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1 Introduction

At the RAN1#66bis meeting, the following working assumptions for DL CoMP were agreed [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
On the other hand, conclusions from [1] on aggregated feedback and per-CSI-RS-resource feedback were:

· Continue discussion / evaluation to RAN1#67 to aim to decide whether to support:

· aggregated feedback (if so, which components)
· inter-CSI-RS-resource feedback.
In this contribution, we will evaluate and analyze PMI selection issues for aggregated feedback and per-CSI-RS-resource feedback. The CQI related issues for CoMP are discussed in [2].
2 Aggregated feedback versus per-CSI-RS-resource feedback
In this section, we will have a brief overview of the two feedback mechanisms and highlight their respective issues.

2.1 Codebook design aspects
2.1.1 Standardization impacts
2.1.1.1 Impact from total number of Tx antennas
Since the total number of Tx antennas can vary from one point to another, it is difficult, if not impossible, to design a single codebook that can adapt to the various antenna configurations. For instance, even if there are two points, the total number of Tx antennas can vary from 2 to 16. Hence, a large number of different code books have to be designed for aggregated feedback, which results in lots of standardization efforts.
Thus, the flexibility of the codebook design is highly constrained by the number of Tx antennas. Recall that a CSI-RS resource corresponds to a CSI-RS pattern (1, 2, 4, or 8 antenna ports) transmitted in one subframe. On one hand, if the aggregated feedback can be restricted to a single Rel-10 CSI-RS resource configuration (for example in CoMP Scenario 4, where the antennas from macro and RRHs may be viewed as distributed antennas from a single cell), new codebooks may not need to be defined. Nonetheless, the total number of antennas has to be constrained to 2, 4 and 8 only. This constraint, however, can not meet the requirement of CoMP transmissions, where the total number of Tx antennas from all points can well exceed 8. In this case, new codebooks need to be defined for enabling aggregated feedback, which again requires large standardization efforts.

On the contrary, per-CSI-RS-resource feedback does not impose constraint on the number of Tx antennas, which maximizes the flexibility in supporting different CoMP scenarios as well as minimizes the standardization efforts in defining new codebooks.

Observation 1: Aggregated feedback is constrained by the total number of Tx antennas from all points, and has a much larger standardization impact than per-CSI-RS-resource feedback.
2.1.1.2 Codebook design efforts
For aggregated feedback, although it is possible to employ a general way for automatically generating all codebooks, e.g. through DFT/GoB methods, many parameters have to be fixed. Even if we re-use the design principle of Rel-10 8-Tx codebook for simplicity, the oversampling rate in DFT, the phase rotation between polarizations, the size of beams subsets, etc. have to be made constant, otherwise the complexity of the design process would be prohibitive.

Furthermore, if aspects like the amplitude difference among points, etc. are taken into account in the codebook design, the outcome tends to be a per-CSI-RS-resource like codebook rather than an aggregated version. In addition, in order to support DPS and CS/CB, new codebooks for aggregated feedback need to be defined, since its current design is mainly applicable to JT only. By contrast, per-CSI-RS-resource feedback requires much less design efforts, since the existing Rel-10 codebooks can be adapted for generating the composite codebook, through for example the DFT-based design principle. 

Observation 2: Compared with per-CSI-RS-resource feedback, aggregated feedback typically requires much more design efforts.
2.1.2 Impact from codebook size
2.1.2.1 Number of codebook vectors
One may argue that the number of code vectors in the composite codebook for per-CSI-RS-resource feedback with inter-CSI-RS-resource feedback seems to be too large. Note that a large number of code vectors will impose a high complexity in joint PMI selection at UE side. However, under the condition that the size of cooperating set is small, the number of code vectors will be significantly reduced. For example, if there are two points and each point uses Rel-8 4-Tx codebook, for rank-1 transmission the number of code vectors is only 16*16=256. Such a complexity in our view is not an issue, since Rel-10 8-Tx codebook also contains 256 code vectors for rank-1 transmission.
Observation 3: Although the composite codebook size for per-CSI-RS-resource with inter-CSI-RS-resource feedback may be larger than that for aggregated feedback, it may be reduced in certain design options.
2.1.2.2 Feedback overhead
Similar to the issue of codebook size, there is some concern that the feedback overhead for per-CSI-RS-resource feedback with inter-CSI-RS-resource feedback seems to yield a large feedback overhead, while an optimized aggregated codebook may have a smaller overhead. Again, we point out that the feedback overhead can be greatly reduced, if the cooperating set’s size is small. For example, take the example of two-points each employing Rel-8 4-Tx codebook again, for rank-1 transmission the feedback overhead is 4+4=8 bits only. Such overhead is the same as Rel-10 8-Tx codebook for rank-1 transmission.
Observation 4: Although the feedback overhead for per-CSI-RS-resource with inter-CSI-RS-resource feedback may be larger than that for aggregated feedback, it may be reduced in certain design options.
2.1.3 Support to DPS and CS/CB
Before discussing the applicability of aggregated feedback and per-CSI-RS-resource feedback in the three CoMP schemes (JT, DPS, and CS/CB), let us first consider the PMI selection mechanism. There are mainly two categories of PMI selection mechanisms, namely joint PMI selection and independent PMI selection:

· Joint PMI selection: UE selects one PMI from global codebook (i.e. global precoding);

· Independent PMI selection: UE independently selects multiple PMIs for separated points (i.e. local precoding).

