3GPP TSG RAN WG1 62         







       R1-104474
Madrid, Spain, August 23 – 27, 2010
Source: 

Texas Instruments 
Title:
Views and Simulation Results on 4Tx Codebook Enhancement
Agenda Item:

6.3.3
Document for:
Discussion and Decision
1. Introduction

Feedback enhancement for 4Tx DL-MIMO has been rigorously discussed in the previous meetings. Agreements were reached in R1-102583 after RAN1#60bis such that 
· To improve MU-MIMO performance, feedback accuracy for 4Tx in Rel.10 should be enhanced by the framework defined in R1-101683 over Rel.8, provided that a sufficient performance advantage under realistic scenarios is achieved over currently Rel.8 feedback at least for MU-MIMO. 

· Otherwise, Rel.8 feedback is used. 

· Strive to use the same Rel.10 feedback principles for an enhanced 4Tx design and the new 8 Tx antenna design. 

As clearly spelled out, the enhancement targets some improvement in MU-MIMO under realistic scenarios in Rel.10.

Despite of the agreement the scope of “feedback accuracy” is quite unclear at this moment. Several possible interpretations of the “feedback accuracy” for improvements are summarized below from various contributions. However there is no converging view which should be the focus of our study.
· CQI accuracy, e.g., improved CQI definition for better MU pairing / link adaptation, multiple CQI feedback;
· PMI feedback content, e.g., multi-component PMI and multi-rank PMI feedback, for improving MU beamforming granularity and dynamic SU/MU switching;
· 4Tx codebook enhancements over Rel.8.
In this contribution, we focus on the codebook enhancement aspect for Rel.10. A 4Tx codebook enhancement design based on block diagonal grid-of-beam (BD-GoB) is proposed (see a companion contribution [20] for details) which follows the same design principle as the 8Tx codebook way for-ward [9] co-sourced by >10 companies. We provide extensive simulation results in realistic scenarios to compare Rel.8 codebook, the BD-GoB enhancement codebook [20], augmented codebook (Rel.8 HH codebook + BD-GoB enhancement) [20], and several other 4Tx codebook proposals [15]. The simulation results clearly show that 
· SU-MIMO: Rel-8 codebook either has the same or far more superior performance than other 4Tx enhancement proposal, including in dual-polarized antenna with large antenna spacing [7]. 
· MU-MIMO: The augmented codebook (Rel-8 + BD-GoB enhancements) provides some modest throughput gain in XPD 0.5L scenario. In other antenna configuration Rel-8 codebook still exhibits very competitive performance.  
Based on the simulation results, we propose RAN1 to adopt the following decisions to further progress the 4Tx codebook enhancement, to ensure timely completion and performance competitiveness of LTE-Advanced.
Proposal:

· For 4Tx codebook, decide on one of the following two options as an acceptable way forward:
· Alt 1 (slight preference): No enhancement over Rel.8 codebook for Rel.10

· Alt 2: Augment Rel.8 codebook by adding some BD-GoB components via the W=W1*W2 framework 
· Augmentation is limited to rank-1 (at most rank-2) where MU-MIMO is relevant
· Keep Rel.8 rank 3-4 codebook as is. 

· Further study CQI definition/accuracy and PMI feedback enhancement over Rel.8/9 (if possible in Rel.10 timeframe), e.g. 
· Enhanced CQI definition/feedback for MU [25, 31]
· Enhanced PMI feedback for MU [26, 27, 28, 30], e.g. multi-component PMI feedback [24], sub-band CQI subband PMI, multi-rank PMI feedback [21].
2. Codebook Enhancement Proposal
First, we note that three antenna setups should be considered with the first and the second taking the highest priority (see, e.g. [7]):

· 2 dual-polarized elements with (/2 spacing between two elements 

· 2 dual-polarized elements with 4( (larger) spacing between two elements
· Uniform linear array (ULA) with (/2 (half wavelength) spacing
Hence, good performance should be ensured for dual (cross) polarized antenna array, with both small and large spacing. 

As agreed in [1], the enhancement should simply focus on enhancing the MU-MIMO performance as the Rel.8 4Tx codebook was already designed to offer competitive performance for SU-MIMO (while keeping MU-MIMO in mind with the support of 8 DFT vectors in the rank-1 codebook). Based on this consideration, the 4Tx enhancement should focus on rank-1 and at most rank-2 where MU-MIMO becomes relevant. At the same time, the Rel.8 4Tx codebook should still be used at least for SU-MIMO. Keeping in mind that dynamic switching (switching without RRC configuration) between SU-MIMO and MU-MIMO is the baseline assumption for Rel.10, an eNB should be able to use the Rel.8 4Tx and the enhanced components interchangeably, i.e. the switching between the two components should be dynamic. Thanks to the agreed upon dual-stage feedback structure and in particular the W=W_1*W_2 structure in [1], this can be realized in a simple and natural manner. The enhanced component can be augmented or combined with the Rel.8 codebook as follows:
· The Rel.8 4Tx codebook is used as the codebook for W_2 and associated with W_1 = identity.

