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1 Overview
In RAN WG1 meeting #72bis it was agreed that the Release 12 4Tx codebook will be based on the Grid-Of-Beams design similar to the Release-10 8Tx codebook. However, several parameters associated with that design were left as FFS to be finalized in RAN WG1 meeting #73. In this contribution we first provide a generalized design of the 4Tx double codebook based on the Grid-Of-Beams design. Subsequently we perform a systematic search across the parameters in order to determine an optimum choice of the parameters. The optimum choice of parameters should provide a robust codebook design which will maximize the gains in a closely spaced array while still performing better than or as good as the legacy 4Tx codebook in a widely spaced array. 

In this contribution the various parameters/options that we search across for an optimum and robust performance are as follows:
1. Beam granularity: This is the separation between two adjacent beams within a beam group. This is also indicated by the variable ‘Q’ in the generalized description of the grid-of-beams design that was accepted in RAN WG1 meeting #72bis. 

2. Number of beams: This is the number of beams in a beam group. The Release 10 8Tx design uses 4 beams per beam group but for the purposes of 4Tx it is desirable to optimize this separately. 

3. Beam selection alternative: Several different beam selection and co-phasing alternatives for W2 were also agreed upon in RAN WG1 meeting #72bis. In order to select an optimum codebook design we also consider these various alternatives and compare their performance under different conditions. 
We provide three different options for the 4Tx codebook which can be summarized in the table below:

	
	W1
	W1 Design
	W2
	W2 Design

	Option 1a
	4 bits
	Grid of beams with 4 beams per W2
	4 bits
	Alternative 1

	Option 1b
	4 bits
	Grid of beams with 4 beams per W2
	4 bits
	Alternative 3 & 4

	Option 2
	4 bits
	Grid of beams with 2 beams per W2
	3 bits
	Alternative 2


Table 1: Codebook designs for W1 and W2

The alternatives 1 through 4 listed in Table 1 for the W2 design are the various alternatives that were agreed upon in RAN WG1 meeting #72bis. In the next section of the contribution we provide a detailed description of the codebook design for each of the listed options. And thereafter in the final section of the contribution we compare the performance of the 3 options by varying the various parameters listed earlier. In doing so we are able to arrive at a 4Tx codebook design for Release-12 that provides high gains while being robust
2 Generalized Codebook Structure for W1

The generalized codebook structure for W1 is based on the grid of beams design as derived from the Rel-10 8Tx codebook design. However due to the fact that the number of antennas is different in this case, the beam granularity and the number of beams per beam-group may need to be different. In order to find an optimal choice of W1 that is robust across a variety if antenna and environmental configuration, we first define a generalized formulation of W1. 

It is also desirable in the case of 4Tx to optimize the size of the W2 codebook, therefore we propose two options for the W1 design:
· Option 1a, 1b: 4 bits for W1 and 4 bits for W2
· Option 2: 4 bits for W1 and 3 bits for W2
2.1 Option 1a and 1b:
In this option the W1 codebook has a total of 16 precoders (signalled by a 4 bit wideband PMI) and each precoder consists of 4 beams. The generalized W1 precoders in this case can be written as:
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The variable Q indicates the beam granularity within a beam-group and  indicates the rotation between two adjacent beam groups. Since there are a total of 16 beam-groups the obvious choice for  is 2/16, which is what is assumed in the rest of this contribution. Possible values of Q are 32, 16, 8, 5.33, and 4, which correspond to a separation of 11.25o, 22.5o, 45o, 67.5o, and 90o respectively between adjacent beams within a beam-group. The recommended value for Q is 8 since it provides a robust design that performs well across both closely spaced and widely spaced cross-pols. A larger value of Q would provide higher gains in a closely spaced cross-pol configuration but it would not be robust.
2.2 Option 2

The generic design for the W1 in this option can be derived by sub-sampling every alternate beams of W1 from option 1. Thus the generalized W1 precoder can be written as: 
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Like the previous option the variable Q indicates the beam granularity within a beam-group and  indicates the rotation between two adjacent beam groups. Since there are a total of 16 beam-groups the obvious choice for  is 2/16, which is what is assumed in the rest of this contribution. Possible values of Q are 32, 16, 8, 5.33, and 4, which correspond to a separation of 11.25o, 22.5o, 45o, 67.5o, and 90o respectively between adjacent beams within a beam-group. 
3 Generalized Codebook Design for W2