Joint PMI selection can be applied to both aggregated feedback and per-CSI-RS-resource feedback. However, independent PMI selection is only applicable to per-CSI-RS-resource feedback. Thus, per-CSI-RS-resource feedback can be more flexible and adapted to various CoMP scenarios, where different PMI selection methods may be applied. By contrast, aggregated feedback can hardly support DPS or CS/CB unless new type of codebooks is defined for it.

Observation 5: Since it is not possible to employ independent PMI selection for aggregated feedback, aggregated feedback can hardly support DPS and CS/CB.

2.1.4 Summary of codebook design aspects
From above analysis, we capture the brief comparison between aggregated feedback and per-CSI-RS-resource feedback in Table 1.

Table 1: Summary of comparison between aggregated feedback and per-CSI-RS-resource feedback.
	Aspect
	Aggregated feedback
	Per-CSI-RS-resource feedback

	Standardization impacts
	High
	Low

	Codebook size
	Small
	Large

	Support to DPS and CS/CB
	No
	Yes


Based on the detailed analysis above and the performance comparison in Section 2.2, we suggest that per-CSI-RS-resource feedback is defined.
Proposal 1: Per-CSI-RS-resource feedback is supported in Rel-11 CoMP.
As discussed above, aggregated feedback still has some advantages, e.g. small codebook size. Moreover, as to be shown in Section 2.2, aggregated feedback has the potential to achieve similar gain at the cost of smaller feedback overhead when compared with per-CSI-RS-resource feedback. Thus, we recommend that:
Proposal 2: Aggregated feedback with legacy codebooks may be supported in Rel-11 CoMP, while new codebooks for aggregated feedback are FFS.

Furthermore, it appears that ensuring a small size of cooperating set is an effective way to reduce the composite codebook’s size for per-CSI-RS-resource feedback. This is also beneficial for aggregated feedback for reducing standardization efforts in defining new codebooks. Moreover, having fewer points in the cooperating set also implies lower implementation complexity. Hence, despite that more gain will be achieved with a larger size of cooperating set, we think that it should be restricted to a small number in Rel-11:

Proposal 3: It is suggested that the size of CoMP cooperating set is up to 3 presenting Rel-11.
2.2 Performance aspects
The legacy single-point codebooks can be used to re-construct the codebook for aggregated feedback. One of the re-construction methods is to up-convert a low-dimension codebook into a high-dimension codebook, through for instance concatenation/interleaving methods, or direct-product methods [3]. From this perspective, the composite codebook of per-CSI-RS-resource may not have obvious gap when compared to aggregated codebook.
In our system-level simulations, the idea of adaptive codebook was verified for enhancing the achievable quantization accuracy of CSI. The long-term/wideband channel covariance matrix can be fed back by per-element quantization method or codebook based eigen-vectors quantization methods, etc., while the short-term/subband channel is quantized by codebook. To reduce the feedback overhead, the precoder (PMI) feedback is employed.
In Table 2 and Table 3, we summarize the performance comparison between aggregated feedback and per-CSI-RS-resource feedback under the assumption of 2 or 3 coordinated points in Scenarios 1/2. The non-CoMP (SU-MIMO per point) case was used as benchmark. We assumed the following configurations in Table 2 and Table 3:

· In 2-point coordination, antenna configuration of [X X    X X->X] was used. Each point has 4 antennas and UE has 2 antennas. Rel-10 8-Tx codebook can be used as aggregated codebook.

· In 3-point coordination, to reduce the complexity, antenna configuration of [X    X    X->X] was used. Each point has 2 antennas and UE has 2 antennas. Since there is no legacy codebook for 6-Tx, we construct a new codebook based on design principle of Rel-10 8-Tx codebook. In per-CSI-RS-resource feedback plus 2-bit inter-CSI-RS-resource feedback, the total number of vectors is 1024. To compare the aggregated feedback and per-CSI-RS-resource plus inter-CSI-RS resource feedback under relatively fair conditions, we adopted 32x oversampling rate and 8 phases between polarizations in design of aggregated 6-Tx codebook. Hence, there are 768 code vectors in aggregated 6-Tx codebook.
Table 2: Performance comparison in 2-point coordination.
	
