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1. Introduction
In RAN1#66bis, the following working assumptions were made for the DL CoMP feedback standardisation work [1]:
“Standardise a common feedback/signalling framework suitable for scenarios 1-4 that can support CoMP JT, DPS and CS/CB. 

· Feedback scheme to be composed from one or more of the following, including at least one of the first 3 sub-bullets:

· feedback aggregated across multiple CSI-RS resources 

· per-CSI-RS-resource feedback with inter-CSI-RS-resource feedback

· per-CSI-RS-resource feedback

· per cell Rel-8 CRS-based feedback 

Note that use of SRS may be taken into account when reaching further agreements on the above. ”
In RAN1#67, it was agreed that [3]: “CSI feedback for CoMP uses at least per-CSI-RS-resource feedback.”
A way forward about inter-CSI-RS-resource reporting was proposed and co-signed by many companies in RAN1#67 [2]:

“Rel-11 CoMP CSI feedback supports reporting inter-CSI-RS-resource feedback on top of per-CSI-RS-resource feedback.

· Inter-CSI-RS-resource feedback includes at least phase information.

· Inter-CSI-RS-resource feedback reporting is configurable.

· When configured, N bits are used to report the inter-CSI-RS-resource feedback between two per-CSI-RS-resource feedback.

· FFS whether N = 2, 3, or 4. ”
In this contribution, we further evaluate the necessity of introducing inter-CSI-RS-resource phase feedback on top of per-CSI-RS-resource feedback according to different frequency feedback granularities and codebook quantization accuracies.
2. Per-CSI-RS-resource feedback scheme
In order to support coherent JT with per-CSI-RS-resource feedback, each UE needs to feed back not only a PMI for each CSI-RS resource in the CoMP coordination set, but also the phase difference and possibly amplitude difference among multiple CSI-RS resources [4~6].  The serving cell then coordinates the generation of the precoding based on this information, and sends the necessary information to transmission points (TP) in the cooperating set to generate the precoding vectors for joint transmission.
Per-CSI-RS-resource feedback is a simple and straightforward method of providing feedback for CoMP within the current LTE feedback framework. This approach can incorporate any desired number of TPs in the cooperating set.  The addition of feedback of inter-CSI-RS-resource phase/amplitude offsets would enable the optimal performance gain for coherent JT. Per-CSI-RS-resource feedback on its own, without inter-CSI-RS-resource feedback, would enable the operations for CoMP DPS, CS/CB or non-coherent JT. 
Such feedback can be flexibly adapted to any desired numbers of TPs in the cooperating set to emulate the effect of global or local precoding. Consider three CSI-RS resources for example. A common codebook framework for per-CSI-RS-resource feedback is thus expressed as follows:
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where:
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 denotes 4Tx codebook for each CSI-RS resource. Per-CSI-RS-resource feedback can employ current Rel.8 4Tx codebook scheme, or any enhanced 4Tx codebook design [7]. In reference [6], the codebook design of rank 1 in equation (1) can be viewed as a special case of the above equation, where per-CSI-RS-resource feedback 
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 employs an enhanced 4Tx codebook [6, 7] shown as follows:
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 denotes the amplitude difference between different CSI-RS resources. Inter-CSI-RS-resource amplitude feedback can consider three possible methods, such as: short-term amplitude difference included in PMI codebook, long-term filtered RSRP-like measurement and report, and also per-CSI-RS-resource CQI feedback.
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 denotes the phase difference between different CSI-RS resources. Inter-CSI-RS-resource phase feedback can employ a q-bit codebook vector 
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 denotes identity matrix of dimension 4x4.
3. Performance evaluation results
In this section, we mainly evaluate the impact of additional phase feedback between different CSI-RS resources on coherent JT, namely 
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 in equation (1). Two codebook schemes (the Rel.8 4Tx codebook and the enhanced 4Tx codebook proposed in [7]) are used for per-CSI-RS-resource feedback, and separately evaluated in section 3.1 and 3.2 correspondingly.
In the evaluations here, inter-CSI-RS-resource amplitude feedback 
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 employs short-term amplitude difference between different CSI-RS resources, and is included in PMI codebook, while the other two approaches (e.g.: long-term RSRP or per-CSI-RS-resource CQI) are evaluated in [8]. A 5-bit codebook is used for each amplitude feedback.
We present evaluation results in JT CoMP scenario 1 with 3-cell coordination within a site. The simulations employ 3GPP case 1 cross-polarized configuration with 4 Tx and 2 Rx antennas in each cell. CoMP JT employs concatenated codebook with rank one as shown in equation (1). Different frequency granularities have been evaluated for the feedback for CoMP JT, namely 5 PRBs or 2 PRBs per subband. 
The detailed simulation assumptions are listed in table A-1 in Appendix I.
3.1. Rel.8 4Tx codebook
Current Rel.8 codebook is used for each CSI-RS-resource reporting in this section. 4-bit quantization is employed in Rel.8 4Tx codebook.
In table 1 and table 2, we examine the effect of inter-CSI-RS-resource phase feedback on CoMP performance in 5PRB or 2PRB feedback per subband respectively. {2, 3, 4} bit quantization is used for inter-CSI-RS-resource phase feedback. 

