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1 Introduction

From the final evaluation results of CoMP Phase 1 (Scenarios 1 and 2) and the initial evaluation results of CoMP Phase 2 (Scenarios 3 and 4), we can conclude that in most cases CoMP shows promising gains especially at for cell edge UEs. As the next step following CoMP Phase 2, the potential standardisation impacts from supporting CoMP in Rel-11 need to be studied. Initial discussions on this issue have been started on the RAN1 email reflector.
In this contribution, standardisation impacts focusing on CSI feedback for CoMP will be discussed.
2 Discussion
A new transmission mode, TM9 and its associated design aspects, such as signaling format, transmission and reception processing etc., have been defined in Rel-10. To maximize backward compatibility, it is desirable to reuse as much as possible the Rel-10 feedback framework on CoMP. For instance, CoMP may support both PMI-configured and non-PMI-configured feedback modes, implicit and non-implicit feedback schemes, and so on. Non-implicit feedback techniques may include explicit feedback methods and, for TDD, the utilization of CSI obtained from SRS transmissions benefiting from UL/DL channel reciprocity.
Non-implicit feedback schemes are typically related to non-codebook based precoding, which is very important for CoMP and has been evaluated by a number of companies [1][2]. In the next sections, the implicit and explicit feedback issues will be discussed.
2.1 Explicit feedback
2.1.1 Necessity of standardisation

Explicit feedback methods have advantages of flexibility and ability to support many classical interference-nulling algorithms, as well as low computational complexity required at UE. Although they also have some drawbacks from the standardization perspective, with respect to for example testability, implementation complexity, standardisation efforts, etc [3], we think that it is beneficial to standardize explicit feedback in Rel-11. Our justifications are as follows.
Firstly, the main issue of explicit feedback is the large feedback overhead required. However, benefiting from well-designed quantization techniques like two-stage-feedback (long-term/short-term) etc., the feedback overhead may be significantly reduced. On the other hand, the codebooks often used for implicit feedback may also be reused for quantizing short-term channel information in some cases. In fact, the short-term CSI can be quantized by channel direction codebook (vector quantization) and channel magnitude codebook (scalar quantization), as described in [4]. Thus, it is possible to apply a shortened codebook with relatively low overhead for systems enabling explicit feedback.
Secondly, with the introduction of enhanced UL CA, the UL capacity can be increased. It means that more UL feedback information may be affordable in Rel-11, which in return will significantly improve the accuracy of CSI. Such improvement can help to elevate the DL transmission throughputs. Furthermore, the testability is an open issue in common sense. However, the explicit feedback accuracy and correctness can be verified from other aspects, such as the performance impact.
According to the reasons listed above, we propose that:
Proposal 1: The explicit feedback framework should be further studied with higher priority, and the possibility of employing quantization based feedback and enhanced PUCCH for supporting explicit feedback should be captured.
2.1.2 Quantization

As mentioned above, the codebook quantization for explicit feedback has the potential to effectively reduce feedback overhead. Though, it is still unclear whether codebook quantization naturally has a smaller overhead than other quantization schemes, such as the per-element quantization method [5] . In our view, other quantization schemes for explicit feedback should not be precluded and further studies on existing practical quantization techniques are required.
Proposal 2: Quantization techniques, including codebook quantization and per-element quantization, should be studied at first in explicit feedback designing.
2.2 Implicit feedback
Implicit feedback is the baseline for CoMP evaluations [6]. As mentioned in [7], implicit feedback enhancements targeting MU-MIMO mainly include the effective CSI feedback granularity, schemes that facilitate the UE-Pairing (e.g. companion feedback), and link adaptation at the eNB side (e.g. MU-CQI), etc. Similarly, these aspects may also be enhanced in implicit feedback for CoMP.
In this contribution, we categorize the above-mentioned issues into two perspectives: codebook granularity refinement and feedback details related to UE pairing and CoMP-CQI. The scalability of the codebook is another important issue, since the number of antennas installed in each TP, and the number of TPs in one cooperating set may vary in HetNet deployment scenarios. A well-designed codebook should be capable of effectively reducing the size of the codebook to a reasonable level, and thus lowering feedback overhead.
In the sequel, we will discuss the codebook structure with a special focus on codebook size reduction, compatibility with single-cell codebook, etc. More specifically, the following issues will be addressed:
· Codebook granularity refinement;
· Codebook structure;
· Feedback details related to UE pairing and CoMP-CQI.
2.2.1 Codebook granularity refinement
2.2.1.1 The necessity of refinement for 2/4Tx

