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1 Introduction
In RAN1#82, the following codebook construction is agreed in R1-154861 [1].
For each of [8], 12 and 16 Tx ports, a precoding m[image: image2.png]atrix W



 in the codebook is represented as:
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 is a N1xL1 matrix with L1 column vectors being an O1x oversampled DFT vector of length N1: [image: image12.png]
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 is a N2xL2 matrix with L2 column vectors being an O2x oversampled DFT vector of length N2: [image: image16.png]v, 2t
1 eNz0z





· N1  and N2 are the numbers of antenna ports per pol in 1st and 2nd dim.
· FFS whether to select different beams (e.g. different X1 or X2) for the two pols
· FFS column selection from KP applied to W1
A first alternative to construct such a codebook is:
· Tall, [square] and wide arrays are supported with a single codebook for each of [8], 12 and 16 CSI-RS ports
· For PUSCH and PUCCH reporting, a codebook subset can be separately selected via RRC signaling of codebook subset selection parameters or a bitmap
· FFS beam subset selection/restriction and related mechanism
· FFS which and how the parameters (in Table 1) are related/configured

A second alternative to construct such a codebook is:
· Tall, [square] and wide port layouts are supported with parameters N1, N2 
· Values of N1 and N2 are RRC signaled
· The parameters (in Table 1) define the codebook
· Configurable oversampling factors, RRC signaled, values FFS
· Other parameters are to be determined
· FFS beam subset selection/restriction and related mechanism

Table 1 Codebook parameters
	Parameter per dimension
	Remark

	Oversampling factors Od
	Determines total number of beams Qd = Od · Nd, d = 1,2  in the codebook.

	Beam group spacing
	Difference of the leading beam indices of two adjacent beam groups

	Number of beams in each beam group
	May depend on rank and/or W1

	Beam spacing
	Difference of two adjacent beam indices in each beam group


A few proposals for the pre-coder and PMI construction are also agreed in [2]. This contribution proposes rank-1 and rank-2 FD-MIMO codebooks for [8], 12, and 16 ports according to the abovementioned agreed FD-MIMO codebook design alternatives and proposals. The SLS performance evaluation of the proposed rank 1-2 codebooks is provided in the companion contribution [5].
2 Discussion on Two Alternatives
A single codebook for each of [8], 12, and 16 ports, according to the first alternative in [1], may be the preferred codebook design alternative when compared with the second alternative (in [1]), in which a separate codebook is designed for each antenna port layout. For example, for 16 ports with port layouts (N1,N2) = (4,2) and (2,4), we will have a single codebook supporting both layouts according to the first alternative, and will have two different codebooks for each of the two layouts according to the second alternative. This is with the assumption that we will have a single W1 beam group, e.g. (L1,L2) = (4,1), in each codebook. If three different W1 beam group patterns, (L1,L2) = (4,1), (2,2)-square, and (2,2)-checker board (see Figure 6 below), have to be supported, then with the first alterative, we can have a single codebook, which includes all codewords according to the three beam group patterns, and apply codebook subset selection (CSS) in order to obtain the codebook of the desired beam group pattern. With the second alternative, however, we will have to design six different codebooks, which may not be desirable. Therefore, if the codebook design goal is to have a simple yet flexible codebook, which can support various W1 beam group patterns, then the first alternative should be preferred.
Furthermore, the codebook size with the first alternative can be considerably smaller than that with the second alternative. For instance, by adopting the transpose indexing proposed in [4], we can have the same codebook for both (N1,N2) =  (4,2) and (2,4), which reduces the codebook size with the first alternative by a half  compared to the second alternative. Also, the overall codebook size can be reduced further because the first alternative can support multiple W1 beam group patterns in a single codebook. Considerably smaller codebook size with the first alternative implies that the codebook search at the UE can be implemented using the legacy implementation methods such as storing the codebook in a ROM and loading the codebook depending on the CSS from the ROM. With the second alternative, however, the codebook search may not implementable with the legacy method and new implementation methods need to be developed. In particular, the new method may need to construct the codebook on the fly dependent upon the codebook configuration.
3 Codebook Structure
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Figure 1 Proposed “transpose” indexing

