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1. Introduction
The design of 8Tx codebook 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]. 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. 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).
This contribution is a revised resubmission of the contribution from the previous meeting. 
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Figure 1 Antenna indexing
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. 
Building upon [3, 4, 5], the following guidelines are enforced in our proposed design for the composite precoder W:
1. 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:
a. Uniform linear array (ULA) with (/2 (half wavelength) spacing: at least 16 DFT vectors
b. 4 dual-polarized elements with (/2 spacing between two elements: at least 8 DFT vectors per co-polarized group
c. 4 dual-polarized elements with 4( (larger) spacing between two elements

2. Based on the first guideline, the first priority should 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. In this contribution, the codebook designs for rank-5 and above are not given. 
3. Finite alphabet for W: each matrix element belongs to a finite set of values or constellation, e.g. M-PSK alphabet
4. 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.  
5. Nested property: 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.
6. 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 8Tx antenna setup and a range of values of angle of departure (AoD) which are associated with spatial correlation.  
7. Unitary precoder (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. 
3. Proposed design

In this section, the design in [3] is refined based on the guidelines in Section 2. The proposed design consists of two sets. 
· The first set targets the ULA setup 

· The second set targets the cross-polarized setup 

The two sets are combined into one codebook following the dual-stage framework.
3.1. Set 1

The first set is designed as a refinement of “Design 1” in [3]. A set of 16 DFT vectors can be generated from the 2x oversampled DFT matrices as follows.
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(2)
Notice that the construction in (2) divides the “beam angle” space into 2 partitions: 
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Each UE may update PMI_1 (and thus W_1) at a lower rate as the AoA region in which each UE resides changes slowly. The precise AoA may change at a faster rate. This is adapted with the change of W_2 which is associated with CB_2. 
To design CB_2, we use the same CB_1 for all the relevant ranks. The following design is proposed. 
· For a given rank, CB_2 performs column vector selection or group selection within a given W_1 matrix. 

· For rank-2, 3, and 4, CB_2 is designed such that the unitary precoder constraint is fulfilled. 

Denoting a length-8 column vector with 1 in the n-th row and zero elements elsewhere as
[image: image7.wmf]n
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the following design of CB2 is constructed:

Rank-1: size-8
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Rank-2: size-12
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Rank-3: size-8
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Rank-4: size-2
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Note that more designed freedom can be obtained if the unitary constraint is relaxed. In that case, some scaling inversely proportional to Trace{WH W} needs to be performed. As apparent from the above design, we attempt to limit the overhead associated with PMI_2 to 4 bits per report. This results in the same PMI payload as Rel.8/9 4Tx closed-loop spatial multiplexing.  
3.2. Set 2 

The second set is a refinement on “Design 2” in [5]. Assuming four pairs of dual-polarized antennas, the spatial channel covariance matrix can be approximated as follows:
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(3)
Here, the 4x4 covariance matrices C_H and C_V follow that of the 4Tx ULA. Observe that the spatial covariance matrix is block diagonal since the spatial channel coefficients associated with different polarizations are uncorrelated. Hence, even with /2 spacing, a rank-2 transmission can occur quite often. “Design 2” in [5] assumes that the elements associated with different polarization groups are combined via the second stage precoding (see (4) below where Y collapses the two polarization groups into one). 
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(4)

Notice that this scheme does not allow transmission higher than rank-4. In fact, rank>1 will not occur frequently with /2 spacing. It is then apparent that the formulation in (4) is more suitable for rank-1 transmission in this particular antenna setup. While this scheme may increase precoding diversity gain, the two different polarization groups should also be used spatial multiplexing due to the uncorrelated nature of the different polarization groups. To take advantage of such property, the formulation in (4) can be expanded as follows:
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(5)
The formulation in (5) is reduced to (4) when _HV and _VV are set to zero. Also, Y_1 and Y_2 can be the same or different.
To generate at least 8 DFT vectors per polarization group [4], the following design for W_1 based on the 4x oversampled 4Tx DFT vectors is used. Here, the “beam angle” space is partitioned into 2 groups (as opposed to 4) hence resulting in W_1 of size 8x16 block diagonal matrix:
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(6)
 
