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1. Introduction
Multi-user MIMO (MU-MIMO) has undergone extensive study in recent meetings. One of the key aspects is the feedback support for MU-MIMO. For single cell operation, it was observed during RAN1-58bis meeting that:

· Rel-8 CQI/PMI/RI could provide a good baseline for simple extensions, e.g.,
· To add spatial dimension to ICIC
· To improve support for single-cell MU-MIMO
· Also consider possible addition of simple explicit feedback scheme
· Overhead is a key consideration

According to the terminologies agreed in RAN1-57 meeting [1], the above Rel-8 CQI/PMI/RI feedback is categorized as implicit feedback. While the original intention for defining “implicit” was to emphasize that the feedback should capture the receiver implementation and performance characteristics, sometimes it is hard to draw a clear line between explicit and implicit feedback, since
· When the explicit feedback takes the form of an index of vector from a pre-defined codebook, it is hard to tell whether the indexed vector is the quantization of the spatial channel eigen-mode information, or is also reflecting the receiver’s structure/algorithms. The determination of the index is an implementation issue transparent to the feedback format specification in standards.
· The introduction of DM-RS allows UE-transparent precoding which uses the feedback only to derive the transmit weights, rather than a precoder indicator. Therefore, the UE testability is inherently more challenging than in Rel-8 SU-MIMO due to the missing of transmit side information, regardless whether the feedback would represent only the “objective” information of the spatial channel, or incorporate the receiver processing as well.
If the spatial CSI feedback is to be represented as an index of a vector, there is no fundamental difference in terms of “feedback format” between the explicit CSI feedback and the rank=1 Rel-8 PMI vector feedback, assuming DM-RS is used for demodulation. The only notable difference would be the codebook. Considering more stringent spatial CSI feedback generally required for MU-MIMO, it is worth studying other codebooks, for example with more bits to provide finer granularity, yet at the same time bearing in mind the feedback overhead, index searching complexity, versatility, etc.
The only unequivocal explicit feedback seems to be the element-wise quantization of Ri which can potentially capture more comprehensive information of various eigen-modes than single-vector based quantization. However, such type of feedback generally requires more overhead.
In this contribution, we study the performance of MU-MIMO with different feedback types: element-wise quantization of Ri, and codebook based eigen-vector feedback. Beamforming antenna configuration is considered and the rank per UE is limited to be 1 in MU-MIMO case. In the simulation, constrained ergodic capacities over various fast fading realizations are obtained to capture the fundamental performance in each configuration. 
2. Spatial CSI Feedback
Obviously, spatial CSI is the most challenging part in CSI feedback that supports advanced antenna technologies, link adaptation, etc. The difficulty lies in the potentially abundant channel information contained in spatial channel, and most of them being complex numbers, e.g., in both phase and amplitude. The problem becomes even tougher for un-correlated channels which contain richer spatial information compared to more correlated channels. Therefore, the overhead reduction becomes the major issue. Numerous feedback schemes have been proposed for spatial CSI [2]. Among them, vector based quantization becomes the most popular type of schemes. 
2.1 Separate Spatial CSI from CQI and RI 
In the context of feedback support for Rel-8 LTE downlink transmission, spatial CSI (or PMI), CQI and RI are often jointly discussed, especially in SU-MIMO setting. Such treatment is naturally fit since transmit weights (or the hypothesis) are known to the receiver when PMI is selected.  Since there is no potential UE sharing the same resource in the cell, CQI and RI can be determined rather accurately when each precoder hypothesis is given. 
In Rel-8 MU-MIMO setting, CQI is no longer accurate since the transmit weights are transparent to UEs. As a compromise, CQI for transmit diversity mode is reported to roughly reflect the average gain of the channel. The link adaptation mostly relies on the outer-loop control implementation at the transmitter side. Since the rank is fixed to be 1 and the switching between SU-MIMO and MU-MIMO is semi-static, RI reporting itself loses meaning in Rel-8 MU-MIMO.   
In Rel-10 LTE, the similar situation for CQI report as in Rel-8 MU-MIMO. While the UE can still report a form of CQI to roughly represent the signal to interference power ratio information seen at the receiver assuming, for example, SU-MIMO, transmit diversity or whatever, it is the transmitter’s responsibility to come up with a better estimate of the actual SINR to be experienced by each UE when certain transmit weights are applied and certain number of UEs are multiplexed. If dynamic switch is allowed between SU-MIMO and MU-MIMO, the decision on switching would most likely be done by the transmitter which has better knowledge of system operation, e.g., from prospective such as sum-rate, UE pair availability, scheduling flexibility, etc. In this sense, Rel-8 type of rank indication, determined mostly from individual UE prospective, is no longer effective.

