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1 Introduction
In the RAN1 72 email discussion [72-11], different companies submitted about twenty proposals for enhancing the existing 4Tx codebook [1-19]. Since the proposed schemes were simulated on different platforms, it is hard to compare them and understand the pros/cons of them. To make a fair comparison between these codebooks, we simulated them using the same system level simulator and the same assumptions that were agreed in [71-12], and present the results in this contribution.
2 Full Buffer Performance Comparison
A good scheme should perform well in all important antenna configurations and traffic patterns and be robust to implementation mismatches. Among various antenna configurations, small and large spaced cross-polarized antennas are two important configurations for both macro eNB and low power node [20]. Particularly, the large spaced cross-polarized antenna configuration is of great interest to some operators [21]. In addition, uniform linear array is another important configuration for low power node. Since the low power node is expected to be widely used by small cell in future networks, all the three antenna configurations should be taken into account for improving the 4Tx codebook. 
Although the agreed assumptions [71-12] are fairly complete, the tolerance of implementation mismatches is missing. In reality, there always exists some imperfection in the antenna array implementation such as timing offset across the antennas. A good codebook should be robust to such implementation issues for being practical. To our knowledge, RAN1 has never agreed on a model for modeling the antenna implementation errors. However, this topic was discussed in the past and some models were proposed [22]. In order to test under realistic non-ideal conditions, we also tested the proposed codebooks with the timing misalignments in [22]. Figures 1-4 below compare different codebook proposals in terms of the cell average throughput and cell edge throughput under three antenna configurations and with and without timing misalignments. The traffic model is full buffer in the next four Figures and we will compare the codebooks again using FTP traffic model in the next section.
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Figure 1, Full buffer throughput comparison for small spaced cross polarized antennas, 80% indoor
Observation 1: Almost all codebooks outperform Rel. 8 codebook for small spaced cross-polarized antennas with perfect timing alignment.
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Figure 2, Full buffer throughput comparison for large spaced cross polarized antennas, 80% indoor

Observation 2:  Four codebooks perform worse than Rel. 8 codebook for large spaced cross-polarized antennas with perfect timing alignment.
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Figure 3, Full buffer throughput comparison for uniform linear array, 80% indoor

Observation 3:  Only four codebooks outperform Rel. 8 codebook for uniform linear array with perfect timing alignment.
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Figure 4, Full buffer throughput comparison for small spaced cross polarized antennas with timing misalignment, 80% indoor

Observation 4:  About half of the codebooks outperform Rel. 8 codebook for small spaced cross-polarized antennas with timing misalignments.

In the comparisons with various antenna configurations and with or without timing misalignments using full buffer traffic model, Intel codebook [3] consistently performs well and is in the top two of every category and has the best overall performance among all the codebooks.
3 FTP Performance Comparison
In this section we compare the codebooks using FTP traffic model (type one) defined in [23]. Since the performance gain may vary with the system load, we use two agreed load points 2.5 packets/cell/second and 4 packets/cell/second to evaluate each codebook proposal. For Intel proposal in [3], we simulated two PMI search schemes. One is the method used by other companies’ denoted as “Intel” and the other is based on the MUPMI criterion [23] denoted by “Intel MUPMI”. The system level performances for various codebooks using FTP traffic model are listed in Figures 5-8.
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Figure 5, FTP throughput (λ=2.5) comparison for small spaced cross polarized antennas, 80% indoor

Observation 5: As in the full buffer traffic model, almost all codebooks outperform Rel. 8 codebook for small spaced cross-polarized antenna.
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Figure 6, FTP throughput (λ=2.5) comparison for large spaced cross polarized antennas, 80% indoor

Observation 6: Half of the codebooks perform worse than Rel. 8 codebook for large spaced cross polarized antenna.
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Figure 7, FTP throughput (λ=4) comparison for small spaced cross polarized antennas, 80% indoor

Observation 7: As in the low traffic load with small spaced antennas, almost all codebooks outperform Rel. 8 codebook.