It is also possible to use the 2x oversampled 4Tx DFT vectors since we only need eight vectors. However, the number of possible precoding vectors/matrices that can be synthesized from column vector selection (associated with Y, Y_1, and/or Y_2) is smaller especially when the unitary precoder constraint is enforced for higher rank precoders. In this case, of course, the number of W_2 matrices can be increased by increasing the number of co-phasing vectors/matrices (associated with the  parameters). An example of such design is given in the Appendix.
The short-term (and/or frequency-selective) component W_2 is constructed based on the formulation in (4) for rank-1 and (5) for higher ranks. The structure for CB_2 follows the concept given in [5]. The overhead associated with W_2 is kept within 4 bits similar to Set 1. For a given rank, only a subset of all possible combinations is used whenever the number of all possible combinations exceeds 16. We enforce the unitary precoder constraint for rank-2, 3, and 4 designs. 
Rank-1: size-16
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(7)
Notice that only 4 out of 8 rank-1 precoding vectors are used. However, this fulfills the constraint of generating a total of eight 4Tx DFT vectors since each one of the two W_1 matrices permits the generation of four 4Tx DFT vectors.
Rank-2: size-16
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(8)
Rank-3: size-16
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Rank-4: size-8
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(10)
While the above design is geared towards an array of 4 dual-polarized antennas with 2 spacing, we expect that the design performs reasonably well for an array of 4 dual-polarized antennas with 4 spacing which represents a nearly-uncorrelated spatial channel.  
3.3. Set 1 + Set 2 = Combined Set
Set 1 and 2 are combined to form a single codebook. The combined set can be described as follows:
· The combined CB_1 consists of 4 matrices. Hence, 2 bits are needed for PMI_1 signalling.
· For a given W_1 matrix taken from CB_1, the second codebook CB_2 associated with the second precoder W_2 is given in Sections 3.1 and 3.2. Since the size of CB_2 is confined to 16, 4 bits are required for PMI_2 signalling. 
In regard of PUCCH design, the proposed design does not require any new PUCCH format design:

· Since PMI_1 only requires 2 bits of signalling, it can be reported together with RI without significantly increasing the risk of error propagation for either PMI_1 or RI. Note that RI is reported with PUCCH format 2/2a/2b which is heavily protected. To support 8Tx, a total of 3+2=5 bits of payload is expected when RI and PMI_1 are transmitted together. Of course, some further optimization can be done to reduce the payload, e.g. via a mechanism similar to codebook subset restriction. Furthermore, it is possible to report RI and PMI_1 separately which results in better protection at the expense of utilizing more PUCCH resources.
· PMI_2 requires 4 bits of signalling which is the same as 4Tx closed-loop spatial multiplexing in Rel.8/9. Assuming that the resolution of CQI is kept the same as Rel.8/9, a new PUCCH payload is not needed since the payload is still kept (11 bits.
It is also possible to reduce the total number of precoders due to the possibility of overlap between Set 1 and Set 2. Analogous to the FFT algorithm, an 8Tx ULA vector can be synthesized from two 4Tx ULA vectors by applying a phase offset to the second 4Tx ULA vector. At the same time, it is unclear how much overhead saving can be obtained with such approach without sacrificing the long-term vs. short-term separation (in time and frequency) between CB_1 and CB_2. This venue can be further investigated. 
While codebook designs for rank-5 and above are not given in this contribution, any construction within the sphere of the presented design framework can complement the proposed construction for rank-1 to 4. Due to the marginal precoding gain for the higher rank transmission, it is expected that a very small codebook size (1 to 4 matrices per rank) suffices. However, if the codebook is intended to cater for spatial channels with low correlation (e.g. XX   XX or X   X   X   X as pointed out by several operators in [6]), the above design can be augmented with some additional codebook elements that are suitable for uncorrelated channels. An example is augmenting the above design with virtual antenna selection or the variant which is a simple design suitable for low-correlated channels.  
4. Conclusion

In this contribution, we proposed some further refinement on the design in [5] based on the way forward proposals in [1, 3, 4]. A codebook design consisting of two different sets is given: the first set targets the ULA configuration while the second set is designed based on the properties of dual-polarized antenna setup. The design requires 2 bits for PMI_1 (long-term, wideband) and 4 bits for PMI_2 (short-term, sub-band). It is also possible to augment the design with a small number of precoders to accommodate spatila channels with low correlation. With such design, the PUCCH payload is still kept the same as Rel.8/9 as PMI_1 is either reported together with RI or separately reported in different sub-frames (from RI and CQI/PMI). 
Appendix: Alternative design for Set 2

If the 2x oversampled 4Tx DFT vectors are used, the following design is possible:
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Rank-1: size-16



[image: image21.wmf]ï

ï

þ

ï

ï

ý

ü

ï

ï

î

ï

ï

í

ì

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

Î

þ

ý

ü

î

í

ì

ú

û

ù

ê

ë

é

-

ú

û

ù

ê

ë

é

-

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

=

Î

1

0

0

0

,

0

1

0

0

,

0

0

1

0

,

0

0

0

1

  

2

1

 

,

2

1

 

,

2

1

 

,

2

1

2

2

Y

Y

Y

Y

Y

Y

Y

Y

Y

CB

W

j

j







(12)
For rank-2, 3, and 4 designs, the resolution of the co-phasing matrices is increased to generate more W_2 matrices. 
Rank-2: size-16
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Rank-3: size-16
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Rank-4: size-8
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�For instance,  � EMBED Equation.3  ��� and � EMBED Equation.3  ���.
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