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1. Introduction

DRS will be supported in LTE-A operation, which provides the opportunity to enable transparent beamforming to users without explicit semi-static configuration of individual transmission modes.  To facilitate such operation, “universal” feedback definitions are desirable, which enable eNB to dynamically switch between different Single-Point MIMO modes like SU/MU. This feedback framework can be extended to support multi-point operation, i.e., to enable CoMP transmission through interference avoidance or even joint transmission. We believe such feedback gives maximum flexibility to the eNB schedulers to optimize performance under different user channel conditions. To develop any universal feedback scheme, the standardization effort could focus on improving feedback content, feedback compression, and feedback channel design as proposed in many recent contributions. For MU/CoMP techniques, UE does not have observability to any other link but the desired link, as well as the scheduling and precoding decisions to be made by eNB. Therefore, the UE feedback should strive for providing the best information to assist scheduler decision making. 
There are two types of feedback information and their usage in a scheduler as follows:
· Spatial information feedback for SU/MU/CoMP precoding matrix computation
· Channel quality related information (e.g., pre-processing or post-processing CQI or SINR,) for determining 

· SU/MU/CoMP mode 

· User paring/grouping in case of MU and CoMP

· MCS for each link  (see [5])
It should be noted that both types of information, as well as their transport mechanism, affect the overall effectiveness/optimality of scheduler decisions, which also heavily depends on the scheduler behavior and algorithm. In general, we can model all feedback elements in a system simulation to evaluate whether a particular type of spatial information feedback, in combination with other channel quality information, gives the best performance (see for example [5]). However, it will be helpful if we can decouple the spatial information and channel quality information in the evaluation of different feedback metrics. With the use of DRS, it is understandable that the precoding matrix can be optimized without having to observe any codebook constraint, regardless of the spatial information feedback types. This makes it possible to compare different spatial information feedback by focusing on “precoding quality degradation” under the same, but simplified, scheduler decision assumption. In this contribution, we compare various forms of spatial feedback (including variants due to approximation and compression) by evaluating the post-precoding throughout in a single-cell MU scenario.  

2. Proposed Spatial Information Feedback: Content, Compression, and Transportation 
We first briefly outline the various feedback content and techniques captured in the current TR36.814 [1] and recent contributions [4][8]
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2.1. Explicit Channel Feedback: content and compression
In explicit channel feedback, information of channel measured on RS (CSI-RS in Rel-10) is directly transmitted to the eNB. Such information does not take into account any UE specific implementation and/or any assumptions of specific transmission modes. Some of the candidates are outlined below.
Spatial covariance feedback (SCF) provides suitably compressed information over a subband of interest or over the whole band [4] – A few variations can be considered as follows.  

· Short Term Covariance Feedback – Wideband or narrowband (R) accumulated over a small time window (e.g., 5-10ms). It can provide the most up-to-date and frequency-selective spatial information for best performance.
· “Mid-term” Covariance Feedback based on a large window in time – about 1s – based on, for example, Auto Regressive averaging over subframes (R-AR). It is an intermediate scenario and can be effective in low-mobility channels, similar to short-term SCF.  

· Long Term / Statistical Covariance Feedback - Very long term / statistical covariance (R-STAT) accumulated over an infinite time window. It is the asymptotic covariance matrix that is averaged over fast fading and thus only depends on the propagation environment (propagation rays and their mean power, angles, etc.). It is an alternative to short-term SCF when the latter is impossible or incurs very high overhead, but also less effectiveness as opposed to short-term covariance feedback due to lost of spatial directivity information as antenna cross-correlation reduces when averaging over very long periods and very wide bandwidth. 
· Principle eigenvector(s) of the short-term or long-term covariance matrix – a rank-1 compression method
Direct Channel Matrix (“H”) Feedback [8] – A few variations can be considered as follows

· Channel matrix over each sub-carrier or on a sampled set of subcarriers

· Channel matrix information in the time domain – Additional parameters like path delays etc., may have to be transmitted along with the channel matrix. 

Direct channel matrix feedback provides rich feedback over the whole bandwidth. However, aggressive compression may result in significantly distorted H, thereby the gains may become worse than SCF. It may be more applicable to joint processing CoMP schemes and frequency selective scheduling (user pairing/precoding) with fine granularity. In addition, it can be considered essential for non-linear precoding schemes (e.g., dirty paper coding), which are of limited interest so far. Delays inherent in CoMP coordination require robustness of feedback, thereby limiting the applicability of CoMP relying on this feedback to transmission points with “fast” connection (e.g., fiber).

