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Introduction 

Multi-antenna transmission techniques including high order MIMO, precoding and coordinated multi-point (CoMP) have been identified as key enablers of high spectral efficiency in LTE-Advanced. Efficient support of these features calls for a number of RAN1 enhancements, namely advanced reference signal (RS) structure and UE feedback. While RS structure analysis has received a lot of attention in many contributions and substantial progress has been made [1], [2], UE feedback needs further discussion. This contribution outlines our views on a general framework for feedback design to address efficient support of various LTE-Advanced features. In the following paragraphs, we discuss   
·    UE feedback needed to support intra-cell multi-antenna transmission. This will address support for precoding with increased number of transmit antennas, SU-MIMO and MU-MIMO with various antenna configurations in FDD as well as TDD. In essence, we need to extend PMI/CQI/RI reporting to address the new antenna configurations and provide efficient support for non codebook based precoding that leverages the benefits of UE-RS based demodulation. Given the level interest in enhanced TDD operation in Rel-9, certain aspects of the Rel-10 design should be also considered for Rel-9.
·    UE feedback needed to support CoMP. Clearly CoMP feedback needs to extend single-cell reporting to multi-cell reporting covering members of the CoMP reporting set of the UE. Such extensions have been discussed (see e.g. [3]) and we summarize our views on this subject later in this contribution. However a direct extension of the traditional single-cell PMI/CQI/RI reporting alone may not be sufficient to support CoMP. Distributed nature of CoMP coordination in many practical scenarios calls for a form of feedback that captures the actual channel quality resulting from precoded transmission (namely beam directions and transmit p.s.d. levels) resulting from scheduling decisions of individual cooperating nodes.
Consistent with the above observations, we will distinguish two forms of channel state feedback for CoMP:

·    Non-precoded feedback corresponding to a direct extension of the traditional forms of channel state feedback to multiple cells constituting CoMP reporting set of the UE. 

·    Precoded feedback corresponding to e.g. CQI/RI reports that reflect precoding paratemers of various nodes in the network and therefore provide an accurate assessment of channel quality seen by a UE.
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UE feedback for intra-cell multi-antenna transmissions
The main considerations for intra-cell UE feedback design in Rel-10 are:   

·    Closed-loop precoding and SU-MIMO for increased number of antennas. Here we need to address scenarios not covered by Rel-8 antenna configurations but also consider enhancements for Rel-8 configurations that are possible due to non codebook based precoding facilitated by UE-RS and CSI-RS. One such enhancement includes CRS overhead reduction e.g. in scenarios with 4 transmit antennas. 

·    Efficient support for MU-MIMO.  Accurate non-codebook based precoding is important to secure MU-MIMO gains for static and low mobility UEs. Enhancements to CQI/RI reporting should also be considered.  
As explained in [4], advanced transmissions such as MU-MIMO and CoMP require more accurate tuning of transmit beams w.r.t. spatial channels of the served UEs compared to SU-MIMO in Rel-8 in order to achieve attractive transmit interference nulling gains. Hence non codebook based precoding is instrumental to allow for beam adaptation taking into account spatial feedback of multiple UEs at the eNodeB as opposed to just using PMI of each individual UE as in Rel-8. Furthermore MU-MIMO can offer throughput gains in Rel-8 configurations e.g. with 4 transmit antennas per cell [5].  Therefore we recommend that
Efficient non codebook based precoding be supported in Rel-10 for the new antenna configurations (>4 transmit antennas) as well as for the existing Rel-8 antenna configurations. The latter implies UE-RS based PDSCH demodulation as well as the ability to reduce CRS overhead e.g. from 14.29% (4 CRS ports) down to 9.52% (2 CRS ports) or even 4.76% (1 CRS port) and use CSI-RS (0.48% overhead for 4 CSI-RS ports).  
Codebook design for MU-MIMO as well as CoMP should take into account the following considerations:  

