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1. Introduction
The codebook design for Rel-10 downlink (DL) MIMO is tightly coupled with the feedback framework for the enhanced DL MIMO. A way forward on feedback framework based on implicit feedback was agreed in RAN1#60 [1] along with some progress in RAN1#60bis [2]. Two way forward proposals were made [3, 4] based on the multi-granular or dual-stage codebook design.
In this contribution, we attempt to build upon our previous contribution [5] based on the agreed way forward in [3] and the proposed way forward in [4]. A similar design philosophy is used for 8Tx codebook as well as the possible 4Tx codebook enhancement. At the same time, the Rel.8 4Tx codebook is still a part of the overall enhanced 4Tx codebook. It is noted, however, that:
· The 4Tx codebook enhancement targets the MU-MIMO performance improvement and is conditioned upon sufficient performance gain in realistic scenarios [5]. Otherwise, the Rel.8 4Tx codebook is simply reused. While this contribution presents a possible competitive 4Tx codebook enhancement design, it should not be interpreted as an unconditional endorsement for the 4Tx codebook enhancement per se. Whether 4Tx codebook should be enhanced for Rel.10 is not the scope of this contribution. A companion contribution is provided to address this matter [8].  
· An 8Tx codebook needs to be designed to fulfill the 3GPP Rel.10 requirement, in particular the peak spectral efficiency of 30bps/Hz which is achieved via 8-layer transmission capability.
We assume the following antenna element indexing to enumerate the spatial channel coefficients 
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where n and m are the receiver and transmitter antenna indices, respectively. For 8Tx, observe that the indexing for the 4 pairs of cross-polarized antennas (Figure 1(b).) represents the grouping of two antennas with the same polarization which tend to be more correlated. This is analogous to the indexing of 4 pairs of ULA in Figure 1(a).
[image: image2.png]ULA or 4 pairs of ULA 4 pairs of X

11 XXXX
12 34 56 78 15 2 6 3 7 4 8
(a) (b)





Figure 1 Antenna indexing for 8Tx. Indexing for 4Tx follows the same principle
XXXX
2. Design guideline
A particular dual-stage feedback structure of interest is based on the product structure proposed in [4, 5]:
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Following the agreement in [3], W_1 targets wideband/long-term channel properties and W_2 targets frequency-selective/short-term channel properties, respectively. Each of the components is assigned a codebook. Hence, two distinct codebooks are needed: CB_1 and CB_2. Here, W is termed the composite precoder. The choice of W_1 and W_2 are indicated via PMI_1 and PMI_2. 
Based on the guidelines in [3, 4, 6], the following principles are enforced for both 4Tx and 8Tx codebook designs:
1. Finite alphabet for W: each matrix element belongs to a finite set of values or constellation, e.g. M-PSK alphabet
2. Constant modulus for W: all elements in a precoding matrix have the same magnitude. This is important to facilitate power amplifier (PA) balance property in all scenarios. Note that constant modulus is a sufficient condition for PA balance, but not a necessary condition. However, enforcing constant modulus property tends to result in a simpler codebook design. Note also that while the precoding codebook (for feedback) conforms to the constant modulus property, this does not restrict the eNodeB from using non-constant modulus precoder. This is possible due to the use of UE-specific RS for demodulation.  
3. Nested property for W: every matrix/vector of rank-n is a sub-matrix of a rank-(n+1) precoding matrix, n=1,2, .., N-1 where N is the maximum number of layers. While this property is desirable as it allows to reduce the complexity of PMI selection, it is not necessary to facilitate rank override if UE-specific RS is used.
4. The associated feedback signaling overhead should be minimized. This is achieved by a good balance between the overhead associated with W_1 (wideband, long-term) and W_2 (sub-band, short-term). Here, both time (feedback rate) and frequency (feedback granularity) dimensions are important.
a. Blindly increasing the size of CB_1 (while reducing the size of CB_2) does not guarantee reducing the overall feedback overhead if a certain level of performance is expected. If the codebook CB_1 is meant to cover a certain precoder sub-space with a given spatial resolution, increasing the size of CB_1 demands an increase in feedbacks signaling associated with W_1, both in time and frequency. This is because CB_1 start to capture shorter-term channel properties which are meant to be parts of CB_2. 