It is widely recognized that the 2/4-Tx codebooks in Rel-8 are not suitable for MU-MIMO or CoMP due to its low granularity. In Rel-8/9 SU-MIMO, the interference of co-scheduled layers can be mitigated at the receiver, hence interference pre-cancellation at the TP side is not always necessary. In MU-MIMO or CoMP, however, since the co-scheduled UEs do not know the channel information from each other, the TPs must pre-suppress interference by precoding with the aid of the feedback from all cooperating UEs. Therefore, finer granularity codebooks should be designed for 2/4-Tx for optimizing interference pre-suppressing.
Besides the benefits for implicit feedback, an enhanced 2/4-Tx codebook could also be reused on quantization for the channel direction in explicit feedback schemes.
Proposal 3: Enhanced codebooks for 2/4-Tx should be explicit defined/captured for CoMP.
2.2.1.2 The refinement scheme

Since the 8-Tx dual codebook in Rel-10 has been proved to produce promising gain for SU/MU-MIMO with low feedback overhead, it may be beneficial to design the 4-Tx codebook in the context of the dual codebook structure. In [8], the design principle of 8-Tx dual codebook considers the cross-polarized antenna configuration and DFT Grid-of-Beams (GoB) methods. In fact, the 4-Tx component with 32 DFT vectors, which is much more than the legacy 4-Tx codebook, can be derived from the 8-Tx codebook in Rel-10 [9].
As observed in [3], the gains of the adaptive codebook over 4-Tx Rel-8 codebook are not substantial. Though, opposite observation exists [10]. Thus, we believe that the applicability of adaptive codebooks to CoMP in Rel-11 needs further studies. We recommend that RAN1 considers to standardize more matured techniques, such as the dual codebooks which have proven benefits of low overhead and good performance.
On the other hand, it has been proved that the Rel-8 4-Tx codebook has the near-optimal performance in uncorrelated channels. By contrast, the Rel-10 8-Tx codebook was shown to have good performance for correlated channels. Therefore, it is desirable to consider together the two aspects when designing Rel-11 codebooks [11].

Proposal 4: It is suggested that the design of 4-Tx codebook for Rel-11 follows the design principle of 8-Tx dual codebook for Rel-10, with considerations on combining the advantages of Rel-8 4-Tx codebook and Rel-10 8-Tx codebook.
2.2.2 Codebook structure
According to  the discussions on the RAN1 email reflector, the implicit feedback used in JT, CS/CB and DPS were defined as:
· JT: multiple single-point PMI and inter-point amplitude and/or phase information or multi-point aggregated PMI capturing coherent or non-coherent channel across reported points

· CS/CB and DPS: multiple single-point or multiple point PMIs capturing channel from the reported point(s) to the UE
To assisting in our analysis, in the following, we will use the terminology below:

· individual codebook: the codebook of “multiple single-point PMI and inter-point amplitude and/or phase information”;

· global codebook: the codebook of “multi-point aggregated PMI”.
The individual codebook based feedback refers to the per-cell and inter-cell feedbacks, as described in [12][13]. It has been agreed to use them as the baseline of implicit feedback according to simulation assumptions. Generally, vectorized codebooks are used for per-cell CSI feedback and can reuse the defined single-cell codebooks in Rel8/9. By contrast, the scalarized codebooks are generally used for inter-cell relative information feedback and require small overheads. The relative phase codebook can be a scalar codebook, e.g. 
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 [14], while the relative amplitude codebook can also a scalar codebook. The pros and cons for the global codebook and individual codebook are summarized in Table 1.
Table 1: The pros and cons of the global codebook and individual codebook.
	
	Pros
	Cons

	Global codebook
	· Inheritance from the design principle of the legacy codebook (GLP, DFT GOB etc.), hence backward compatibility friendly;

· Constant module (unitary structure);

· Better performance ensured by codebook design criteria*.
	· Large codebook size;

· Invariable codebook size;
· Standardisation may be difficult.

	Individual codebook
	· Per-cell codebook can reuse the 2/4/8-Tx codebooks in previous releases;
· Less standardisation efforts.
	· Likely non-constant module;

· Performance constrained by codebook design criteria.


* Such as Chordal distance and the null-direction gain of the codebook projected to the array antennas subspace [15], etc.