Table 1 Evaluations of inter-CSI-RS-resource phase feedback in 5PRB per subband
	Feedback scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/o phase
	2.10
	0.071
	0.81

	CoMP JT w/ 2-bit phase
	2.21
	0.080
	0.83

	Relative gains over no phase
	5%
	13%
	/

	CoMP JT w/ 3-bit phase
	2.23
	0.083
	0.82

	Relative gains over no phase
	6%
	17%
	/

	CoMP JT w/ 4-bit phase
	2.24
	0.081
	0.83

	Relative gains over no phase
	7%
	14%
	/


Table 2 Evaluations of inter-CSI-RS-resource phase feedback in 2PRB per subband
	Feedback scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/o phase
	2.23
	0.078
	0.82

	CoMP JT w/ 2-bit phase
	2.37
	0.089
	0.84

	Relative gains over no phase
	6%
	14%
	/

	CoMP JT w/ 3-bit phase
	2.39
	0.087
	0.85

	Relative gains over no phase
	7%
	12%
	/

	CoMP JT w/ 4-bit phase
	2.40
	0.090
	0.85

	Relative gains over no phase
	8%
	15%
	/


Observations:

· 2 bits of additional phase reporting is sufficient to give most of the gains for coherent JT, and then there is no need to use more than 2 bits for inter-CSI-RS-resource phase feedback. 

3.2. Enhanced 4Tx codebook
An enhanced 4Tx codebook [7] is used for each CSI-RS-resource reporting in this section in order to improve the CoMP performance. In equation (2), some feedback items are described as follows:
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 denotes the long-term polarization direction of CSI-RS resource k, which is characterized by 4-bit 2x1 DFT vectors.
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 denotes the short-term amplitude adjustment between different polarizations within CSI-RS resource k, which is characterized by 2-bit quantization.
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 denotes the short-term phase adjustment between different polarizations within CSI-RS resource k, which is characterized by 4-bit quantization.
In table 3 and table 4, we examine the effect of inter-CSI-RS-resource phase feedback on CoMP performance in 5PRB or 2PRB feedback per subband respectively. {2, 3, 4} bit quantization is used for inter-CSI-RS-resource phase feedback. 

