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1 Introduction

In Release 8, inter-cell interference coordination (ICIC) schemes such as fractional frequency reuse (FFR) or soft fractional frequency reuse (SFFR) are feasible by incorporating limited X2 interface support. With CoMP, active participation of neighboring cells in transmission/reception of user signal along with multi-cell coordinated scheduling brings additional system performance gain  CoMP schemes can range from coordinated scheduling/beamforming to joint processing schemes. Information theory on Network MIMO promises great potential for enhanced edge user data rate/coverage and cell throughput. 
In RAN1#56bis and RAN1#57, CoMP feedback schemes were discussed and agreements were made on the principle of feedback signal design [7]
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[8]: 
· Explicit channel state/statistical information feedback

· Channel as observed by the receiver, without assuming any transmission or receiver processing

· Implicit channel state/statistical information feedback

· Feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RI
·  UE transmission of SRS can be used for CSI estimation at eNB exploiting channel reciprocity
Performance of CoMP scheme highly depends on the backhaul availability. It is foreseen that evolution of backhaul technology can accommodate increased backhaul requirements of CoMP in LTE-A deployment timeframe. It is noted that different backhaul technologies will coexist, requiring different CoMP schemes optimized for available backhaul.
In this contribution, we discuss CoMP schemes and feedback requirements depending on backhaul availability. Details of CoMP feedback options are discussed.
2 Downlink CoMP Feedback Requirements
Backhaul technology evolution is discussed in a companion paper [9]. Backhaul latency realized by different backhaul technologies is expected to be

· Minimal latency: in the order of a few micro-seconds

· Low latency: up to 1.5 msec
· Typical latency: in the order of 20 msec
This is in line with TR 36.814 assumption on backhaul latency: 

· Case 1: Minimal latency (in the order of μs) for eNB to RRH links

· Case 2: Low latency (<1 ms) associated with co-located cells or cells connected with fibre links and only limited number of routers in between
· Case 3: Typical inter-cell latency associated with X2 interfaces.

Although low latency backhaul in the order of a few micro-seconds is expected in some network deployments, UE feedback delay and eNB processing time would increase the overall latency in signalling. Without changing the HARQ RTT of LTE Release 8, it is suggested to design CoMP schemes and feedback for overall latency targets:

· low latency (~ 8 ms)  
· typical latency (30-50 msec)
Table 1 shows CoMP schemes categorized depending on backhaul latency and CSI/data sharing.

Table 1: DL CoMP schemes depending on CSI/data sharing and backhaul latency
	CSI/Data sharing
	No data sharing
	Full data sharing

	No CSI sharing
	Inter-cell interference coordination
	Inter-site Tx diversity 

Inter-site open-loop MIMO

(Benefit of these schemes may be limited.)

	CSI sharing / Typical backhaul latency
	Coordinated scheduling/BF

· Coordinated beamforming by PMI coordination
	

	CSI sharing / Low backhaul latency
	Coordinated scheduling/BF

· Generalized beamforming      (correlated or distributed antennas)
	Joint processing

· Progressive encoding: Encoding for HARQ retransmission 

· Inter-site non-coherent JP

· Inter-site coherent JP


2.1 Coordinated Scheduling / Beamforming
In Release 8, interference coordination among neighboring sites is supported by information exchange over X2. For uplink, Overload Indicator (OI) and High Interference Indicator (HII) are exchanged to allow semi-static inter-cell interference coordination by FDM. For downlink, Relative Narrowband Tx Power (RNTP) is exchanged among neighboring sites. The RNTP indicates whether the transmit power per PRB is smaller than the RNTP threshold value. The receiving eNB takes into account the RNTP value in the scheduler operation. However, PMI is selected by UEs for the serving cell without coordination among neighbouring sites. This may result in collision among the beams in neighboring sites. By coordinated beamforming, collision can be avoided among neighboring cell UEs.
Interference avoidance by inter-site coordinated beamforming is considered as a simple solution to avoid beam collision with limited coordination. Beamforming can take two approaches depending on channel environment and the backhaul availability:
· Long-term CSI: Long-term CSI refers to average PMI. In cases when channel reciprocity is applicable, AOA from UL CSI measurement available from SRS is available. 

