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1. Introduction

Multi-antenna techniques can significantly boost the performance over traditional single-antenna methods. In 3GPP it has been concluded that such techniques are necessary in the LTE downlink in order to reach the performance requirements. Channel dependent (closed-loop in FDD) precoding is a multi-antenna technique that improves the performance by multiplying the information carrying vector signal with a matrix which adjusts the phases and amplitudes of the signal so that the signal better fits the present channel realization. 
2. Desired Precoding Framework

To limit signaling overhead and also to reduce complexity of CQI estimation, codebook based precoding with as small codebook as possible is preferred. The size of the codebook and the actual values of its elements should be chosen with both performance and signaling overhead in mind under realistic assumptions regarding quality of parameter feedback. Feedback delay in conjunction with a time-varying channel or bursty interference is an important impairment that should be considered. Bit-errors in the feedback link and CQI estimation errors also constitute impairments that are important to include when evaluating codebooks.

We further believe that switching between SU-MIMO and MU-MIMO should be carried out in a semi-static fashion as opposed to dynamically switching between them. This is beneficial since it makes it possible to design the two transmission methodologies separately and thus optimize each for its respective purpose. The precoding codebooks can hence be optimized separately, providing a distinct advantage considering the widely different requirements these two schemes put on the codebook design. For SU-MIMO, there should be a separate codebook for each transmission rank so that maximum performance can be achieved by designing each codebook individually. Separate optimization also means MU-MIMO does not need to suffer from the larger signaling overhead necessary for supporting SU-MIMO.

The UE selects the best precoder element and informs the NodeB about the corresponding precoder index via the feedback link. Whether additional precoder indices, corresponding to transmission ranks other than what the UE believes is the optimum, should be feedback is for further study. In any case, the scheduler in the NodeB can override the UE recommendation and use another transmission rank, and thus precoding element, than what the UE signaled. It is therefore necessary for the NodeB to signal the UE which precoder element was applied. This can be done explicitly by transmitting the actual precoder index or implicitly via the use of precoded reference symbols. We currently don’t have a strong opinion about this issue but we believe explicit signaling is adequate.

The design and optimization of codebooks is still to some extent an open problem. It is however clear that what constitutes a suitable codebook varies with NodeB capabilities (including antenna setup), propagation environment and UE capabilities. For example, an antenna setup with cross-polarized antennas at both NodeB as well as at the UE results in a diagonally heavy channel matrix for which the unit vectors ‎[1] are appropriate precoding elements. In contrast, DFT like beamforming vectors are often more appropriate for a spatial antenna setup. There are also other antenna structures than uniform linear array (ULA). Such structure can also have an impact on the choice of codebook. There is thus a need for several codebooks in the standard.  Different UEs may have different limitations on the transmission rank they can handle. When NodeB has four antennas a two antenna UE does not need codebooks for rank three or rank four transmission. This makes it useful to have UE and NodeB capability specific codebooks. Capability would here include characteristics such as antenna configuration (e.g. spatial or polarized) and the transmission rank the UE can support. 

To some extent the number of codebooks can be limited by combining several scenario specific codebooks into fewer bigger ones. In doing so, it would be beneficial to have the possibility for NodeB to signal (on a very slow basis) that only a subset of a codebook should be used. Combining codebooks in this manner is however done at the expense of signaling overhead. There is a clear trade-off and our view is that there is still a need for UE and NodeB capability specific codebooks even though reducing the number of different codebooks is, because of system complexity and performance testing, an advantage on its own.

Although the discussion in 3GPP currently is primarily focused on precoding based on short-term channel information, precoding based on long-term channel information should still be efficiently supported. This is particularly important for MU-MIMO where we see such classical long-term beamforming as the main mode of operation. But also SU-MIMO should have support for long-term beamforming to accommodate UEs with high mobility. For co-polarized ULAs, support of long-term beamforming may turn out to favor DFT-like beamforming vectors. With other, less structured, choices of vectors, it may be difficult guaranteeing the side lobe levels of a particular beamformer and thus the long-term friendliness may be lost. At the same time we don’t want to limit the performance for short-term precoding. Whether to again have separate codebooks or include long-term friendly vectors into other codebook is for further study.

3. Some Specific Codebooks

This section discusses some specific codebooks that we favor. The mentioned codebooks are listed in the Appendix. As can be seen, in all listed cases, the full transmission rank codebook is set to the identity matrix. This is to limit codebook size and because we believe the precoding gains for full-rank transmission are very limited for LMMSE receivers unless the codebook size is large and the parameter feedback is accurate. In addition, for SIC receivers we don’t see any gain with full-rank precoding.

