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1 Introduction

Enhanced DL MU-MIMO with non-codebook-based precoding has shown significant performance improvement in a highly loaded scenario. Based on the extensive discussion on MU-MIMO in RAN1 #58bis, the following issues are captured in the chairman’s notes for further discussion.
· Dynamic vs. non-dynamic SU-MU switching

· Transparent vs. non-transparent MU-MIMO

· If non-transparent, what DL signalling is to be provided to the UE

· antenna port indications

· other…

· Feedback (CSI) enhancement for MU-MIMO

· enhancements to feedback codebooks

· other…

· Number of layers per MU-MIMO UE

· 1, 2, …

· Number of supported co-scheduled MU-MIMO UEs

· 4, 8, unspecified…

In this contribution we provide further evaluation results on CSI-feedback in support of MU-MIMO. 

2 Comparison of Feedback Schemes
2.1 Explicit short term CSI
Explicit CSI includes the direct channel H, its eigenvectors/eigenvalues or the transmit covariance matrix R. As an example, the transmit covariance matrix is averaged over both time and frequency as R = (sum{HjHHj})/J, j=0,1,2,…,J-1, where J is the span of frequency sub-bands and subframes. In the time domain, averaging can be performed on a sliding window of N subframes, where N is the reporting periodicity.  Averaging in the frequency domain can be on a wideband or sub-band basis. A wideband covariance matrix reduces the impact of channel estimation errors, but it comes at the cost of increased mismatch with the frequency-selective channel and reduced frequency scheduling and MU diversity gain. 
Two MU beamforming algorithms are evaluated in this contribution.
Alt 1: Maximum signal-to-leakage (SLR) Beamforming

The precoder of user 1 is expressed as
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where 
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is the noise/interference covariance estimate of the j-th user [8].  It is easy to see W1 follows the Rayleigh-Ritz quotient theory for maximizing the ratio of user 1’s received signal to the leakage (interference) that user 1 causes to user 2.  
In addition to the transmit covariance matrix, the noise and interference covariance also needs to be reported to the eNB to complete the beamforming vector calculation. In order to avoid the additional feedback overhead associated with noise/interference, an alternative solution is to report the noise/interference power P0 formulated as 
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. This can be done with a CQI-like feedback, which potentially reduces the overhead for explicitly reporting 
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Alt 2: Iterative SLR 

· Initialization: 
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· Iteration k (k = 2, …)
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Compared to the conventional (non-iterative SLR) algorithm, no additional CSI feedback is required and the beamforming calculation can be obtained with the short-term channel and noise/interference covariance feedback. On the other hand, the number of EVD operation grows linearly with the number of iterations. The impact on eNB processing complexity, scheduling delay and memory to save the intermediate “pseudo” covariance RI needs to be taken into account when the specific beamforming scheme is considered.
2.2 Implicit PMI/CQI 
UE follows the Rel-8 SU-MIMO feedback framework and reports implicit SU-MIMO PMI/CQI. In other words the UE does not make any specific hypothesis whether it will be scheduled in SU/MU mode, and only reports SU CSI.  It should be noted that the CQI/PMI are UE recommended transmit waveform under the perfect knowledge of noise and interference, hence the noise/interference does not need to be reported explicitly. The recommended PMI vector is derived to maximize the single-user CQI/throughput given as 
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where U is the equalization at UE, and 
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 is the precoding codebook.  
It should also be noted that using the codebook to quantize the channel H (e.g. minimum Euclidean distance) is in general a suboptimal solution in terms of SU-MIMO performance, as the quantization error usually has little correlation with the actual CQI and throughput. 
In this contribution we propose an enhanced implicit CQI/PMI scheme to improve the performance of MU-MIMO beamforming. Instead of feeding back a single “best” PMI, UEs reports two recommended SU-MIMO PMIs to the eNB, i.e. the 1st best and 2nd best SU PMIs, 

· If 1st best PMIs of two UEs are different, perform ZFBF

· If 1st best PMIs of two UEs collide, replace with the 2nd best PMI for one of the UEs 

For each hypothetical pair of UEs, MU beamforming with ZFBF is derived as   
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is a regularization factor (e.g. a heuristic function of the geometry/SNR or a constant [5]). The MU precoding vector for the j-th UE is the normalized k-th column of F.  
2.3 Link Adaptation
Since beamforming is an eNB implementation issue and transparent to the UE, the post-BF MU CQI is generally unknown at the eNB. Hence, CQI prediction based on UE feedback must be applied at the eNB in order to select the MCC, for both explicit and implicit CSI report. 
· Alt 1: Link adaptation is based on post-BF CQI (assumed perfectly known at eNB). This is used as a reference and serves as the performance upper bound. 
· Alt 2: Link adaptation is based on predicted CQI, given UE feedback
· Explicit CSI: With reported transmit covariance, the predicted CQI can be estimated as [12] 
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where the eNB assumes a MRC-type of receiver at the UE side. While it is possible for the eNB to assume a     different type of receiver at UE, the exact receiver structure (e.g. MRC, MMSE, SIC, with or without interference rejection combining) remains an UE implementation issue. 

