesis. Interference for each CQI is measured directly on its associated IMR:
· Pros:    Accurate CQI and link adaptation 
· Cons:  High CSI-RS overhead. High CSI feedback overhead
Alt 2: One IMR is configured per UE, which could correspond to a most basic interference hypothesis that a UE may use to emulate other interference hypotheses. For instance, the one configured IMR may reflect the interference from transmission points outside the CoMP measurement set. CSI corresponding to other interference hypotheses are emulated by the UE, e.g. by measuring additional interference from one or two NZP CSI-RS resources. Note that the additional NZP CSI-RS for interference emulation could be CSI-RS resources corresponding to the other points in the CoMP measurement set, and are used as signal part of other CQI(s). As such no additional CSI-RS overhead is incurred. 
· Pros:     Accurate CQI and link adaptation. Low CSI-RS overhead than Alt-1. 
· Cons:   High CSI feedback overhead.
Alt 3: One IMR is configured to interference arising from transmission points out of the CoMP measurement set. For each point, a single-point CQI is reported where interference is measured on the configured IMR reflecting out-of-CoMP-cluster interference. Other CQI under different interference hypothesis are predicted by eNB based on the reported CQI(s). 
· Pros:  Low CSI overhead. May reuse the legacy feedback channel (PUCCH/PUSCH) with minimum specification change.

· Cons: Reduced CSI and link adaptation accuracy. 

Decision on the three alternatives should base on the comparison of system performance, feedback overhead, CSI-RS overhead (both channel and interference measurement), IMR reuse ratio, and implementation complexities at both the UE and network side. Some observations are noted below:

· Configuring multiple IMRs corresponding to multiple interference hypotheses (Alt-1) needs to be carefully discussed. The premium of this approach is to enable accurate interference measurement directly on the IMR, under the premise of careful PDSCH muting on multiple configured IMR resources. However, accurate interference measurement can be equally enabled by UE-side interference emulation (Alt-2) where signal from the other transmission points are added to the interference measurement on a single IMR reflecting out-of-CoMP-cluster interference.  

· From the CSI-RS overhead perspective, configuring multiple separate IMR (Alt-1) results in the highest CSI-RS overhead and is undesirable for interference measurement reuse factor maximization [5]. On the other hand, having one IMR per UE (Alt-2/3) has better IMR reuse factor, especially when the CoMP measurement set size is large.
· Explicitly reporting CSI(s) corresponding to different interference hypotheses (Alt-1 and Alt-2) offers the best link adaptation flexibility, but creates higher feedback overhead and UE implementation complexity than Alt-3. These alternatives should be justified by sufficient performance gain. If eNB-side CQI prediction (Alt-3) may infer different CQI(s) under different interference hypothesis reliably based on a limited set of CQI reports, it would be beneficial for reducing CQI feedback overhead and UE complexity. 
Observation:

· Multiple IMRs result in the highest CSI-RS overhead and reduces the interference measurement reuse factors.

· Interference emulation at UE with one IMR leads to more accurate CQI measurement, at the expense of higher CQI overhead.

· eNB-based CQI prediction with one IMR has the lowest CQI overhead and CSI-RS overhead, but the CQI accuracy needs to be studied.
Given the discussion above, we focus on Alt-2 and Alt-3 and compare the system-level performance of CoMP DPS/DPB. 
2.2. Interference emulation at UE vs. CSI prediction at eNB
2.2.1 UE-side interference emulation 

For Alt-2, one IMR is configured per UE to measure the sum interference outside the CoMP measurement set. For each point, multiple per-point CQIs are reported corresponding to different interference hypotheses, depending on the blanking of other points in the measurement set.  This results in a total of 
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, 4 CQIs are reported per point, corresponding to four blanking hypotheses (exemplified in Table I for point 1). 
Table I: CQI(s) feedback for point 1, under different blanking hypothesis, 
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It should be noted that different blanking hypotheses (e.g. Table I) also impact the rank adaptation (RI) and precoder selection (PMI). Strictly speaking, for multiple CQIs reported for each TP, each CQI report shall be accompanied by a separate RI/PMI feedback to ensure rank adaptation accuracy.  This however further increases the feedback overhead and should be justified by sufficient performance gain. During the remainder of this contribution, it is assumed that a common rank is assumed for all CQIs of a point. 
2.2.2 eNB-side CQI prediction 
For Alt-3, one CQI is reported per-point, where interference is measured on the IMR corresponding to a specific interference assumption (e.g. from points outside the measurement set). Hence, each point only reports the CQI with full blanking of all other points in the CoMP measurement set 
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.  Subsequently, CQIs under other blanking hypotheses are predicted by eNB. For instance, the per-point CQI without blanking, for point i, may be approximated as 
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where 
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 is the per-point channel, 
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 is the per-point PMI feedback, and u denotes the receiver equalizer. Other CQI prediction schemes are also possible.
2.3.3 System-level evaluation

