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1
Introduction

In previous RAN WG1 meetings the discussion on DL CoMP feedback has focused on feedback types including explicit, implicit and SRS-based feedback. Furthermore, a common feedback framework for single-cell MIMO and CoMP has been discussed extensively. For example, the pre-RAN1#58 CoMP e-mail discussion [1] was concentrating on aspects such as whether feedback for single-cell MIMO operation can be a subset of feedback for CoMP operation, and whether for example dynamic/seamless switching between different schemes can be supported, including CoMP and non-CoMP schemes.
In this contribution we present our views on the feedback types. We further elaborate on use cases and feasibility of dynamic switches and common feedback framework.
2
Explicit vs. implicit feedback
In RAN1#58 the following was agreed as way forward on DL CoMP feedback:

· Individual per-cell feedback is the baseline for schemes that need feedback

· Complementary inter-cell feedback might be needed
· The detailed explicit, implicit or SRS-based feedback designs, if any, are FFS

· Combinations of full or subset of above three are possible

To our understanding, by agreeing on the individual per-cell feedback, one only rules out joint types of CoMP channel feedback (e.g. joint eigenvector). Clearly, the number of different feedback options to be specified, implemented and tested should be minimized, hence still only a subset of the above designs should be selected. Therefore, and also to reduce the number of potential feedback method candidates to be studied, our view is that some agreements should be reached on what type of feedback RAN1 should focus on. This would also boost the progress in feedback signalling for CoMP, MU-MIMO etc. by allowing the studies to focus on the most promising schemes.
In [2], a good comparison of explicit and implicit feedback was already presented, as well as a summary of different types of explicit and implicit feedback schemes. In the following, we further elaborate on the differences between explicit and implicit feedback and certain aspects that need to be considered while making the decision.
On explicit channel feedback schemes, the following options have been mentioned (note that based on the above RAN1 agreement, some schemes based on feeding back the joint channel have been already excluded):
· Direct feedback of quantized channel elements: Typically MIMO schemes require only the right singular space of the channel matrix, hence feeding back the full channel matrix is clearly excessive in terms of information and therefore also in terms of overhead. Furthermore, feedback overhead will depend on the number of RX antennas which is clearly undesirable as feedback would not be anymore receiver-agnostic.
· Main eigencomponent(s) of the per-cell channel matrix, along with inter-cell phase and amplitude characteristics: Presumably the main eigencomponent(s) of the per-cell channel matrix would be quantized using a specified codebook. Then in fact, unless the eigenvectors would be ordered based on corresponding eigenvalues, it seems there is only little difference to implicit PMI-based feedback as optimally the reported PMI would also correspond to the precoding matrix that best matches with the channel subspace spanned by the main eigencomponent(s) of the channel matrix. The main difference seems to be in the assumption about how the UE would evaluate the optimum codebook entry, which is anyway outside the scope of specifications.

· The spatial covariance of each per-cell channel matrix, along with the inter-cell phase and amplitude characteristics: Spatial covariance is equivalent to feeding back all eigenvectors and eigenvalues of the per-cell channel matrix. As such, it becomes very obvious that performance of such schemes could be better than eigencomponent-based schemes if UL overhead is not factored into the analysis. Since typically feeding back all eigenvectors results in negligible (if any) performance gain compared to feeding back only the dominant eigenvectors, the additional overhead may not be justified. Furthermore, the idea seems to be that the eigenvalues could be used in deriving the SINR at eNB assuming that the UE would report some additional information about interference. While such scheme in theory would work, it leads to unresolvable testability issues, see discussion below. Our view is that CQI feedback will anyway be required to avoid the testability problems and therefore additional feedback of eigenvalues seems no longer needed. Hence, also spatial covariance seems to imply more information to be fed back than what is actually needed, and therefore also more UL overhead. Furthermore, it seems that quantizing the components of the spatial covariance matrix is not so trivial.
As pointed out in [2], channel subspace –based feedback (eigencomponents, spatial covariance, PMI) is less sensitive to time-frequency selective channels than direct channel matrix feedback, which is even further pronouncing the overhead differences. In [3] it was shown that 100-200 bits per feedback report may be feasible without sacrificing too much of the uplink capacity. It is very clear already from simple calculations that direct channel matrix feedback will not fit into a report of this size.
In terms of useful information about the per-cell channel matrix, it seems that PMI-based feedback is not that different from explicit feedback schemes even though as mentioned, the determination of most suitable codebook entry at UE side may be different. The main differences of explicit and implicit feedback actually seem to be in SINR/CQI determination. While explicit schemes provide explicit information about interference level and combine that with the explicit channel knowledge to acquire SINR information, implicit CQI reporting indicate exactly which MCS can be supported with certain BLER, based on certain assumption about the used transmission scheme. Here we want to point out that SINR information other than CQI acquired from UE measurements is known to lead to testability problems. In fact, the main issue with schemes determining SINR from explicit channel/interference information seems to be in their testability. Basically there are two problems:
· There is no way of testing the accuracy of the UE CSI/SINR measurement, e.g. there is no physical port available in the UE for reference measurements.