b. To ensure that CB_1 does not need to be updated too frequently (in time and frequency), CB_1 should capture long-term channel properties such as the antenna setup and a range of values of angle of departure (AoD) which are associated with spatial correlation.  
c. The design should strive to keep the maximum overhead associated with W_2/CB_2 the same as the Rel.8 PMI overhead, i.e. (4 bits.  

5. Unitary precoder for W (the column vectors of a precoder matrix must be pair-wise orthogonal to one another), while not necessary, is a sufficient condition for maintaining constant average transmitted power. This constraint is also used in designing the codebook at least for some relevant ranks. 
In terms of design priorities, 4Tx and 8Tx do not share the same set of criteria due to several reasons which are discussed below. 

2.1. 4Tx codebook enhancement
 As mentioned in Section 1, the design for 4Tx codebook in Rel.10 targets an enhancement for MU-MIMO over the Rel.8 4Tx codebook. Rather than redesigning the 4Tx codebook, the enhancement should simply focus on enhancing the MU-MIMO performance as the Rel.8 4Tx codebook was already designed to offer competitive performance for SU-MIMO (while keeping MU-MIMO in mind with the support of 8 DFT vectors in the rank-1 codebook). Based on this consideration, the 4Tx enhancement should focus on rank-1 and at most rank-2 where MU-MIMO becomes relevant. 
In terms of antenna setups, three setups should be considered with the first and the second taking the highest priority (see, e.g. [7]):
1. 2 dual-polarized elements with (/2 spacing between two elements 
2. 2 dual-polarized elements with 4( (larger) spacing between two elements
3. Uniform linear array (ULA) with (/2 (half wavelength) spacing
Hence, good performance should be ensured for dual (cross) polarized antenna array, with both small and large spacing. 
2.2. 8Tx codebook 
While the design is aimed for various antenna setups and spatial channel conditions, priority is given to the following three 8Tx setups with more weight given to the first and second scenarios:
1. Uniform linear array (ULA) with (/2 (half wavelength) spacing: at least 16 DFT vectors
2. 4 dual-polarized elements with (/2 spacing between two elements: at least 8 DFT vectors per co-polarized group
3. 4 dual-polarized elements with 4( (larger) spacing between two elements
That is, the array with larger spacing tends to be less feasible. Keeping this in mind, the first design priority should hence be given to rank-1 and 2, while the second given to rank-3 and 4. It is expected that precoding gain is not substantial for rank-5 and higher. Here, priority is associated with the extent of optimization effort as well as the allocated feedback signaling overhead. 

3. Proposed codebook structure
Following the previous agreement of using the same principle for 4Tx enhancement and 8Tx designs [1, 4] and the guidelines described in Section 2, the block diagonal grid-of-beam (GoB) structure is used. This structure is common among numerous proposals from different companies with the main difference lying on the manner in which the two-stage “decomposition” is expressed. Here, we adopt the formulation used in [10, 11]. For both 4Tx enhancement and 8Tx, W_1 and the associated codebook can be written as follows:
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(2)
Here, different W_1 matrices represent a partitioning (without overlap) in terms of beam angles:
· W_1 is a block diagonal matrix of X where X is a (NTXA/2)xNb matrix (Nb denotes the number of adjacent (N_TXA/2)-TxDFT beams contained in X). Such design is able to synthesize N (N_TXA/2)-TxDFT beams within each polarization group. For a given N, the spatial oversampling factor is essentially (N/2). The overall (N_TXA/2)-TxDFT beam collections are captured in the (N_TXA/2)xN matrix B.