According to the first alternative in [1], for each of [8], 12, and 16 ports, only a single codebook needs to be designed in Rel-13. As discussed in [3], [4], and shown in Figure 1, this can be achieved with the transpose indexing. Under this assumption, the first dimension corresponds to a longer dimension of the two, and the second dimension corresponds to a shorter dimension. With config A, the first dimension is horizontal dimension, and the second dimension is vertical dimension and with config B, the first dimension is vertical dimension, and the second dimension is horizontal dimension. 
When the KP structure is adopted, rank-1 precoders in the codebook, 
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where:
· 
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Here, example set of oversampling factors that can be configured for 
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When the double codebook structure is adopted as well as the KP structure, the precoder indices, 
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, p are indicated by the PMIs of i1,1, i1,2, and i2, where {i1,1, i1,2} corresponds to the first PMI (W1) and i2 corresponds to the second PMI (W2):

· i1,1 determines a beam group in the first dimension;

· i1,2 determines a beam group in the second dimension; and

· i2 selects one beam out of the beams in the beam group constructed by {i1,1, i1,2}, and determines a co-phase. Effectively, i2 can be de-composed into 
[image: image43.wmf]p

i

i

,

,

2

,

2

1

,

2

 to indicate a beam choice in the first and the second dimensions and a co-phase. 
4 Rank 1 Codebook 


[image: image44.emf]1

0

0 1 2 3

1

st

dimbeams

2

n

d

d

i

m

b

e

a

m

s


Figure 2: Rank-1 master beam group
The proposed rank-1 codebook with (L1, L2) = (4, 2) W1 beam groups, as shown in Figure 2, is constructed in Table 2. It is noted that this codebook can be used for both 12 and 16 antenna ports. In this codebook, the rank-1 pre-coder is given by
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Here, the oversampled DFT vectors 
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For co-phase, the QPSK alphabet 
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 is considered. The number of rank-1 
[image: image53.wmf]2

i

¢

 indices in the codebook in Table 2 is 32, so 5 bits are needed to report
[image: image54.wmf]2

i

¢

 based on this codebook. 
Table 2: Codebook for 1 layer CSI reporting for (L1 , L2) = (4, 2)
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	Entries 16-31 constructed with replacing the second subscript 
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The following parameters can be configured for the first (4 ports) and the second (2 ports) dimensions to configure rank 1 codebook based on Table 2.
· O1 = 8 and O2 = 8:

· In this case, 
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, and the denominators for the oversampled DFT vectors for the first and second  dimensions are 32 and 16, respectively. 

· s1 = s2 = 2:

· With these choices of oversampling and beam skipping, 4 bits are needed for reporting the first PMI (i1,1) and 3 bits are needed for reporting the second PMI (i1,2). 

· p1 = p2 = 1:
· This corresponds to narrowly spaced beams in both dimensions.

· (L1, L2) = (4, 2):

· The total number of beams in each beam group is 8. For the i2 reporting in this case, 5 bits (selecting one out of 8 beams, and QPSK for co-phase) are required. 

According to this construction, numbers of bits to be reported for W1 and W2 in the codebook are 7 bits and 5 bits respectively, resulting in total 12 bits. The reporting overhead and UE complexity involved with exhaustive search for the 12 bit PMI seem to be large, and further restriction of the number of codewords for the CSI reporting is necessary. The codebook subset selection (CSS) can be applied to configure a codebook of reduced size, the details of which are provided next. 

Proposal 1: 

· Adopt rank 1 codebook in Table 2, where codebook parameters are
· (L1, L2) = (4, 2), 
· (s1,s2) = (2,2), 
· (p1,p2) = (1,1), and 
· (O1,O2) = (8,8).
Codebook Subset Selection

The 12-bit size rank-1 codebook constructed above is too big to be supported by UE implementation and feedback overhead seems to be too large. To reduce codebook size, codebook subset selection (CSS) is applied on the rank 1 codebook. Assuming 10 bit codebook can be considered tolerable for exhaustive search for PUSCH feedback, it is proposed to focus on the following alternative:

·  6 bits for W1 and 4 bits for W2

Proposal 2: 

· CSS should be configured so as to reduce number of PMI bits to be reported. 