·    Higher accuracy of spatial channel feedback compared to Rel-8 to achieve attractive transmit nulling gains. As shown in e.g. [4], efficient feedback reduction will be needed, possibly in combination with increased accuracy (payload), to approach transmit nulling gains on the order of 10dB for low mobility channels. It is worth noting that large nulling gains may be beneficial in some harsh interference scenarios such as HeNB CSG [6]. 
·    Unlike in Rel-8, where SU-MIMO UE has sufficient information to recommend precoder choice (PMI) to the eNodeB, MU-MIMO precoder choice is based on channel feedback from multiple UEs. Hence UE feedback structure should be optimized to accurately convey spatial channel direction indication (CDI). While the feedback mechanism for CDI reporting is no different from PMI reporting (i.e., based on vector quantization of the target quantity), the intended use in MU-MIMO and CoMP, namely computation of multi-user precoder from CDI reports of different UEs, should be taken into account during codebook design. Additionally, codebook design in Rel-10 should consider a variety of antenna configurations and propagation scenarios e.g. in the context of inter-antenna spacing, polarization diversity and angular spreads. To address such a large variety, the concept of configurable/downloadable codebooks [7] should be considered. 
Based on the above observations, we suggest that
Spatial channel direction (CDI) codebooks target feedback accuracy dictated by MU-MIMO and CoMP. Hence new codebook structure and payload used in Rel-8 should be revisited for Rel-10 even in the case of Rel-8 antenna configurations and should be further extended to the new configurations (>4 transmit antennas). Furthermore, feedback reduction techniques such as multiple description coding [4] and/or multi-level coding [8] should also be considered. 
We further discuss CQI/RI reporting in the context of MU-MIMO where the main issue is to capture the effect of potential multi-user interference in UE reporting. In deployments with low antenna correlation (e.g. due to a large antenna spacing and/or rich scattering), UE clustering at eNodeB has to be based on fast fading and will be mainly applicable to low-mobility UEs. In such scenarios, a UE has no information about potential multi-user interference. Hence CQI/RI reporting mechanism of Rel-8 with the actual MU-MIMO CQI/RI prediction at eNodeB would make sense. Alternatively, eNodeB could signal certain UE-specific intra-cell C/I target that could be used by UE to compute CQI/RI while eNodeB strives to meet this C/I by a proper UE clustering and transmit beam selection. 

Conversely, a better prediction of MU-MIMO CQI/RI can be achieved in scenarios with correlated antennas where large number of closely spaced transmit antennas and/or limited angular scattering of individual UEs enables UE clustering based on long-term spatial channels, thereby making it applicable to UEs with higher mobility. In such scenarios, it is convenient to introduce a clustered codebook wherein (a) each cluster covers a limited angular spread and (b) eNodeB typically pairs UEs from different clusters. This information can be used by UE to predict MU-MIMO CQI/RI. Note relative performance degradation due to MU-MIMO scheduling should not be too frequency and/or time selective. Hence the impact of MU-MIMO can be factored in a possibly infrequent broadband report that could be conveyed to the serving eNodeB via a physical (e.g. PUCCH) or upper layer signalling.      
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TDD operation in Rel-9 and Rel-10
The key differentiator of TDD multi-antenna transmission is ability to exploit fading reciprocity between downlink and uplink in order to enable accurate multi-stream downlink beamforming with reduced feedback from the UE. Specifically, eNodeB can measure uplink channel between UE transmit antennas and eNodeB receive antennas based on SRS transmission by the UE and interpret this measurement as downlink channel between the same sets of antennas, after appropriate compensation for transmit/receive mismatch.  However, the following issues need to be addresses:
·    The number of transmit antennas will often be smaller than the number of receive antennas at the UE and securing SRS sounding of uplink channels corresponding to all the receive antennas of the UE may be challenging for many UE types (categories). Hence SRS sounding and channel reciprocity will not provide measurements of the entire downlink channel in such unbalanced UE antenna configurations. 

·    Supplemental closed-loop reporting of spatial channel corresponding to non-measurable channels (e.g. UE receive antennas) can be used to enhance performance of a single stream as well as multi-stream beamforming. This applies to Rel-10 as well as dual stream beamforming in Rel-9.   
·    Reciprocity based beamforming needs accurate calibration of the amplitude/phase mismatch between transmit and receive antennas of the eNodeB. The options of autonomous calibration at eNodeB (self-calibration) as well as UE-assisted calibration (over-the-air calibration) should be explored. Feasibility and cost of accurate self-calibration and required frequency of over-the-air calibration should be evaluated to decide on the need of over-the-air calibration support.   
·    Regardless of the closed-loop spatial feedback, the presence of downlink reference signals is important to enable accurate CQI/RI feedback in unbalanced UE antenna configurations. A technique known as pseudo-eigenbeamforming can be applied in such configurations in the absence of closed-loop spatial feedback. Described in e.g. [9], it consists of closed-loop transmission along the directions of the channel known to the eNodeB based on e.g. SRS sounding, and open-loop beam diversity transmission across the remaining unknown directions. Knowledge of the entire downlink channel would enable robust determination of CQI/RI at the UE whether open-loop (pseudo-eigenbeamforming) or closed-loop transmission is used by eNodeB. This knowledge can be achieved due to insertion of CSI-RS in the new antenna configurations (>4 transmit antennas) as well as Rel-8 antenna configurations where CSI-RS can replace a excessive number of CRS ports thereby reducing the total RS overhead as explained in the previous section.  
To address the aforementioned issues, we recommend that