· By using co-phasing in W_2 (described later on), the composite precoder W can synthesize up to N DFTbeams. 
· For 4Tx, it should be noted that the Rel.8 rank-1 codebook already contains 8 4TxDFT beams. 

· The set of W_1 matrices represents (N/Nb)-level partitioning (hence non-overlapping) of the N beam angles (in X, i.e. each polarization group).  

· This design results in a codebook size of (N/Nb) for W_1.
If some overlap in the set of beam angles is desired between two different W_1 matrices (see, e.g. [10, 11]), the above formulation can be slightly modified such that two consecutive X matrices consists of some overlapping beam angles. Overlapping in beam angles may be beneficial to reduce “edge effects”, i.e. to ensure that a common W_1 matrix can be better chosen for different RBs within the same precoding sub-band when sub-band precoding or CSI feedback is used. 
Next, the design for 4Tx enhancement and 8Tx will be discussed separately. 
3.1. 4Tx codebook enhancement
As discussed in Section 2.1, the enhancement targets MU-MIMO improvement and hence is designed for only rank-1 (and at most rank-2). At the same time, the Rel.8 4Tx codebook should still be used at least for SU-MIMO. Keeping in mind that dynamic switching (switching without RRC configuration) between SU-MIMO and MU-MIMO is the baseline assumption for Rel.10, an eNB should be able to use the Rel.8 4Tx and the enhanced components interchangeably, i.e. the switching between the two components should be dynamic. Thanks to the agreed upon dual-stage feedback structure and in particular the W=W_1*W_2 structure in (1), this can be realized in a simple and natural manner. The enhanced component can be augmented or combined with the Rel.8 codebook as follows:
· The Rel.8 4Tx codebook is used as the codebook for W_2 and associated with W_1 = identity.

· When PMI_1 indicates that W_1 identity is chosen, CB_2 is chosen as the original Rel-8 codebook.

· Else, when PMI_1 indicates some other W_1, W_1 and CB_2 are chosen as the enhanced component. 
The above switching/augmentation mechanism features the following:

· Best possible 4Tx MU-MIMO codebook enhancement opportunity. This is because the optimization effort for the new components can be focused on improving MU-MIMO without the need for considering the SU-MIMO performance (which is covered by the Rel.8 4Tx codebook). Furthermore, the new components can be designed “from scratch” as the above augmentation mechanism with Rel.8 4Tx codebook can be done without constraining any of the structures of the new components. 
· Maintain best possible performance for 4Tx SU-MIMO without additional standardization effort. This comes from the use of Rel.8 4Tx codebook. It is noted that the Rel.8 4Tx codebook offers competitive performance in various antenna and channel setups including dual-polarized arrays as pointed out in, e.g. [12, 13] partly due to the inherent block diagonal structure in a number of the precoder matrices/vectors.
The design for W_2 (based on co-phasing and selection) follows the structure used in [10, 11] for 8Tx codebook design proposal which was submitted in the last RAN1 meeting. Co-phasing allows some phase adjustment between the two polarization groups and generation of 4TxDFT vectors from two block diagonal 2TxDFT matrices. The (group) selection operation allows refinement/adjustment of beam angles across RBs within the same sub-band thereby maximizing frequency-selective precoding gain. The details are not repeated here for brevity.
The combination of beam selection and co-phasing in W_2 – combined with W_1 – should result in a unitary precoder W=W_1*W_2.  