Due to the large number of combinations in various configurations, e.g. number of antennas, HetNet deployments, etc., a few codebooks may have to be defined. This implies that lots of standardisation efforts are needed to reach agreements on various global codebook, not to mention the difficulty in design of these codebook for such a lot of scenarios. On the other hand, however, if the granularity of inter-cell codebook has a sufficiently fine granularity, it may provide a performance that is comparable with that of the global codebook, rendering them (individual codebooks) an attractive solution for implicit feedback. Thus, we propose that:

Proposal 5: Per-cell and inter-cell codebooks should be discussed at higher priority for standardising implicit feedback.
Proposal 6: The per-cell codebook for Rel-11 may reuse the single cell codebook defined for Rel-8.
2.2.3 Feedbacks related to UE pairing and CoMP-CQI
Recall that the definition of implicit feedback is “Feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RI”. It means that the design of implicit feedback mechanism highly depends on how transmit and receive algorithms are implemented.
Since SU-MIMO PMI/CQI reporting can also be used for supporting MU-MIMO in Rel-8/9/10, we may use it for MU-MIMO in Rel-11. In the following, the case that involves SU-MIMO in single cell operation will be discussed.

The two schemes of PMI/CQI feedbacks for CoMP have been proposed: companion PMI/CQIs and pre-assigned companion sets. The method of companion PMI/CQIs need the best PMI/CQI reporting (in which the PMI indicates the precoding matrix used in serving TP) and reporting of companions. In contrast, the scheme of pre-assigned companion sets only needs the best PMI/CQI reporting, while the companions can be selected at TPs according to the orthogonal principle [16][17], where more specifically, the UEs employing the precoder in the same orthogonal subset can be regarded as UE pair suffering less interference. Note that if not all precoding vectors in the codebook (e.g. the current 8-Tx codebook) are orthogonal, we need to divide them into several orthogonal subsets, and the UEs within the same orthogonal subset are candidates for UE pairing.
2.2.3.1 PMI/CQI feedback details
In the next, we have defined two types of CQIs:

· Best CQI, which refers to the ideal CQI with interference inside the CoMP measurement set perfectly cancelled or avoided in JT or CS/CB;

· CoMP CQI, which refers to the actual post-CoMP processing CQI.
Before elaborating on the details of companion PMI/CQIs and pre-assigned companion sets, let us first simplify the SINR calculation for CoMP as SINR = S/(I+N), where S denotes desired signal power, I denotes interfering signal power, and N denotes the noise power. The best PMI/CQI reporting from the UE side may be calculated as:
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where best_PMI denotes the PMI that can achieve maximum desired signal power.
Companion PMI/CQIs

For companion PMI/CQIs, the companion can be calculated at UE side as:
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The subscript paired_with_best_PMI denotes the pairing is conducted with respect to the best PMI defined in (1). The companion_PMI means the candidate PMI for pairing.
Pre-assigned companion sets

In pre-assigned companion sets, the potential companion can be calculated at TP side as:
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where the select_function selects a companion PMI from the pre-defined companion sets and returns an updated CQI according to criteria like orthogonal principle. The CoMP_CQI may be predicted with the aid of pre-calculated SINR offsets between ideal CQI and actual post-CoMP CQI. Also note that CS/CB can not support pre-assigned companion sets, since no orthogonal property can be exploited in CS/CB.
No matter in MU-MIMO or in CoMP-JT, the reporting of pre-assigned companion sets will have the open issue that how to select the best PMI from a number of orthogonal PMIs. This open issue for CoMP-JT seems more serious, since the aggregated Precoding Matrix (PM) combined by per-cell PM and inter-cell information will increase the potential orthogonal PMs in one orthogonal subset. One straightforward solution may be to apply random selection. However, it may not be able to achieve the promising gain, as the CQI corresponding to the randomly selected PMI may be an average or even the worst CQI.

The comparison of the two feedback schemes
From the above details of the two types of PMI/CQI feedbacks, we summarize their pros and cons in Table 2.
Table 2: Pros and cons for companion PMI/CQIs and pre-assigned companion sets.
	
	Pros
	Cons

	Companion PMI/CQIs
	· Easy UE pairing at TP side;

· Accurate CQI.
	· High complexity at UE side;

· High feedback overhead.

	Pre-assigned companion sets
	· Low complexity at UE side;

· Low feedback overhead;

· Less standardisation efforts.
	· High complexity at TP side;

· Inaccurate CQI (especially when codebook is not orthogonal);

· CS/CB can not exploit pre-assigned companion sets due to little orthogonality.


Observations 1: Pre-assigned companion sets based on UE pairing scheme may be standardised with less specification impacts.