For each of the W1 codebook design outlined in the previous section we provide the following designs for W2
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Where for the 4 bits W2 precoders (options 1a, 1b) N = 16 and
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And for the 3 bit W2 precoders (option 2) N = 8 and
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In the case of rank 2 precoders there is an additional co-phasing term c for the 2nd layer, which needs to be computed as follows: 
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In options 1a and 2 for the rank 2 precoders this additional co-phasing term c is always unity, however for option 1b this needs to be computed to preserve unitary nature of the precoders. In the following sections we provide the details on the choice of Y1, Y2, Y3, Y4, and m for all the precoders of the all the options.
3.1 Option 1a

For option 1a the 16 rank 1 and rank 2 precoders the values of Y1, Y2, Y3, Y4 and m are given in Tables 2 and 3 respectively.
	PMI
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Y1
	e1
	e1
	e1
	e1
	e2
	e2
	e2
	e2
	e3
	e3
	e3
	e3
	e4
	e4
	e4
	e4

	Y2
	e1
	e1
	e1
	e1
	e2
	e2
	e2
	e2
	e3
	e3
	e3
	e3
	e4
	e4
	e4
	e4

	m
	0
	1
	2
	3
	0
	1
	2
	3
	0
	1
	2
	3
	0
	1
	2
	3


Table 2: Rank 1 W2 parameters for option 1a

	PMI
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Y1
	e1
	e1
	e2
	e2
	e3
	e3
	e4
	e4
	e1
	e1
	e2
	e2
	e1
	e1
	e2
	e2

	Y2
	e1
	e1
	e2
	e2
	e3
	e3
	e4
	e4
	e1
	e1
	e2
	e2
	e1
	e1
	e2
	e2

	Y3
	e1
	e1
	e2
	e2
	e3
	e3
	e4
	e4
	e2
	e2
	e3
	e3
	e4
	e4
	e4
	e4

	Y4
	e1
	e1
	e2
	e2
	e3
	e3
	e4
	e4
	e2
	e2
	e3
	e3
	e4
	e4
	e4
	e4

	m
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1


Table 3: Rank 2 W2 parameters for option 1a
3.2 Option 1b

For option 1b the 16 rank 1 and rank 2 precoders the values of Y1, Y2, Y3, Y4 and m are given in Tables 4 and 5 respectively.
	PMI
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Y1
	e4
	e2
	e3
	e1
	e2
	e3
	e1
	e4
	e3
	e3
	e3
	e3
	e1
	e1
	e1
	e1

	Y2
	e4
	e2
	e3
	e1
	e2
	e3
	e1
	e4
	e3
	e3
	e3
	e3
	e2
	e2
	e2
	e2

	m
	0
	1
	2
	2
	3
	0
	0
	2
	2.5
	0.5
	1.5
	3.5
	0
	2
	1
	2.5


Table 4: Rank 1 W2 parameters for option 1b
	PMI
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Y1
	e3
	e2
	e1
	e3
	e1
	e1
	e1
	e1
	e2
	e1
	e2
	e1
	e1
	e1
	e2
	e2

	Y2
	e3
	e2
	e1
	e3
	e1
	e1
	e1
	e1
	e2
	e1
	e2
	e1
	e1
	e1
	e2
	e2

	Y3
	e4
	e2
	e1
	e4
	e2
	e2
	e1
	e1
	e3
	e1
	e2
	e1
	e1
	e1
	e3
	e3

	Y4
	e4
	e2
	e1
	e4
	e2
	e2
	e1
	e1
	e3
	e1
	e2
	e1
	e1
	e1
	e3
	e3

	m
	0.5
	0
	0.5
	2.5
	0.5
	3.5
	1
	3.5
	0.5
	0
	1.5
	2
	1.5
	2.5
	3.5
	1.5


Table 5: Rank 2 W2 parameters for option 1b
3.3 Option 2
For option 2a the 8 rank 1 and rank 2 precoders the values of Y1, Y2, Y3, Y4 and m are given in Tables 6 and 7 respectively.
	PMI
	0
	1
	2
	3
	4
	5
	6
	7

