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1 Overview
In RAN WG1 meeting #72bis the following agreement was established regarding a new PUSCH mode with sub-band PMI feedback.
· A new aperiodic PUSCH feedback mode is supported in Rel.12 with following feedback:

· A wideband CQI: 4 bits

· Per subband differential CQI with respect to wideband CQI as PUSCH 3-1 : 2 bits

· A wideband PMI based on W1 codebook
· 2 Tx: 0 bit
· 4 Tx: 

· 0/0 bits for rank 1-2 respectively if Rel 8 codebook is configured to the UE

· FFS for rank 3-4 

· FFS if Rel 12 dual codebook is configured to the UE
· 8 Tx: 4/4/2/2/2/2/2/0 bits for rank 1-8 respectively
· Per subband PMI(s) based on W2 codebook

· 2Tx: 2/1 bits for rank 1 – 2 based on Rel 8 2Tx codebook
· 4Tx: 

· 4/4  bits for rank 1-2 respectively if Rel 8 codebook is configured to the UE

· FFS for  rank 3-4 

· FFS for rank 1-4 if Rel 12 dual codebook is configured to the UE
· 8Tx:  0/0/0/0 bits for rank 5 – 8 respectively

· FFS until RAN1#73 for rank 1-4 with codebook sub-sampling
In this document we determine the optimum number of feedback bits for Rank 1 and Rank 2 for the new Release 12 4Tx codebook. Based on the agreements in the previous meeting we assume that the maximum number of feedback bits per sub-band PMI is 4, however it is possible that the system performance might be quite comparable with fewer bits under most circumstances. In section 2 of this contribution we describe a few feedback reduction/compression techniques and in section 3 we compare the performance of these feedback reduction techniques relative to the full 4 bits per W2 feedback.
2 Feedback Reduction Technique

The two feedback reduction techniques that are interest when it comes to PMI feedback overhead reduction:

2.1 Codebook Sub-Sampling

Codebook subsampling is a technique in which the number of precoders in the codebook is limited to a smaller number than the full codebook design. We assume that the main interest in overhead reduction is for W2 since it is reported per sub-band. One simple codebook subsampling technique is to simply eliminate some of the precoders in the W2 but this leads to a sub-optimal performance. Due to the grid-of-beams design of the codebook, a better way to reduce the number of precoders is to reduce the number of beams per beam group. In [1] it has been shown that this can be done by reducing the number of beams per W1 precoder from 4 to 2, can reduce the number of W2 precoders from 16 to 8. The W1 precoders are given by:
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For the sub-sampled case the number of beams can be reduced by eliminating every alternate beam in each beam group. This implies that for the sub-sampled case:
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Since the number of beams is reduced from 4 to 2, the number of W2 precoders needed to do the beam selection and co-phasing is reduced by a factor of 2, thus implying that in the sub-sampled case only 3 bits are needed for the W2 feedback. 

Codebook sub-sampling works well for some W2 structures such as option 1a as described in [1]. However for some W2 structures such as option 1b as described in [1] the derivation of a sub-sampled W2 is not straightforward.
2.2 Differential PMI Feedback

In the case of differential PMI feedback, the per sub-band PMI feedback does not indicate the actual PMI value but only a differential value relative to the PMI of the previous sub-band. Unlike CQI in this case the differential is not with respect to a wideband value because the wideband PMI feedback is for the outer precoder W1, therefore it cannot be used for differential PMI computation for the inner precoder W2. Furthermore, for the widely-spaced cross polarized antenna configuration or in the presence of TAE, encoding the differential PMI value between adjacent sub-bands provides the most robust design. 
In order to go from 4 bits to 3 bits for the W2 feedback we identify the 8 nearest neighbours to each W2 precoder using the “chordal distance” between precoder as the measure of distance between two precoders. This can be done for both rank 1 and rank 2 precoders.
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Where the norm in the equation is the Frobenius norm and the precoder Wn and Wm are given by
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In this particular example the reference outer precoder is that index 0, but it can be shown that due to the diagonal nature of D (as shown in the previous section) the distance between the precoders is independent of the outer precoder index.

The precoder index in sub-band k is based on the precoder index in sub-band k-1, and the differential precoder index in sub-band k is given by the following relation
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where the mapping T in the equation above is given in Tables 1 and 2 for rank 1 and 2 respectively,  the actual (non-differential) precoder index nk in sub-band k is indicated by the row index of the table and the differential precoder index of the current band is indicated by the column index. This table is for the codebook option 1b [1], but a similar table can also be generated for any W2 codebook. This table lists the differential PMI in going from 4 bit feedback to 3 bit feedback. When going from 4 bit feedback to 2 bit feedback the same table can be used by considering only the first 4 columns. Even though the computation of the differential PMI is left up to the UE implementation in our experience the best way to do this is to build the differential reporting criteria in the precoder search itself. For every sub-band the PMI search is restricted to the subset of differential precoders permitted by the PMI of the previous sub-band. In doing so we can ensure that computation of the CQI is consistent with the PMI that is being reported for that sub-band.