2.2 Vector Index of Spatial CSI 
As indicated earlier, spatial CSI feedback for scatter-rich environment and diversity antenna configuration is more difficult as potentially multiple eigen-mode information is needed. In another word, effectively a matrix has to be fed back to capture the spatial CSI. Rel-8 PMI does define rank >= 2 precoding matrices, but the working assumption is SU-MIMO. The possibility of supporting rank = 2 per UE in Rel-10 MU-MIMO calls for more accurate quantization of spatial CSI, a finer granularity the Rel-8 PMI codebook may not be able to provide. Certainly feedback overhead is a serious issue to support MU-MIMO with rank = 2 per UE.
On the other hand, multiplexing more users each with lower ranks seems another way to improve the overall system throughput. Such practice would make more sense for beamforming antennas where the channel for each user tends to be rank deficient. Here, MU-MIMO can take advantage of the extra dimension provided by independent channel realizations of different users, rather than the limited spatial dimension of each user. The beamforming configuration also implies relatively strong spatial correlation between transmit antennas. So inherently the channel contains less spatial information and smaller overhead of the feedback is needed in order to uniformly span the entire spatial space. That justifies the use of vector index based quantization rather than other approaches.
While in terms of the feedback format there is no fundamental difference between Rel-8 PMI and the general vector based quantization, the design of the codebooks and the related signaling can be various. Many design rules for Rel-8 PMI can still be applied for Rel-10 codebook design, however, it is also possible to expand the codebook and thus to provide more accurate spatial CSI feedback to further improve the MU-MIMO performance.
3. Performance Evaluation
3.1 Spatial CSI Compression for Feedback 
The element-wise quantization of R is carried out as follows:

· Normalize “Ri” with the amplitude of the largest element in “Ri”

· Quantize diagonal elements by amplitude only

· Quantize off-diagonal elements in amplitude and in phase

There are various ways to generate a vector index to represent the spatial CSI, either by linear transformation of the spatial channel or by incorporating the receiver structure as well. The former is carried out in our simulation. The spatial channel matrix of a user is denoted as H and it can be decomposed as: 
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                     (1)
Assuming that the number of transmit antennas is larger than the number of receive antennas, i.e., N > M, only M eigenvalues are non-zero. Note that in the beamforming antenna configuration there is only one dominant eigenmode. A codebook can be used for quantization, i.e., searching for a set of codeword, 
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The set of 
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 can be searched separately, e.g., per column, or jointly, as a matrix. 

3.2 Codebook of 6-bit 
A 6-bit codebook is considered to provide finer granularity of spatial CSI. The codebook design considers both uniform linear array (ULA) and dual-polarization antenna configurations, as well as maintaining certain minimum chordal distance between codewords. The codebook construction is based on Kroneck product. The design for the first 32 codewords fully takes into account of physical beam formations and is particularly suitable for beamforming scenarios. 
3.3 Precoder for MU-MIMO 
In this simulation study, signal-to-leakage-and-noise ratio (SLNR) [3,4] criterion is used to determine the precoders in MU-MIMO. In the case of two-user MIMO, the precoders for User 1 and User 2 can be calculated as
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In beamforming antenna configuration with rank = 1 per user, only one vector (normally corresponding to the strongest eigen-mode) is used as the column vectors to construct precoding vectors. 
3.4 Simulation Settings
The simulation is carried out in semi-analytical fashion. Particularly for MU-MIMO, the steps are as follows.
1. Set up the geometry points, e.g., from -5 dB to 25 dB with step size of 1 dB
2. Each time, generate spatial channels of two independent users, based on certain channel model

3. Quantize the covariance matrix R by either element-wise quantization, or through vector quantization of the eigen-mode
4. Determine the precoders based on Eq. (3)

