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1. Introduction

In the email discussion after the RAN1 #72 meeting [1], a number of codebooks were submitted with the aim of improving the downlink 4-Tx performance. In this contribution, we investigate the potential improvement in performance from feedback enhancement and the system-level performance of some of the submitted enhanced codebook candidates [2-8] with CSI feedback mode 3-2 for MU-MIMO. We also clarify the effect of the non-constant modulus (CM) codebooks.
2. Discussion on Codebook Enhancement
2.1
Potential Gains from Feedback Enhancement
In this section, both the upper bound performance of the CM and non-CM feedback are evaluated. The ideal non-CM feedback is achieved using the SVD eigenvector and the ideal CM codebook is obtained by SVD eigenvector with per antenna power normalization as described in Appendix III. We consider SU/MU-MIMO dynamic switching for 4-Tx antenna ports with a cross-polarization antenna (CPA) configuration. The system throughput performance levels of the Rel. 8 4-Tx codebook, ideal CM codebook, and ideal non-CM codebook are given in Table I with PUSCH feedback modes 3-1 and 3-2. We also show the performance gains compared to the Rel. 8 codebook with PUSCH feedback mode 3-1. For both the ideal CM and ideal non-CM feedback, we assume the feedback without quantization and the other simulation conditions are the same as those in the Rel. 8 codebook evaluation, e.g., the CQI is quantized and the channel estimation error and interference measurement error are assumed.
Table I. System Performance of Ideal CM and Non-CM Feedback
[image: image1.emf]Codebook

Feedback 

Mode

Avg. Cell Thr. 

(Mbps)

Gains 

(%)

5%-UE Thr. 

(Mbps)

Gains

(%)

Rel. 8

3-1

25.8

-

0.611 -

Ideal CM 

feedback

3-1 28.4 10.1 0.652 6.7

3-2 30.2 17.1 0.682 11.6

Ideal non-CM 

feedback

3-1 29.7 15.1 0.684 11.9

3-2 33.8 31.0 0.706 15.5


Observations based on performance evaluation:
· The upper bound performance of the CM codebook exhibits gains of 10.1 - 17.1% in terms of the cell-average throughput and gains of 6.7 - 11.6% in terms of the 5% cell-edge UE throughput compared to the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1. 
· The upper bound performance of the non-CM codebook exhibits gains of 15.1 - 31.0% in terms of the cell-average throughput and gains of 11.9 - 15.5% in terms of the 5% cell-edge UE throughput compared to the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.
Observation 1: The performance of the non-CM feedback is significantly higher than that for the CM codebook.
2.2
Feasibility of Non-CM Codebook
When considering the power-amplifier implementation, we prefer to maintain the same transmission power level to different antennas of the precoder. For the transmission modes with CRS based demodulation, the precoder is selected from the codebook. Therefore, the CM feature is assumed as an important factor in the Rel. 8 codebook design. On the other hand, the feedback enhancement in Rel. 12 focuses on the transmission modes with DM-RS based demodulation. In this case, the precoder that is applied to the eNB transmitter can be changed as the vectors in the codebook. Furthermore, ZF or BD precoding, which is non-CM precoding, is assumed as a promising technology in the discussion pertaining to Rel. 10 MU-MIMO. Consequently, the power level allocated to different antennas of the precoder can be adjusted based on eNB implementation and both the CM codebook and non-CM codebook are candidates in the Rel. 12 codebook enhancement.
Observation 2: For DM-RS based transmission modes, both CM codebook and non-CM codebook are candidates in the Rel. 12 codebook enhancement.
3. System Performance Based on Codebook Enhancement
Both CM and non-CM codebooks were submitted to the email reflector as candidates for enhanced 4-Tx codebooks. The system level results of various submitted codebooks are summarized in Table II. 
Table II. System Performance of Codebook Candidates
[image: image2.emf]Codebook

Feedback 

Mode

Avg. Cell Thr. 

(Mbps)

Gains 

(%)

5%-UE Thr. 