· When PMI_1 indicates that W_1 identity is chosen, CB_2 is chosen as the original Rel-8 codebook.

· Else, when PMI_1 indicates some other W_1, W_1 and CB_2 are chosen as the enhanced component. 
The above switching/augmentation mechanism features the following:

· Best possible 4Tx MU-MIMO codebook enhancement opportunity. This is because the optimization effort for the new components can be focused on improving MU-MIMO without the need for considering the SU-MIMO performance (which is covered by the Rel.8 4Tx codebook). Furthermore, the new components can be designed “from scratch” as the above augmentation mechanism with Rel.8 4Tx codebook can be done without constraining any of the structures of the new components. 

· Maintain best possible performance for 4Tx SU-MIMO without additional standardization effort. This comes from the use of Rel.8 4Tx codebook. It is noted that the Rel.8 4Tx codebook offers competitive performance in various antenna and channel setups including dual-polarized arrays as pointed out in, e.g. [11, 12] partly due to the inherent block diagonal structure in a number of the precoder matrices/vectors.

The details of the proposed design are given in the companion contribution [20] Section 2.1 and hence not repeated here for conciseness. 
It should be noted that a number of other 4Tx codebook enhancement proposals allow dynamic switching between the enhanced components and the Rel.8 4Tx codebook as it allows some level of reusing the Rel.8 4Tx codebook. However, we believe that the above augmentation offers additional advantages over some other proposals:

· Compared to the W2W1 structure in, e.g. [15] where the Rel.8 4Tx codebook is used as W1, the above augmentation procedure (based on W1W2) allows the Rel.8 4Tx codebook to be used for short-term and/or sub-band precoding since it is associated with W2. This is not possible in [15] which is expected to compromise the performance in less correlated scenarios such as the cross-polarized 4 spacing setup advocated in [7] (as sub-band precoding offers higher gain when the channel is richer in scattering). 

· Compared to the adaptive codebook structure in, e.g. [14] where W1 performs some additional transformation on the Rel.8 4Tx codebook (which is W2), the above augmentation procedure allows more freedom in designing the composite precoders as W2 is not constrained to be the Rel.8 4Tx precoders for the enhanced codebook components. 

3. Link-Level Simulation Results
Extensive simulation results are provided in this section assuming realistic scenarios such as:

· 4-bit CQI quantization per TS 36.213 
· CSI estimation error based on the agreed upon CSI-RS patterns in RAN1#61b 
· CSI measurement and feedback delays
The following codebooks are compared:
· Rel.8 codebook (for rank-1, this includes 8 DFT vectors for SU/MU beamforming and 8 Grassmanian-type components)
· BD-GoB only (w/ non-overlapping and overlapping beams):  N = 8 (8 adjacent DFT beams with 4x oversampling), Nb = 4. 

· The choice of (N,Nb)=(8,4) was made to obtain the best performance for the 4Tx BD-GoB design with the lowest possible overhead. Furthermore, we observed that N=16 does not provide any visible gain over N=8.
· Augmented codebook: Rel.8 CB + BD-GoB 
· Samsung codebook in [15] (3-bit W2)
Optimal exhaustive search is used to obtain the wideband W1 and subband W2 feedback. As a comparison, low-complexity sub-optimal precoder selection is also evaluated in the appendix, where a similar performance trend is observed. 
3.1. SU-MIMO Evaluation 

Simulation results for rank 1-2 codebook in SU-MIMO precoding are provided in Figs. 1-3. Cross-polarized antenna (0.5( and 4( spacing) and co-polarized antenna (0.5( spacing) are evaluated. Simulation assumptions are inline with the agreement in [19], shown in Table 4. 
We draw the following conclusions from the simulation results