· Implicit CSI: The reported SU-MIMO CQI is processed by the eNB to derive the predicted CQI for link adaptation, factoring in the specific beamforming scheme at eNB and conjectured residual interference. One example of MU CQI prediction is given by
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where 
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, CQI1 is the SU CQI report from UE 1, and n is a heuristic CQI backoff variable.  
Similar to Rel-8, it is possible for the eNB to semi-statically configure the nominal PDSCH-to-RS EPRE offset to fine tune the CQI report. To facilitate more accurate prediction, higher resolution (several more bits) may be considered for the CQI. Note that it may be possible to further improve the predictor in equation (6) such that it performs closer to Alt-1. This predictor is simply used to demonstrate that a reasonably simple yet good predictor exists. Various other CQI processing algorithms have also been investigated ([8-9]), which however remains an eNB implementation issue and not standardized.  

3 Simulation Results

Link-level performance in a two-user system with (1) short-term explicit covariance, and (2) implicit PMI/CQI report are presented.  Single-layer beamforming per UE is assumed. A reporting periodicity of 5ms is studied. Two users are randomly and independently dropped in a sector with AoDs distributed in [-60, 60] degree, with the minimum AoD difference constraint of 60 degrees. This is a tradeoff scenario between (1) completely random drop and (2) fixed UE position at -60 and 60 AoDs respectively [16]. Since MU-MIMO is mainly for high-load scenario ([13]), eNB is able to always pair two UEs with large spatial separation whereas closely located UEs are more likely to be scheduled in SU mode. 
Semi-static MU-MIMO operation without dynamic SU/MU switching is assumed, e.g. two users are always enforced in MU-MIMO mode. Detailed simulation assumptions are provided in Table 2. 
· Implicit feedback:  
· Rel-8 PUSCH CQI report mode 1-2 (wideband CQI + sub-band PMI) with a sub-band size of 5 RB is assumed.  The 1st best and the 2nd best PMIs are reported for each UE, both under SU-MIMO hypothesis.
· A 5-bit CQI is used in place of the 4-bit CQI in Rel-8. 
· Explicit feedback: 
· The covariance matrix is first normalized by the entry with the largest amplitude, which is quantized with 6-bits. After normalization, the 4 diagonal and 6 off-diagonal components of the 4x4 Hermitian covariance matrix are reported.  For the 6 off-diagonal elements, the phase and amplitude of each element are quantized with N-bits respectively. For the 4 diagonal elements, the amplitude is quantized with N-bits. 
· Any negative eigenvalue due to quantization is removed, to ensure that the quantized covariance is positive semi-definite. 
· As a performance upper bound, genie-aided feedback with floating-point accuracy is provided. 
· An idealistic assumption of perfect noise/interference information at eNB is made. In practice, some additional CQI-like feedback is needed to convey such information to the eNB. Note this is not needed for implicit CSI, as the noise/interference is used to derive the implicit CQI/PMI report.
A comparison of the feedback overhead is given in Table 1. Ignoring the interference + noise information, explicit feedback requires approximately 5-8 times more feedback overhead when N=4 bits quantization are used.
	Scheme
	Explicit Covariance
	Implicit CQI/PMI