· Even if the measurement is accurate, it would not be usable at eNB as such because the SINR-to-MCS mapping depends completely on UE receiver implementation.

The above problems are also the reason why implicit feedback has been adopted in Rel’8, why throughput-based closed-loop testing methodology has been adopted and why e.g. the CQI definition in TS 36.213 is associated with certain BLER. Hence, it seems that in order to resolve the testability issues, CQI feedback will anyway be needed. It is noted that even with explicit channel feedback, there could be “de facto” precoding methods (e.g. using the eigenvectors as the precoder) on which the testing could be based in case the corresponding CQI is available as well. However, as previously mentioned, for per-cell channel reporting the differences of eigenvector-based explicit feedback and implicit PMI feedback are very small in such case anyway. 
In our view the Release 8 type of implicit PMI/CQI/RI feedback schemes should be utilized also in LTE-Advanced, both for CoMP per-cell feedback as well as single-cell MIMO operation. This is also in line with the assumption of having individual per-cell feedback as baseline, building further on Rel-8 design principles (for example regarding already specified codebooks) which have a proven track record in LTE single-cell MIMO operation in current implementations. Explicit feedback is not expected to improve performance significantly assuming similar overhead as Rel-8 codebook based design. Furthermore, relying on CQI/PMI/RI allows for reusing the proven throughput based RAN4 test methodologies.
As with respect to TDD, we see the potential benefits of SRS-based operation.Therefore, as already done in Release 8 and Release 9, combination of SRS and implicit feedback (CQI) should be considered for TDD.
Proposal: Release 8 -type of implicit feedback consisting of RI, PMI and CQI reports is the baseline feedback type for DL MIMO operation including DL CoMP per-cell feedback, both in FDD and TDD. SRS-based operation complemented with implicit CQI feedback will be further considered for TDD.
It is noted that while we leave the reporting format for inter-cell channel characteristics for further study here, it is very clear that from testability perspective CQI is needed also for supporting joint processing CoMP.
3
Common feedback framework
In the RAN1#58 CoMP e-mail discussion [1], a common framework for single-cell MIMO and CoMP operation including different CoMP schemes was addressed. Most of the discussed issues focused on whether the operation can be made seamless between different MIMO modes under such framework (e.g. CoMP and non-CoMP modes). As one enabling key idea to allow this, many companies seem to be proposing that, for example, feedback for single-cell MIMO operation should be a subset of feedback for CoMP operation. However detailed solutions have not been shown yet, even though some contributions have discussed the issue in more detail [4] and the per-cell feedback agreed in RAN1#58 is clearly one step towards such operation. In the following, we further discuss different types of dynamic switches, including the need and use cases as well as the feasibility of supporting them. At the same time we also address the issue of common feedback framework, i.e. non-CoMP feedback with respect to CoMP feedback. Focus here is on implicit feedback due to reasons outlined in the previous section.
In this contribution, by dynamic switch we mean that the different schemes happen in the same transmission (and reporting) mode configured by higher layers. This implies a common DCI format for the different schemes as well as common feedback. In RAN1#58, the following was already agreed: “As baseline, the network need not explicitly signal the CoMP transmission point(s) and the UE reception/demodulation of CoMP transmissions (CBF or JP) is the same as that for non CoMP (SU/MU-MIMO).” Indeed, the use of precoded UE-specific RS does already allow seamless operation from UE demodulation perspective. So the main aspects to be considered are related to control signaling and feedback.
Here we do not make any strong assumptions about whether the UE is aware about which scheme is being applied. For example, we do not make any assumption on whether UE is aware of any possible co-channel UEs scheduled on the same PRBs, i.e. on whether the transmission is SU or MU transmission. Such indications would have certain impacts on control signalling, however we only assume that any such signalling can be done within PDCCH constraints, i.e. such that there is no need to switch the UE to monitor different DCI formats. The transmission mode configured for the UE may still be the same even if a few bits of some scheme-dependent control signalling is added to PDCCH.
The considered dynamic switches are:

-
Dynamic switching between single-cell SU-MIMO and single-cell MU-MIMO

-
Dynamic switching between single-cell MIMO schemes and CoMP, either single-user or multi-user
-
Dynamic switching between different CoMP schemes
3.1
Dynamic switching between single-cell SU-MIMO and single-cell MU-MIMO
In Release 8, multi-user MIMO happens in its own transmission mode where UE only reports wideband rank-1 single-user PMI. Limited dynamic switch is supported to SU-MIMO by having the power offset bit in DCI format 1D. However, the SU-MIMO fallback is always restricted to rank-1 operation.
As discussed also in [5], in terms of operation point both single-cell SU-MIMO and single-cell MU-MIMO extend from moderate SINR to high SINR region. This makes it difficult for the eNB to determine whether the UE should be configured into SU-MIMO or MU-MIMO mode. Furthermore, due to difficulties in pairing/grouping UEs in MU-MIMO (lack of multi-user diversity), there is clearly a need to be able to fallback also to SU-MIMO with rank>1 in case no proper pair is found. In such case a restriction to rank-1 in SU-MIMO actually becomes a performance-limiting factor. These aspects clearly speak for having dynamic switching between full-blown single-cell SU-MIMO (any rank) and single-cell MU-MIMO, i.e. having them in the same transmission mode.
Already from Rel’9 studies on dual-layer beamforming it is known that from control signalling perspective there is no problem in supporting both SU-MIMO and MU-MIMO in the same transmission mode – in the simplest case MU-MIMO is completely transparent to the UE from control signalling perspective. From feedback perspective there is one difference between SU-MIMO and MU-MIMO which is that SU-MIMO generally requires PMI of any rank while MU-MIMO is typically limited to rank one (or at most two). Hence, if UE is feeding back PMI based on optimum SU-MIMO rank, eNB may need to override transmission rank for the purpose of switching to MU-MIMO. It is well known that overriding rank from reported rank>1 PMI has certain problems. Also further loss compared to optimum rank-1 PMI/CQI is incurred by the fact that after rank override the reported CQI will be mismatched compared to correct rank-1 CQI. However further study is required on whether rank override is any major issue at system level after taking into account e.g. rank adaptation and codebooks that have the nested property.
Proposal: Single-cell SU-MIMO and single-cell MU-MIMO are supported in one transmission mode (and one reporting mode).
3.2
Dynamic switching between single-cell MIMO schemes and CoMP, either single-user or multi-user
When thinking about dynamic switching between single-cell MIMO schemes and CoMP schemes, either single-user or multi-user, similar use cases can be found as for dynamic switching between single-cell SU- and MU-MIMO schemes: In case proper UE pair is not found, it may be most efficient to fallback to single-cell transmission. It is noted that both multi-user JP-CoMP and coordinated beamforming require some kind of UE grouping/pairing. Single-user JP-CoMP obviously does not require UE pairing/grouping, however it has been shown to perform poorly due to increased effective frequency reuse factor without increasing the multi-user order, and therefore should be avoided as a primary fallback mode. Another need for single-cell fallback may arise from increasing system robustness – especially with inter-site schemes it may be that neighboring cells do not have correct CSI available on time, or data delivery to other cells may be delayed. In such case one would again have to rely on single-cell transmission.
Again it seems that from DL control signalling perspective there are no immediate obstacles preventing such dynamic switch. Furthermore, basically the agreement reached in RAN1#58 on per-cell feedback already enables some kind of single-cell fallback. Whether this fallback can correspond to full-blown single-cell MIMO feedback depends on the expected rank of single-cell MIMO operation versus CoMP transmission rank within the operating SINR region of CoMP.
In [5] and several other contributions, operation point of CoMP has been placed to low SINR region, i.e. cell edge. As such, optimum single-cell transmission rank would most likely be always one. If also optimum CoMP rank is always one, then the rank override problems discussed in the previous section do not exist in this case as we may simply restrict the rank to one. However, it is not entirely clear whether CoMP is only a cell edge technique as this depends completely on the criterion used to select UEs in CoMP reporting mode. In fact we can distinguish three different approaches:
· Single-cell MIMO transmission rank is always equal to CoMP transmission rank (one). Clearly this is the possible case for cell edge UEs. Undeniably, this is also probably the most common case, especially with coordinated beamforming.
· Single-cell MIMO transmission rank may be one or larger than one, as well as possibly also the CoMP transmission rank. This would be possible if the used CoMP UE selection criterion is such that also cell center UEs become chosen into CoMP reporting mode. Furthermore, CoMP may improve UE reception conditions such that optimum CoMP transmission rank may be even larger than the optimum single-cell transmission rank.
· CoMP UE is at cell edge such that the single-cell MIMO transmission rank is one. However again, CoMP may be improving SINR and channel conditions such that even rank>1 CoMP becomes possible. So optimum CoMP rank could be even larger than optimum single-cell MIMO rank.