[image: image18.emf]0 500 1000 1500 2000 2500 3000

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Samsung  98.84%

ALU  98.90%

ZTE  99.82%

Broadcom  99.94%

Rel.8 100.00%

LGE 100.29%

MotM 102.40%

TI 102.46%

CATT 102.52%

Renesas 102.77%

Ericsson 102.89%

Intel 103.45%

DoCoMo 105.36%

Intel MUPMI 111.48%

%5-ile throughput (kbps)

[image: image19.emf]0 1000 2000 3000 4000 5000 6000 7000 8000 9000

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Samsung  97.38%

ALU  97.57%

LGE  98.49%

CATT  99.43%

Rel.8 100.00%

Broadcom 100.00%

Renesas 100.00%

Ericsson 100.58%

ZTE 100.58%

MotM 101.96%

TI 102.36%

DoCoMo 102.76%

Intel 103.78%

Intel MUPMI 104.41%

%50-ile throughput (kbps)

 [image: image20.emf]0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Rel.8 100.00%

Samsung  99.49%

Ericsson  99.29%

LGE  98.38%

CATT  97.53%

Renesas  97.52%

TI  97.21%

ZTE  96.47%

DoCoMo  96.11%

Broadcom  95.88%

ALU  95.68%

Intel  94.39%

MotM  94.14%

Intel MUPMI  92.46%

resource utilization


Figure 8, FTP throughput (λ=4) comparison for large spaced cross polarized antennas, 80% indoor

Observation 8: Four codebooks perform worse than Rel. 8 codebook for large spaced antennas.

It is seen from the plots that almost all of the codebooks outperform Rel. 8 codebook for small spaced antennas but only about half of them do it again for large spaced antennas. With the same PMI search scheme, Intel codebook stays in the top two in all the codebooks except it is at the fourth place in one category. With the new MUPMI search scheme, Intel codebook consistently outperforms the others in all categories. 
4 Summary of Results
Based on the results, most of the codebook schemes outperform Rel. 8 codebook for small spaced antennas. However, only some of them outperform the existing Rel. 8 codebook when tested in two key antennas configurations: large spaced cross-polarized antennas and uniform linear array. The codebooks also behave differently with respect to Rel. 8 codebook in two traffic models. In addition, some of them are sensitive to the timing misalignment in the actual array. Since the comparisons are along three vectors: antenna configuration, traffic model, timing misalignment, the overall winner may be hard to find. For the ease of comparison, we may just compare the proposed codebooks to the existing Rel. 8 codebook since the new codebook is targeted specifically for improving the existing Rel. 8 codebook. A table is generated below. 
Table 1, Comparison against Rel. 8 codebooks scheme
	
	Small spaced X-Pol, full buffer, perfect timing
	Large spaced X-Pol, full buffer, perfect timing
	Uniform linear array, full buffer, perfect timing
	Small spaced X-Pol, FTP λ=2.5, perfect timing
	Large spaced X-Pol, FTP λ=2.5, perfect timing
	Small spaced X-Pol, FTP λ=4, perfect timing
	Large spaced X-Pol, FTP λ=4, perfect timing
	Small spaced X-Pol, full buffer, timing misalignment
	No. of passes over Rel. 8 codebook bar

	ALU
	√
	
	
	√
	
	√
	
	
	3

	AT&T
	√
	√
	
	
	
	√
	√
	
	4

	Broadcom
	√
	
	√
	√
	
	√
	
	
	4

	CATT
	√
	√
	
	√
	
	√
	
	√
	5

	DoCoMo
	√
	√
	
	√
	√
	√
	√
	√
	7

	Ericsson
	√
	√
	
	√
	
	√
	√
	
	5

	Intel
	√
	√
	√
	√
	√
	√
	√
	√
	8

	LGE
	√
	
	√
	√
	
	√
	
	
	4

	MotM
	
	√
	
	√
	√
	
	√
	√
	5

	Renasas
	√
	√
	
	√
	
	√
	√
	√
	6

	Samsung
	√
	
	
	√
	
	√
	√
	
	4

	TI
	√
	√
	
	√
	
	√
	√
	√
	6

	ZTE
	√
	√
	√
	√
	
	√
	
	
	5


4 Conclusion
In this contribution we compared most of the codebook proposals received in email discussion [72-11]. It provides the most comprehensive and consistent simulation results so far in the contributions because it uses the same simulator simulating twelve codebook schemes with three key antenna configurations, two traffic models, and two timing misalignments. Since the study item is to improve upon the Rel. 8 codebook, it is critical for the proposed codebook scheme to achieve consistent and robust gains over the Rel. 8 codebook. Based on all the data we have, only Intel’s codebook meets this goal as seen in the most right column of Table 1. Therefore, we propose the below:
Proposal: Adopt the 4Tx codebook proposal in [3].
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