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1 Introduction
In this contribution we provide evaluation results and analysis for the new 4Tx codebook designs for UE supporting two layer MIMO receptions. 
2 Codebook design principles
In this section, we discuss the channel for which the codebook should be designed and it gives some further background and motivation to the design choices we made in our codebook submission [1]. First of all, it is observed that for the cross-polarized antenna setup, which is of particular interest in this work item, there are only 2 antenna ports in the correlated domain (same polarization), meaning that the beam width is doubled compared to the 8Tx codebook. Hence, the benefit of using W2 for a per subband selection among a set of 4 adjacent and narrowly spaced beams is likely to be much less in this 4Tx case due to the small effective antenna aperture. It should be noted that the HPBW for 3GPP model antennas is 70 degrees so it probably inefficient use of feedback bits to use W1 with a large set of closely spaced beams from a 2 TX array with use W2 to select between those. 
In addition, this work item should in addition to closely spaced antennas also consider widely spaced antennas, leading to a less correlated MIMO channel. Hence, being able to use W2 to select between beams with larger or orthogonal spacing is likely beneficial in such channels with low correlation. 
Moreover, there has been a discussion on time alignment errors between antennas, which would lead to a progressive phase increment between antennas across the system bandwidth and it could therefore beneficial to be able to compensate for this phase error by per subband beam selection from a set of beams with larger angular separation. Hence we make the following proposal: 
Proposal: The codebook elements for W1 should contain orthogonal beam directions
Whether two or four beams should be used for W1 and the total number of beams (i.e. value if 
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) needs evaluation, see discussion in next section. Our submitted codebook [1] use two orthogonal beams for W1 and 
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for rank 1+2 and 
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for rank 3+4. 
In the rank 3 and 4 codebooks [1], the two layers belonging to the same code word is transmitted in the same beam direction, with co-phasing between the polarizations. As the path gain may be different between the two beam directions, it is useful to associate each code word with one beam direction so that link adaptation can operate properly. Furthermore, for rank 3 codebook, it is better to spend feedback bits on a higher co-phasing resolution for the layer that contains the single code word than to spend them on selection. 
Since the size of the codebook for W2 greatly affects the PMI feedback overhead, we have selected the smaller of the two options from the agreements last meeting that is 3 bits per subband. Use of 4 bits per subband has to be justified with associated benefits. 
3 Evaluation results
We have conducted a series of system simulator evaluations with the submitted codebooks. Antenna setup is 4x2 and only SU-MIMO was simulated. Furthermore, PUSCH feedback mode 3-2 was used and we used a very high load point, close to 50% resource utilization. For additional simulator assumptions, see the appendix. The results are shown in Table 1 below for narrow antenna spacing (0.5 λ) and in Table 2 for very wide antenna spacing (10 λ) which gives low channel correlation. The codebooks have been sorted in the tables based on the normalized user throughput.
Table 1 Codebook simulation results at 46% resource utilization. Narrow antenna spacing

