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1 Introduction
At RAN1#67, it was agreed that CSI feedback for CoMP uses at least per-CSI-RS-resource feedback. Aside from the need of additional inter-CSI-RS-resource feedback, there are many questions regarding CQI to be addressed, particularly,
· Is per-CSI-RS-resource CQI going to be computed differently at UE when the UE is configured to report for multiple CSI-RS resources, as opposed to CQI definition for single CSI-RS resource in Rel-10? The discussion also relates to how to account for interference.
· Is there a need for aggregated CQI? What is the CQI definition if needed? 
In this contribution, we discuss the two above questions. Note that the context of the discussion is to search for CQI definition that may possibly enable different CoMP schemes. We are focusing on per-CSI-RS-resource feedback. For aggregated feedback (i.e., aggregated RI/PMI/CQI), the definition of CQI should not be different from that defined for single CSI-RS resource CQI in Rel-10 [1]. A closely related topic is interference measurement which can affect all CQI definitions [2].  
2 Per-CSI-RS-resource CQI Definition
Several alternatives for CQI definition have been proposed for per-CSI-RS-resource feedback [3, 4]. For single-CSI-RS-resource CQI, all signals other than the one from that single CS-RS-resource is counted as interference. But when the UE is configured to report per-CSI-RS-resource CQI for multiple CSI-RS-resources, should a UE only count interference from signals out of the reporting set, or count all signals other than the single CSI-RS-resource being reported? 
Ignoring the subcarrier index for simplicity (i.e., assuming frequency flat channel), the per-CSI-RS-resource CQI (for rank-1 precoding) can be written as:
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where Hi is the channel response of the link between UE and the TP corresponding to the i-th CSI-RS-resource, wi is the precoding vector, The mapping 
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quantizes the set of SINR values, corresponding to multiple subcarriers, into a 4-bit CQI.
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 is the noise power plus the interference coming from:
· Option 1: all transmission points other than the one being reported 
· Option 2: only transmission points out of CoMP measurement set
Note that in option-1, interference power can be the estimated noise power plus powers of all other TPs in the CoMP measurement set. However, using CRS might be a simpler and better way to obtain noise power plus interference power for all TPs other than the one TP (assuming different CRS from different TP). In this case, CQI definition can be the same as that in Rel-10.

Observation:
· CQI definition is fundamentally an issue about where to measure and how to account for interference.
· Measuring interference from CSI-RS based on the traditional reconstruct-and-subtraction approach will depend on how good the channel estimation can be which further depends on CSI-RS density.
· In our view, the topic of “CQI definition” is about how interference should be accounted for, rather than where to measure interference.
As opposed to option-1, option-2 definition has been proposed to facilitate the CQI estimation for any kind of CoMP-scheme [3, 4], which should include:
1. Single-point without any transmission coordination (i.e., non-CoMP or DPS w/o muting): In this case, option-1 definition should reflect the CoMP CQI more accurately.
2. Single-point but coordinated BF: In this case, option-2 definition may not reflect the reduced interference, but option-1 that assumes no interference from all other TPs is clearly too optimistic.
3. Single-point with blanking (DPS with blanking): Option-2 will be more accurate if all TPs in the reporting set are muted. But in reality, only a subset of them may be muted.
4. SU-JT: Ideally, CoMP CQI in this case can be estimated with decent accuracy from per-CSI-RS-resource CQI feedback (either option-1 or 2). There are both coherent and non-coherent SU-JT (i.e., with and without inter-CSI-RS-resource phase information). See more discussion in the next section.
5. MU-JT: More difficult if possible to predict CoMP CQI
3 CoMP CQI estimation at eNB based on option-2
First, it is not difficult to see that CoMP prediction is impossible if CQI is based on option-1. This is mainly due to the fact that the SINR for each transmission point (TP), derived from CQI for example, has different denominators due to different total interference. On the other hand, option-2 definition of SINR has a common denominator (i.e., common set of interferers). So we will focus next on option-2 in an SU-JT example.  
Based on the per-CSI-RS-resource CQI (option-2), eNB estimates a scheduled CQI based on the CoMP-scheme considered. For non-coherent JT, the aggregated CQI measured by UE should be
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where S denotes the CoMP cooperating set. In (2), the phase difference between
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  is not available at eNB. 
If no feedback of aggregated CQI is available, in order to estimate the aggregated CQI at eNB, the contributions of the cross product terms in the expanded form of 
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 in (2) might be ignored, and we have 
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Note the mapping 
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is not one-to-one, but we may define its inverse mapping function as either 
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For coherent JT, the aggregated CQI measured by UE should be
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where  QUOTE 
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is the inter-CSI-RS-resource phase suggested by UE. 