An example of a complete design with non-overlapping block diagonal GoB augmentation of (N,Nb)=(8,4) for rank-1 and 2 is as follows:
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(3)
Rank 1:
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( size-3 (Rel-8 codebook augmented with block diagonal GoB)
· When
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denotes the Rel.8 4Tx rank-1 codebook used for W_2. 
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Rank 2:
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( size-3 (Rel-8 codebook augmented with block diagonal GoB)
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denotes the Rel.8 4Tx rank-2 codebook used for W_2. 
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Rank 3:
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denotes the Rel.8 4Tx rank-3 codebook used for W_2.
Rank 4:
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denotes the Rel.8 4Tx rank-4 codebook used for W_2.
It should be noted that a number of other 4Tx codebook enhancement proposals allow dynamic switching between the enhanced components and the Rel.8 4Tx codebook (e.g. [14, 15]) as it allows some level of reusing the Rel.8 4Tx codebook. However, we believe that the above augmentation offers some additional advantages over some other proposals:
· Compared to the W2W1 structure in, e.g. [14] where the Rel.8 4Tx codebook is used as W1, the above augmentation procedure (based on W1W2) allows the Rel.8 4Tx codebook to be used for short-term and/or sub-band precoding since it is associated with W2. This is not possible in [14] which is expected to compromise the performance in less correlated scenarios such as the dual-polarized 4 spacing setup advocated in [7] (as sub-band precoding offers higher gain when the channel is richer in scattering). 

· Compared to the adaptive codebook structure in, e.g. [15] where W1 performs some additional transformation on the Rel.8 4Tx codebook (which is W2), the above augmentation procedure allows more freedom in designing the composite precoders as W2 is not constrained to be the Rel.8 4Tx precoders for the enhanced codebook components. 
We provide some evaluation on the above enhancement proposal in the companion contribution [8].
3.2. 8Tx Codebook
The design for 8Tx codebook is based on the same structure as the 4Tx codebook enhancement given above. In this case, of course, no augmentation with some other codebook is needed. Keeping in mind that the 8Tx codebook design prioritizes more correlated antenna scenarios (see Section 2.2) – unlike 4Tx – the block diagonal GoB design in (2) is self-sufficient. 
Details and reasoning behind the design are given in, e.g. [6, 11] along with a joint design proposed by >10 companies given in [10]. Performance analysis for this proposal is given in [9] which is an update of previous contributions [16, 17]. For the joint 8Tx codebook proposal, N=16 is used to generate at least 16 8TxDFT vectors. Also, overlapped beam angle design is used. Hence, the following design for W_1 is used. Note that different choices of Nb are used for rank-1/2 and rank-3/4 due to performance [16].
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Rank-1 and 2: 
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Rank-3 and 4: 
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The design of W_2 follows the same principle of using co-phasing and beam selection based on the same reasoning as that for the 4Tx codebook enhancement. The details are given in [10]. 
For ranks>4, fixed precoding is proposed in [10] since no substantial precoding gain is observed [16]. The details are again given in [10].
4. Conclusion

In this contribution, a codebook structure proposal based on the dual-stage precoding with W=W1W2 is given. This structure is used to construct complete proposals for the 4Tx codebook enhancement as well as the 8Tx codebook. The proposals are summarized as follows:
· For 4Tx codebook enhancement, the target is to enhance MU-MIMO performance with some new block diagonal grid-of-beam (GoB) precoders for rank-1 and at most rank-2. The new precoders are augmented to the existing Rel.8 4Tx codebook via the use of dual-stage W=W1W2 structure. 
· For rank-1 and (perhaps) rank-2, 
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· For rank-3 and rank-4, 
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uses the Rel.8 4Tx codebook for the rank of interest. 
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uses co-phasing and selection codebook.
· A complete design example was given in Section 3.1. Further evaluation of different design alternatives is given in the companion contribution [8].
· The 8Tx codebook design follows the same principles of the new block diagonal GoB precoders for the 4Tx enhancement. In this case:
· 
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uses co-phasing and selection codebook.
· A joint design proposal following this principle was presented in [10]. Further evaluation of different design alternatives is given in the companion contribution [9].
Finally, while this contribution presents a possible competitive 4Tx codebook enhancement design, it should not be interpreted as an unconditional endorsement for the 4Tx codebook enhancement per se. Whether 4Tx codebook should be enhanced for Rel.10 is not the scope of this contribution and is subject to sufficient performance gain in realistic scenarios as agreed in [5]. This issue is addressed in the companion contribution [8].
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