	 
	Served Traffic
	Normalized User Throughput
	 
	Cell-edge Norm. User Throughput
	 
	Resource Utilization
	 

	 
	[bps/Hz/cell]
	[bps/Hz/user]
	Gain [%]
	 [bps/Hz/user]
	Gain [%]
	Ratio
	Size C2

	Qualcomm [9]
	1,111
	2,21
	4,5%
	0,520
	7,8%
	0,461
	3 bit

	ZTE [2]
	1,111
	2,20
	4,3%
	0,516
	7,0%
	0,461
	4 bit

	Intel [8]
	1,111
	2,20
	4,2%
	0,530
	9,8%
	0,458
	4 bit

	Samsung1 [13]
	1,111
	2,20
	4,2%
	0,525
	8,9%
	0,459
	4 bit

	Ericsson [1]
	1,110
	2,20
	4,1%
	0,526
	9,1%
	0,462
	3 bit

	Huawei [3]
	1,111
	2,20
	4,1%
	0,526
	9,1%
	0,457
	4 bit

	NEC2 [6]
	1,110
	2,20
	4,0%
	0,534
	10,6%
	0,460
	4 bit

	NNSN1 [11]
	1,110
	2,19
	3,8%
	0,514
	6,6%
	0,462
	4 bit

	Samsung2 [13]
	1,111
	2,19
	3,7%
	0,516
	6,9%
	0,461
	4 bit

	LGE [10]
	1,109
	2,19
	3,7%
	0,534
	10,7%
	0,459
	4 bit

	TI1 [7]
	1,110
	2,19
	3,5%
	0,517
	7,2%
	0,463
	4 bit

	NNSN2 [11]
	1,109
	2,19
	3,4%
	0,510
	5,7%
	0,464
	4 bit

	TI2 [7]
	1,111
	2,18
	3,2%
	0,510
	5,8%
	0,461
	4 bit

	Renesas1 [5]
	1,110
	2,17
	2,9%
	0,516
	7,0%
	0,467
	3 bit

	Renesas2 [5]
	1,110
	2,17
	2,6%
	0,508
	5,3%
	0,466
	4 bit

	NEC1 [6]
	1,110
	2,16
	2,3%
	0,510
	5,7%
	0,467
	3 bit

	ALU [14]
	1,110
	2,16
	2,1%
	0,494
	2,5%
	0,467
	4 bit

	Fujitsu [12]
	1,110
	2,15
	1,7%
	0,505
	4,7%
	0,465
	4 bit

	Rel-8 
	1,112
	2,11
	0,0%
	0,482
	0,0%
	0,473
	4 bit


From the results in Table 1, we observe that the two 3 bit W2 codebooks [9] and [1] perform very well in user throughput and cell edge throughput respectively compared to the 4 bit codebooks. Hence, there seem to be not major benefits of adopting a 4 bit W2 codebook over a 3 bit W2 codebook when operating in this correlated antenna setup. An explanation can be found if we compare the PMI selection statistics between a 3 bit and a 4 bit codebook. See Figure 1 and 2 below, where it is observed that the codebook in [1] having orthogonal beams in W1 and 3 bits in W2 more efficiently utilize all the feedback bits (all W2 codebook elements are approximately equally used), whereas for the codebook [3] which has adjacently spaced beams in W1 and 4 bits in W2 for selection and co-phasing, the W2 elements with lowest index are selected more often (hence, beam selection among the adjacent beams in W1 is not frequently used). 
These results can be interpreted as the 4 bit codebook has an effective size which is smaller than it actual size of 4 bits. The use of orthogonal beams in W1 leads to a more efficient use of the feedback bits for W2 than to select among adjacent beams. 
Furthermore, we observe that the codebooks [6],[10] that performs best on the cell edge use a 8PSK co-phasing constellation for rank 1 codebooks, which seems to give a slight additional boost compared to the codebooks that use QPSK for rank 1 polarization co-phasing. 
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Figure 1 PMI selection probability for a 3 bit W2 codebook [1], rank 1 for closely spaced antennas.
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Figure 2 PMI selection probability, for a 4 bit W2 codebook [3], rank 1 for closely spaced antennas.

In Table 2, the corresponding results for widely spaced antennas are shown. Here the channel structure due to cross-polarized antennas is weak and there seem to be more difficult to show benefit with a codebook that is designed to utilize such structure over the Rel-8 codebook. 
However, it is observed that codebooks that have distributed or orthogonal beams in W1 [11],[13],[14],[1] are more robust to wider antenna spacing and lower channel correlation and those using only a set of adjacent beams in W1 perform the worst. Analyzing the PMI selection probability for the codebook in [1], see Figure 3, it is observed that the selection of orthogonal beams for the two layers has a high probability (corresponding to W2 index 1,2,3 and 4).
Table 2 Codebook simulation results at 53% resource utilization. Wide antenna spacing