Whether the two last cases are common or not, requires further study, but our expectation is that these would be applicable to joint processing CoMP at most. The first case is clearly the most common case, and therefore it might be that the simplest solution is to simply restrict the rank to one when UE is configured to CoMP reporting mode. We note that in addition to single-cell fallback mechanisms, optimum rank considerations also have an impact on the overall feedback design, e.g. whether the UE needs to compute and report one or multiple (single-cell and CoMP) rank indicators. Since in light of RAN1#58 agreements single-cell fallback is already supported to some extent, we propose here only to study the mentioned rank issues further in order to determine whether single-cell fallback can correspond to full-blown optimum single-cell MIMO operation as this clearly depends on the rank considerations.
Proposal: Single cell fallback is supported for CoMP. Whether the single-cell operation then corresponds to full-blown single-cell MIMO operation depends on optimum rank in CoMP vs. non-CoMP which should be studied further.
3.3
Dynamic switching between different CoMP transmission schemes

In the aforementioned e-mail discussion [1], one considered aspect was dynamic switching between different CoMP transmission strategies. So far we have not seen any evidence that there would be a real need for such operation. Our understanding is that the eNB/network can select one scheme to be used and there is no large (if any) performance benefit from allowing the eNB/network to dynamically change the CoMP scheme on the fly. Furthermore it is very unclear if any network vendor would ever even implement multiple CoMP schemes operating simultaneously, hence adding such complexity does not seem justified.
Technically, from control signalling perspective there does not seem to be any big obstacles with such operation. However, we see the biggest obstacle in feedback operation: For example, joint processing would require the UE to report best PMIs for each cell and additionally inter-cell channel characteristics that are used to achieve phase coherence among cooperating cells. Coordinated beamforming on the other hand requires the UE to report best PMI for the serving cell and the best interfering PMIs (causing least interference) for the neighbour cells. Furthermore, CQI reporting will be very different between the two schemes. So clearly these two CoMP transmission strategies require quite different feedback formats (note that in fact feedback for serving cell may still be the same). Feeding back both formats simultaneously would clearly be excessive from uplink overhead perspective.
For the above reasons we propose that UE is reporting feedback only for one CoMP transmission scheme at a time. This means that UE is configured via higher layers to a CoMP scheme –specific reporting mode. Note that this is of course conditioned on that there actually exists specification support for more than one CoMP scheme.
Proposal: In case more than one CoMP scheme is supported, UE shall be configured via higher layers to report feedback corresponding to one CoMP scheme at a time.
Such an approach has also a further benefit that it allows a phased and controlled introduction of different CoMP schemes into the specifications, thereby allowing enough time for proper performance evaluations. In our view, each added CoMP scheme should provide some benefit over other schemes; hence before increasing the number of feedback options the performance benefit should be properly assessed.
4
Conclusions

In this contribution we have discussed the DL feedback framework trying to highlight the synergies of different modes and potential difficulties that may be encountered in the practical design. Our current views and proposals in this contribution can be summarized as follows:
· Due to testability reasons as well as to maintain maximized synergy with LTE Rel’8 and Rel’9, DL MIMO feedback operation including DL CoMP per-cell feedback should be based on implicit PMI/CQI/RI feedback, similarly to Release 8. For TDD, we may consider additionally SRS-based feedback complemented with CQI reports. The reporting format for inter-cell channel characteristics needed in JP-CoMP is left FFS here; however CQI is needed for testability reasons also in that case.
· UE is configured into one LTE-Advanced –specific DL MIMO transmission mode that entails use of UE-specific RS, potentially CSI-RS and certain DCI format(s). Single-cell SU- and MU-MIMO are operated seamlessly in this mode.

· In this transmission mode the UE may be configured further into CoMP reporting mode via higher layers, where the configuration entails signalling of the CoMP measurement set to the UE. When UE has been configured into CoMP reporting mode with CoMP measurement set larger than one cell (serving cell), the rank of the reported PMI may be restricted, however this seems to require further study. Anyway single-cell fallback mode is supported as already suggested by earlier RAN1 agreements.
· If multiple CoMP schemes are supported in the specifications, configuration of the UE into CoMP reporting mode will also include configuring the reported feedback format (potentially one format per supported CoMP scheme). This approach has also a further benefit that it allows a phased and controlled introduction of different CoMP schemes into the specifications, thereby allowing enough time for proper performance evaluations.
Finally, as described in this contribution, it seems feasible to have fairly unified feedback between CoMP and non-CoMP schemes – certain limitations related to transmission rank may need to be accepted though. Further it seems that unified feedback between different CoMP schemes is not feasible.
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