· Short-term CSI refers to PMI or explicit CSI

· For typical backhaul latency, beamforming with PMI coordination may be useful. The justifications are:
· Typical MIMO channel rank of macro cells tends to be low. Additionally macro cells have to cope with low SINRs and often high UE velocities. Transmit beamforming based on long-term CSI is beneficial for wide area environments.

· When the antennas are correlated, ‘grid-of-beams’ [11] can be useful in macro cells. This approach is particularly effective in low angle-spread environment.
· For low backhaul latency, when neighbour cell CSI is available, generalized beamforming with UE specific beams is possible. Further reduction in other-cell interference is feasible.   
There are two possible ways to implement interference avoidance beamforming, depending on feedback scheme:
· Centralized scheduler [18]: 
· A master scheduler is used to schedule all UEs that have the same CoMP cooperating set.
· The master scheduler is responsible for managing priority among UEs.

· For each combination of beams in CoMP cooperating set, scheduler calculates the sum capacity with the selected UE.

· The master scheduler decides the PMI index for each of the selected UE in priority order. 

· For this scheme, best PMI index of the serving cell and the least interfering PMI of the neighboring cell is signalled from the UE to the serving cell

· Distributed scheduler: 

· Scheduler in the serving cell is responsible for scheduling its UEs.
· UE measures CSI from a subset of cells in the CoMP cooperating set.
· UE estimates best PMI for the serving cell. UE estimates a set of recommended PMIs for interfering cells, indicating tolerable interference level [18]. 

· Interfering cells are recommended to choose the PMI that maximizes his own serving UE’s throughput within the PMI recommended set.
· In another realization, UE reports preferred PMI for the serving cell. In addition, the UE reports best-companion PMIs and worst companion PMIs for a number of interfering cells [14].

· Based on this additional information, the eNBs then schedules its UEs on the same time and frequency resources using appropriate precoding / beamforming weights in a way that the UEs experience lower inter-cell interference than in the uncoordinated case. 
2.2 Inter-Site Joint Transmission
Inter-site joint transmission is a type of joint processing scheme: 

· Data is shared among cells in the CoMP cooperating set and is jointly processed by multiple cells.
· The precoding matrix can be chosen such that the signals are combined coherently or non-coherently at the intended UE. 
· Depending on the number of users scheduled in the same time/frequency resource, inter-site SU-MIMO or inter-site MU-MIMO schemes are possible. SU-MIMO may be considered as a special case of MU-MIMO. 
· Single stream or dual stream may be considered for SU-MIMO depending on number of UE antennas 
2.2.1 Non-coherent Joint Transmission
In non-coherent joint transmission, signals from multiple sites combine at the UE non-coherently at the UE. Multiple users may be scheduled in the same time/frequency resource, with limited scheduler coordination among sites. The precoding matrix can be designed locally for each cell in the CoMP cooperating set, simplifying UE feedback and reducing the backhaul requirements. Local precoding with RF combining, SFN precoding, CDD or SFBC mechanisms are candidates for non-coherent joint transmission [16].
2.2.2 Coherent Joint Transmission
In coherent transmission, beamforming weights are selected such that signals from multiple coodinating cells combine at the UE coherently. The weights can be chosen to minimize interference in case of zero-forcing beamforming. This can be realized by either explicit CSI feedback or precoding: 
· Global precoding: Codebook is designed for all transmission points in CoMP cooperating set. 