	Scenario 1
	Scenario 2

	
	Cell-average gain
	Cell-edge gain
	Cell-average gain
	Cell-edge gain

	Aggregated feedback
	5.44 %
	5.57 %
	2.16 %
	14.69 %

	Per-CSI-RS-resource feedback
	7.09 %
	2.64 %
	6.08 %
	11.57 %

	Per-CSI-RS-resource feedback plus 2-bit inter-CSI-RS-resource feedback
	        8.4 %
	13.11 %
	8.2 %
	15.97 %


In Table 2, we can see that the cell average gain of aggregated feedback is smaller than that of per-CSI-RS-resource feedback, but the trend for cell edge gain is reserved. Thus the averaged gain of aggregated feedback may be similar with that of per-CSI-RS-resource feedback. If the additional 2-bit inter-CSI-RS-resource is introduced, per-CSI-RS-resource feedback will outperform aggregated feedback.
Table 3: Performance comparison in 3-point coordination.
	
	Scenario 1
	Scenario 2

	
	Cell-average gain
	Cell-edge gain
	Cell-average gain
	Cell-edge gain

	Aggregated feedback
	10.35 %
	56.32 %
	7.84 %
	35.91 %

	Per-CSI-RS-resource feedback
	9.05 %
	44.86 %
	5.47 %
	28.11 %

	Per-CSI-RS-resource feedback plus 2-bit inter-CSI-RS-resource feedback
	12.35 %
	59.18 %
	9.65 %
	44.32 %


From Table 3, we will get the similar conclusion as from Table 2. In addition, although the per-CSI-RS-resource feedback plus 2-bit inter-CSI-RS-resource feedback has more code vectors than aggregated feedback, aggregated feedback still has the competitive performance which justifies its potential to achieve the similar gain with smaller feedback overhead.

Observation 6: The performance gap between aggregated feedback and per-CSI-RS-resource feedback is small.  With additional inter-CSI-RS-resource feedback, per-CSI-RS-resource feedback will gain much more gains.
It is worth pointing out that the system-level results in Tables 2 and 3 are consistent with the link-level results from our quantization accuracy experiment given in Appendix, which show that aggregated feedback has no absolute advantages over per-CSI-RS-resource feedback, even if codebooks for aggregated feedback are the legacy codebooks which have been optimized for LTE. Based on both the system-level and link-level simulation results, we conclude that the inter-CSI-RS-resource feedback can provide additional gain as compared to per-CSI-RS-resource feedback.  Therefore, we recommend that:

Proposal 4: The inter-CSI-RS-resource feedback can be defined for Rel-10 with an overhead of 0 to 2 bits.
3 Further discussions
In our system-level simulations, we have used the codebook to quantize the main eigen vector of channel. The results show that the main eigen vector precoding can provide promising gain in CoMP. Thus, considering the channel direction component only may already be sufficient to some extent. For channel amplitude component, the main concern is the power imbalance issue. But our simulation results show that CoMP gain can be achieved without the power information per point. Moreover, it is hard to support power allocation across different points. Thus, concerning the question that which components need to be defined for aggregated feedback, we suggest that:

Proposal 5: Only the channel direction component or main eigen vector(s) component should be defined for aggregated feedback.

The channel direction component has been defined in legacy codebooks, e.g. by GLP or DFT/GoB methods. Thus we propose that:

Proposal 6: The design of aggregated codebook can re-use design principle of legacy codebooks, for instance GLP or DFT/GOB methods, dual-codebook structure, etc.
Note that per-CSI-RS-resource feedback is very similar with multi-cell feedback in CA from the signaling aspect. To reduce standardization efforts, we suggest that:
Proposal 7: Per-CSI-RS-resource feedback in CoMP can share a common CSI feedback signaling framework with the multi-cell feedbacks in CA.
To use adaptive codebook, we only need to define the signaling for long-term/wideband channel covariance feedback. The short-term/subband channel feedback can re-use legacy codebooks. The long-term/wideband channel covariance feedback has affordable additional overhead. On the other hand, such a long-term/wideband plus short-term/subband structure has the form of matrix product, which can re-use Rel-10 8-Tx dual-codebook structure.
Proposal 8: Consider to define signaling support for long-term/wideband channel covariance feedback in CoMP.

4 Conclusion
In this contribution, we provided a detailed comparison on aggregated feedback and per-CSI-RS-resource feedback with selective link-level and system-level simulation results. Based on the various observations we made, the following proposals are suggested:
Proposal 1: Per-CSI-RS-resource feedback is supported in Rel-11 CoMP.
Proposal 2: Aggregated feedback with legacy codebooks may be supported in Rel-11 CoMP, while new codebooks for aggregated feedback are FFS.

