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1. Background
It was agreed in RAN1#72 to use W=W1W2 structure for 4Tx feedback for DMRS-based transmission modes. In RAN1#72bis, a host of working assumptions was agreed for rank-1/2 codebook design of 4Tx. A total of 16 codebook proposals were submitted on the RAN1 email reflector. Analysis of these proposals is provided in a companion contribution [15].

In this contribution we provide our performance evaluation of these codebooks.    
2. Link-level Evaluation
Considering the limited timeline between RAN1#72bis and RAN1#73, and the sheer number of proposals, system-level evaluation of every codebook is challenging. Therefore we begin with link-level evaluation to have an initial examination of the codebook performance before proceeding to full-fledged system-level evaluation. As opposed to system-level evaluation that involves many proprietary implementation factors and is difficult to calibrate, link-level simulation provides much more clear and straightforward insights of the codebook performance. 
Simulation assumptions are compliant with the agreed system-level assumptions:

· ITU urban macro, 80% indoor, 20% outdoor ratio
· Users dropped randomly and uniformly 
· channel estimation modeled

· 4-bit CQI per 36.213,  including wideband CQI and subband differential CQI
· PUSCH mode 3-2, where at any feedback instance, all subband W(s) are associated with a common W1 matrix.

2.1. SU-MIMO without timing misalignment
Fig. 1 provides the average throughput of rank-1/2 codebooks. The relative performance gain over Rel.8 codebook is depicted in Fig.2 for comparison. From the simulation results, it is observed that the gain of new 4Tx codebook over Rel.8 codebook is monotonically decreasing with the average SNR. In particular, at very low SNR range, the maximum observed gain of codebook enhancement is upper-bounded by approximately 5%.  At SNR increases (e.g. FTP traffic with lightly loaded cell), the gain rapidly decreases and falls to the negative range. This is well aligned with our understanding that precoding gains decrease as the SNR (or channel rank) increases. 

Conclusion: 

· Gain of codebook enhancement is upper-bounded by 5%.

· Gain of codebook enhancement monotonically decreases as average SNR increases.
· At medium to high SNR range (e.g. FTP traffic with lightly loaded cell), no gain is observed from new rank-1/2 codebook.
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Fig. 1: Spectral efficiency, XPD 0.5L     
                 Fig. 2: Gain over Rel.8 codebook, XPD 0.5L

2.2. SU-MIMO with timing misalignment

The underlying premise of GoB codebook is that there exists a wideband correlation matrix which can be well quantized by the first W1 matrix. This assumption may be valid for closely-spaced antenna and/or perfect timing misalignment. However with widely-spaced antenna or timing misalignment (TAE), the validity of GoB models breaks apart as there does not exist a single W1 matrix that properly reflects the wideband channel. Past evaluations showed that GoB codebook could be inferior to Rel.8 codebook in this scenario (cf. [17, 20]).
In this section we compare different rank-1/2 codebooks against the Rel.8 codebook with properly modeled TAE. The per-antenna timing error is modeled as an independent Gaussian random variable (cf. [21]). The average throughput as well as the relative performance against Rel.8 is plotted in Fig.3 and Fig.4, respectively. From these results we come to the following observation.

Conclusion: 

· GoB codebook is degraded more significantly than Rel.8 codebook when TAE is modeled. This was also evidenced by results in RAN1#72bis (cf. [17, 20]).
· Some codebooks are more robust against TAE than others. These slightly more robust GoB codebooks comprise multiple distributed DFT beams scattered over the [0,360] AoD subspace. As discussed in [15], this distributed W1 structure may cover a wider angular spread range and less sensitive to the main AoD angle perturbation caused by TAE. However in this scenario, since Rel.8 codebook is more robust, it’s unclear if a new rank-1/2 codebook is technically justified. 
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Fig. 3: Spectral efficiency, XPD 0.5L     
                 Fig. 4: Gain over Rel.8 codebook, XPD 0.5L

3. System-Level Evaluation

3.1. Full-buffer traffic

System evaluation with full-buffer traffic and dynamic SU/MU switching is provided in this section, without TAE in Table 1 and with TAE in Table 2. For SU-MIMO, full-rank adaptation up to 2 layers is applied. For MU-MIIMO, two users are multiplexed with 1-layer each.  It is worth noting that having 10 fully-loaded users per cell is extremely MU-MIMO friendly and represents the best-case scenario for codebook enhancements. The following observations are noted from Table 1-2: 