At the eNB side, the inter-CSI-RS-resource phase information may help to have a better estimation of the scheduled CQI. However, the phase information is not accurate enough to guarantee the alignment of
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 due to its limited resolution. A possible estimator of the aggregated CQI for coherent JT is [3]
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Similarly, for dynamic point blanking combined with JT, we may estimate the effective CQI by 
 QUOTE 
 
[image: image27.wmf]eNB1

DPB

\muting set

CQI((CQI)).

i

iS

qq

-

Î

=

å




(8)

For non-CoMP or even CS, we may estimate the effective CQI by 





(9)

where  p is the serving point index and M is the CoMP measurement set.


The main benefit of the option-2 CQI definition is that it seems to facilitate the derivation of CQI under every possible CoMP-scheme assumption. It provides flexibility for eNB to dynamically decide which CoMP scheme should be adopted without incurring too much feedback overhead, but the estimation of the scheduled CQI based on each particular CoMP scheme may not be so accurate. 
There are apparent issues worth investigating the accuracy of eNB prediction. For example, 
· The reverse CQI-to-SINR mapping is coarse. 
· The fact that CQI is only represented by 4 bit makes the corresponding SINR only within a range (e.g., 2-3dB) 
· The SINR based derivation assumes flat channel. Note that UE actually employs a set of SINRs on different subcarriers to map to a single CQI value. The frequency selectiveness is lost in the CQI-to-SNR mapping and the subsequent mapping back to CQI.
·  The estimation of SU-JT CQI based on inter-TP phase feedback is approximate.
· Per-CSI-RS-resource CQI is computed based on the assumption of the suggested PMI applied. So in the case of single-point non-CoMP or CS, the power of non-CoMP TPs needs to be accounted as interference. But it is estimated from the post-precoding CQI, which will result in over-estimation of interference power. 
If CQI estimation at eNB based on option-2 is not accurate enough, additional aggregated CQI evaluated at UE-side may need to be fed back. With that in mind, the next section provides some evaluation results under SU-JT scenario. 
4 Simulation results

In this section, we analyze the system performance through system-level simulation for the case applying the estimated CQI at eNB and the case applying the aggregated CQI fed back by UE. Both of the coherent JT and non-coherent JT are considered. We let 
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denote the inverse functions in (4) and (5), respectively. The details of the simulation setup are left in Appendix. Our simulation results are shown in Table 1 and Table 2.

Table 1: Throughput analysis for non-coherent/coherent JT without OLLA
	Throughput analysis

 feedback period = 20ms

	Applied CQI 
	Average total
	50% Cell Median User
	5% Cell Edge User

	
	throughput (Macro+4RRH)
(Mbps)
	Gain (%)
	Throughput (Mbps/ user)
	Gain (%)
	Throughput (Mbps/user)
	Gain (%)
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	97.80
	0.00
	2.51
	0.00
	0.61
	0.00
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	97.04
	-0.77
	2.40
	-4.58
	0.54
	-11.42

	

 using 
[image: image37.wmf]1

max

()

q

-

×


	77.32
	-20.94
	1.61
	-35.98
	0.31
	-49.49

	

 using 


	73.78
	-24.56
	1.54
	-38.70
	0.29
	-52.10

	

 using 


	75.58
	-22.72
	1.68
	-33.05
	0.33
	-47.08

	

 using 


	77.37
	-20.89
	1.70
	-32.49
	0.32
	-47.89


Table 2: Throughput analysis for non-coherent/coherent JT with OLLA
	Throughput analysis

 feedback period = 20ms

	Applied CQI 
	Average total
	50% Cell Median User
	5% Cell Edge User

	
	throughput (Macro+4RRH)

(Mbps)
	Gain (%)
	Throughput (Mbps/ user)
	Gain (%)
	Throughput (Mbps/user)
	Gain (%)
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	94.12
	0.00
	2.27
	0.00
	0.62
	0.00
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	93.18
	-1.00 
	2.24
	-1.20 
	0.61
	-1.78 

	

 using 
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	90.63
	-3.70 
	2.15
	-5.54 
	0.51
	-17.05 