Table 3 Evaluations of inter-CSI-RS-resource phase feedback in 5PRB per subband
	Feedback scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/o phase
	2.64
	0.082
	0.78

	CoMP JT w/ 2-bit phase
	2.79
	0.089
	0.80

	Relative gains over no phase
	6%
	9%
	/

	CoMP JT w/ 3-bit phase
	2.82
	0.094
	0.80

	Relative gains over no phase
	7%
	15%
	/

	CoMP JT w/ 4-bit phase
	2.84
	0.089
	0.80

	Relative gains over no phase
	8%
	9%
	/


Table 4 Evaluations of inter-CSI-RS-resource phase feedback in 2PRB per subband
	Feedback scheme
	Cell average SE
(bps/Hz/cell)
	Cell-edge SE
(bps/Hz/UE)
	Jain index

	CoMP JT w/o phase
	2.89
	0.089
	0.78

	CoMP JT w/ 2-bit phase
	3.11
	0.100
	0.81

	Relative gains over no phase
	8%
	12%
	/

	CoMP JT w/ 3-bit phase
	3.17
	0.102
	0.81

	Relative gains over no phase
	10%
	15%
	/

	CoMP JT w/ 4-bit phase
	3.19
	0.099
	0.81

	Relative gains over no phase
	10%
	11%
	/


Again, we see that there is no need to use more than 2 bits for inter-CSI-RS-resource phase feedback. From figure 2, we can see that significant system performance gains are achieved with JT CoMP for both cell-average and cell-edge by employing the enhanced 4Tx codebook design for each CSI-RS-resource feedback and finer frequency feedback granularity (e.g.: 2PRBs per subband), together with 2-bit inter-CSI-RS phase feedback.
Observations:

· CoMP performance can be greatly improved by employing the enhanced 4Tx codebook design for each CSI-RS-resource feedback and even finer frequency feedback granularity (e.g.: 2PRBs per subband).

4. Summary

In this contribution, we have evaluated the necessity of introducing inter-CSI-RS-resource phase feedback on top of per-CSI-RS-resource feedback according to different 4Tx codebook schemes and feedback granularities. We make the following proposals:

· 2 bit quantization of the inter-CSI-RS-resource phase difference is sufficient to support coherent JT CoMP.
· Further codebook enhancement and finer frequency domain granularity are important for achieving CoMP performance gains.
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Appendix I. Simulation assumptions and parameters
Table A-1 Simulation assumptions for CoMP scenario 1 evaluations
	Parameter
	Values used for evaluation

	Performance metrics
	· Full buffer traffic: Cell capacity, Cell-edge user throughput

· Jain Index 

	Deployment scenarios
	Homogeneous network with high Tx power RRHs 

· The central entity coordinates 3 cells in a site

	Simulation case
	3GPP-Case1 (large angle spread of 15deg)

	High power RRH Tx power (Ptotal)
	46 in a 10MHz carrier

	Number of UEs per cell
	10 for Homogeneous networks

	System bandwidth
	10 MHz 

	Possible transmission schemes in DL
	· Single-cell MIMO
· CoMP JT

	Network synchronization
	Synchronized

	Number of antennas at transmission point
	4

	Number of antennas at UE
	2

	Antenna configuration
	2 columns, cross-polarized on each column, closely-spaced: X X

	Antenna pattern
	3D

	eNB Antenna tilt
	15deg

	Feedback scheme (e.g. CQI/PMI/RI/SRS)
	· Rel-10 MU-MIMO: 
1. PMI/CQI with the granularity of 5PRBs, the period of 5ms, and the delay of 6ms

· CoMP:

2. PMI: as specified in equation (1), with the granularity of 2 PRBs or 5 PRBs
3. CQI: CoMP specific CQI with the granularity of 2PRBs or 5 PRBs


	Channel estimation
	Non-ideal
- Channel estimation error based on CSI-RS 

	UE receiver
	Generic MMSE receiver

	DL overhead assumption
	Fixed 0.3063

	Placing of UEs
	Uniform distribution for homogeneous networks

	Traffic model
	Full buffer 

	Backhaul assumptions
	point-to-point fibre, zero latency and infinite capacity

	Link adaptation
	Non-ideal

	Clustering approach for CoMP
	Fixed 3-cell coordination
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