	 
	Served Traffic
	Normalized User Throughput
	 
	Cell-edge Norm. User Throughput
	 
	Resource Utilization
	 

	 
	[bps/Hz/cell]
	[bps/Hz/user]
	Gain [%]
	 [bps/Hz/user]
	Gain [%]
	Ratio
	Size C2

	NNSN2 [11]
	1,109
	1,95
	0,5%
	0,397
	0,8%
	0,521
	4 bit

	Rel-8
	1,110
	1,94
	0,0%
	0,394
	0,0%
	0,523
	4 bit

	NNSN1 [11]
	1,110
	1,94
	-0,2%
	0,394
	-0,1%
	0,523
	4 bit

	Samsung1 [13]
	1,109
	1,91
	-1,7%
	0,386
	-1,9%
	0,527
	4 bit

	Samsung2 [13]
	1,110
	1,90
	-2,1%
	0,383
	-2,7%
	0,527
	4 bit

	ALU [14]
	1,109
	1,90
	-2,4%
	0,385
	-2,2%
	0,530
	4 bit

	Ericsson [1]
	1,110
	1,89
	-2,5%
	0,379
	-3,7%
	0,528
	3 bit

	Renesas2 [5]
	1,111
	1,88
	-3,1%
	0,391
	-0,7%
	0,528
	4 bit

	TI2 [7]
	1,109
	1,88
	-3,1%
	0,368
	-6,5%
	0,530
	4 bit

	LGE [10]
	1,110
	1,88
	-3,4%
	0,383
	-2,7%
	0,533
	4 bit

	Fujitsu [12]
	1,108
	1,87
	-3,9%
	0,386
	-2,0%
	0,529
	4 bit

	Renesas1 [5]
	1,109
	1,82
	-6,3%
	0,367
	-6,7%
	0,545
	3 bit

	NEC2 [6]
	1,109
	1,82
	-6,5%
	0,375
	-4,7%
	0,540
	4 bit

	Intel [8]
	1,110
	1,81
	-6,7%
	0,372
	-5,5%
	0,540
	4 bit

	NEC1 [6]
	1,108
	1,81
	-6,7%
	0,368
	-6,6%
	0,540
	3 bit

	Huawei [3]
	1,109
	1,80
	-7,2%
	0,377
	-4,2%
	0,540
	4 bit

	ZTE [2]
	1,110
	1,80
	-7,4%
	0,370
	-5,9%
	0,542
	4 bit

	TI1 [7]
	1,109
	1,78
	-8,6%
	0,357
	-9,4%
	0,549
	4 bit

	Qualcomm [9]
	1,111
	1,76
	-9,2%
	0,358
	-9,1%
	0,550
	3 bit
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Figure 3 Widely spaced antennas, rank 2 PMI selection probability for the codebook in [1].
It should be noted that the 10 lambda spacing is quite extreme, and moderately wide spacing (1-3 lambda) may be more frequently encountered in practice. The results in Table 2 show however that it is possible to make the double codebook more robust to wider spacing and/or large channel angular spreads, by avoiding having only closely spaced beams in W1. 
4 Conclusion
From the evaluation results and analysis, we summarize the observations:

· The dual codebook provides a significant gain over Rel-8 codebook (4% cell, 10% cell edge) for closely spaced antenna columns.

· There is no major performance difference between 3 bit and 4 bit W2 
· Codebooks with only 2 beams in W1 [1],[9] perform well in comparison to 4 beam W1 codebooks
· 8PSK polarization co-phasing seem to give slight benefit for rank 1 cell edge users

· In very wide antenna spacing the gain over Rel-8 codebook is absent (there is no cross-pol channel structure to utilize in codebook structure)

· Codebooks with only adjacent beams in W1 [9],[7],[2],[3],[6] significantly underperforms the Rel-8 codebook
· Distributed or orthogonal beams in W1 [11],[13],[14],[1] gives robustness to channels with low correlation and potentially also against time alignment errors
We thus have the following proposals:

· Adopt W1 with 2 orthogonal beams or 4 beams including an orthogonal beam pair

· Adopt a 3 bit W2 using selection and co-phasing

· For rank 2 W2, it should be possible to select orthogonal beams for the two layers respectively
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6 Appendix
Table 1: System simulator assumptions.

	General parameters

	Carrier frequency
	2 GHz

	Bandwidth
	10 MHz

	Macro cell layout
	Hexagonal grid, 3-sector sites, 57 sectors

	Indoor/Outdoor UEs
	80% indoor, 20% outdoor

	Channel model
	ITU Urban Macro with O to I modeling

	Nrof RBs per subband
	6

	Traffic Model 
	FTP type 1, 0.5 Mbyte

	Control region overhead
	3 OFDM symbols per subframe

	DMRS overhead
	Yes

	Feedback delay
	6 subframes

	Feedback periodicity
	Every 5 subframe 

	Cell selection
	RSRP, 1 dB handover margin

	Scheduling
	PFTF

	Outer Loop Link Adjustment
	Yes, 10 % target BLER

	HARQ
	Yes, max 5 retransmissions

	Receiver filter
	MMSE with non ideal IRC (Wishart matrix model)

	Feedback mode
	3-2

	UE speed
	3 km/h

	UE antenna configuration
	3D isotropic X pole

	Macro antenna configuration
	XX setup with (/2 or 10( spaced columns, 11°downtilt

	Transmit power
	40 W

	MU-MIMO
	Not enabled

	CSI feedback impairment modelling
	Realistic CSI-RS and realistic CSI-IM
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