2.2. Implicit Spatial Feedback: PMI and “Augmented” PMI as a compression of covariance
Even though PMI has been considered as a UE recommendation of the actual beamforming weights that the eNB should use (assuming of course, that the SU mode and also the rank recommendation is also adopted by eNB), PMI can be deemed as a kind of low-rank approximation/compression of the covariance matrix as R=v*v^H, where “v” is the beamforming matrix/vector as represented by the PMI. 
Implicit feedback, such as PMI feedback as supported in Rel-8, is based on the hypothesis of a transmission mode. In the case of Rel-8, the hypothetical mode is that the eNB will serve a single link (i.e., single-user) and the feedback is derived based on some hypothesis of eNB transmission. The feedback can be not very useful if eNB actually decides to serve multiple users or multiple links (e.g., MU or interference nulling), in which case the hypothesis must be expanded to include the various possibilities of eNB transmission modes, thereby introducing a multiplicative factor to the feedback (assuming eNB can predetermine the mode before feedback). 
Signal subspace as quantized by PMI is often not adequate for dealing with multi-user/multi-link beamforming where signal and null subspace, as well as their relative significance (i.e., associated eigenvalues), become very important. Hence, there are proposals to augment Rel-8 PMI feedback with auxiliary feedback (e.g., “black” or “white” PMI list [2]). Since the covariance matrix naturally contains all the subspace information, the augmented PMI approach can be deemed as an effort to approximate the full subspace information of covariance matrix. 

The biggest difference between explicit and implicit feedback is that the latter assume a certain transmission mode, often like single-user and a particular rank. Once implicit feedback starts to reduce the dependency on a mode assumption, i.e., making it useful for both SU and MU, the difference between explicit and implicit feedback starts to diminish as they can be captured as different ways of compressing the spatial channel information.

2.3. Other content compression methods
Since the spatial channel evolves gradually in time and/or frequency, there are several concepts that may be worth further study to reduce the feedback overhead:
· Codebook adaptation: Hybrid of Covariance and PMI 
Transformed codebooks (by a long term covariance matrix) are proposed to improve MU performance [9]
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[10]. The primary benefit/difference of this feedback is to improve quantization of PMI by transforming them based on the long term channel covariance matrix, i.e., by reducing the vector quantization error in the signal subspace of interest that is not changing very dynamically. 

· Differential Codebook:
It can be considered as a procedure to progressively improve the quantization of the vector subspace, given the refinement is constrained as the subspace orthogonal to what is fed back previously [3].
· Multiple Description Coding:

It also employs the concept to refine the quantization in a progressive manner. The difference to differential codebook is that each feedback by itself is a snapshot of the “full” spatial information, instead of limiting to only the orthogonal subspace, thereby incrementally improving the codebook quantization over time. 

2.4.  Transportation of the compressed feedback content 

The transportation of the compressed spatial information can take the form of bit representation (vector or element quantization) or unquantized parameter. 
· Quantized: Feedback distortion comes from mainly the quantization error. Bounded feedback fidelity.
· Unquantized: Feedback distortion comes from mainly the transportation channel distortion (uplink noise and interference). Feedback reliability/fidelity implicitly improves with better uplink channel quality.

3. Simulated MU precoding modes with different feedback
The following types of feedback are considered in the study

· Short Term Covariance Feedback – Wideband or Narrowband (R) 
· Statistical Covariance Feedback - Very long term / statistical covariance (R-STAT)
· Principal Eigen vector feedback (PEV)
· Transformed PMI – “HPMI” based on long term covariance (R-AR).
The following precoding modes are simulated for eNB
SLNR based on “R” (i.e., regularized ZFBF)
For a hypothetical user pair (UE-i, UE-j), we obtain the precoding matrices as, 
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Since the above beamforming strategy does not take into receiver processing (i.e., receiver’s possible help to cancel residual interference after beamforming), a slightly modified iterative version of the above SLNR approach can be used to further improve performance, especially with an MMSE receiver at the UE, as outlined below. It is based on updating SLNR criterion based on post MU interference and requires no additional feedback information (i.e., pure eNB implementation choice).
Initialization: 
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At iteration k (=1, 2..) :
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We have found that a couple of iterations are sufficient.
PMI-based Zero Forcing
Note that ZFBF is originally based on channel matrix CSI, but can be extended if only an approximation of the CSI such as PMI is available (i.e., by assuming PMI is an approximation of the channel). In this case, PMI-based ZFBF is:
i) Set  
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ii) Obtain precoding vectors using ZFBF with regularization 
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iii) Normalize to unit transmit power 

