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1. Introduction
The chairman notes from the previous meetings capture the following working assumptions and agreeements for CoMP CSI feedback.

RAN1 #69:

Working assumption:

· The maximum size of the CoMP measurement set supported in Release 11 is three non-zero power CSI-RS resources
· Introduce a constraint to limit the UE processing requirements when more than a certain number of CSI reports are configured

· FFS what the constraint is 

· FFS what the “certain number” is
Conclusion:

No consensus; therefore aggregated CQI across multiple CSI-RS resources is not introduced in Rel-11. 

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

Note : this is independent of consideration of sub-band / wideband CQI values. 

RAN1 #68bis:

Agreement:

· Inter-CSI-RS-resource phase indicator feedback is not supported in Rel-11. 

· At least one Interference Measurement Resource (IMR) can be configured for a Rel-11 UE

· FFS whether a maximum of only one or multiple IMRs can be configured for a Rel-11 UE

· Each IMR consists of only REs which can be configured as Rel-10 CSI-RS resources

· FFS whether REs of an IMR are allowed to be configured as non-zero-power CSI-RS resources

· FFS whether an IMR can have finer granularity than 4 REs/PRB

CQI definitions and prediction for CoMP has been discussed quite extensively in contributions to past few meetings ([3]-[33]). In this contribution, we propose CQI definitions to support CoMP operation.
2. CQI definition for CoMP
Accurate CQI for CoMP would require that the eNB and the UE are aligned on the CoMP scheme, the underlying TPs and the associated interference assumptions. Timely availability of accurate CQI reports is important as most of the CoMP gains are achieved by dynamic scheduling and switching between potentially different CoMP schemes and transmission points. In this case, the CQI supported for CoMP should be the minimum required set that can support reliable MCS prediction for different CoMP schemes including i) DPS/DPB ii) JT and iii) CS/DPB. Further, receivers are well-tested for CQI feedback accuracy and often optimize link abstraction for deriving CQI with implementation specific calibration techniques. Inaccurate CQI approximations for some CoMP schemes or too much reliance on outer loop at the transmitter can reduce CoMP gains.

It was agreed in RAN1#69 that each CSI is configured by the association of a channel part (derived from a non-zero power (NZP) CSI-RS) and an interference part (obtained from one IMR configured using ZP CSI-RS or [FFS] using some of the configured using NZP CSI-RS where the UE assumes isotropic signal in addition to ZP CSI-RS IMR for interference calculation). 

The maximum size of CoMP measurement set supported in Rel-11 is 3 CSI-RS resources. For CoMP operation, typically, one CSI-RS resource corresponds to transmissions from one TP (although, the network can configure CSI-RS transmissions from multiple TPs within the same CSI-RS resource in a UE-transparent manner). Each CSI has a channel part and an associated interference hypothesis (interference measured based on the configured IMR and possibly configured NZP CSI-RS resources). 
Some definitions are in order (see below). 

2.1. Per-CSI-RS-resource CQI with total Interference

In this case, the CQI captures the total interference from all the transmission points other than the hypothesized transmission point. If we represent Ω as the set of all CSI-RS resources configured in the CoMP measurement set for a UE, CQI for CSI-RS resource i can be written as follows,
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where f(h,I) represents CQI computed with channel matrix h and interference power I. For simplicity, we focus on MMSE receivers without IRC capability and therefore, model the interference as an isotropic signal for CQI computation. Here 
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is the received signal power from the TP associated with j-th CSI-RS within the CSI measurement set 
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, 
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is the interference power computed for transmissions outside the CSI measurement set (e.g. using a ZP CSI-RS resource) and 
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is the thermal noise power. 
2.2. Per-CSI-RS-resource CQI assuming muting of some TPs

In this case, the CQI captures the total interference from all the transmission points other than the hypothesized transmission point excluding the TPs that mute their transmissions. If we represent Ω as the set of all CSI-RS resources configured in the CSI measurement set for a UE and 
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is a subset of all TPs within the CSI measurement set that are muting their transmissions, CQI for CSI-RS resource i can be written as follows,
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2.3. Per-CSI-RS-resource CQI with interference outside the measurement set

The CQI includes only the interference outside the measurement set,
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3. Downselection of interference hypotheses and CQI prediction

Different alternatives for CSI reporting for supporting different CoMP schemes have been proposed [13][14][21][26]. With a maximum CSI measurement size of 3, for each CSI-RS as the signal component, there are 4 interference hypotheses (e.g. if TP1, TP2 and TP3 are the three strongest TPs in descending order of received power and TP1 is transmitting the desired signal component, TP2 and TP3 are either both or individually transmitting or blanking). This results in 12 CQI configurations leading to a large UL overhead. Instead of configuring CSI reporting for all possible interference hypotheses, it is possible to configure for a subset of the hypotheses and use the reported CSI for predicting the CSI corresponding to the missing hypotheses. If the CQI reporting is optimized for single TP (fallback operation) by the configuration per-CSI-RS resource CQI with total interference for each TP, CQI prediction for DPS/DPB, JT and CS/DPB will suffer due to: (a) CQI quantization, and (b) error propagation. On the other hand, if CQI reporting is optimized for DPS/DPB scheduling by configuring per-CSI-RS resource with interference outside the measurement set there can be performance loss for single TP operation (for all non-CoMP UEs which form the majority of the UEs in the network). So, we propose the following. 