In this section we compare the system-level performance of dynamic point selection/blanking where link adaptation is based on interference emulation (Alt-2) or eNB prediction (Alt-3). A homogenous macro deployment scenario with 3-point intra-eNB coordination is considered. Three NZP CSI-RS resources are configured per UE for signal measurement, and one IMR is configured for interference measurement. The total CSI-RS overhead are therefore equivalent between Alt-2 and Alt-3. For Alt-2, for each point, UE-side interference emulation relies on the two NZP CSI-RS resources corresponding to the other two points. Detailed simulation assumptions are listed in Table III. 
Table II: System-performance with CoMP dynamic point selection/blanking

	
	Rel.10 SU-MIMO baseline(bps)
	Alt-2: SU-MIMO w/ DPS/DPB, multiple CQI reports per point, w/ interference emulation at UE (bps/Hz)
	Alt-3: SU-MIMO w/ DPS/DPB,  one CQI report per point, w/ CQI prediction at eNB (bps/Hz)

	Cell-average
	2.0540 (0.0%)
	2.173 (5.8%)
	2.107 (2.6%)

	Cell-edge
	0.0680 (0.0%)
	0.0769 (13.1%)
	0.0709 (4.3%)


From the numerical results in Table II, we reach the following conclusions:

· CoMP DPS/DPB with multiple CQI feedback per-point based on UE-side interference emulation (Alt-2) provides non-trivial performance gain, especially for cell-edge coverage. This comes at the expense of higher uplink CQI feedback overhead and UE processing complexity.

· CoMP DPS/DPB with single CQI feedback per point (Alt-3) still provides some gain over Rel.10 single-cell transmission, although the gain is noticeably lower. This is due to the less accurate link adaptation as a result of eNB CQI prediction. It should be noted that more advanced CQI prediction methods may reduce this performance gap. On the other hand, the CQI feedback overhead for each point is equivalent to Rel.10, and UE processing complexity is lower. 
3. Conclusions

In this contribution we discussed the remaining details of CSI definition. Based on system-level evaluation, specification/implementation complexity and system overhead, our observations and recommendations are summarized below:
· One UE-specific IMR is configured. Through PDSCH muting on the IMR, eNB configures UE to measure a certain interference hypothesis (e.g. sum interference arising from points outside the CoMP measurement set). 
· One or multiple CQIs could be reported for each point in the measurement set. The decision between interference emulation at UE (Alt-2 with multiple CQI feedback per point) and CQI prediction at eNB (Alt-3 with one CQI feedback per point) should be made based on the tradeoff between system performance, feedback overhead, UE complexity and standard impact. Interference emulation (Alt-2) is found to provide non-negligible system performance gain compared to eNB prediction-based scheme (Alt-3), at the cost of higher feedback overhead and UE processing complexity. 
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Table III. Simulation assumptions

	Parameter
	Assumptions

	Feedback scheme
	Per-point implicit RI/CQI/PMI with Rel.10 PUSCH mode 3-1, 

subband 6RB,  4-bit CQI, Rel.10 codebook

	CSI Feedback delay
	6 ms

	CSI Reporting periodicity
	5 ms

	Link adaptation
	Non-Ideal

	Scheduler
	Proportional fair in time and frequency

	ACK/NACK based outer loop link adaptation adjustment 
	Yes: target BLER=10%

	Number of cells 
	57

	Deployment model
	Homogeneous deployment with high power RRH

Hexagonal grid, 3 sector sites

	Backhaul 
	Point to point fiber,  zero latency and infinite capacity

	Inter site distance
	500 m

	Average number of users per cell
	10

	Traffic model
	Full buffer

	UE speeds 
	3 km/h

	Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Control OFDM symbols 
	3

	Max number of HARQ retransmissions
	3

	Channel model
	3GPP Case 1 (SCME Urban Macro 15° angular Spread)

	Tx power per transmission point
	46 dBm

	BS antenna configuration
	2Tx ULA with 0.5 λ separation. 

3D pattern with 15° electric downtilt

	UE antenna configuration
	2 RX with 0.5 λ separation, same polarization as BS 

	UE receiver 
	MMSE without inter-cell interference suppression
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