Conclusion:
· Without TAE modeled, the gains from codebook enhancements are overall limited (e.g. <3% for cell-average throughput, and <5% for cell-edge throughput). TI alternative 1, CATT, Samsung Alt-2, and Renesas’ codebooks overall offer the most competitive performance.
· With TAE modeled, gain of codebook enhancement basically disappears, which matches our expectation that GoB codebook is more sensitive to timing misalignment error. Several codebook proposals are noticeably worse than the Rel.8 codebook. In this scenario, Rel.8 codebook can be configured.
Table 1: Full-buffer traffic spectral efficiency (without TAE), 4x2 SU/MU-MIMO
	Codebook
	cell-average SE
	cell-average gain
	cell-edge SE
	cell-edge gain

	Rel.8
	1.7081
	0.0%
	0.0571
	0.0%

	TI alt-1
	1.7553
	2.8%
	0.0593
	3.9%

	TI alt-2
	1.7416
	2.0%
	0.0592
	3.7%

	Ericsson
	1.7492
	2.4%
	0.0588
	2.9%

	CATT
	1.7538
	2.7%
	0.0595
	4.2%

	NNSN alt-1
	1.7373
	1.7%
	0.0587
	2.8%

	NNSN alt-2
	1.7361
	1.6%
	0.0586
	2.6%

	ALU
	1.7413
	1.9%
	0.0588
	2.9%

	Samsung Alt-1
	1.7538
	2.7%
	0.0595
	4.2%

	Samsung Alt-2
	1.7514
	2.5%
	0.0600
	5.0%

	Renesas
	1.7561
	2.8%
	0.0596
	4.3%


Table 2: Full-buffer traffic spectral efficiency (with TAE), 4x2 SU/MU-MIMO
	Codebook
	cell-average SE
	cell-average gain
	cell-edge SE
	cell-edge gain

	Rel.8
	1.6789
	0.0%
	0.0545
	0.0%

	TI alt-1
	1.6888
	0.6%
	0.0552
	1.3%

	TI alt-2
	1.6868
	0.5%
	0.0553
	1.4%

	Ericsson
	1.6785
	-0.02%
	0.0545
	0.0%

	CATT
	1.6933
	0.8%
	0.0561
	2.8%

	NNSN alt-1
	1.6776
	-0.1%
	0.0549
	0.7%

	NNSN alt-2
	 1.6784
	-0.03%
	0.0552
	1.2%

	ALU
	 1.6927
	0.8%
	0.0560
	2.7%

	Samsung Alt-1
	1.6955
	0.9%
	0.0554
	1.6%

	Samsung Alt-2
	1.6919
	0.7%
	0.0555
	1.6%

	Renesas
	1.6965
	1.0%
	0.0561
	2.8%


3.2. FTP traffic

The same codebooks are compared in FTP traffic mode 1 with 2.5user/second arrival rate and 0.5Mbyte packet size, with results summarized in Tables 3- 4. Overall, a similar performance trend as in full-buffer traffic is observed. 
Conclusion: 

· Without TAE, enhanced codebooks have limited gain over Rel.8 codebook, where the gain is less than 3% for average user perceived throughput, and upper bounded by 6% for cell-edge user perceived throughput. 
· With TAE, codebook enhancement gains basically disappear. Some codebooks are worse than Rel.8 codebook.
Table 3: FTP user perceived throughput (without TAE), 4x2, XPD 0.5L