Proposal 1: Per-CSI-RS resource CQI reporting with total interference for the strongest TP is supported to ensure no degradation to fallback operation.
Observation: Additional CSI reports to support DPS/DPB, JT or CS/DPB for cell-edge UEs can be triggered for a suitably configured CSI measurement set based on CSI-RSRP reports from the UE. 

Such additional CSI reports can augment per-CSI-RS resource CQI for the strongest TP for supporting CoMP operation when needed.
Without loss of generality, we assume that the first TP in the CSI measurement set 
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(ordered set) is the strongest TP, the second TP is the second strongest TP, etc. We next define 2 additional CQI reports when the CSI measurement set size is 3 and 1 additional CQI report when the CSI measurement set size is 2 as follows.

Proposal 2: When the configured CSI measurement set size is 3, UE can be configured to send two additional CQI reports:
a. Per-CSI-RS resource CQI for the second strongest TP in the measurement set with the strongest TP muting

b. Per-CSI-RS resource CQI for the third strongest TP in the measurement set with the strongest TP muting.
Proposal 3: When the configured CSI measurement set size is 2, UE can be configured to send one additional CQI report:

a. Per-CSI-RS resource CQI for the second strongest TP in the measurement set with the strongest TP muting.
The motivation for defining the interference hypotheses for the CQI’s this way is as follows. CQI reports that involve just interference power from outside the measurement set in the denominator have a dynamic range. The existing 4-bit MCS table leads to large quantization error. This further leads to error in CQI prediction (and error propagation) for other interference hypotheses not included in the CQI’s at the eNB. On the other hand relative signal strength measures (e.g. 
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for measurement set size 3) have a smaller dynamic range and therefore lower associated quantization error. The simulation results in [13] confirm this observation (see for example, [13, Fig. 1]).
With the previously adopted notation, the proposed CQI reports for 
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for 1 Tx and 1 RE are described in Table 1.
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	CoMP measurement set size = 2
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Table 1. Proposed CQI reports for 
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Based on the above-defined CQI reports, the eNB scheduler can predict CQI for single TP operation and for different CoMP transmission schemes as shown in Table 2 (
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) and Table 3 (
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	Transmission scheme
	TP muting status
	Predicted CQI

	
	
	Desired signal from TP1
	Desired signal from TP2
	Desired signal from TP3

	Single TP operation
	No TP mutes
	
[image: image25.wmf]1

CQI


	Not needed
	Not needed

	DPS/DPB with one TP muting
	TP1 mutes
	-
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	DPS/DPB with two TPs muting
	TP2 + TP3 mute
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	TP1 + TP3 mute
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	TP1 + TP2 mute
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(denote this term as 
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	JT
	-
	Update depends on coherent JT vs. non-coherent JT assumption
	Update depends on coherent JT vs. non-coherent JT assumption
	Update depends on coherent JT vs. non-coherent JT assumption


(* this case also corresponds to CQI calculations for CS/DPB)

Table 2. CQI prediction at the eNB scheduler based on the proposed CQI reports for 
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	Transmission scheme
	TP muting status
	Predicted CQI

	
	
	Desired signal from TP1
	Desired signal from TP2

	Single TP operation
	No TP mutes
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	Not needed

	DPS/DPB with one TP muting
	TP1 mutes
	-
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	JT
	-
	Update depends on coherent JT vs. non-coherent JT assumption
	Update depends on coherent JT vs. non-coherent JT assumption


Table 3. CQI prediction at the eNB scheduler based on the proposed CQI reports for 
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Clearly, the 2 additional reports defined for CoMP measurement set size 3 and 1 additional report defined for CoMP measurement set size 2 are sufficient to predict CQI for all CoMP scenarios. 
4. IMRs for multiple CSIs

It was agreed in RAN1#69 that IMRs associated with different CSIs can be configured independently. This allows the network to flexibly configure IMRs to include the desired interference components within each IMR. For example, for the case of measurement set size 3, IMRs for each CQI report can be configured as shown in Table. 1 in order to obtain 
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. Two options are shown. 
Option 1: Three independent IMRs are configured using ZP CSI-RS with transmit/mute characteristics as shown.