· SU-MIMO: Rel.8 codebook provides the best performance 
· In co-polarized antenna setup (ULA, 0.5(), all codebook perform the same. Due to the high antenna correlation frequency-selective precoding does not provide much gain over wideband precoding and the optimal precoder remains constant over the system bandwidth. 
· In cross-polarized setup with small antenna spacing (XPD, 0.5(), Rel-8 codebook has the best performance. This is expected because in the uncorrelated channel frequency-selective precoding with Rel.8 HH codebook (W2) is able to exploit the frequency-selective precoding gain, whereas alternative Samsung design limits Rel.8 CB to wideband precoding (W_1) and fails to reap the subband precoding gain. Augmenting Rel-8 codebook with BD-GoB component does not provide performance improvements. This is also expected due to the extra non-GoB (Grassmanian-type) components in the Rel.8 codebook. Note that the Rel.8 codebook was also rigorously optimized for cross-polarized antenna array (e.g. pointed out in [11, 12]). This explains the competitive performance of the Rel.8 codebook in cross-polarized scenarios.
· In cross-polarized setup with large antenna spacing (XPD 4(), Rel.8 codebook significantly outperforms other codebook enhancement proposals, mainly due to the 8 Grassmanian-type components in the Rel.8 codebook. Because of the low antenna correlation and higher frequency-selective precoding gain, the performance gain of Rel.8 over the W2W1 design (which restricts Rel.8 codebook to wideband W1 [7]) is more significant. 

· Overall, abandoning Rel.8 codebook seriously jeopardizes 4Tx SU-MIMO performance particularly in XPD 4L channel.
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Fig. 1: SU-MIMO: ULA  0.5( spacing
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Fig. 2: SU-MIMO: XPD  0.5( spacing
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Fig. 3: SU-MIMO: XPD  4( spacing 

3.2. MU-MIMO Evaluation 

Simulation results for MU-MIMO are provided in Figs. 4-6, assuming two UE pairing with 1-layer per user. 
· MU-MIMO:  Rel-8 codebook still exhibits very competitive performance in many cases, except in XPD 0.5( antenna setup where the augmented codebook (Rel.8 + BD-GoB) provides some gain.
· In co-polarized antenna setup (ULA, 0.5L), all codebooks perform similarly. Having BD-GoB augmentation to Rel.8 codebook does not provide visible performance benefits since Rel.8 codebook already contains 2x oversampled 4Tx DFT vectors which reap most of the MU beamforming gain. 

· In cross-polarized setup with small antenna spacing BD-GoB augmentation provides modest performance improvements (4-5% gain) over Rel.8 in medium-to-high geometries, where Rel.8 codebook is still the most competitive design in low geometry range. Both outperform the alternative W=W2W1 design ([7]). 
· In cross-polarized setup with large antenna spacing (XPD 4L), Rel.8 codebook is the most competitive design. Rel.8 codebook with BD-GoB augmentation has limited gain over Rel.8 codebook itself.  Both outperform the alternative Samsung codebook (W = W2W1) that limits Rel.8 CB to wideband precoding (W1) and loses the frequency-selective precoding gain.
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Fig. 4: MU-MIMO: ULA  0.5( spacing  


Fig. 5: MU-MIMO: XPD  0.5( spacing
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Fig. 6: MU-MIMO: XPD  4( spacing

For BD-GoB enhancement component, throughput gain is observed from the overlapping design compared to the non-overlapping design (W1).  The gain is more significant in MU-MIMO (0.5-0.6 dB) than in SU-MIMO (0.1-0.2 dB).
3.3. Discussion 
The following conclusions are drawn from the simulation results.
· Rel-8 codebook shows a very competitive performance overall with realistic scenarios taken into account such as CSI measurement error and 4-bit CQI quantization per TS 36.213. For SU-MIMO, Rel.8 codebook provides the best performance in all deployment scenarios, especially for dual-polarized setup with large antenna spacing where the Grassmanian-type components in Rel.8 codebook is very important. Abandoning Rel.8 codebook will severely jeopardize 4Tx SU performance in this important deployment [7].
· Modest performance gain (4-5%) in XPD 0.5L at higher geometry are observed with GoB augmented Rel.8 codebook for MU-MIMO. If such gain is considered important in practical field deployment of MU-MIMO considering the realistic cell load and data traffic, BD-GoB-augmented Rel.8 codebook described in this contribution is considered an appropriate enhancement scheme for Rel.10 4Tx.
4. System-Level Simulation Results
Performance of 4x2 DL MU-MIMO is provided in this section. To evaluate the performance under realistic assumption, CSI feedback is compliant with the PUSCH reporting mode 1-2 (subband PMI, wideband CQI) and mode 3-1 (subband CQI, wideband PMI) with 4-bit CQI quantization per TS 36.213. As a comparison, we also provide the performance of mode 3-2 with subband CQI and subband PMI although this mode is currently not supported in LTE. The purpose is to assess the potential performance gain by simply extending the CSI reporting mode (3-2), while maintaining the feedback codebook. 