	Y1
	e1
	e1
	e1
	e1
	e2
	e2
	e2
	e2

	Y2
	e1
	e1
	e1
	e1
	e2
	e2
	e2
	e2

	m
	0
	1
	2
	3
	0
	1
	2
	3


Table 6: Rank 1 W2 parameters for option 2
	PMI
	0
	1
	2
	3
	4
	5
	6
	7

	Y1
	e1
	e1
	e2
	e2
	e1
	e1
	e2
	e2

	Y2
	e1
	e1
	e2
	e2
	e1
	e1
	e2
	e2

	Y3
	e1
	e1
	e2
	e2
	e2
	e2
	e1
	e1

	Y4
	e1
	e1
	e2
	e2
	e2
	e2
	e1
	e1

	m
	0
	1
	0
	1
	0
	1
	0
	1


Table 7: Rank 2 W2 parameters for option 2
4 Performance Comparison and Optimization
Shown in Figure 1 and 2 is the gain of the different codebook options compared to the legacy Rel-8 4Tx codebook with PUSCH Mode 3-2 for a closely spaced and widely spaced cross-polarized antenna configuration respective. The summary of these results are also provided in Table 8. As can be seen from these result a beam-granularity of 45o (Q = 8) provides the most robust design which maximizes the gain in a closely spaced configuration without compromising the gain in the widely spaced configuration. 

[image: image12]
Figure 1: Relative comparison with PUSCH 3-2 in closely spaced cross-polarized configuration
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Figure 2: Relative comparison with PUSCH 3-2 in widely spaced cross-polarized configuration

	Beam Granularity
	Closely Spaced Cross-Pol
	Widely Spaced Cross-Pol

	
	Option 1a
	Option 1b
	Option 2
	Option 1a
	Option 1b
	Option 2

	11.25
	7.14% (29.358)
	8.23% (29.658)
	6.84% (29.275)
	-0.96% (24.636) 
	-1.09% (24.604)
	-1.56% (24.488)

	22.50
	7.01% (29.322)
	8.10% (29.621)
	6.65% (2.224)
	0.06% (24.891)
	0.27% (24.941)
	-0.47% (24.759)

	45.00
	6.66% (29.227)
	7.74% (29.522)
	6.38% (29.150)
	1.20% (25.173)
	1.49% (25.246)
	0.48% (24.994)

	67.50
	6.50% (29.184)
	7.63% (29.494)
	6.27% (29.121)
	1.72% (25.303)
	1.70% (25.297)
	0.30% (24.949)

	90.00
	6.42% (29.161)
	7.50% (29.45&
	6.26% (29.118)
	1.84% (25.333)
	1.57% (25.265)
	-1.22% (24.572)


Table 8: Gains of Double Codebook over Release 8 4Tx Codebook with PUSCH Mode 3-2
4.1 TAE Analysis for Un-calibrated Antennas
Another critical test of a good and robust codebook design is that its performance should not be sensitive with respect to timing alignment error (TAE) and phase calibration error. In previous contributions [1] the effect of timing alignment on the performance of a double codebook based on the grid-of-beams design has been studied. For the purpose of the system simulations we consider a TAE model as described in [2]
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For the standard deviation of the timing offset we considered the values of 12ns and 24ns. The performance of the various codebook options with TAE is shown in Figure 3
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Figure 3: Comparison of different codebook options with TAE (for closely spaced cross-pol)

5 Conclusion & Recommendation

Since the closely cross-pol is the primary configuration of interest we recommend a beam granularity that provides the highest gain in the closely spaced cross-pol while still performing at least as well as the Rel-8 4Tx codebook in the widely spaced cross-pol configuration. It is also desirable for the codebook to be robust in presence of TAE. Based on the extensive optimization and analysis provided in this contribution, we propose the following design criteria for the Release 12 4Tx codebook. 
· The optimum choice of Q appears to be 8 (45o). We expect that having such a large beam granularity will also ensure that the codebook is robust in the presence of TAE, or in a widely-spaced antenna configuration.
· The design of W2 should be based on option 1b (which aligns with the proposed alternative 4) for W2 column selection and co-phasing provides better performance compared option 1a or option 2 (which aligns with the proposed alternatives 1 and 2 respectively).
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