(Mbps)

Gains 

(%)

PMI Overhead 

(W1, W2)

Rel. 8

3-1

25.8 - 0.611 - (4 , 0)

Non-CM CB 1 [2] 27.5 6.6  0.647 5.9  (5 , 4)

Non-CM CB 2 [3] 27.4 6.2  0.622 1.8  (6 , 4)

CM CB 1 [4] 27.5 6.6  0.632 3.4  (4 , 4)

CM CB 2 [5] 27.3 5.8  0.631 3.3  (4 , 4)

CM CB 3 [6] 27.4 6.2  0.626 2.5  (4 , 4)

CM CB 4 [7] 26.7 3.5  0.619 1.3  (3 , 2)

CM CB 5 [8] 26.9 4.3  0.615 0.7  (3 , 2)

Non-CM CB 1

3-2

29.4 14.0  0.671 9.8  (5, 36)

Non-CM CB 2 29.2 13.2  0.655 7.2  (6, 36)

CM CB 1 29.0 12.4  0.662 8.3  (4 , 36)

CM CB 2 28.8 11.6  0.642 5.1  (4 , 36)

CM CB 3 28.9 12.0  0.658 7.7  (4 , 36)

CM CB 4 27.8 7.8  0.630 3.1  (3 , 18)

CM CB 5 28.1 8.9  0.638 4.4  (3 , 18)


Observations based on performance evaluation:

· The CM codebooks with PUSCH feedback mode 3-2 achieve gains of 7.8-12.4 % in terms of the cell-average throughput compared to that for the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.

· The non-CM codebook with PUSCH feedback mode 3-2 achieves gains of 13.2-14.0 % in terms of the cell-average throughput compared to that for the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.

Observation 3: The submitted non-CM codebooks achieves higher cell-average throughput than the submitted CM codebook.
Proposal: The non-CM codebook should be considered in Rel. 12 codebook enhancement.

4. Conclusion
In this contribution, we investigated the potential improvement in performance improvement from the codebook enhancement and the system-level performance of the submitted enhanced codebooks with CSI feedback mode 3-2 for MU-MIMO. Based on the system performance evaluations, we discern the following.
Observations based on performance evaluation:
· The upper bound performance of the CM codebook exhibits gains of 10.1 - 17.1% in terms of the cell-average throughput and gains of 6.7 - 11.6% in terms of the 5% cell-edge UE throughput compared to the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1. 
· The upper bound performance of the non-CM codebook exhibits gains of 15.1 - 31.0% in terms of the cell-average throughput and gains of 11.9 - 15.5% in terms of the 5% cell-edge UE throughput compared to the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.
· The CM codebooks with PUSCH feedback mode 3-2 achieve gains of 7.8-12.4 % in terms of the cell-average throughput compared to that for the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.

· The non-CM codebook with PUSCH feedback mode 3-2 achieves gains of 13.2-14.0 % in terms of the cell-average throughput compared to that for the Rel. 8 4-Tx codebook with PUSCH feedback mode 3-1.

Based on these observations from the system performance evaluations, we discern the following observations and proposal.
Observation 1: The performance of the non-CM feedback is significantly higher than that for the CM codebook.
Observation 2: For DM-RS based transmission modes, both CM codebook and non-CM codebook are candidates in the Rel. 12 codebook enhancement.
Observation 3: The submitted non-CM codebooks achieves higher cell-average throughput than the submitted CM codebook.
Proposal: The non-CM codebook should be considered in Rel. 12 codebook enhancement.
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Appendix I: Proposed Codebook [2]
The proposed double codebook is shown in (A1) which utilizes a structure similar to that for 8-Tx codebook in Rel. 10. A rank-1 element, W (W∊C4×1), is derived from 4 components, and index W1 and W2 can be fed back long-term/wideband with 5 bits and short-term/subband with 4 bits, respectively. In addition, the codebook for each rank is normalized to maintain the total Tx power.
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Term Xk represents an intra-subvector phase group. Each phase group is partially overlapped with the group derived from an adjacent index.
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Term Gl1 and Gl2 represent the gain vectors that are multiplexed to each intra-subvector phase group. Equation (A3) represents an example structure of the gain vector in which the gain is applied to each polarization when the CPA is used. Gain values l can be set to {1, 4, 1/2, 1/4} and selected using 2 bits.
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Finally, Ym and n represent the vector selection and inter-subvector phase rotation, each of which is selected using 2 bits.
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For each possible rank-1 element defined above, it is possible to extend the codebook to a higher rank by concatenating an orthogonal vector, which is a similar methodology to that for the Rel. 10 8-Tx codebook. Equations (A6) show the rank-2 codebook structure
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where 
[image: image9.wmf]i
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 is a 4-by-1 selection vector with all zeros except for the i-th element with value 1. For Rank-3 and Rank-4 precoding, we propose reusing Rel. 8 Householder precoding scheme.