Dynamic SU/MU switching based on PF scheduling is applied, 10 users per cell with full-buffer traffic. A maximum of two UEs are paired with 1-layer per UE in case of MU-MIMO transmission is being scheduled. Regularized ZF-BF is used with regularization factor optimized based on the UE geometry.  Details of beamforming and rate adaptation can be found in a previous contribution [9]. Multi-PMI report is assumed in this contribution, where when the UE recommended rank RI > 1, a rank-1 PMI/CQI is supplemented to the CSI report to facilitate dynamic SU/MU switching (rank-1 per UE SU-MIMO, rank-1 per UE MU-MIMO, rank-2 per UE SU-MIMO) with better scheduler flexibility.
Table 1: 4x2 MU-MIMO, 15° ULA 0.5L
	
	
	Rel-8 HH codebook
	BD-GoB, with (N, Nb)= {8,4} adjacent overlapping
	Rel.8 HH + 

BD-GoB
	Samsung w/ 3-bit W2 [15]

	Mode 1-2
	Average SE
	1.739
	1.745 (0.4%)
	1.745 (0.4%)
	1.751 (0.7%)

	
	5% SE
	0.021
	0.020 (-4.7%)
	0.021(0.0%)
	0.022 (4.7%)

	Mode 3-1
	Average SE
	1.999
	2.027 (1.4%)
	2.061 (3.1%)
	2.132 (6.7%)

	
	5% SE
	0.029
	0.031 (6.9%)
	0.031 (6.9%)
	0.031 (6.9%)

	Mode 3-2
	Average SE
	2.029
	2.045 (0.8%)
	2.103 (3.7%)
	2.140 (5.4%)

	
	5% SE
	0.030
	0.031 (3.3%)
	0.031 (3.3%)
	0.032 (6.7%)


Table 2: 4x2 MU-MIMO, 15° XPD 0.5L
	
	
	Rel-8 HH codebook
	BD-GoB, with (N, Nb)= {8,4} adjacent overlapping
	Rel.8 HH + 

BD-GoB
	Samsung 3-bit W2 [15]

	Mode 1-2
	Average SE
	1.146
	1.213 (5.9%)
	1.229 (7.2%)
	1.189 (3.7%)

	
	5% SE
	0.018
	0.019 (5.5%)
	0.019 (5.5%)
	0.019 (5.5%)

	Mode 3-1
	Average SE
	1.526
	1.542 (1.1%)
	1.545 (1.3%)
	1.587 (4.0%)

	
	5% SE
	0.027
	0.029 (7.4%)
	0.029 (7.4%)
	0.029 (7.4%)

	Mode 3-2
	Average SE
	1.570
	1.587 (1.1%)
	1.588 (1.1%)
	1.618 (3.1%)

	
	5% SE
	0.030
	0.030 (0.0%)
	0.030(0.0%)
	0.030(0.0%)


Under realistic scenario, codebook enhancement only introduces limited performance improvement (2-6%). Also note that such gain is observed in a highly MU friendly channel (10 users per cell, full-buffer traffic). On the other hand in low loaded cell or uncorrelated channel, the gain of codebook enhancement is expected to be much smaller (if not vanishing at all) because SU-MIMO transmission is more frequently scheduled It is our view that 4Tx codebook enhancement does not appear justified due to the lack of sufficient gain under realistic conditions [5].
On the other hand, we observed that by simply extending the PUSCH reporting mode 3-1 to mode 3-2, performance improvements are observed in Table 3 for MU-MIMO.  For SU-MIMO it is expected that the gain will be even more significant because the multiuser spatial diversity from MU beamforming is absent and the subband precoding gain from mode 3-2 becomes more prominent. It shall be noted that mode 3-2 was indeed one of the CSI reporting mode discussed in Rel.8, but was later removed due to the Rel.8 timeline. If 4Tx feedback enhancement is considered critical for 4Tx, mode 3-2 may be considered as a simple and effective means to improve 4Tx CSI accuracy in Rel.10. 
Table 3: Performance gain Mode 3-2 vs. Mode 3-1 w/ Rel.8 codebook
	ULA 0.5L
	cell –average
	1.5%

	
	cell-edge (5%)
	3.5%

	XPOL 0.5L
	cell-edge
	2.9%

	
	cell-edge (5%)
	11.1%


5. Conclusion

In this contribution, a 4Tx codebook enhancement proposal based on the dual-stage precoding with W=W1W2 detailed in the companion contribution [20] was thoroughly studied. In summary:
· Extensive simulation results are provided in realistic simulation scenarios which suggest that 4Tx codebook enhancement is difficult to justify 

· SU-MIMO: Rel-8 codebook shows the best performance, especially in dual-polarized antenna with large antenna spacing. 
· MU-MIMO: Block diagonal grid-of-beam (BD-GoB) augmentation to Rel-8 codebook provides modest performance gain in dual-polarized antenna with 0.5L spacing. In other cases, Rel-8 codebook remains competitive. 