CSI-RS be supported in the new antenna configurations but also allowed in Rel-8 antenna configurations to enable robust CQI/RI reporting and potentially enable closed-loop (supplemental) spatial feedback for efficient support of multi-stream beamforming. This should apply to Rel-10 as well as Rel-9. The need for over-the-air calibration of transmit/receive mismatch at eNodeB to be considered as alternative to eNodeB self-calibration. 
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Feedback considerations for CoMP

First we discuss extensions of the non-precoded feedback needed to support CoMP. The main purpose of this type of feedback in CoMP is to enable 
A.    Accurate beam selection by different nodes involved in CoMP transmission either directly (serving a UE) or indirectly (mitigating interference to the UE).  
B.   Tentative CoMP scheduling decisions at the network side, namely on dynamic UE clustering based on long-term channel conditions, short-term spatial channels and other considerations such as fairness, QoS, needed to assess utility metric of various scheduling decisions. Here the term “UE clustering” is broadly used to cover a variety of CoMP techniques ranging from scheduling coordination via e.g. (soft) silencing, coordinated beamforming and coherent multi-point transmission. Note that tentative scheduling decision requires a (possibly coarse) assessment of spectral efficiencies achievable by different UEs.  

Note that (A) in the above list requires accurate short-term knowledge of spatial channels between the UE and all cells in its CoMP reporting set. To this end, single-cell CDI reporting should be extended to a multi-cell CDI. The two main questions that need to be addressed here are: 
·    Single report to capture spatial channel (CDI) across all cells versus hierarchical feedback.
·    Support of a direct CDI transmission to non-anchor cells in addition to the option of forwarding such feedback via the anchor cell.

In our opinion, hierarchical feedback option is preferred. Described in [10], it consists of reporting separately CDI corresponding to every cell from the CoMP reporting set to enable coordinated beamforming and additionally reporting a inter-cell CDI by the UEs that benefit from coherent multi-point transmission (joint processing). The advantages of hierarchical feedback approach over a single report, in terms of adaptability of codebook structure to the cell antenna configuration, scalability for various CoMP techniques as well as robustness considerations are analyzed in [11]. As to the second point above, we believe that direct CDI reporting to (non-anchor) target cells may be beneficial in some scenarios where, on one hand, inter-cell cooperation yields substantial gains and, on the other hand, backhaul delays may be too large. Such scenarios arise is HeNodeB CSG deployments described in [6].
To address (B), we note that the presence of accurate short-term CDI reports along with infrequent pilot measurement (RSRP) reports enable initial assessment of channel quality determined by the choice of transmission point(s) as well as interference from the remaining cells of the UE CoMP reporting set. This information, along with a measure of long-term external interference generated by cells outside the CoMP reporting set, including thermal noise, should be sufficient to carry out tentative coordinated scheduling decisions and complete beam selection for the upcoming PDSCH transmission. Final scheduling decisions and accurate rate prediction can be based on the precoded feedback addressed later in this document. 
Based on the above discussion, our suggestions for the non-precoded CoMP feedback are as follows:
Consider extension of a single cell (SU and MU-MIMO) feedback via hierarchical feedback. According to this concept, UE reports spatial channel corresponding to its anchor cell with additional spatial channel(s) corresponding to (individual) cell(s) within the CoMP measurements set and optional report of inter-cell spatial feedback for a configurable sub-set of the CoMP reporting set. Rate and granularity (codebook structure) of each cell-specific report as well as that of the inter-cell report can be configured independently. Consider a new type of CoMP feedback that captures long-term interference external to the CoMP reporting set. Also, consider direct reporting of spatial channels to the target cells.
We now focus on the precoded feedback in support of CoMP.  The main purpose of such feedback is to perform final UE selection and facilitate accurate rate prediction based on CQI and possibly RI computed by the UE according to the actual precoded transmission of all the cells in the system. Such a precoded feedback can be enabled by insertion of precoded RS associated with every set of PDSCH resources (e.g. a set of RBs across one or more sub-frames) and transmitted by all the cells in the system ahead of the actual PDSCH transmission. Precoded RS from all the cells overlap on a set of REs that are associated with a particular PDSCH resource set and differ by their signatures (e.g. scrambling). Precoding applied to each precoded RS is identical to the precoding applied to the associated PDSCH resources.  Whenever delay between precoded RS and the corresponding PDSCH transmission remains small (e.g. 4ms for a reasonable processing timeline [6]) a UE can accurately estimate the total energy of the serving signal as well as the total interference energy which can be fed back to the UE. It is worth mentioning that precoding operation includes not only beam direction but also p.s.d. level and hence extends to coordinated (soft) silencing as well. 

