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1. Introduction
Codebook design for UL MIMO progressed at RAN1#59. Discussion focused on whether the structure of the 4 Tx rank 3 codebook should be CMP (Cubic Metric Preserving), CMF (Cubic Metric Friendly), or a mixture.  The size of the rank 3 codebook was also discussed.  The following conclusions were reached after RAN1#59bis: 

· CMP only codebook

· Revisit size of 12 for rank-3 codebook if there is enough reason to change from the former agreement on size of 20. 

· May revisit if the CMP is appropriate if serious problem is identified

Remaining work therefore includes defining a set of rank 3 precoding matrices each of which satisfy the CMP property, i.e. each row of the precoding matrix can have at most one non-zero entry,  and evaluating the performance impact of reducing the codebook size from 20 to 12.  Several contributions have reported simulation results on reducing the size of various rank 3 codebooks with the motivation of introducing a mixed CMP/CMF structure [1] or mixed CMP codebooks with different scaling applied to the codebook’s columns [2] (i.e., layer power balanced or unbalanced).  Additional results on the impact of reducing 4 Tx rank 3 codebook size is given in [3].
This contribution proposes CMP codebooks of sizes 20 and 12 and compares their throughput.  It also discusses how the additional eight codebook entries may be used to improve the robustness and performance of the rank 2 codebook, since a size-12 codebook seems to be as good as the simulated size-20 codebook..

2. Rank 3 CMP Codebooks
All rank 3 CMP codebooks proposed thus far share a similar structure [4]-[9]. One column, say the first, contains two nonzero rows and the other two columns have a ‘1’ in the remaining unoccupied rows.  The codebooks differ therefore only in two ways: 1) which pair of the four antennas are mapped to the first layer and 2) the set of two element QPSK vectors of the form 
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 applied to the first column.  Since there are six choose 2, i.e., 6 pairing of antennas and x can take one of four values there are a total of 24 possible codebook entries.  Two criteria may be used to reduce the size of this codebook to 20.  First, it is desirable to keep the eight entries of the form 
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to enable combining of correlated antenna elements in dual-polarized channels.  Second, the remaining 12 entries can be chosen to minimize chordal distance as a means of optimizing performance in uncorrelated channels.  A codebook designed according to these criteria is given Table 1.  Also shown is a size 12 codebook which is designed as above but with the last 4 instead of 12 elements chosen according to chordal distance.
Table 1: Proposed CMP Codebooks

	Size 20
	Size 12
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3. Codebook Size Evaluation
A link simulation was performed to compare the performance of the codebooks in Table 1 according to the simulation assumptions in the Appendix.  Throughput vs. 
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 is plotted in Figure 1 for both codebooks.  No discernable difference is throughput can observed.
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Figure 1: Throughput comparison of 12 and 20 element codebooks.
4. Discussion
Going forward, three options were proposed on the reflector for defining the 4 Tx rank 3 codebook size:
· Alt1: Keep the agreement of size-20

· Alt2: Agree on size-12 + agree that the remaining hypotheses are unused (“reserved” in the spec)

· Alt3: Agree on size-12 + add 8 matrices to the rank-2 codebook to address the concern from R1-100193 (Motorola) on high correlation performance. Note that we do not remove any matrices for the agreed upon rank-2 codebook. We simply add 3 matrices so that the cross product design in R1-100193 is also a part of the (size-24) codebook. Notice that the agreed upon rank-2 size-16 codebook has 8 elements in common with the size-16 cross product design in R1-100193.

Given the simulation results of the previous section, Alt 3 seems to be the most favorable as there appears to be no benefit in retaining the size 20 codebook and it isn’t clear how or if the additional reserved codebook entries of Alt 2 would be beneficial.  The benefit of adding additional elements to the rank 2 codebook on the other hand has been shown to offer performance gains with correlated antenna and propagation environments, especially in LOS propagation conditions [10][11]. Specifically, the addition of the eight vectors highlighted in Table 2, improves the performance of dual-polarized antenna arrays by enabling the co-phasing of correlated (or coherent in the cases of LOS a LOS propagation component) polarization components. The performance difference between the current codebook and a 16 element codebook (labeled “crossprod1”) containing the eight elements highlighted in Table 2  above revealed the following (refer to [10]):
· Similar to slightly superior performance in the uncorrelated channel (i.e., SCM-C) model

· 0.5 to 1% superior performance observed in the ITU UMa channel. This channel has a 5 degree per-path angular spread resulting in slightly larger correlation between co-polarized elements than that in SCM-C.

· 5-10% throughput advantage in the UMa LOS propagation environment.
The last point is particularly important as significant throughput degradation can occur if the UE happens to have a LOS component. This is illustrated in Figure 3 (from Figure 4 in [10]) where the performance of the current codebook is compared with the 16 element codebook containing the highlighted elements in Table 2. Comparing Figure 1 and Figure 3, the additional robustness to LOS propagation conditions offered by expanding the rank 2 codebook would seem to be a better allocation of codewords. 
Table 2: Proposed Rank 2 Codebook

	Index

0 to 7
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	Index

8 to 15
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	Index

9 to 23
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Figure 3: Throughput comparison in the UMa LOS channel model of the current 4 Tx rank 2 codebook (“WFran57b4Tx”) with a codebook containing the eight highlighted elements in Table 2. 
5. Conclusions
This contribution proposed CMP codebooks of sizes 20 and 12, compared their throughput performance, and based on this performance comparison suggested a reallocation of codewords between the 4 Tx rank 3 and rank 2 codebooks.  We propose
· The size of the 4 Tx rank 3 codebook should be 12 with the exact codebook based on performance comparison. 
· The 4 Tx rank 2 codebook should be expanded to include the highlighted elements in Table 2.
6. Appendix: Simulation Assumptions
	System bandwidth
	10 MHz

	Data transmission BW
	8 RBs (96 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	SCM Urban Macro

	UE Antenna Imbalance
	0 dB

	Maximum Doppler Spread fD
	3 Hz

	Antenna configuration
	4x4 Cross Pol.

 eNB: +/- 45 deg, 0.5 λspacing

UE: +/45 degrees, 0.5 λ spacing

	Rx Antenna Coupling
	None

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	Link Adaptation
	Outer Loop with 10% BLER at 1st subpacket
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