Proposal 3: It is suggested that the size of CoMP cooperating set is up to 3 presenting Rel-11.
Proposal 4: The inter-CSI-RS-resource feedback can be defined for Rel-10 with an overhead of 0 to 2 bits.
Proposal 5: Only the channel direction component or main eigen vector(s) component should be defined for aggregated feedback.
Proposal 6: The design of aggregated codebook can re-use design principle of legacy codebooks, for instance GLP or DFT/GOB methods, dual-codebook structure, etc.
Proposal 7: Per-CSI-RS-resource feedback in CoMP can share a common CSI feedback signaling framework with the multi-cell feedbacks in CA.
Proposal 8: Consider to define signaling support for long-term/wideband channel covariance feedback in CoMP.
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Appendix

A.1
System level simulation assumptions
Table 4: Simulation assumptions.
	Parameter
	Values used for evaluation

	Performance metrics
	Cell average throughput, cell-edge user throughput

	Deployment scenarios
	2 or 3 point coordination

	Simulation case
	3GPP-Case1

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

	Number of UEs per cell
	10

	System bandwidth
	10 MHz

	Possible transmission schemes in DL
	SU-MIMO, MU-JT (joint PMI selection)
Rank-1 transmission

	Impairments modelling
	0 us

	CSI/CQI delay
	6 TTIs

	Overhead 
	3 OFDM symbols for DL CCHs, 4 REs/RB for CSI-RS, 12 REs/RB for DM-RS, 2 CRS ports

	Scheduler
	Centralized scheduling including UE pairing under PF metric

	Network synchronization
	Synchronized

	Number of antennas at transmission point
	4

	Number of antennas at UE
	2

	Antenna configuration
	Cross-polarized on each column, closely-spaced

	Antenna pattern
	3D

	eNB Antenna tilt
	15 degrees

	Antenna gain + connector loss
	14 dBi in 3GPP Case 1

	Feedback scheme
	Non-CoMP
	Adaptive codebook

Implicit feedback

10 TTIs/wideband: channel covariance (quantized)

1 TTI/subband (per 5 PRB): Rel-8 4-Tx/2-Tx codebook

	
	CoMP
	Adaptive codebook

Implicit feedback

10 TTIs/wideband: channel covariance (quantized)

1 TTI/subband (per 5 PRB):

aggregated feedback: Rel-10 8-Tx codebook, DFT 6-Tx codebook
Per-CSI-RS-resource feedback: concatenated Rel-8 4-Tx/2-Tx codebooks

	CQI
	Aggregated CQI

	Channel estimation
	CSI-RS: Ideal

DM-RS: Ideal

	UE receiver
	IRC receiver

	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


A.2
Evaluation of quantization accuracy

The channel for cross polarized antennas can be generated by the method of [4]. More specifically, the quantization error e is calculated as [5]:
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 denotes the selected precoder. In fact, here this formula represents the quantization error for main eigen vector(s).
Simulations under the [X X    X X->X] configuration:
In this case, we assumed two points each employing four antennas. The overall antennas configuration is [X X    X X->X]. Hence the spatial correlation matrices at BS and MS are:
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where α is correlation factor between two close-spaced X antennas, 
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 is the correlation factor between two points. For simplicity, we fixed the value of 
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Fig. 1: Performance comparison in terms of quantization errors assuming 4-Tx.
From Fig. 1, we can see the concatenated two Rel-8 4-Tx codebooks have less quantization errors than Rel-10 8-Tx codebook, and the additional 1-2 bits inter-point phase can further reduce the quantization errors.
Simulations under the [X    X    X->X] configuration:

In this case, we assumed three points each employing two antennas. The overall antennas configuration is [X    X    X->X]. Hence the spatial correlation matrices at BS and MS are:
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where
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 is the correlation factor between two neighbor points, and it is variable.
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Fig. 3: Performance comparison in terms of quantization errors assuming 2-Tx.
From Fig. 2, we can see the concatenated three Rel-8 2-Tx codebooks have comparable quantization accuracy as DFT 6-Tx codebook. The additional 1-2 bits inter-point phase can reduce the quantization error significantly.
Here, the DFT 6Tx codebook is designed with the principle of Rel-10 8-Tx codebook, and oversampling rate is 32x, while the phase order between polarizations is 8. Hence, there are 768 code vectors in total. The number of code vectors of concatenated three Rel-8 2-Tx codebooks plus 2-bit inter-point phase is 1064, while the number of code vectors of concatenated three Rel-8 2-Tx codebooks is only 64.

According to the simulation results in Fig. 1 and Fig. 2, we conclude that the quantization accuracy of per-point codebooks is comparable or even better than at least that of the legacy aggregated codebook. And with the aid of 1-2 bits inter-point phase, the quantization errors can be largely reduced.
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