· Local precoding with offset correction: In addition to local precoding matrix for each cell, differential phase correction is applied among cells in the CoMP cooperating set.
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Figure 1: Illustration of CoMP configurations (a) Coordinated Beamforming (b) Inter-site Joint Transmission
3 CoMP Feedback Design

CSI information can be useful not only for transmit processing, but also scheduling metric calculation and link adaptation. With increasing number of antenna configurations possible, and introduction of various eNB deployment scenarios, designing PMI/CQI feedback scheme for all possible antenna configurations and deployment scenarios is increasingly challenging. CoMP with frequency selective scheduling requires CSI feedback per sub-band increasing the feedback overhead. Extension of PMI/CQI feedback and CSI feedback compression by source coding are good candidates for CoMP feedback.

3.1 Explicit Feedback

Explicit CSI feedback reports channels observed by the receiver. CSI is measured from CSI RS transmitted from each antenna port. Two approaches for explicit CSI feedback are under consideration:
· CSI feedback assuming no transmission or receiver processing

3.1.1 CSI Compression by Orthogonal Transform

Transform based compression is widely used in image and video compression. One possible transform technique is Discrete Cosine Transform (DCT) [3]. DCT is applied in the frequency domain channel. The coefficients are then quantized with limited number of bits. 

· The quantizer table is pre-computed offline and shared between base station and the UE a priori. 

· The quantizer table can be scaled and translated to fit the desired channel mean and variance.
A generalization of orthogonal transform is wavelet transformation. Wavelet supports different time/frequency resolutions, and may be a flexible alternative to the existing subband reporting.

Examples of orthogonal transformations are discussed in [12]. 
Further reduction in CSI feedback may be possible by separating long-term and short-term components. For example, time-domain filter is applied to determine the long-term average channel amplitude, which may be signalled on a long-term basis. Short-term CSI report can be designed with reduced dynamic range.
Other approaches that fall into the explicit CSI feedback category are mean CSI feedback, covariance CSI feedback, or statistical CSI feedback [5].

3.1.2 CSI Compression by Vector Quantization
Another interesting approach for MIMO CSI compression is by Vector Quantization (VQ). The idea is to estimate the quantized codebook at the UE. The fundamental problem is to design the codebook that appropriately represents the channel characteristic depending on channel environment and antenna configuration [2]. In the simplest form,

· An 
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dimensional complex channel vector is formed by stacking the columns of the MIMO channel
· The codebook is pre-computed offline and shared between the base station and the UE a priori. Codebook can be designed by well known VQ design algorithms such as generalized Lloyd algorithm (k-means algorithm or LBG algorithm). 

· The UE measures CSI and finds the codeword that minimizes a distortion function (e.g. MSE between the estimated CSI and the codeword)

3.2 Implicit Feedback

The feedback mechanism is characterized by the restricted availability of the CSI information and uses hypotheses of different transmission and/or reception processing, e.g., CQI for link adaptation and PMI/RI for beam selection. The codebook comprises a limited number of codewords which is known to the transmitter and all receivers.

The codebook may vary depending on the scenario and the channel environment:

· antenna configuration and the level of spatial correlation

· size of CoMP cooperating set

· channel environment (e.g. outdoor vs indoor, Doppler, low/high SINR, and angle spread)

3.2.1 PMI Feedback
In case of non-coherent JT, local precoding matrix from Release 8 may be reused. For coherent JT, three types of codebook design methods are possible:

· Global precoding: Codebook is designed for all transmission points in the CoMP cooperating set. Part of the global precoding matrix is used as the transmission weight from each cell.

· Local precoding with phase offset among cells: In addition to local precoding matrix, phase correction factor is applied among cells in the CoMP cooperating set. 

· Local precoding with amplitude and phase offset among cells: In addition to the above, amplitude offset is applied among cells in the CoMP cooperating set allowing flexibility in DL transmit power.
To support increased degrees of freedom in CoMP, ‘downloadable codebook’ approach is useful [10]. Codebook is generated offline for a large variety of scenarios and channel environments, and stored in the eNB. Different codebooks can be loaded depending on the UE channel environment. Codebook design can be optimized for each radio environments given the limited number of bits available for feedback signalling. 
Other enhancement in codebook structure may offer improved performance by allowing adaptivity in codebook generation. As an example, a simple hierarchical feedback strategy with nested codebook structure would provide performance benefit for low mobility users [6].