Appendix II: Simulation Assumptions for System-Level Evaluations in Sections 2 and 3
Table AI. Simulation Assumptions
 [image: image10.emf]Carrier frequency 2 GHz

Transmission bandwidth  10 MHz

Subbandbandwidth 1.08 MHz (6 RBs)

Deployment scenario Homogeneous network with ITU UMa

Number of UEs and distribution 10 UEs per cell, 100% outdoor distributed

Traffic model Full buffer

UE moving speed 3km/h

Antenna configuration  eNB: 4 antennas (CPA 0.5 λ), UE: 2 antennas (CPA)

MIMO scheme

SU/MU dynamic switching

Maximum rank 1 per UEforboth SU-MIMO and MU-MIMO, 

Max. 4 layers for MU-MIMO 

Scheduling algorithm Frequency-domain scheduling based on PF

Control delay (scheduling, AMC) 5 ms

HARQ, Round trip delay  Chase combining, 8ms

MCS set QPSK (R= 1/8 -5/6), 16QAM (R= 1/2 -5/6),64QAM (R= 3/5 -4/5)

CQI/PMI feedback interval 5 ms

Granularity of PMI and CQI feedback

PUSCH Mode 3-1: Wideband PMI, SubbandCQI

PUSCH Mode 3-2: WidebandW1, SubbandW2, SubbandCQI

DM-RS channel estimation Non-ideal

CSI-RS channel estimation Non-ideal without a prioriPDP information

ZP CSI-RS interference estimation Non-ideal

UE receiver assumption MMSE WishartIRC receiver

Overhead of RS and PDCCH 

PDCCH (2 symbols per subframe)

DM-RS (12 REs per PRB)

CRS (2portsin 4/10 non-MBSFN subframes)

CSI-RS (4 REs per RB per 5msfor 4 antenna ports)

Modeling of interference outside the area Realistic interference assuming precodingand scheduling at other TPs


Appendix III: Feedback Information for SVD Precoder
The UE calculates the eigenvector and corresponding CQI, and feeds these back to the eNB. On the UE side, covariance matrix 
[image: image11.wmf]R

 is calculated by averaging 
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 within a unit of PMI feedback in the frequency domain, i.e., system bandwidth (Mode 3-1) or subband (Mode 3-2), where 
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 is the estimated channel matrix using a CSI-RS. By applying the eigenvalue decomposition (EVD) to the channel covariance matrix as 
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, and the corresponding eigenvectors, U = (u1 u2 u3 u4), are derived. The eigenvector that is related to the highest eigenvalue, i.e., u1, is selected as feedback information of the ideal non-CM codebook. For the ideal CM codebook, u1 with the normalized power of each antenna is fed back to the eNB. Here, quantization is not applied to the feedback information in this evaluation. Furthermore, the estimated data rate for each RB is calculated using a precoded channel, i.e., 
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. The values are averaged within a subband and the corresponding CQI is derived as feedback information.
Appendix IV: Modeling of Interference Measurement Impairment in System-Level Simulation
This section introduces the principle behind the method for modeling the impairment in the interference measurement using the ZP CSI-RS in the system-level simulator. We modeled the interference measurement error according to a large number of samples obtained from a multi-cell link-level simulation. In this case, the interference measurement errors of different schemes are modeled as a Gaussian-distribution with different parameters for the mean value and variance. This is the rationale behind our method for modeling the interference measurement error in the system-level simulation. The method can be summarized into the following steps.
1) Obtain a large number of samples (interference measurement errors) based on the multi-cell link-level simulator.
2) Based on the samples obtained in step 1, calculate the parameters (mean value and variance) of the Gaussian distribution.
3) In the system-level simulation, for each interference measurement scheme, a random Gaussian variable is generated as the interference measurement error based on the parameters obtained from step 2. Subsequently, the modeled error is added to the ideal interference measurement value as the measured interference.
Consider the current interference measurement scheme with 4RE ZP CSI-RS, the probability density functions of the actual interference measurement errors and the modeled errors are compared in Fig. A1. Based on the figure, we see that the results of our model agree well with the actual error.
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Figure A1 – PDF of the interference measurement error
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