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1. Introduction

Recent RAN1 discussions on LTE-A DL multi-antenna techniques, such as 8-Tx, enhanced MU-MIMO, and CoMP, have made progress by agreeing in principle to the following 

1) Using user-specific RS for demodulation and 
2) Using low-density RS targeting CSI generation for the feedback reporting. 
This principle allows us to separate RS design for demodulation and spatial CSI measurements, and to enable non-codebook based precoding at the transmission point(s) in an unconstrained and coordinated manner. Significant performance gains for MU-MIMO and CoMP have been demonstrated in previous contributions [2]
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[3] in comparison with codebook-based precoding with enhanced feedback. In those simulations, we have assumed the knowledge of (transmit) spatial correlation at the eNB. Spatial correlation matrix enables an eNB or eNBs in case of CoMP to determine UE pairing, cell selection (for CoMP), and precoding weights more optimally.
In this contribution, we further study the concept and feasibility of spatial correlation feedback to support LTE-A operations. 
2. Desirable Characteristics of “Enhanced” Feedback 
Enhanced feedback refers to more spatial information than a vector quantization of the principle signal space in the form of PMI as defined in Rel8. It should provide significant performance gain. In general, the following design goals should be targeted for an enhanced feedback design:
1) Support different modes and seamless mode switching: A transmission mode in a LTE-A context is defined by parameters such as COMP technique to be used (joint transmission or coordinated scheduling/beamforming, including decisions on the coordinated transmission cell set), user grouping in the context of MU, precoding weights for each UE, and rank/MCS for each UE. In a real operation scenario, switching between transmission modes can be frequently expected due to channel variation, aged feedback, scheduling constraints, different loading factors, and so on.  Defining mode-specific feedback does not allow an eNB to make mode decision/switching. An optimal mode decision requires eNB(s) to consider multiple users/links for which a UE typically does not have visibility (other than its own link) and thus cannot make good mode recommendation. UE should only play an assisting role here. Hence, it is very desirable if the UE feedback can be used by eNB not only for determining transmission parameters for a single link but also for transmission parameters of other user (interfering) links. 
2) Applicable to various deployment and channel conditions: The feedback principle should be applied to address different numbers and configurations of antennas, different UE capabilities, UE speeds, channel models, and heterogeneous network deployment. Performance degradation in more challenging situations should be graceful and different deployment/channel scenarios should not require  different feedback designs.
3) Reasonable overhead incurred by the associated feedback transmission: The overhead, as measured by the time/frequency/power resources spent, should take only a reasonable portion of a UE’s total resource and total network resources. Measured as a percentage of UE’s uplink throughput, a target of 10-20% seems reasonable at this point, given the limitations of the uplink channel capacity.
4) Graceful performance degradation with distorted feedback information: It is inevitable that some distortion will be introduced to the feedback information, either in the form of compression error or channel error. It is desirable if the gain obtained by using distorted feedback only degrades gracefully as distortion increases.   
TDD networks can exploit channel reciprocity to estimate the downlink channel using SRS transmission. Sounding may be considered as a special “feedback” signal. Ideally, it is desirable if a feedback design for FDD can allow some “parallelism” between FDD and TDD. For example, the same precoding strategy may be employed based on the same information that can be derived from either sounding or feedback.
3. Advantage of Spatial Correlation Feedback (SCF)
The most complete knowledge for optimal beamforming is the perfect downlink channel state information (CSI) on each sub-carrier, which allows theoretically achievable gains. In TDD, SRS can be used to “feed back” the channel directly to the transmitter. Exploiting channel reciprocity can realize significant gains. However a channel matrix corresponds to a narrowband and a more general definition of “spatial information” should be considered that can be applicable to arbitrary bandwidth, i.e., some “compressed” spatial knowledge that achieves a significant portion of the theoretical gains achievable with complete CSI. 
In that sense, it is preferable to define an “average channel quality” over the bandwidth of interest to limit the overhead. Obviously, a simple averaging of the channel is not very useful in itself, and even less so when averaging over larger bandwidths.  On the other hand, let us consider the following covariance metric
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where S is a set of subcarriers, corresponding to a subband (including the special case of a single sub-carrier),  the whole transmission band, or a single component carrier in the case of spectrum aggregation.  It is well-known that PMI-based beamforming can be performed based on the principal eigenvectors of such covariance matrix. For single sub-carrier or narrowband with limited frequency selectivity, spatial correlation reduces to the channel matrix information for purposes of linear precoding. It is also shown in [2]
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[3] that using such spatial covariance/ “average channel quality” information at the transmitter, significant gains can be realized with non-codebook based feedback schemes for MU-MIMO and CoMP schemes envisioned for LTE-A.  PMI can be deemed as a quantized (i.e., quantized according to a codebook) version of the principle component approximation (i.e., principle eigenvectors) of the spatial correlation matrix. 
4. SCF Mechanisms
In this section we explore some possible mechanisms that could be used to feed back the spatial correlation matrix information. 