On a flat fading channel, a regularized ZFBF based on CSI can be shown to give the same solution, up to a scaling factor, as given by the SLNR approach:


[image: image7.wmf]11

1

112212

11

221112

11

1221121122

11

121212

()()

()[|]

[()|()]

[(())|(())]

[(())|(())]

HHHH

HHHH

HHHH

HHHH

HHHIHHIH

hhhhIhh

hhIhhhIh

ceighhIhhceighhIhh

ceigRIRceigRIR

aa

a

aa

aa

aa

--

-

--

--

--

+=+

=++

=++

=´+´+

=´+´+


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1.4)

where we use matrix inversion lemma and note that
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. A similar result is also obtained by applying a constrained MMSE transmit filter. SLNR solution is also shown to result from a zero cross-interference criterion after receive processing [13] 

Transformed PMI with Zero Forcing 

Transformed PMI denotes the processing of Zero Forcing BF as above, except by replacing PMI with transformed PMI. The PMIs are transformed based on R-AR [10]
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[9].
Principal Eigen Vector (PVI)
We can approximate “R” used in SLNR algorithm with its low-rank approximation based on Principal Eigen Vector which can be derived from either short term or long term R.
4. Performance Results

We can compare the feedback metrics by assessing the degradation of sum-capacity in a single-point MU-MIMO operation. The simulations are based on a single isolated cell. Simulation parameters and modeling assumptions are provided in the table below. We assume two-UE MU operation with rank-1 per UE. Random pairing is also assumed for fairness since optimality of pairing decision also depends on channel quality information feedback and how eNB predicts the post-MU performance (for determining the best pairing) and MCS for individual link once the decision is made [5]
	Parameter
	Value

	Channel Model
	3GPP Case 3 according to TR36.814 (SCM channel model @ 3kmph)

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda

2-Rx UE: ULA, 0.5 lambda

	Duplex method 
	FDD

	Scheduler
	Scheduling granularity of one subframe (dynamic on a subframe basis)

	Link adaptation
	Ideal CQI (post-MU CQI known at eNB for MCS determination)

	Channel estimation
	Ideal channel estimation 



	Feedback Impairments
	Wideband Feedback

Reporting period: 4 ms ;

Delay: 3 ms

	Rate Metric
	Goodput based on MCS in Release 8

	Overhead
	Control channel of 3 symbols; 

RS for 4 CRS as in Release 8; 

Same overhead for all transmission modes.

Reduction in RS overhead for LTE-A/MBSFN subframes due to DRS on a maximum of two ports not included in performance gain.

	Number of users
	Two users dropped in the cell. Forced to same SNR

	Receiver Assumption at the UE
	MRC


Table 1. Simulation Assumptions
Sum goodput (corresponding to 10% FER and the LTE Release-8 MCS) of the two users based on post-processing receive SNRs is plotted in results below in bps/Hz against user SNR in dB for the following two cases

i) Wideband Feedback: Same precoding and pairing across the whole band

ii) Narrowband Feedback: Frequency selective precoding and pairing. Feedback on a set of 6 contiguous RBs
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Figure 1 – 4 Tx, 2 Rx, 0.5 lambda ULA
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Figure 2 – 4 Tx, 2 Rx, 4 lambda ULA
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Figure 3 – 4 Tx, 2 Rx, 4 lambda, 2 cross pole configuration

Compared to SLNR based on short-term R, performance loss is noted with all other forms of feedback studies such as zero forcing approaches based on PMIs. We have also noted that (results not shown here) transformed PMI approach provides some gain over PMI-based MU, but only for correlated channel with 0.5 lambda transmit antenna spacing. 
Since PMI is just a vector quantization of the principle eigenvector, PEV-based ZFBF represents an upper bound on performance achievable with PMI based approach. This approach has good performance, especially with an MMSE receiver and uncorrelated antenna configurations. 
Long-term covariance shows performance similar to or worse than transformed PMI approach for all antenna configurations. It performs best for correlated setups as expected, and may be a good trade-off of performance vs. overhead compared to PMI approaches. However using short-term covariance shows significant improvements.