· If, however, 4Tx codebook enhancement is considered “necessary”, the target is to enhance MU-MIMO performance with some new BD-GoB precoders for rank-1 and at most rank-2. The new BD-GoB precoders are augmented to the existing Rel.8 4Tx codebook via the use of dual-stage W=W1W2 structure (see [20] for further details on the design). 
· For rank-1 and (perhaps) rank-2, 
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· Further study CQI definition/accuracy and PMI feedback enhancement over Rel.8/9 (if possible in Rel.10 timeframe), e.g. 

· Enhanced CQI definition/feedback for MU [25, 31]

· Enhanced PMI feedback for MU [26, 27, 28, 30], e.g., multi-component PMI feedback [24], subband CQI and subband PMI, multi-rank PMI feedback [21].
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Appendix: Comparison of precoder selection 

In this section we compare the two following precoder selection algorithms: 
· Optimal exhaustive search: the wideband W1 and subband W2 are jointly determined.

· For each rank, for each W1, determine the optimal subband W2 based on subband throughput

· Determine the optimal wideband W1 for each rank based on wideband throughput
· Determine the optimal subband W2 correspondingly.

· Suboptimal two-stage precoder selection

· For each rank, determine the wideband W1 assuming wideband W2 
· Once W1 is selected, determine subband W2 correspondingly
In Figs. 7 – 8, it is observed that the optimal exhaustive search and suboptimal two-stage search perform very close to each other.  Note that various suboptimal algorithms are available, and this paper only studies a single exemplary suboptimal precoder selection method to show that a well designed approach performs close to the exhaustive search. The exact precoder selection (optimal vs. suboptimal) is a UE implementation choice. 
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Fig. 7: Optimal exhaustive search  



        Fig. 8 Suboptimal two-stage search

Table 4: Link-level Simulation Assumption for SU-MIMO

	Parameter
	Assumption

	UE dropping
	1 UE randomly dropped in a cell

	Bandwidth
	10 MHz

	Antennas Configurations
	eNB: 8TX  XPD (0.5L or 4L) and ULA (0.5L)

UE: XP with cross-polarized antennas (2/4 elements) or ULA with 2/4 co-polarized antennas, 0.5L spacing.

	UE Speed
	3 kph

	Channel model
	3GPP Case1 with SCM system-level channel model, urban macro high spread

	CSI periodicity
	5 ms

	PMI granularity for W2
	5RB

	PMI granularity for W1
	wideband

	Rank adaptation
	Enabled

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	HARQ
	Chase combining, maximum 3 retransmissions

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE


Table 5: Link-level Simulation Assumption for MU-MIMO

	Parameter
	Assumption

	Antennas Configurations
	eNB: 8TX  XPD and ULA (0.5L)

UE:   2RX with 0.5L, same polarization with eNB (XPD or ULA)

	Channel Model
	3GPP SCM urban macro with high-spread 

	CSI report
	Rank-1 CQI/PMI 

	CSI periodicity
	5 ms

	PMI granularity for W2
	5RB

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Post-BF CQI prediction
	Rank-1 CQI scaled according to the rank-1 PMI report and regularization factor. More details available in [9].

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE 

	Number of UEs
	2

	Number of layer per UE
	1


Table 6: System simulation assumption

	Parameter
	Assumption

	System bandwidth
	10MHz

	Antennas Configurations
	eNB: 8TX  XPD and ULA (0.5L)

UE:   2RX with 0.5L, same polarization with eNB (XPD or ULA)

	eNB antenna downtilt
	15°

	Channel Model
	3GPP SCM urban macro with high-spread (15°)

	CSI report
	Rank-1 CQI/PMI 

	CSI periodicity
	5 ms

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Post-BF CQI prediction
	Rank-1 CQI scaled according to the rank-1 PMI report and regularization factor. 

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE 

	Number of UEs
	2

	Number of layer per UE
	1

	SU/MU switching
	Dynamic
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