Before the discussion of mechanisms, the general operation of single-point or COMP with SCF is described briefly here.  Similar to PMI feedback mechanisms outlined in the current Rel-8 operation, eNB sets up SCF-based enhanced feedback for each user using aperiodic or periodic reporting mechanisms. Further, for CoMP operation, additional reports can be requested for spatial correlation reporting to other cells. Such reports could depend on UE-determined or eNB indicated definitions of the cell set for which spatial correlation is requested.

4.1. Reporting format and mechanism

Any redundant information in the SCF can be removed for efficient encoding. For example, for 4 antennas at the transmitter, the spatial correlation matrix is a 4x4 matrix with 10 unique entries (exploiting Hermitian symmetry). These unique entries can be vectorized for transmission. Additional normalization can be performed to scale the vector norm to unity.  

In general, we may consider the following two alternatives for SCF.
i) Direct coefficient feedback:  
Entries of vectorized “R” can be directly mapped to the feedback resources in place of QPSK/QAM modulation symbols. This approach is to some extent similar to how the DL channel is estimated in a TDD scenario [4]. For example, one approach is to map the entries of “R” in place of QPSK symbols on a PUCCH channel. Normalization of entries to satisfy transmit power limitations is required. One advantage of this approach is that feedback reliability implicitly improves with better uplink channel quality. In another example, entries of “R” are combined with data modulation symbols in PUSCH (i.e., by replacing some data symbols with entries of “R”). In such a case, we may first look at the CM degradation of the uplink SC-FDMA waveform to study any transmitter impact.
ii) Generalized quantization: 
One generic way to define quantization is as follows
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where 
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is the channel quantization codebook, 
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is the quantized codebook index. “D” is a definition of some distance function such as a combination of entry-wise distance. The element-wise quantization can be viewed as a special case of this generalized quantization where each entry is quantized to a certain number of bits.  
4.2. Overhead Comparison with Current Feedback Mechanism
In release-8, PMI/CQI/RI feedback is supported using PUCCH based periodic reporting and PUSCH based aperiodic reporting. Enhanced feedback could be optimized as much as possible to reuse these channels, even though the existing feedback channels may be modified to increase feedback capacity in LTE-A specification, especially to support LTE-A operations. 
i) Direct coefficient feedback:  

In this approach, each coefficient to be fed back is just a special modulation symbol, similar to the digital QPSK/16QAM/64QAM symbols carried in PUCCH and PUSCH. So an enhanced feedback may take one PUCCH resource out of the total 12 PUCCH resources allowed for one RB (for CQI feedback), where one PUCCH resource can carry up to 10 “coefficients”.
For PUSCH, the 10 coefficients (assuming 4x4 “R”) may replace, in principle, any 10 data symbols, and combine with other data symbols following the existing rules of data/control multiplexing.

ii) Generalized quantization: 

Using the example of direct entry-wise quantization, 10 unique coefficients of “R” correspond to 16 real values (4 real diagonal values and 6 complex-values). Assuming an aggressive 4-bit quantization, the total 64 bits may fit in one-RB PUSCH with a code rate of 64/144/2=0.22. However, this PUSCH allocation will take one whole RB for a single user, or equivalently 12 PUCCH resources.  

5. Degradation under Feedback Distortion

In this section, we study the effect of feedback distortion on the performance as compared to ideal feedback. 
In general, the distortion arise from source coding of feedback information (e.g., codebook quantization or generalized quantization), or channel distortion.  We denote the entries of “R” as vectorized and normalized as follows.
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 could be a normalization factor to normalize the entries to an average transmit power constraint.  At the eNB, we look more generally at the following data model:  
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where 
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is the total distortion noise variance on each entry and the uplink SNR seen at eNB is just modeled as 
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. For quantized feedback, the dominant source of distortion may come from the quantization error assuming no error in transmission. For direct coefficient feedback, such distortion noise is determined by the uplink SNR which typically increases as DL operation SNR increases. It also depends on the exact mapping of entries to PUCCH or PUSCH and possibly additional repetition of the entries. 

For the purpose of simulation to model the feedback channel impairment, we assume the uplink per-subcarrier SNR as a function of downlink SNR with a fixed offset Δ=SINRUL-SINRDL. In the simulation, we will assume three levels, i.e., Δ=-10dB, -5dB, and 0dB.  Note that in the simulation, we assume the SNR experienced by each coefficient is SINRUL, i.e., assuming we use one RE to convey each coefficient. Any techniques such repetition that can increase the “per-coefficient SNR” is not used here. 
A quick intuitive check of the assumed offset values (shown in the following table assuming case 3) indicates that the maximal UL SINR (at max Tx power and minimal bandwidth) can get close or even slightly better than per-subcarrier DL SINR. So Δ=-10dB can be a bit pessimistic assumption. 
	