	 
	nk

	nk-1
	0
	1
	2
	3
	4
	5
	6
	7

	0
	0
	8
	4
	14
	12
	6
	13
	5

	1
	1
	10
	15
	11
	2
	9
	12
	3

	2
	2
	10
	15
	1
	9
	11
	3
	12

	3
	3
	9
	13
	15
	7
	1
	2
	6

	4
	4
	12
	8
	0
	14
	5
	1
	6

	5
	5
	14
	6
	11
	8
	4
	12
	13

	6
	6
	14
	8
	5
	13
	0
	3
	4

	7
	7
	9
	3
	15
	12
	1
	13
	2

	8
	8
	0
	4
	14
	6
	5
	12
	13

	9
	9
	3
	7
	15
	1
	2
	12
	13

	10
	10
	1
	11
	2
	15
	9
	12
	3

	11
	11
	10
	1
	5
	2
	12
	14
	4

	12
	12
	4
	1
	9
	11
	8
	0
	7

	13
	13
	3
	6
	9
	8
	0
	7
	14

	14
	14
	5
	6
	8
	4
	0
	11
	12

	15
	15
	1
	2
	9
	3
	10
	7
	11


Table 1: Differential PMI encoding table for Rank 1 (option 1b)
	 
	nk

	nk-1
	0
	1
	2
	3
	4
	5
	6
	7

	0
	0
	15
	13
	10
	11
	7
	1
	3

	1
	1
	10
	13
	5
	7
	11
	6
	2

	2
	2
	4
	9
	12
	5
	6
	8
	14

	3
	3
	15
	7
	10
	11
	0
	5
	13

	4
	4
	2
	8
	14
	5
	9
	12
	6

	5
	5
	8
	9
	12
	2
	4
	13
	14

	6
	6
	1
	2
	9
	14
	4
	8
	11

	7
	7
	1
	3
	15
	6
	10
	11
	0

	8
	8
	4
	9
	2
	5
	6
	12
	14

	9
	9
	2
	5
	6
	8
	14
	4
	12

	10
	10
	1
	15
	3
	0
	5
	7
	13

	11
	11
	15
	1
	6
	0
	3
	5
	13

	12
	12
	2
	5
	14
	4
	6
	8
	9

	13
	13
	15
	0
	1
	5
	6
	11
	10

	14
	14
	4
	9
	12
	2
	5
	6
	8

	15
	15
	13
	0
	3
	10
	7
	11
	6


Table 2: Differential PMI encoding table for Rank 2 (option 1b)
3 Simulation Results

In this section we provide simulation results that show the impact of W2 overhead reduction for the different codebook options proposed in [1]. For the codebook options 1a and 1b we provide simulations results for different sizes of feedback overhead ranging from 4 bits per sub-band to 2 bits per sub-band. Note that option 2, being a codebook in which W1 is subsampled to permit 3-bit W2 feedback, is applicable as a reduced overhead version only for option 1a. In each of these cases we provide a comparison against PUSCH 3-1 where only wideband PMI feedback is provided. Please note that for each codebook the baseline is always the PUSCH mode 3-1 for the same codebook. Therefore different codebook options have different baselines. The reason we choose the present results this way is because this contribution is intended to provide a systematic overview of the optimum feedback overhead size and not a comparison between codebook parameters. Comparison and optimization of the codebook parameters is provided in [1].

	Codebook Option
	PUSCH 3-1
	PUSCH 3-2

	
	
	4 bit
	3 bit 
(diff PMI)
	2 bit 
(diff PMI)
	3 bit 
(sub sampling)

	Option 1a
	27.67
	29.227
(5.64%)
	29.037
(4.95%)
	27.564
(-0.37%)
	29.15
(5.06%)

	Option 1b
	27.89
	29.522
(5.87%)
	29.253
(4.91%)
	28.238
(1.27%)
	 


Table 3: Feedback overhead comparison in closely spaced cross-pol configuration
	Codebook Option
	PUSCH 3-1
	PUSCH 3-2

	
	
	4 bit
	3 bit 
(diff PMI)
	2 bit 
(diff PMI)
	3 bit 
(sub sampling)

	Option 1a
	23.32
	25.173
(7.93%)
	24.834
(6.47%)
	23.742
(1.79%)
	24.914
(6.82%)

	Option 1b
	23.42
	25.246
(7.81%)
	24.879
(6.24%)
	23.879
(1.97%)
	 


Table 4: Feedback overhead comparison in widely spaced cross-pol configuration
As we can see from the simulation results that under most cases the difference between the 4 bit per sub-band and 3 bit per sub-band is marginal. However the system performance degrades significantly when we go to 2 bits per sub-band. As far as the feedback overhead reduction techniques are concerned, both codebook sub-sampling and differential PMI feedback seem to provide similar gains. 
4 Conclusions and Recommendation

Based on an extensive search of feedback overhead reduction techniques in a closely spaced as well as a widely spaced cross-polarized antenna configuration we recommend:
· The optimum size of the feedback overhead appears to be 3 bits per sub-band PMI feedback. The difference between 3 bits vs 4 bits per sub-band PMI is marginal and does not justify the additional overhead needed in the case of 4 bits per sub-band. Also the performance of the system degrades significantly in going from 3 bits to 2 bits so 2 bits per sub-band PMI feedback should not be considered for the PUSCH Mode 3-2.
· Both codebook sub-sampling and differential PMI feedback provide similar gains for the the case of 3 bits per sub-band PMI. However the differential PMI does have some advantages which makes it a better choice:
· Specifying differential PMI feedback for use with PUSCH mode 3-2 will still allow us to retain the full 4-bit W2 codebook which can be used for other feedback modes such as PUSCH mode 3-1, where overhead is not an issue. 
· Differential PMI is easier to adopt for different codebook structures and can work even if the codebook structure is such that an obvious sub-sampling of the codebook is not possible (e.g. option 1b). 
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