Note that precoded RS are mainly used to assess signal and interference energy which can be accomplished with a small amount of REs. Even rather fine granularity of PDSCH resource coordination (e.g. 6 RBs across sub-frame) can be achieved with a fairly small overhead (e.g. 10 REs for precoded RS over 6 RBs yield (1% overhead).  
An exemplary feedback design based on the concept of precoded RS with discussion of design tradeoffs as well as examples of performance gains is described in [6]. 
The concept of UE selection and rate prediction based on precoded RS may be beneficial in the context of CoMP, especially in deployment scenarios where harsh interference conditions, e.g. HeNodeB CSG [6],[11] offer substantial CoMP gains. Our conclusion is based on the following observations: 
·    Traditionally, H-ARQ is considered sufficient to handle the uncertainty in channel and interference variations. This conclusion is applicable to the “classic” evaluation methodologies based on planned deployments with unrestricted access and full loading where (C/I) variations are relatively small. However, data networks often operate at light loading which yields (C/I) variations of several dB along with traffic load variations in the (dominant) interfering cells. Regular H-ARQ is not efficient in handling (C/I) variations of such magnitude. Another already mentioned scenario leading to severe interference conditions is HeNodeB CSG deployments.    

·    The main argument against precoded RS concept is additional scheduling latency. An exemplary design [6] yields additional scheduling latency of 8ms. Note that the overall scheduling latency is still manageable for most traffic types and, furthermore, in the event of bursty transmission, such additional latency is incurred at the beginning of data burst only (as opposed to every scheduled PDSCH transmission) due to pipelining of the precoded RS timeline and PDSCH transmission timeline, see [6] for more details. Finally, highly latency sensitive traffic (such as VoIP) is usually relatively low rate traffic hence semi-static forms of coordination (such as FFR) can be quite efficient. In other words, it should be possible to configure PDSCH transmission based on precoded RS across a (major) fraction of PDSCH resources while leaving regular PDSCH timeline on the remaining resources to eliminate additional latency.   
Finally, precoded CQI/RI computation can be carried out over backhaul signaling whenever CoMP reporting set members can quickly exchange precoding information. Such an operation should be preferred in the scenarios with fast inter-site connectivity or intra-eNodeB (RRH) coordination.  Note, however, that fast backhaul medium and/or adequate protocol support may not be available in some scenarios (e.g. HeNodeB CSG) that yield attractive CoMP gains.  
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Conclusions

In this document, we summarized and explained our high-level views on UE feedback structure to enable efficient support of intra-cell SU- and MU-MIMO in Rel-9 / Rel-10, including dual-stream beamforming in Rel-9, and CoMP in Rel-10. While detailed conclusions / recommendations are expressed in the above sections of the document, our key views can be summarized as follows:
·    Non-codebook based precoding should be supported to facilitate MU-MIMO in the new (Rel-10) antenna configurations as well as legacy (Rel-8) antenna configurations. In the latter case, CRS overhead reduction (e.g. in the cases of >1 antenna port per cell) should be allowed via insertion of CSI-RS. The same applies to dual stream (single user and multi-user) dual stream TDD beamforming in Rel-9. 

·    New codebooks should be considered in Rel-10 for the Rel-8 antenna configurations to enable efficient support of MU-MIMO and CoMP. Codebook size and structure should be addressed jointly with feedback reduction techniques such as multiple description coding and multi-level coding.  Codebook design for various antenna configurations and propagation conditions should be considered and the value of configurable (downloadable) codebooks should be evaluated.
·    The need for UE-assisted (over-the-air) calibration of transmit/receive mismatch at eNodeB to be considered as alternative to eNodeB self-calibration for TDD multi-antenna transmission in Rel-9 and beyond. Supplemental CDI/PMI reporting from the UE should be considered to enhance dual-stream beamforming performance in unbalanced UE antenna configurations.  

·    CoMP specific feedback is classified into non-precoded feedback and precoded feedback.  
· Non-precoded feedback consists of supplemental spatial channel (CDI) reporting to non-anchor members of the CoMP reporting set. Direct CDI reports to the target non-anchor cells should be considered to address scenarios with high backhaul latencies. Hierarchical feedback is proposed as a flexible approach to address a variety of cell-specific antenna configurations and CoMP techniques including coordinated beamforming and coherent multi-point (a.k.a. joint processing) transmission. Reporting of the residual interference seen by the UE outside the CoMP reporting set should be considered as well.

· Precoded feedback based on precoded RS transmission by all cells and subsequent CQI (RI) measurement and reporting by the UE should be considered to enable UE selection based on the actual “CoMP” interference and allow for accurate rate prediction / link adaptation. 
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