It is noted that these approaches are not exclusive, allowing increased optimization in codebook structure.

3.2.2 CQI Feedback

The amount of CQI feedback with CoMP may be similar to Release 8. However, CQI calculation may depend on CoMP transmission scheme and UE receiver type. With the availability of advanced UE receivers, multiple CQI reporting schemes may be possible depending on UE receiver type. However, support of CQI reporting depending on UE receiver type will put additional burden on CQI reporting scheme and shall not be supported. 

Some enhancements in CQI feedback schemes under consideration in LTE-A are [12]: 

· CQI compression by source coding

· Incremental CQI to reduce the CQI reporting overhead
Examples of CQI feedback compression methods and further details of enhancement in CQI feedback are described in [12].
3.3 Feedback in Support of Scheduling Function
For MU-MIMO, joint scheduling function may provide additional performance gain for CoMP. In principle, inter-site MU-MIMO can work without additional feedback other than CQI/PMI discussed above. This is because expected SINR of the scheduled user can be approximated at the eNB scheduling. Additional feedback for the joint scheduler may provide performance gain in MU-MIMO scheduling.
In case of explicit CSI feedback, MU-MIMO UE pairing metric can be computed at the eNB scheduler. In case of implicit feedback, some enhancement in CQI/PMI feedback is desirable as described in [14]. 
4 Summary
In this contribution, we discussed CoMP schemes and feedback requirements depending on backhaul availability. In evolved LTE network deployments, different backhaul technologies will coexist, requiring different CoMP schemes optimized for available backhaul. It is also noted that CoMP feedback should be designed for overall latency targets, taking into account the backhaul latency and the eNB processing time.
Options for explicit and implicit CSI feedback schemes for CoMP are discussed. CSI feedback compression by source coding and extension of PMI/CQI feedback are good candidates for CoMP feedback design. 
5 Text Proposal
We propose to capture the following text in TR 36.814 [1].

---------------<Start of Text Proposal>-------------------------------------------------------------------------------

8.1
Downlink coordinated multi-point transmission
8.1.3
Feedback in support of DL CoMP

The three main categories of CoMP feedback mechanisms have been identified to be: 

· Explicit channel state/statistical information feedback

· Channel as observed by the receiver, without assuming any transmission or receiver processing

· Channel as observed by the receiver, including receiver processing or part thereof
· Implicit channel state/statistical information feedback

· feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RIRecommended transmission properties (e.g. CQI/PMI/RI) 
· UE transmission of SRS can be used for CSI estimation at eNB exploiting channel reciprocity. 

Look at these types of feedback mechanisms for the evaluations. UL overhead (number of bits) associated with each specific feedback mechanism needs to be identified. The feedback overhead (UL) vs, DL performance tradeoff should be assessed with the goal to target minimum overhead for a given performance.

UE CoMP feedback reports target the serving cell (on UL resources from serving cell) as baseline when X2 interface is available and is adequate for CoMP operation in terms of latency and capacity. In this case, the reception of UE reports at cells other than the serving cell is a network implementation choice. 

The feedback reporting for cases with X2 interface not available or not adequate (latency and capacity), and for cases where feedback reports to the serving cell causes large interference (e.g., in heteronegenous deployment scenarios) for CoMP operation needs to be discussed and, if found needed, a solution needs to be identified. 

Do not have to confine the CoMP studies to payload sizes currently supported by PUCCH operation..
Two possibilities should be studied the “container” of the DL CoMP feedback:

· Expand the supported PUCCH payload sizes

· Use periodic/a-periodic reports on PUSCH

8.1.3.1 Explicit channel state feedback

This section lists different forms of explicit feedback in support of DL CoMP. They are all characterized by having a channel part and a noise-and-interference part. 