	Codebook
	Average UPS
	Gain
	50% UPS
	Gain
	5% UPS
	Gain

	Rel.8
	2.042
	0.0%
	1.766
	0
	0.428
	0

	TI alt-1
	2.079
	1.8%
	1.810
	2.5%
	0.455
	6.3%

	TI alt-2
	2.069
	1.3%
	1.787
	1.2%
	0.442
	3.2%

	Ericsson
	2.071
	1.4%
	1.791
	1.4%
	0.443
	3.4%

	CATT
	2.097
	2.7%
	1.829
	3.6%
	0.456
	6.5%

	NNSN alt-1
	2.077
	1.7%
	1.777
	0.6%
	0.450
	5.2%

	NNSN alt-2
	2.082
	2.0%
	1.787
	1.2%
	0.442
	3.2%

	ALU
	2.071
	1.4%
	1.777
	0.6%
	0.449
	5.0%

	Samsung Alt-1
	2.085
	2.1%
	1.797
	1.8%
	0.457
	6.8%

	Samsung Alt-2
	2.078
	1.8%
	1.787
	1.2%
	0.453
	5.9%

	Renesas
	2.075
	1.6%
	1.787
	1.2%
	0.449
	4.9%


Table 4: FTP user perceived throughput (with TAE), 4x2, XPD 0.5L

	Codebook
	Average UPS
	Gain
	50% UPS
	Gain
	5% UPS
	Gain

	Rel.8
	2.037
	0.0%
	1.764
	0.0%
	0.427
	0.0%

	TI alt-1
	2.010
	-1.3%
	1.722
	-2.4%
	0.420
	-1.5%

	TI alt-2
	2.037
	0.0%
	1.742
	-1.2%
	0.428
	0.3%

	Ericsson
	1.984
	-2.6%
	1.671
	-5.3%
	0.406
	-4.9%

	CATT
	2.059
	1.1%
	1.788
	1.3%
	0.447
	5.0%

	NNSN alt-1
	2.030
	-0.3%
	1.754
	-0.6%
	0.424
	-0.8%

	NNSN alt-2
	2.035
	-0.1%
	1.754
	-0.6%
	0.428
	0.3%

	ALU
	2.053
	0.8%
	1.754
	-0.6%
	0.428
	0.2%

	Samsung Alt-1
	2.049
	0.6%
	1.754
	-0.6%
	0.435
	2.6%

	Samsung Alt-2
	2.048
	0.5%
	1.764
	0.0%
	0.436
	2.4%

	Renesas
	2.043
	0.3%
	1.764
	0.0%
	0.432
	1.3%


4. Conclusions

In this contribution we provided our evaluation results of various rank-1/2 proposals. Based on the results, we have the following observations and conclusions.
Observations and Conclusions:

· Link-level evaluation

· Gain of new codebook is upper-bounded by 5%.

· Gain of new codebook monotonically decreases as SNR increases. 
· At medium to high SNR range (e.g. FTP with lightly loaded cell), no gain is observed from new rank-1/2 codebook.
· When timing misalignment is modeled, performance of GoB codebook is degraded more significantly compared to Rel.8 codebook. 
· System-level evaluation (full-buffer and non-full-buffer)
· Without TAE, enhanced codebooks have limited gain over Rel.8 codebook, where the gains are in the range of 2-3% for cell-average throughput and 5-6% for cell-edge users. TI alternative 1, CATT, Samsung Alt-2, and Renesas codebooks overall offer the most competitive performance.
· With TAE, gain of codebook enhancement practically disappears, due to the fact that GoB codebook is more sensitive to timing error. In this case, Rel.8 codebook can be configured. 
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Appendix: simulation assumption

Table 5: Simulation assumptions

	Parameter
	Value

	Cellular layout
	Hexagonal grid with wrap around, 19 sites, 3 sectors per site, 500m ISD

	System bandwidth
	10MHz

	Deployment scenario
	Scenario A:  homogenous macro-only

	Antenna configuration
	4 Tx x-pol (-45o, 45o) at macro/LPN
2 Rx x-pol (0o, 90o) at UE

	Antenna spacing
	0.5 lambda at eNB and UE

	Number of UEs per cell
	10 UE dropped per macro area for full-buffer traffic

	Indoor / outdoor distribution
	20% outdoor, 80% indoor

	Channel model
	ITU urban macro with indoor/outdoor dropping

	Carrier frequency
	2.00 GHz

	MIMO adaptation
	dynamic SU/MU switching

	Transmission scheme
	MU-MIMO with maximum 2 UE, 1 layer per UE

	MU-MIMO scheme
	regularized zero-forcing beamforming

	Link adaptation 
	non-ideal

	Receiver
	MMSE IRC

	Feedback
	PUSCH mode 3-2, 6 PRB CQI subband, wideband W1, subband W2,

4-bit CQI quantization per TS 36.213

	Feedback periodicity
	5 ms

	Feedback delay 
	5 ms

	CSI-RS measurement error
	modelled

	Flash light effect
	modelled in all cells

	Traffic model
	full buffer or FTP mode 1

	HARQ
	max 5 retransmission, Chase combining

	Time misalignment error (TAE)
	see [21]


























































































































































































