· Total number of codewords (bits) after CSS should be [1024] ([10] bits).
· For the split of bits into W1 and W2, study the following alternative:

·  6 bits for W1 and 4 bits for W2

In order to make the number of bits for W1 to 6 bits, beam subsampling factor should be able to be flexibly configured. For example, when subsampling factor 2 is applied to the second dimension, every other second dimension beam groups in the codebook are selected, and hence the total number of W1 bits becomes 6 bits. 
Depending on the channel conditions and deployment scenarios, relative strength of elevation and azimuth spread values varies. For example, for those users close to the eNB elevation spread tends to be large, and for those users far away from the eNB elevation spread tends to be small. Hence, with small ISD in the urban scenarios, it is expected that the elevation spread of those serving users are correspondingly large. Hence, it would be beneficial to make number of beams (L1, L2) in each beam group for the two dimensions configurable. The values of parameters L1 and L2 determine how to apply CSS on the rank-1 codebook in Table 2. To reduce the number of bits to indicate i2 to 4 bits (same as legacy W2 codebook), a UE is configured with one beam group (BG) out of a set of beam groups {BG0, BG1, BG2}, which is according to Table 3, where

· BG0 corresponds to 4 beams in the longer dimension, and 1 beam in the shorter dimension;

· BG1 corresponds to a square, i.e, 2 beams in both dimensions; and

· BG2 corresponds to a checker pattern, with 2 beams in both dimensions.

Table 3: Beam groups for CSS

	Beam group or subset Selection
	(L1, L2)

	BG0
	(4,1)

	BG1
	(2,2) - “square”

	BG2
	(2,2) - “checker board”


Proposal 3: 

· A UE is configured with a beam group from a set of beam groups, where the set of beam groups comprises of BG0, BG1, and BG2 according to Table 3.
· A beam group is configured by CSS configuration via RRC.
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Figure 3: Rank-1 codebook subset selection
The rank-1 beams according to BG0, BG1, and BG2 are shown in Figure 3. The squares with grey color filling correspond to beams that will be selected by at least one of three BGs, whereas white squares correspond to beams that are not selected by any BG. 

The selected beams and corresponding 
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 indices according to the three BGs are tabulated in Table 4. The reported second PMI 
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 by the UE spans 0 - 15, and are one-to-one mapped sequentially from the selected 
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 indices according to Table 4. For example, when BG1 is selected for rank-1, the selected 
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 indices 0-7 and 16-23 are sequentially one-to-one mapped to 
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Table 4: Rank 1 codebook subset selection (on Table 2)
	 Beam group or subset selection
	Beams
	Selected 
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	0 – 15

	BG1
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	0 – 7, 16 – 23

	BG2
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	0-3, 8-11, 20-23, 28-31


5 Rank 2 Codebook

In the legacy rank-2 codebook design, dual-pol propagation and azimuth angle spread have been taken into account. In the Rel-10 8-Tx rank-2 codebook, rank-2 precoder codebook comprises two types of rank-2 precoding matrices:

· Type 1. Same-beam: the two beams for the two layers are the same, and
· Type 2. Different-beam: the two beams for the two layers are different.
For each selected beam pair for the two layers, two precoders can be constructed with applying two co-phase matrices of 
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For FD-MIMO, a similar rank-2 codebook construction can be considered. Relying on the Kronecker structure, a rank-2 codebook can be constructed with these two types of rank-2 precoding matrices. For the 2D antenna configurations, the type 2 precoding matrices are further classified into:

· Type 2-1. Different-beam in horizontal only: the two beams for the two layers are different for the horizontal component

· Type 2-2. Different-beam in vertical only: the two beams for the two layers are different for the vertical component

· Type 2-3. Different-beam in both horizontal & vertical: the two beams for the two layers are different for both horizontal and vertical components
For W1 beam groups of size (L1, L2) = (4, 2), the starting point to obtain the rank-2 beam pairs for the codebook is the legacy Rel10 8-Tx rank-2 beam pairs in the 1st dimension and the same beam for both layers in the 2nd dimension. Note that this corresponds to rank-2 beam pairs of Type 1 and Type 2-1. An 8x2 grid can be considered for the two dimensions as shown in Figure 4. 

