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1. Introduction 

Coordinated multi-point (CoMP) is being considered as a key enabler of high spectral efficiency requirements set forth by LTE-Advanced [1]. A variety of downlink cooperative transmission techniques have been considered such as Joint Processing and Cooperative (coordinated) beamforming [2]. Joint processing (JP) implies serving data packets to one or multiple UEs from multiple cells in MBSFN-like fashion so that antenna weights at different cells are chosen to achieve simultaneous coherent channel combining to the target UE and transmit interference nulling to interfered UE(s). Clearly, JP requires availability of a full channel state corresponding to all transmit antennas of all cooperating cells at the network side. Alternatively, CB is a single-point transmission such that a cell equipped with multiple antennas chooses transmit beam(s) by suitably trading between precoding gain to a served UE and interference reduction to a ‘victim’ UE served in an adjacent cell. Hence CB requires the knowledge of spatial channel corresponding to each cooperating cell however (short-term) knowledge of the channel across cells is not needed. 
Various options have been discussed to address spatial feedback structure in the context of different cooperation techniques [2], [3], [4]. In this document, we build on the results of the referred contributions to extend the concept of hybrid feedback where a UE feeds back channel state relative to every cooperating (CoMP) cell as well as cross-cell feedback. We discuss considerations for various options in the context of different cooperation techniques and scenarios.   
2. Downlink CoMP setup
In this section, we describe the general CoMP setup and discuss feedback requirements for different cooperation techniques and scenarios. 
Figure 1 shows a CoMP setup wherein a UE can be served in a single-point transmission mode such as CB or a multi-point transmission mode such as JP by any subset of a set of cells for which UE provides spatial feedback information; the latter set will be referred to as the CoMP set of the UE. 
In this figure, Hk represents an N(Mk channel matrix of the short-term fading between Mk transmit antennas of the k-th cell and N receive antennas of the UE and Ck represents long-term channel between the k-th cell and the UE which essentially captures path loss and shadow fading. Note that for the ensemble of cooperatively served UEs, there is, in general, non-negligible difference between long-term channels Ck corresponding to different cells within the UE’s CoMP set.
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Figure 1: Generic CoMP setup
In the case of multi-point transmission, multiple cells will be involved in data packet transmission to the UE. To this end, UE needs to feed back to the network the entire multi-point channel H = [(C1 H1 , (C2 H2, …, (CK HK], where K is the size of the CoMP set. Note that this channel matrix captures amplitude and phase information needed for coherent inter-cell beamforming and/or transmit interference nulling across cells and such a spatial inter-cell information is essential for coherent multi-point transmission (JP). Such a feedback of the entire multi-cell channel is referred to as joint (PMI) feedback in [4]. Note that spatial inter-cell channel can be represented as a vector of length N((M1+M2+…+MK) and can be further suitably normalized to reduce quantization space (e.g. by using a unit norm codebook) as short-term gain and the common phase information is not critical for transmission beam selection. 
In the case of single point transmission such as CB, UE needs to provide short-term knowledge of individual channels H1, H2, …, HK to the respective cells so that the serving cell can use the respective channel to steer the energy towards the UE while non-serving cell(s) use such information to steer away from the UE. This type of feedback has been referred to as disjoint feedback in [4]. Similar to the case of multi-point transmission, channels H1, H2, …, HK  can be represented as vectors of respective lengths N(Mk and can be further suitably normalized to remove common amplitude and phase factors.
A detailed assessment of joint and disjoint feedback options can be found in [4]. Furthermore a hybrid feedback approach was described in [2] where disjoint feedback is supplemented by a set of relative phases between the channels H1, H2, …, HK corresponding to different cells. In this contribution, we generalize this hybrid feedback scheme to hierarchical codebook based precoding that consists of

·    Intra-cell spatial feedback to every cell in the CoMP set of the UE. Short-term reporting of intra-cell spatial channels along with long-term channel strength (CQI) reporting should be sufficient to support single point transmission techniques such as CB as well as non-coherent multi-point transmission techniques. 
·    Inter-cell spatial feedback that captures relative channel across cells. This type of feedback can be combined with the instances of intra-cell spatial feedback corresponding to different CoMP set members to enable coherent multi-point transmission.
3. Hierarchical codebook based feedback
In this section, we describe a general form of the codebook based hierarchical feedback. Let CBk denote a codebook associated with intra-cell feedback of the k-th cell within UE’s CoMP set. For instance, CBk can be defined as a collection of Lk(Mk precoding matrices wherein Lk  is the number of spatial modes indicated by the UE to the network. The number Lk  may reflect the maximum number of receive antennas and/or the maximum number of layers supported by the cell or the UE. Note that codebooks CB1 , CB2 , …, CBn  corresponding to different cells may differ in dimension (i.e. Lk and Mk), payload size and structure and may be adapted to antenna configurations of individual cells. Additionally, we define an inter-cell codebook CB* as a collection of 1(Mk precoding vectors that capture relative channel (in terms of amplitudes and phases) across different cells. The idea is to approximate the entire channel matrix by a set of intra-cell precoding matrices Wk (CBk , along with the inter-cell precoding vector w (CB*  so that the distance between the channel H = [(C1 H1 , (C2 H2, …, (CK HK] and its approximation [w1 (C1 W1 , w2 (C2 W2, …, wK (CK WK] is minimized in the appropriate distance metric. Consistent with this goal, the choice of codebook entries to be reported by the UE may be defined as follows: 
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where D((,() is a distance metric used for feedback reporting. The exact choice of the appropriate distance metric may depend on the codebook dimension (i.e. Lk  and Mk) and requires a more detailed study. In this contribution, we point out a few plausible distance metrics that may be suitable for SU-/MU- MIMO as well as CoMP. One can choose D(A,B) = -|(A, B(| where (A, B( stands for the normalized correlation between vectors that are obtained by stacking rows or columns of matrices A and B (i.e. |(A, B(| ( 1). Another possibility would be to apply normalized correlation criterion to each eigen-component of the channel matrix and the corresponding column of the precoding matrix. Note that both approaches yield feedback of the spatial direction towards the UE when Lk = 1.  Finally, the exact channel values in the above equations will be substituted by the channel estimates computed at the UE e.g. based on CQI-RS.  
4. Benefits of hierarchical feedback 
Based on the above discussion, a comprehensive spatial feedback design that enables single point / non-coherent multi-point transmission techniques and coherent multi-point transmission techniques boils down to the following options:

·    Enable two distinct feedback modes, namely joint and disjoint reporting. In the disjoint reporting mode, UE reports intra-cell spatial feedback corresponding to the cells in the CoMP set. In the joint reporting mode, UE reports the entire multi-cell channel. 
·    Hierarchical reporting. In this case, UE always reports intra-cell spatial feedback corresponding to the cells in the CoMP set. Additionally, UE may be configured to report inter-cell spatial feedback. 
The choice between the two options depends on the merits of reporting the entire multi-cell channel feedback versus hierarchical feedback options. At high-level, the main advantage of a single multi-cell channel feedback is that it allows for maximum vector quantization gains as the entire multi-cell channel matrix is quantized to a single codebook. This general advantage should be assessed along with the following benefits of the hierarchical feedback approach. 
A.    An intra-cell codebook can be chosen according to the antenna configuration of the corresponding cell. Antenna configuration reflects the actual number of antennas as well as their properties such as antenna spacing and polarization. A good codebook design for a large antenna array with some closely spaced antennas will differ from a good design for a few diversity antennas. Also note that a good codebook design leading to accurate channel quantization will be more important in the context of MU-MIMO and CoMP where spatial feedback is used to perform transmit interference nulling. In this context, inter-cell codebook would typically follow the diversity antenna design approach due to a low correlation between antennas of different cells. 
B.    Hierarchical approach is better suited to practical scenarios where single point transmission (or non-coherent multi-point transmission) and coherent multi-point transmission is applied interchangeably to various UEs and there are different requirements on the feedback rate. For instance, intra-cell spatial feedback may be more robust to fading selectivity (in frequency and/or time) in the case of correlated intra-cell antennas. Hence, a UE may be configured to report intra- and inter-cell feedback with different periodicity. Note that this factor alone can offset incremental vector quantization gains of the multi-cell spatial feedback. 

C.    Self-contained nature of a partial feedback with hierarchical approach: any subset of spatial feedback reports yields certain (partial) CoMP gain. Indeed, spatial feedback is available for the anchor cell only can be used to achieve SU- and/or MU-MIMO closed loop precoding gains while feedback availability for even a single non-anchor node can be used to coordinate beamforming by this node. Thus hierarchical approach is more resilient to control erasures whenever various components of this feedback are transmitted as (parts of) different (control) packets. Conversely, multi-cell feedback requires successful delivery of the entire feedback payload. This may become an issue in a likely event that multi-cell feedback does not fit in a single control (PUCCH) report and hence needs to be split over multiple reports as it becomes prone to erasures of individual reports. 
It is worth noting that hierarchical approach described in section 3 excludes long-term channel gains C1, C2, …, Cn from the short-term feedback thereby further improving feedback efficiency compared to the case of the entire multi-cell channel quantization. Finally, hierarchical feedback approach is more implementation friendly compared to the multi-cell option as feedback computation complexity at the UE scales exponentially with the codebook (payload) size while multi-cell spatial feedback yields use of a single large codebook. The complexity aspect becomes more important as UE may need to provide multiple reports (corresponding to e.g. different subbands) in order to achieve measurable CoMP gains over selective fading channels. 
5. Conclusions

In this contribution, we revisited the issue of spatial feedback design in the context of CoMP support in LTE-Advanced. Assuming that spatial feedback design needs to support a mix of single point as well as coherent multi-point transmission techniques, we considered two alternatives, namely:

·    Enabling two mode of spatial feedback reporting. In the “disjoint” reporting mode, UE reports intra-cell spatial feedback corresponding to the cells in the CoMP set. In the joint reporting mode, UE reports the entire multi-cell channel. 

·    Hierarchical reporting. In this case, UE always reports intra-cell spatial feedback corresponding to the cells in the CoMP set. Additionally, UE may be configured to report inter-cell spatial feedback. 

Based on a qualitative analysis presented in this document, hierarchical approach to spatial feedback reporting has some significant advantages listed in section 4. We recommend that RAN1 considers this approach in the context of spatial feedback design in LTE-Advanced. 
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