2.2.3.2 Mismatch problem

For CS/CB, since the orthogonal principle does not apply for UE pairing, the mismatch, i.e. the found candidate pairing UE is actually not the best choice for pairing, may often happens. Fortunately, CS/CB may work only base on per-cell feedback, so UE can report multiple instead of single PMI/CQI pairs, at the cost of an increased overhead which, in the worst case, is comparable as JT.
When companion PMI/CQIs are used, the UE pairing may be conducted among the candidates selected from reported pairs only. The restriction on pairing candidates implies that the probability of mismatch is high too, for both JT and CS/CB. For JT, the UE pairing exploiting pre-assigned companion sets would be activated, in case that the mismatch can not be resolved by the scheme of companion PMI/CQIs. A summary on the mismatch issue and possible solutions is provided in Table 3, where the bold texts highlight the feedback option imposing minimal standardisation efforts and overhead.
Table 3: The mismatch issue for schemes of companion PMI/CQIs and pre-assigned companion sets.
	
	Schemes
	Mismatch possibility
	Possible solution
	Standardisation impacts
	Feedback overhead

	Pre-assigned companion sets
	CS/CB
	n/a
	n/a
	n/a
	n/a

	
	JT
	Low
	UE: Multiple best single-cell reporting from different orthogonal subsets
	Low*
	High

	
	
	
	TP: Re-select the PM close to the best single-cell PM
	None**
	Low

	Companion PMI/CQIs
	CS/CB
	High
	UE: Multiple best single-cell reporting from different orthogonal subsets
	Low
	High

	
	
	
	UE: Multiple companion reporting
	Medium***
	High

	
	
	
	TP: Re-select the PM close to the best single-cell PM
	None
	Low

	
	JT
	High
	UE: Multiple best single-cell reporting from different orthogonal subsets
	Low
	High

	
	
	
	UE: Multiple companion reporting
	Medium
	High

	
	
	
	TP: Re-select the PM close to the best single-cell PM
	None
	Low


* Need to define multiple PMI/CQI reporting for individual resource unit (subband or wideband).
** No need to define multiple PMI/CQI reporting for individual resource unit, but need high-granularity codebooks from which the PM that is sufficiently close to the best single-cell PM can be found.
*** Need to define new companion PMI/CQI reporting for individual resource unit.
Observations 2: Using pre-assigned companion sets results in a lower mismatch probability than using companion PMI/CQIs. However, it is not applicable to CS/CB.
Observations 3: With well-designed codebook, the following options for implicit feedback may be considered:

· Best PMI/CQI and companion PMI/CQI for CS/CB;
· Best PMI/CQI for JT.
Based on the above analysis, we suggest that:

Proposal 7: Both the feedback schemes using pre-assigned companion sets and using companion PMI/CQIs should be further studied. The feedback framework for Rel-11 CoMP with low standardisation efforts and overhead may be the following:

· CS/CB: companion PMI/CQIs, best PMI/CQI and companion PMI/CQI, PMI=per-cell PMI;
· JP: pre-assigned companion sets, best PMI/CQI, PMI={per-cell PMI, inter-cell phase/amplitude index}.
3 Conclusion

In this contribution, various issues related to feedback for CoMP are investigated and the corresponding standardisation impacts are discussed. Our proposals are summarized as follows:
Proposal 1: The explicit feedback framework should be further studied with higher priority, and the possibility of employing quantization based feedback and enhanced PUCCH for supporting explicit feedback should be captured.
Proposal 2: Quantization techniques, including codebook quantization and per-element quantization, should be studied at first in explicit feedback designing.
Proposal 3: Enhanced codebooks for 2/4-Tx should be explicit defined/captured for CoMP.

Proposal 4: It is suggested that the design of 4-Tx codebook for Rel-11 follows the design principle of 8-Tx dual codebook for Rel-10, with considerations on combining the advantages of Rel-8 4-Tx codebook and Rel-10 8-Tx codebook.
Proposal 5: Per-cell and inter-cell codebooks should be discussed at higher priority for standardising implicit feedback.
Proposal 6: The per-cell codebook for Rel-11 may reuse the single cell codebook defined for Rel-8.

Proposal 7: Both the feedback schemes using pre-assigned companion sets and using companion PMI/CQIs should be further studied. The feedback framework for Rel-11 CoMP with low standardisation efforts and overhead may be the following:

· CS/CB: companion PMI/CQIs, best PMI/CQI and companion PMI/CQI, PMI=per-cell PMI;

· JP: pre-assigned companion sets, best PMI/CQI, PMI={per-cell PMI, inter-cell phase/amplitude index}.
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