With an MRC receiver, covariance feedback performance is significantly better compared to other schemes. This is expected, since eNB is equipped with better spatial information feedback which can do a better job in mitigating the cross-user interference at each UE given that UE cannot help. With a MMSE receiver that we assume have perfect knowledge of the MU interference channel and thus can perfectly cancel the interference, it is observed that the MU performance become slightly more tolerable to compression errors. Note that MMSE-IC may not be effective with >2 UEs in MU operation, where a good feedback that can enable best beamforming to mitigate cross-user interference becomes even more critical.
5. Conclusion

Simulation results are reported in this contribution comparing various forms of spatial information feedback, such as short-term spatial correlation matrix, its rank-1 approximation using the first principle eigenvector, long term/statistical covariance, and PMI transformed by long-term covariance matrix. It is shown that, for MU, significant performance gains can be achieved using short-term spatial correlation. 
Given that the subspace as quantized through PMI is not adequate for dealing with multi-link beamforming where both signal and null subspace, as well as their relative significance (i.e., associated eigenvalues), become very important, which is also clear from the interest in augmenting PMI feedback with black and white list PMIs, we suggest the standardization effort to focus on explicit feedback for spatial channel information, in particular on feedback metric/content definition, compression method, and feedback channel/vehicle design.  
6. References

[1] 3GPP TR 36.814, v1.1.1, “Further Advancements for E-UTRA, Physical Layer Aspects” , June 2009.

[2] R1-091307, "Best Companion" reporting for improved single-cell MU-MIMO pairing”, Alcatel-Lucent, 3GPP RAN1 #56bis, Seoul, South Korea, March 23-27, 2009.
[3] R1-091725, “CSI feedback improvements for LTE-A based on multiple codebooks”, Philips, 3GPP TSG RAN WG1 Meeting #57, San Francisco, USA, 4th – 8th May 2009.
[4] R1-091936, “Spatial Correlation Feedback to Support LTE-A MU-MIMO and CoMP Operations”, Motorola, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.
[5] R1-093421, “Comparison of PMI-based and Spatial Covariance Based MU-MIMO”, Motorola, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.
[6] R1-093574, “MCS Determination in MU Operation based on Explicit Feedback”, Motorola, 3GPP RAN1 #58, Shenzhen, China, August 24-28, 2009.
[7] R1-093407, “Some UE Considerations for Supporting Dual-layer Beamforming in LTE Rel-9 --- MU Receiver and UE Calibration”, Motorola, 3GPP RAN1 #58, Shenzhen, China, August 24-28, 2009.

[8] R1-092024, “CSI Feedback”, Ericsson, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.

[9] R1-092094, “Adaptive precoding for 8Tx antennas in LTE-A DL”, Marvell Semiconductor, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.

[10] R1-091820, “Adaptive Codebook Designs for DL MIMO”, Huawei, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.

[11] R1-092055, “Feedback considerations for DL MIMO and CoMP”, Qualcomm Europe, 3GPP RAN1 #57, San Francisco, USA, May 4-8, 2009.

[12] Lim, M.C.H et.al, “Spatial Multiplexing in the Multi-User MIMO Downlink Based on Signal-to-Leakage Ratios”, IEEE GLOBECOM, 2007.

[13] C-B Chae, D. Mazzarese, N. Jindal, R.W. Heath Jr, “Coordinated Beamforming with Limited Feedback in the MIMO Broadcast Channel”, IEEE Journal on Selected Areas in Communications, Oct 2008.
[14] K. Sayana, X. Zhuang, K. Stewart, “Short Term Link Performance Modeling for ML Receivers with Mutual Information per Bit Metrics,” IEEE GLOBECOM 2008. 

[15]  R1-092634, “CoMP Operation Based on Spatial Covariance Feedback and Performance Results of Coordinated SU/MU Beamforming”, 3GPP RAN1 #57 bis, Los Angeles, USA, Jun 29-Jul 3, 2009
2
9

_1307205228.unknown

_1312196090.unknown

_1312196112.unknown

_1307205734.unknown

_1312195967.unknown

_1307205698.unknown

_1307188310.unknown

_1307205162.unknown

_1307188225.unknown