	

 using 


	91.94
	-2.31 
	2.17
	-4.57 
	0.57
	-8.29 

	

 using 


	92.03
	-2.22 
	2.10
	-7.59 
	0.49
	-20.37 

	

 using 


	89.32
	-5.10 
	2.21
	-2.75 
	0.56
	-9.32 


Observation: 
From the simulation results above, we find that: 
1. For cell-edge users and when open-loop link adaption (OLLA) is applied, the system performance is sensitive to the choice of the inverse SNR-to-CQI function 

, at least in the examples examined above. A conservative 

seems a better choice.
2. The inter-CSI-RS-resource phase information does not improve the accuracy of the CQI estimation at eNB.
3. The predicted CQI at eNB is not accurate enough and degrades the performance seriously. Note that OLLA is an effective way to address CQI reporting inaccuracy, especially when an IP packet will require a series of TBs to carry. However, we must also note that OLLA may not be too helpful for smaller packets transmission in many cases. Moreover, OLLA does not mean that we should not try to make CQI reporting as accurate as possible at the first hand.
5 Conclusions
This work discusses the per-CSI-RS-resource CQI definition, especially when the UE is configured to report for multiple CSI-RS resources versus single CSI-RS resource in Rel-10.  Our view is:
· CQI definition is an issue fundamentally related to where to measure and how to account for interference

· Measuring interference from CSI-RS based on the traditional reconstruct-and-subtraction approach will depend on the accuracy of channel estimation which further depends on CSI-RS density.

· In our view, the topic of “CQI definition” is about how interference should be accounted for which has two options as below, rather than where to measure interference, a topic that is treated under “interference measurement”.

· Option 1: assuming interference from all transmission points other than the one being reported. CRS may be a good RS for measuring the total interference due to CRS density, in which case CQI of Rel-10 can be reused 
· Option 2: assuming interference coming from transmission points out of CoMP measurement set
· If non-CoMP or DPS is the more commonly used CoMP scheme, option-1 is preferred (i.e., Rel-10 CQI definition).
· If other CoMP schemes are used often (e.g., JT, DPB), the per-CSI-RS-resource CQI might be better defined as per option-2 (i.e., only accounting for interference out of CoMP measurement set), due to potential benefit in allowing scheduling flexibility for all potential CoMP schemes. But the predicted CQI based on the above defined per-CSI-RS-resource CQI is still found to be very inaccurate. Further enhancement is needed most likely, such as a well-defined aggregated CQI.  
Appendix 
Table 3: Simulation assumptions
	Parameter
	Settings

	System bandwidth 
	10 MHz (2 GHz)

	Subframe (TTI) length 
	1 msec

	Duplex
	FDD

	Cell layout
	19 macro-cells, 3 cells per Macro-cell; wrap round is used;
 4 lower power nodes per cell

	Macro-cell ISD (Inter-site distance)
	500 m

	Backhaul
	Point-to-point fiber,  zero latency and infinite capacity

	Deployment scenarios
	Restricted rank-1 transmission is implemented:

· SU-JT-CoMP in CoMP Scenario 3 with configuration 1
· Coordination level: 1Marco + 4RRH

	MeNB and low-power RRH TX powers
	46 dBm and 30 dBm

	Number of UEs per cell and macro cells
	30 and 57

	Channel estimation
	Ideal

	Channel model
	3GPP Case 1: UMa for Macro and UMi for RRH

	Network synchronization
	Synchronized

	eNB antenna configuration
	2TX ULA with 0.5 λ separation. 
3D pattern with 12° electric downtilt

	RRH antenna configuration
	2TX ULA with 0.5 λ separation. 
2D pattern, Omni-directional 

	UE antenna configuration
	2 RX ULA with 0.5 λ separation

	Scheduler
	Proportional fair scheduling

	Feedback scheme
	CSI feedback (subband PMI, wideband CQI report) for JT CoMP
· Option 1: 2-bit co-phasing component for each non-anchor cell is reported or not
· Option 2: 4-bit aggregated CQI for JT-CoMP UEs is also reported or not
· Feedback periodicity is 20 ms 

	Criteria for CoMP 
	RSRPserving cell – RSRPcoordinating cell < 9 dB

	UE Receiver
	MMSE-IRC (R1-110586)

	Control OFDM symbols 
	3

	Traffic model
	Full buffer
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