	DL parameter
	UL parameter
	offset factor (UL-DL)

	Total Tx Power
	46 dBm
	24 dBm
	-22 dB

	Receiver noise figure
	8 dB
	5 dB
	+3 dB

	Average IOT
	8 dB
	3 dB
	+5 dB

	Maximum Power Boost
	0 dB
	17 dB

(assuming one-RB  vs. 50-RB @10 MHz)
	+17 dB


Further, we can observe from previous study that the Rel8 PUCCH format 2 with 10 bits feedback requires around -5 dB uplink SINR to ensure 1% error rate (when comparing with PMI-based operation, we assumed error-free PMI reporting). So, we used -5dB as a lower bound of UL SINR in the simulation.  So in the results plotted below, uplink per sub-carrier SINR is determined as follows,
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In this single-point MU-MIMO study, we focus on 
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antennas at eNB with precoded MU-MIMO transmission to two UEs, each of which has two or four receive antennas and receives rank-1 or rank-2 transmission. We also use SCM channel models and a ULA antenna array with 
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 spacing. Scheduling and precoding are performed assuming full-band (10 MHz) allocation. We investigate the performance with different levels of feedback information and link adaptation assumptions. The operation modes considered are listed in Table-1.
Table 1. Possible Enhanced Operational Modes for MU-MIMO 

	Operation Mode
	UE Feedback (CQI/PMI) 
	UE Receiver
	eNB UE Pairing
	eNB Precoding Scheme

	“MRC” or “MMSE”
	Same as SU-MIMO with MRC (rank-1) or MMSE (rank-2)
	MRC/MMSE
	Pairing UEs with orthogonal PMI
	Codebook-based (8-Tx Equal-gain Codebook)

	“MMSE-IC”
	UE feeds back PMI with best average SNR metric as CQI 
	MMSE-IC (UE assumes perfect interference CSI and eNB informs both UEs of the pairing UE’s PMI
	Pairing UEs with orthogonal PMI 
	Codebook-based (8-Tx Equal-gain Codebook) 

	“R-MMSE/IC”
	Feed back R=ΣHiH Hi with distortion modeled
	MRC/MMSE/MMSE-IC
	Based on approximate sum capacity given R
	Non codebook based
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Figure 1 - Sum spectral efficiency with MU-MIMO, two users, one stream per UE, 2 Rx at UE
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Figure 2 - Sum spectral efficiency with MU-MIMO, two users, two streams per UE, two Rx at UE
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Figure 3 - Sum spectral efficiency with MU-MIMO, two users, two streams per UE, four Rx at UE

From the results, we can observe:

· At any practical UL-SINR level, degradation due to distortion on direct feedback is graceful. Performance gain over PMI-based MU-MIMO is significant. When not powered limited, additional resources can be allocated to feedback by repeating the coefficients. This is not modeled in the results. Again, we assume the SNR experienced by each coefficient is SINRUL, i.e., assuming we use one RE to convey each coefficient. 
· Under the pessimistic assumption of Δ=-10 dB, precoding can still be performed reliably using enhanced covariance feedback. Actually, it still outperforms PMI-based MU-MIMO significantly over a large SNR range.  To reduce the feedback distortion under extremely low SINR condition in slowly varying channels, additional averaging of multiple feedbacks across time can always be done at eNB. For example, by averaging across two received estimates, up to 3 dB improvement can be obtained. With a larger window and a corresponding MMSE filter accounting for time correlation, higher gains can be obtained.
6. Impact of Direct Coefficient Feedback on CM

We also look at the cubic metric impact when the coefficients of R are spread by DFT along with other data modulation symbols. The following table shows the cubic metric (averaged across symbols) computed with allocation of 1 RB in PUSCH, where 10 entries of R are sent from 10 different SC-OFDMA symbols in the RB, with each entry being spread by a length-12 DFT along with 11 other data symbols.  
	
	PUSCH only
	PUSCH + 10 normalized entries of R 

	QPSK data
	1.12
	1.35

	16QAM data
	1.85
	2.03

	64QAM data
	1.98
	2.21


The degradation is CM seems to be minimal (less than 0.25 dB in all cases). 
7. Conclusion

Previous contributions have shown significant MU-MIMO performance enhancements that can be achieved with enhanced channel feedback based on spatial correlation matrix that can be viewed as an “average channel quality”. In this contribution we reported that the performance degradation due to feedback distortion can be made small. We also explore two different means of feedback mechanisms – direct coefficient feedback and generalized quantization, with their overhead analysis. We propose:

· Including the principle of spatial correlation feedback (SCF) as an enhanced feedback for supporting LTE-A operations. 
· Detailed aspects of feedback mechanisms for SCF can be optimized by further study in the Work Item phase, including the options of direct coefficient feedback and generalized quantization, their overhead optimization, robustness optimization for different channels and Doppler, transmission vehicle (PUCCH, PUSCH, etc.).
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