[image: image92]
Figure 4: Rank-2 beam combinations
For BG0, the selected beam pairs correspond to {(x,0)} where x = {0,1,2,…,7}. For BG2, they correspond to {(0,0), (1,1), (2,0, (3,1), (4,0), (5,1), (6,0), (7,1)}. Beam pairs in both BG0 and BG2 are included in the beam pairs shown in Figure 4. For BG1, however, we have (L1,L2) = (2,2), which implies that we only have six beam pairs {(00,00), (00,11), (11,00), (11,11), (01,00), (01,11)} in Figure 4.This is because only 1st dimension beam pair number 00, 11, and 01 are associated with beams 0 and 1. To have 8 beam pairs as in case of BG0 and BG1, two additional rank-2 beam pairs are needed. To obtain these additional beam pairs, the system-level performance evaluation was performed. Based on the performance evaluation, these beam pairs are found to be of Type 2-2 beam pairs (00,01) and (11,01). Since the two beam pairs (22,11) and (03,11) in Figure 4 will not be selected by any of BG0, BG1, and BG2, they are replaced with the these two Type 2-2 beam pairs. Accordingly, beam pairs that are included in the final rank-2 codebook are shown in Figure 5, which happens to have exactly 16 beams just like in Figure 4. 
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The proposed rank-2 codebook with (L1, L2) = (4, 2) is constructed in Table 5. It is noted that this codebook can be used for both 12 and 16 antenna ports. In this codebook, the rank-2 pre-coding matrix is given by
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As the total number of rank-2 beam pairs in Figure 5 is 16, with applying the two co-phases of {1,j} for 
[image: image95.wmf]p

j

, the total number of codewords becomes 32. 
Table 5: Codebook for 2 layer CSI reporting for (L1 , L2) = (4, 2)
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The following parameters can be configured for the first (4 ports) and the second (2 ports) dimensions to configure rank 2 codebook based on Table 5.
· O1 = 8 and O2 = 8, 

· s1 = s2 = 2,
· p1 = p2 = 1, and
· (L1, L2) = (4, 2).
According to this construction, numbers of bits to be reported for W1 and W2 in the codebook are 7 bits and 5 bits respectively, resulting in total 12 bits. 

Proposal 4: 

· Adopt rank 2 codebook in Table 5, where codebook parameters are
· (L1, L2) = (4, 2), 
· (s1,s2) = (2,2), 
· (p1,p2) = (1,1), and 
· (O1,O2) = (8,8).
Codebook Subset Selection
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Figure 6: Rank-2 codebook subset selection
The rank-2 beam pairs according to BG0, BG1, and BG2 are shown in Figure 6. The squares with grey color filling, and squares with patterns correspond to beam pairs that will be selected by at least one of three BGs, whereas white squares correspond to beam pairs that are not selected by any BG. 
For BG0, rank-2 beam pairs are according to legacy Rel10 8-Tx rank-2 codebook. For BG1, there are multiple options to construct rank-2 beam pairs. Two important options are shown in Figure 6. In both options, 6 beam pairs are included: (00,00),(11,00),(00,11),(11,11),(01,00) and (01,11) which correspond to the legacy precoders in the longer dimension and 00 and 11 beams in the shorter dimension.
· Option 0: The extra two beam pairs correspond to (00,01),(11,01); and

· Option 1: The extra two beam pairs correspond to (01,01),(01,10).
Based on the simulation results in [5], we found that Option 0 is better in performance than Option 1 in various simulation scenarios. We therefore propose to adopt BG1 Option 0 for rank-2. For BG2, rank-2 beam pairs correspond to legacy Rel10 8-Tx rank-2 beam pairs in the longer dimension, and alternating same beam for both layers in the shorter dimension. The rank-2 Table 5 is constructed according to the abovementioned rank-2 codebook design.  
The selected beams and corresponding 
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 indices according to the three BGs are tabulated in Table 6. The reported second PMI 
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 by the UE spans 0 - 15, and are one-to-one mapped sequentially from the selected 
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 indices according to Table 6. For example, when BG1 is selected for rank-1, the selected 
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 indices 0-7 and 16-23 are sequentially one-to-one mapped to 
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 indices 0-15.
Table 6: Rank 2 codebook subset selection
	Beam group or subset selection
	Selected 
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 indices

	
	

	BG0
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	0-15

	BG1 
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	0-3, 8-9, 16-19, 22-23, 28-31