	Overhead

(narrow-band FB)
	(6 + 4*N + 2N *6 ) * 10 = 160N + 60

(e.g N = 4, overhead = 700 bits)
	(5 + 10 * 4) * 2 = 90 bits

	Overhead

(wide-band FB)
	(6 + 4*N + 2N*6)  = 16N + 6 bits

(e.g. N = 4, overhead = 70 bits)
	5-bit CQI + 2 PMI = 13 bits


Table 1: Uplink feedback channel requirement
Figs. 1-4 demonstrate the average per-UE throughput when both implicit and explicit CSI have a feedback periodicity of 5ms and frequency granularity of 5RB.
· With floating point accuracy, SLR precoding with explicit covariance outperforms CQI/PMI based MU beamforming, at medium to high geometry range. The gain is more prominent when link adaptation with prediction is modeled. 
· When quantization is taken into account, CQI/PMI shows comparable and often more robust performance than explicit CSI schemes, with significantly lower feedback overhead and minimal standard impact.  
· Non-iterative SLR: explicit CSI without quantization slightly outperforms implicit CSI by a few percentiles. When quantization is modeled, however, 20-30% throughput degradation is seen. It is observed that 6-8 bits quantization granularity for phase and amplitude each is needed to ensure acceptable throughput loss.
· Iterative SLR: Throughput degradation due to quantization is significantly smaller, where 3-4-bit quantization appears sufficient. This comes at the expense of increased eNB complexity and scheduling latency due to the need for repeated eigen-value decompositions. Even so, the resulting overhead is still significantly higher than that for the implicit CSI feedback.
· When geometry is very high (e.g. 30dB), quantization loss becomes limited. This is because the high geometry offsets the quantization errors, hence the CQI is high enough to reach the throughput upper bound regardless of the precoders. 
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 Fig. 1: narrow-band explicit vs. implicit: Non-Iterative SLR 
          Fig. 2: narrow-band explicit vs. implicit: Non-Iterative SLR
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Rel-8 CQI/PMI feedback

R: no quantization

R: 2-bit

R: 3-bit

R: 4-bit

R: 5-bit

R: 6-bit


Fig. 3: narrow-band explicit vs. implicit: Iterative SLR 
                              Fig. 4: narrow-band explicit vs. implicit: Iterative SLR

Similar conclusions are reached through Figs. 5-8 when wideband CSI report (both implicit and explicit) are used. If the same feedback overhead constraint is , it may be possible to report implicit CSI at a higher frequency/time granularity to achieve better multiuser diversity gain and frequency-selective scheduling gain. 
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Fig. 5: Wideband explicit vs. implicit: Non-Iterative SLR 
       
            Fig. 6: Wideband explicit vs. implicit: Non-Iterative SLR

[image: image22.emf]0 5 10 15 20 25 30

0

0.5

1

1.5

2

2.5

3

3.5

4

geometry

average spectral efficiency

predicted SNR for link adaptation

 

 

Rel-8 CQI/PMI feedback

R: no quantization

R: 2-bit

R: 3-bit

R: 4-bit

R: 5-bit

R: 6-bit

 [image: image23.emf]0 5 10 15 20 25 30

0

0.5

1

1.5

2

2.5

3

3.5

4

geometry

average spectral efficiency

post-BF SNR for link adaptation

 

 

Rel-8 CQI/PMI feedback

R: no quantization

R: 2-bit

R: 3-bit

R: 4-bit

R: 5-bit

R: 6-bit


Fig. 7: Wideband explicit vs. implicit: Iterative SLR 
                           Fig. 8: Wideband explicit vs. implicit: Iterative SLR
4 Conclusions

In this contribution we compare the performance of multiuser beamforming with different feedback schemes. An enhanced implicit CSI feedback scheme is proposed, where the 1st best and 2nd best PMI are reported by each UE. With quantization taken into account, it is observed that implicit CSI feedback shows comparable or sometimes more robust performance than explicit CSI for MU-MIMO. 
Considering other factors such as backwards compatibility, eNode-B complexity, and testability, the implicit CSI feedback appears to be more attractive compared to the explicit CSI feedback.
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Table 2: Simulation Assumptions 
	Parameters
	Setting

	Bandwidth 
	10MHz

	Channel model
	SCM 

	eNB antenna configuration
	4 vertically polarized antennas with 1/2 ( spacing

	UE antenna configuration
	2 vertically polarized antennas with 1/2 ( spacing

	Downlink scheduler
	Scheduling granularity of one sub-frame, wideband scheduling

	Feedback codebook
	4-bit Rel-8 Householder 

	Rank-adaptation
	1-layer beamforming per UE, 2 UEs in MU-MIMO

	Scheduling delay
	6ms

	Receiver algorithm
	MMSE

	UE distribution
	Two users randomly dropped in a sector with AoDs distributed in [-60, 60] degree, with minimum AoD difference of 60 degree 

	Scheduling
	MCS selection with 10% target BLER in the 1st transmission

	Transport Block Size
	According to Rel-8

	Number of iterations for SLR (explicit)
	5 iterations
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