Option 2: Only one IMR comprising ZP CSI-RS REs where all TPs in the measurement set mute is configured to allow the UE to estimate interference outside the measurement set. 

Option 1 is the most flexible but requires the configuration of an independent IMR per CQI. 
[image: image46.emf]Option 1 Option 2
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TP1 First set: {TP1 mutes, TP2 and TP3 transmit}

TP2 Second set:{TP1 and TP2 mute, TP3 transmits}

TP3 Third set: {TP1 and TP3 mute, TP2 transmits}

One set: {TP1, TP2, TP3 all mute}
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Table 1. Configuring IMRs to obtain 
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with ZP CSI-RS
In Option 2, the UE uses the CSI-RS resources configured for each TP to estimate the channel and computes 
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 based on the different interference assumptions. The estimation accuracy for this approach is comparable to that for Option 1 and the overhead is smaller than that for Option 1. This option also simplifies network deployment where each coordinating cluster can semi-statically create different sets of ZP CSI-RS REs where all relevant pairs (or triplets) of TPs mute. One of these sets of ZP CSI-RS REs can be readily configured as an IMR for a given UE as and when needed. Having only one IMR leads to some advantages in reducing UE processing and simplified RAN4 testing.
Proposal 4: Only one IMR based on ZP CSI-RS is configured to allow the UE to compute interference outside the measurement set.  
5. Discussion
Although CQI prediction was illustrated for single stream and 1 RE, this approach can be extended to determine the CQI offset associated with the different TPs under different interference assumptions in making scheduling decisions (i.e., effective SINR derived from CQI reports are used for offset determination). It is assumed that each CQI is associated with the reported PMI/RI for each CSI-RS resource when PMI/RI reporting is configured. 

In [13], UE reporting of relative interference power ratios for the coordinating TPs in addition to the single TP CQI assuming total interference power was proposed. In Alt 6 of [13], relative interference powers defined as 
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were proposed as the additional reporting metrics. We note that the proposal in this contribution is equivalent to Alt 6 of [13] as 
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. So, there is functional equivalence between the proposals in [13] and this contribution. However, relative interference power is a new measurement report that involves additional specification effort (i.e. a suitable range and new signaling must be defined) while the existing CQI tables can be used for the proposal in this contribution. Note that 
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can use the Rel-8 4-bit MCS table. One additional benefit of the proposals in this contributions is that 
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correspond to scheduling CQI (i.e. effective SINR) for two of the many DPS/DPB hypotheses and involve no prediction error while relative interference power leads to some prediction error for the two DPS/DPB hypotheses.
6. Overhead analysis
The CSI feedback overhead directly scales with the number of interference hypotheses. Clearly, the exhaustive set for CoMP measurement set size 3 leads to 12 times the CQI report size per subband relative to single TP operation. This is prohibitively large. Two additional reports on the other hand as proposed in this contribution attempts to strike a balance between increased feedback overhead and CoMP gains that can be realized through DPS/DPB, CS/DPB and JT.

We note that for reporting of 
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, the existing encoding approach defined for periodic and aperiodic reporting can be used.  Alternatively, compression techniques can be envisioned. 

For aperiodic PUSCH 3-1 reporting, for 4 Tx operation, the feedback overhead is 2 bits (WB RI) + 4 bits (WB PMI) + Number of subbands x (8 bits (CQI1)+ 8 bits (CQI2) + 8 bits (CQI3)), assuming 2 codewords for each CQI. This entails an additional overhead of 16 bits per subband for aperiodic CSI reporting.
For periodic PUCCH 2-1 reporting, for 4 Tx operation, the feedback overhead is 2 bits (WB RI) + 4 bits (WB PMI) + Number of subbands x (7 bits (CQI1) + 7 bits (CQI2) + 7 bits (CQI3)), assuming 2 codewords for each CQI.
7. Conclusions
Based on the discussion, we propose the following for CQI definitions for CoMP. 
Proposal 1: Per-CSI-RS resource CQI reporting with total interference for the strongest TP is supported to ensure no degradation to fallback operation.

Observation: Additional CSI reports to support DPS/DPB, JT or CS/DPB for cell-edge UEs can be triggered for a suitably configured CSI measurement set based on CSI-RSRP reports from the UE. 
Proposal 2: When the configured CSI measurement set size is 3, UE can be configured to send two additional CQI reports:

a. Per-CSI-RS resource CQI for the second strongest TP in the measurement set with the strongest TP muting

b. Per-CSI-RS resource CQI for the third strongest TP in the measurement set with the strongest TP muting.
Proposal 3: When the configured CSI measurement set size is 2, UE can be configured to send one additional CQI report:

a. Per-CSI-RS resource CQI for the second strongest TP in the measurement set with the strongest TP muting.
Proposal 4: Only one IMR based on ZP CSI-RS is configured to allow the UE to compute interference outside the measurement set.  
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