	BG2
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	0-1, 4-5, 8-9, 12-13, 18-21, 24-27


6 Codebook for the Second Alternative

According to the second alternative in [1], the antenna port layouts (N1,N2) for 12 and 16 antenna ports are explicitly configured and a separate codebook is designed for each of the configured (N1,N2). For example, for both 12, we will have two different codebooks for (N1,N2) = (3,2) and (2,3), and for both 12, we will have two different codebooks for (N1,N2) = (4,2) and (2,4). However, for these “symmetric” antenna port layouts, we may still have a single codebook table such as Table 2 and Table 5. However, the definition of 
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 are different for the two different layouts. In particular, the order in which the Kronecker product is performed is dependent on the antenna port configuration. For the configuration in which N1 ≥ N2, the UE derives the rank-1 pre-coder as 
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, and for the configuration in which N1 < N2, the UE derives the rank-1 pre-coder as 
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.  For rank-2, the pre-coding matrix is given by  
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 for N1 ≥ N2, and it is 
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 for N1 < N2.  

For example, for a 16 port configuration, we have 

·  (N1,N2) = (4,2) and,
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; and

·  (N1,N2) = (2,4) and,
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Similarly, for 12 port configuration, we have 

·  (N1,N2) = (3,2) and,
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; and

·  (N1,N2) = (2,3) and,
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Note that the orders in which the Kronecker product is performed in the two expressions are opposite in order to ensure that the dimensions of the two vectors to the left and to the right of Kronecker operator are the same in the two expressions. With this definition 
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 dependent upon the values of (N1,N2), the rank-1 and rank-2 codebook tables in Table 2 and Table 5, respectively can be re-used for both antenna port layouts.

Proposal 5: 

· If (N1,N2) is explicitly configured, adopt rank 1 and rank 2 codebooks in Table 2 and Table 5, respectively with the codebook parameters in Proposal 1 and Proposal 4, and the following definition:
· If N1 ≥ N2, the UE derives the rank-1 pre-coder as 
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, and if N1 < N2, the UE derives the rank-1 pre-coder as 
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·   If N1 ≥ N2, the UE derives the rank-2 pre-coder as 
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, and if N1 < N2, the UE derives the rank-2 pre-coder as 
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7 Conclusion
This contribution has investigated rank-1 and rank- 2 codebook design aspects, and has made the following proposals:
Proposal 1: 

· Adopt rank 1 codebook in Table 2, where codebook parameters are
· (L1, L2) = (4, 2), 
· (s1,s2) = (2,2), 
· (p1,p2) = (1,1), and 
· (O1,O2) = (8,8).
Proposal 2: 

· CSS should be configured so as to reduce number of PMI bits to be reported. 

· Total number of codewords (bits) after CSS should be [1024] ([10] bits).
· For the split of bits into W1 and W2, study the following alternative:

·  6 bits for W1 and 4 bits for W2

Proposal 3: 

· A UE is configured with a beam group from a set of beam groups, where the set of beam groups comprises of BG0, BG1, and BG2 according to  REF _Ref430804260 \h 
 \* MERGEFORMAT  .
· A beam group is configured by CSS configuration via RRC.
Proposal 4: 

· Adopt rank 2 codebook in Table 5, where codebook parameters are
· (L1, L2) = (4, 2), 
· (s1,s2) = (2,2), 
· (p1,p2) = (1,1), and 
· (O1,O2) = (8,8).
Proposal 5: 

· If (N1,N2) is explicitly configured, adopt rank 1 and rank 2 codebooks in Table 2 and Table 5, respectively with the codebook parameters in Proposal 1 and Proposal 4, and the following definition:
· If N1 ≥ N2, the UE derives the rank-1 pre-coder as 
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, and if N1 < N2, the UE derives the rank-1 pre-coder as 
[image: image167.wmf]ú

û

ù

ê

ë

é

Ä

Ä

=

1

2

1

2

2

1

1

)

1

(

,

,

m

m

n

m

m

n

m

m

v

u

v

u

Q

W

j

.
·   If N1 ≥ N2, the UE derives the rank-2 pre-coder as 
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, and if N1 < N2, the UE derives the rank-2 pre-coder as 
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Figure � SEQ Figure \* ARABIC �5�: Rank 2 beam pairs in the final codebook
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