Channel part:

· For each cell in the UE’s measurement set that areis reported in a given subframe, one or several channel properties are reported  

· Channel properties include (but are not limited to) the following (‘i‘ is the cell index):

· Channel matrix (Hi) – short term (instantaneous)

· The full matrix Hi, or

· main eigen component(s) of Hi

· Transmit channel covariance (Ri), where Ri = \(sum{Hij†Hij})/J, j=0,1,2,…,J-1, (‘j’ is span over time or frequency)

· The full matrix Ri, or

· Mmain eigen component(s) of Ri

· Inter-cell channel properties may also be reported
· Main eigen-components of the short-term channel 
Noise-and interference part, e.g.,

· Interference outside the 

· cells reported by the UE

· CoMP transmission points

· Total receive power (Io) or total received signal covariance matrix

· Covariance matrix of the noise-and-interference

· the full matrix, or

· main eigen component(s) 

For explicit CSI feedback, CSI feedback compression by source coding is considered. The following CSI feedback compression schemes are identified: 

· CSI compression by orthogonal transformation (e.g. DCT, wavelet transformation)

· CSI compression by vector quantization

8.1.3.2 Implicit channel state feedback

This section lists different forms of implicit feedback in support of DL CoMP.

· There are hypotheses at the UE and the feedback is based on one or a combination of two or more of the following, e.g.:

· Single vs. Multi user MIMO

· Single cell vs. Coordinated transmission 

· Within coordinated transmission: Single point (CB/CS) vs. multi-point (JP) transmission

Within Joint processing CoMP:

· Subsets of transmission points or subsets of reported cells (Joint Transmission)

· CoMP transmission point(s) (Dynamic Cell Selection)

·  Transmit precoder  (i.e. tx weights) 

· JP: multiple Ssingle-cell or multi-cell PMI capturing coherent or non-coherent channel across reported cells

· CB/CS: Single-cell or multiple single-cell PMIs capturing channel from the reported cell(s) to the UE

· Transmit precoder based on or derived from the PMI weights
· Other types of feedbacks, e.g. main Multi-cell eigen-component, instead of PMI have been proposed are being considered

· Receive processing (i.e. rx weights) (former 1b feedback)
· Interference based on particular tx/rx processing

There may be a need for the UE to convey to the network the hypothesis or hypotheses used (explicit signalling of hypothesis to eNB). And/or, there may be a semi-static hypothesis configuration e.g. grouping of hypotheses (explicit signalling of hypothesis to the UE). And/or, precoded RS may be used to allow UE to generate refined CQI/RI feedback.

The codebook comprises a limited number of codewords which is known to the transmitter and all receivers. Three types of codebook design methods are considered:

· Global precoding: Codebook is designed for all transmission points in the CoMP cooperating set. Part of the global precoding matrix is used as the transmission weight from each cell.

· Local precoding with phase offset among cells: In addition to local precoding matrix, phase correction factor is applied among cells in the CoMP cooperating set. 

· Local precoding with amplitude and phase offset among cells: In addition to the above, amplitude offset is applied among cells in the CoMP cooperating set allowing flexibility in DL transmit power.

To support increased degrees of freedom in CoMP, ‘downloadable codebook’ approach is useful. Codebook is generated offline for a large variety of scenarios and channel environments, and stored in the eNB. Different codebooks can be loaded depending on the UE channel environment. Codebook design can be optimized for each radio environments for a limited number of bits available for feedback signalling. 
Other enhancement in codebook structure may offer improved performance by allowing adaptivity in codebook generation. As an example, a simple hierarchical feedback strategy with nested codebook structure would provide performance benefit for low mobility users.

8.1.3.3 Feedback in Support of Scheduling Function

Joint scheduling can provide additional performance gain for CoMP.

· When explicit CSI feedback is available at the eNB, scheduler can use this information for joint scheduling among sites. No additional feedback is required to support scheduling function.
· In case of implicit feedback, enhancement in CQI/PMI feedback is desirable. In addition to serving cell PMI feedback, best/worst companion PMI feedback may be used to support coordinated scheduling.

---------------<End of Text Proposal>-------------------------------------------------------------------------------
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