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1. Introduction
So far, a lot of companies have given the contributions relevant to the codebook design for 4x4 UL-MIMO.  Based on all those works, in RAN1 #58 meeting, rank-1 and rank-2 codebook were confirmed. Although the rank-3 codebook is still open, it has been decided to be a BPSK/QPSK alphabet based size-20 codebook.  
In RAN1 #58b meeting, further discussion was made on rank-3 codebook design, including the implementation scenarios (power limited or power unlimited) and the matrix structures (mixture based or non-mixture based).  A conclusion on rank-3 codebook design for 4x4 UL-MIMO was drew [1], that
· Further discussion to decide between these two options

· Mixed codebook structure

· Non-mixed codebook structure
In this contribution, we try to make a further investigation on the rank-3 codebook design, and give the performance simulation results for CMF codebooks, CMP codebooks and mixture codebooks.  
2. Discussion on Candidate Schemes for Rank-3 Precoding

2.1. Antenna Element Indexing
Figure 1 depicts the antenna element indexing that behaves cross polarization with four antenna elements. Throughout the contribution, this antenna configuration is utilized for our simulation.  
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Figure 1: Antenna Element Indexing
2.2. CMF-LPB precoding
In general, on one hand, a rank-3 CM-friendly precoding matrix can be written as
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where 
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 is the row permutation matrix,  {x, y, z}∈{+1, -1, +j, -j}, for QPSK alphabet, and
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 is the power normalization matrix,
and 
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 is the power distribution matrix.  
2.3. CMP-LPU precoding
On the other hand, rank-3 CM-Preserving precoding matrix can be written as
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where 
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 is the row permutation matrix, x∈{+1, -1, +j, -j}, for QPSK alphabet, and
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 is the power normalization matrix,

and 
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 is the power distribution matrix.
2.4. HH precoding
The third candidate scheme for rank-3 codebook is a subset from the householder reflector based codebook designed for Rel.8 DL-MIMO. We only extract 12 codebooks due to the BPSK/QPSK alphabet constraint.  The exact codebook can refer to [8].
3. Performance Investigation
In this section, we mainly investigate the system performance by comparing three codebook scenarios; they are CMF based codebook, CMP based codebook and its combination with the codebook size (15, 5) and (12, 8).
3.1. CMF Codebooks
In RAN1 #58b meeting, there were four contributions in total [2, 4, 5, 7] all showing the size-20 rank-3 codebook solutions using CMF structure.  Using the HH matrices as the reference, Figure 2 and Figure 3 show the system throughput of all these five codebooks under the assumptions of uncorrelated channel model and cross-polarized channel model, respectively.  
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Figure 2: Throughput Comparison of CMF Codebooks, Uncorrelated Channel
[image: image11.emf]5 8 11 14 17 20

3

4

5

6

7

8

9

10

11

SNR (dB)

Throughput (bps/hz)

throughput compare, CMF based codebook

 

 

Fujitsu

Huawei

LGE

TI

HH(size=12)


Figure 3: Throughput Comparison of CMF Codebooks, Cross-Polarized Channel
It’s observed that both in uncorrelated and cross-polarized channel model, all the CMF codebooks show similar performance as HH codebook, and furthermore, the codebook from Fujitsu has the best performance, although with marginal throughput increasing. 

3.2. CMP Codebooks
In RAN1 #58b meeting, there were  six contributions in total [2, 3, 4, 5, 6, 7] all showing the size-20 rank-3 codebook solutions using CMP structure.  Using the HH matrices as the reference, Figure 4 and Figure 5 show the system throughput of all these seven codebooks under the assumptions of uncorrelated channel model and cross-polarized channel model, respectively. 
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Figure 4: Throughput Comparison of CMP Codebooks, Uncorrelated Channel
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Figure 5: Throughput Comparison of CMP Codebooks, Cross-Polarized Channel
It’s observed that both in uncorrelated and cross-polarized channel model, HH codebook shows better performance than all the CMP codebooks, especially in the later case. Furthermore, the codebook from Fujitsu has the best performance, although with marginal throughput increasing. 

3.3. Mixture codebooks
In RAN1 #58b meeting, there were two contributions [2, 5] both showing the size-20 rank-3 codebook solutions using CMF-CMP mixture structure.  Using the HH matrices as the reference, Figure 6 and Figure 7 show the system throughput of all these four codebooks under the assumptions of uncorrelated channel model and cross-polarized channel model, respectively.  Figure 8 shows the comparison between mixture codebook and CMP codebook.
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Figure 6: Throughput Comparison of Mixture Codebooks, Uncorrelated Channel
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Figure 7: Throughput Comparison of Mixture Codebooks, Cross-Polarized Channel
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Figure 8: Throughput Comparison of Mixture Codebooks, Cross-Polarized Channel
 As shown in figure 6, 7 and 8, both for 15:5 and 12:8 mixed codebooks, no significant throughput loss is observed compared with pure CMF codebook. And, 15:5 mixed codebook shows better performance than 12:8 mixed one, which we think is reasonable because of more CMF matrices for the former one. From Figure 8, it’s observed that all the mixed codebooks outperform CMP codebook visibly. 

4. Conclusions

In this contribution, we have investigated system performance according to three kinds of well designed rank-3 codebooks; i.e., CMF-LPB based codebooks, CMP-LPU based codebooks, and its combination.
It is observed that both CMF structure codebook and mixture codebook outperform CMP structure codebook. In consideration of CM value properties and implementation scenarios, we suggest mixed codebook structure for rank-3 codebook is preferable.
As a consequence, our suggestion is as follows;

· Mixed codebook structure for rank-3 codebook.
5. Appendix
5.1. Link Level Simulation
The relevant link level simulation assumptions are listed in Table 8
Table 8: link level simulation assumptions.
	Parameter 
	Explanation/Assumption

	Bandwidth
	5 MHz

	Antennas Configurations
	4x4

	Receiver Type
	LMMSE

	Fading model
	SCM-C

	Spatial channel model
	1) Tx and Rx correlation = 0 
2) System-level SCM Urban Macro
2 pairs of XP antennas
Tx separated by 
[image: image17.wmf]l

/2
Rx separated by 4
[image: image18.wmf]l



	MCS Set
	MCS 0-27

	Coding Scheme
	Turbo Coding

	Allocated RBs
	4

	HARQ scheme
	OFF

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of useful sub-carriers
	300

	Number of OFDMA symbols per TTI
	14

	Number of sub-carriers per RB
	12

	Overhead
	3 symbols

	Processing delay 
	4 subframe (4ms)

	Channel estimation for demodulation
	Ideal 
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