5. Calculate the sum-rate over the two users, the instantaneous channel rate of each user is based on 64-QAM constrained capacity [5], meaning that CQI feedback, link adaptation and channel decoding are perfect

Procedure from Step 2 to Step 5 is looped multiple times, each with an independent spatial channel realization. So the calculated capacities are of ergodic nature. Spatial channel model (SCM) [6] Suburban Macro (SMa) scenario is assumed. For each channel realization, the spatial CSI feedback is at subcarrier level. In MU-MIMO, the two users are forced to do MU-MIMO, even occasionally the channel realizations lead to poor separation of eigenmodes between users and thus may degrade the sum rate. In another word, MU-MIMO mode never falls back to SU-MIMO mode.

ULA four vertical-polarization antennas are assumed at the transmitter. The antenna spacing is 0.5 . The receiver is equipped with two antennas. In the case of element-wise quantization of matrix “Ri” [7], 3 bits and 5 bits are used for the amplitude and the phase of each element. Less number of bits is allocated for the amplitude than for the phase information is because that the entire matrix is first normalized by the amplitude of the largest element, a procedure that reduces the dynamic range of the elements in different channel realizations. Ignoring the number of bits for this normalization, the element-wise quantization requires 
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bits. Quantization levels for amplitude and phase are listed in Table 1. Those levels are by no means the optimum choices. Rather, the quantization levels are intuitively selected to capture the general statistics anticipated for the matrix elements.
SU-MIMO is also simulated to see the gains of MU-MIMO and the sensitivity to feedback accuracies. Rank adaptation is enabled between rank = 2 and rank = 1. In the PMI approach, the 4-bit Rel. 8 LTE codebook is used that has entries for both beamforming and diversity scenarios.
	Parameters
	Values

	Channel model
	SCM, Suburban Macro (SMa) [6]

	Antenna configuration
	MIMO 4x2

Transmitter: ULA 4V, spacing = 0.5 
Receiver: two antennas

	Rank prediction
	Implemented only in SU-MIMO, ideal

	Max. rank per UE 
	1 for MU-MIMO, 2 for SU-MIMO

	Link level performance
	SINR to capacity mapping , 64-QAM constrained capacity

	Receiver type
	MMSE

	Link adaptation
	Ideal, SINR of UE is known at Tx

	Cross-user interference modeling (MU-MIMO)
	Explicitly modeled

	Time/freq resolution of spatial CSI feedback
	Snap-shot in time, per-subcarrier in frequency

	Number of users simulated/multiplexed
	2 

	Amplitude quantization levels
	[0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.925]

	Phase quantization levels
	Uniform over [-, ], step size of /16

	Codebook for SU/MU-MIMO
	Rel.8 codebook (4-bit)

6-bit codebook (for rank = 1)


Table 1. Simulation parameters
3.5 Performance Comparison
Ergodic constrained capacities of SU-MIMO and MU-MIMO are compared in Figure 1. The general trend is that MU-MIMO shows more gain compared to SU-MIMO as SNR increases. The performance of SU-MIMO is the lowest, particularly with Rel-8 codebook. Even at SNR = 25 dB, the SU-MIMO capacity is still significantly lower than 12 bits/s/Hz which is the highest achievable throughput of 2 stream multiplexing. Such fall-short indicates that in beamforming antenna configuration under SCM Suburban Macro environment, the rank of the spatial channel is often less than 2. MU-MIMO can approach 12 bits/s/Hz closer, by taking advantage of rather independent channels between users. As expected, the highest capacity is MU-MIMO with floating-point R feedback, followed by 6-bit codebook, Rel-8 4-bit codebook and element-wise quantization of R. Considering much more bits for element-wise quantization, codebook based feedback seems more efficient. 
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Figure 1. Ergodic constrained capacities of SU-MIMO and MU-MIMO with beamforming antennas.
4. Conclusions
Ergodic constrained capacities of MU-MIMO were simulated for beamforming configuration, using codebook based quantization, element-wise quantization, and floating-point covariance matrix R. SU-MIMO was also simulated for comparison. Based on the preliminary results we propose the following regarding spatial CSI feedback in beamforming antenna configuration:

· Focus on vector index based feedback 
· Codebooks with finer granularities should be considered
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