3.1. Two Transmit Antennas

For the two transmit antenna case, the situation is rather clear. For SU-MIMO we see a need for the two codebooks in Table 1 and Table 2. The codebook in Table 1 corresponds to antenna selection and contains a total of three elements including rank adaptation. This codebook is suitable for a polarized antenna setup with diagonally heavy channel matrices. It is also motivated by its size which is the smallest possible. To additionally handle a spatial antenna setup, a larger codebook with seven elements is presented in Table 2. For single-rank transmission, the precoding vectors are made up of two unit vectors and the four DFT vectors also used in DTxAA for WCDMA. Including the unit vectors is beneficial for scenarios with low correlation whereas for high correlation, the DFT vectors are sufficient. Note that the presence of the DFT vectors provides codebook support for long-term precoding. 

Concerning MU-MIMO, we believe the four element DFT based codebook in Table 3 provides an appropriate trade-off between straddling loss and possibility to pair UEs for simultaneous transmission on the same resource block. 

Regardless of the actual values of the elements, we believe a maximum of three bits for all two-antenna codebooks strikes an appropriate balance between signaling overhead and precoder performance.

3.2. Four Transmit Antennas

The choice of codebook is not as obvious for the four antenna configuration. Nevertheless, we present some preliminary candidate codebooks. Starting with SU-MIMO, Table 4 lists the antenna selection codebook. It has only a total of 15 elements and should be seen as a benchmark for codebooks of greater size and also giving a reasonable lower bound on the total codebook size. Bigger codebooks must justify their increased signaling overhead by showing significantly higher performance under realistic assumptions regarding interference environment and parameter feedback.

In Table 5, a codebook suitable for a setup with two spatially separated cross polarized antenna pairs is listed. This creates a channel matrix which on average is block diagonally heavy where the block size is 2x2. The spatial separation is here assumed to be small. It should consequently suffice with supporting at most rank two transmission. This codebook can be viewed as a combination of antenna selection and DFT based beamforming. The polarization to use is selected and then for a certain polarization, beamforming is applied.

A spatial and polarized setup in many ways similar to the previously mentioned one is the target for the codebook in Table 6. The channel matrix thus still tends to be block diagonal. A key difference is now however that the antenna spacing is assumed to be large. This means full-rank transmission needs to be supported and it should be beneficial to include the unity vectors as beamforming candidates. The codebook size therefore increases significantly compared with the previous. By combining the unity and DFT vectors, we essentially reuse the six element rank one elements from Table 2 when generating the present codebook. As a result, the total size now increases from 12 to 61. This is however just an example and we believe it should be possible to reduce the size by careful design of the non-zero elements in the matrices and still keep the codebook suitable for block diagonal channel matrices. 

Table 7 presents a rough structure of a codebook for scenarios with spatially separated antennas spaced far apart. Such a codebook should be designed numerically to optimize the performance for an uncorrelated Rayleigh fading scenario. Judging from the investigation in ‎[2], a maximum of four bits per transmission rank currently seems sufficient.

The codebook for MU-MIMO is presented in Table 8. System level investigations described in ‎[3] show that a three bit codebook provides a good balance between straddling loss and ability to find users to pair for simultaneous transmission over the same resource block.

Note that even though the transmission rank can be as high as four, it has been agreed to limit the number of codeword to at most two. There is thus an additional choice of how to perform the mapping from codewords to layers. We believe it is possible to let this mapping be fixed (in contrast to dynamic) without significant performance loss in practice and that the following mapping is sufficient:

· Rank two transmission – codeword one mapped to layer one and codeword two mapped two layer two.

· Rank three transmission – codeword one mapped to layer one and codeword two mapped to layer two and three.

· Rank four transmission – codeword one to layer one and two and codeword two to layer three and four.

4. Conclusions

Our views are summarized below:
· Each transmission rank and MIMO mode (SU-MIMO or MU-MIMO) should have a separately optimized codebook.

· Limit signaling overhead by making codebooks as small as possible.

· What constitutes a suitable precoding codebook is determined by several factors including UE and NodeB capabilities (e.g. antenna setup and maximum supported transmission rank). This creates a need for UE and NodeB capability specific codebooks.

· Classical angular of departure based beamforming and beamforming based on long-term channel knowledge should be supported for MU-MIMO. DFT-like beamforming vectors thus seem suitable for ULA. Whether the same applies for single rank transmission in SU-MIMO is for further study.
· Whether to explicitly signal the selected precoder index or use precoded reference symbols is for further study. Our current view is that the former is adequate. 

· It should be possible to restrict the precoding to use only a subset of the transmission ranks and the elements in the codebook.

· For full-rank transmission benefits of unitary precoding are limited for LMMSE and non-existent for SIC. The identity matrix should thus be the choice of codebook for full-rank transmission.

· A pure antenna selection codebook should exist for 2 tx antennas in order to minimize overhead and suit polarization antenna setup.

· Precoding should efficiently support a 4 tx antenna setup with two closely spaced pairs of cross polarized antennas. Codebook containing vectors with two zero-elements should therefore be available.

· In 4 tx antenna case, a fixed codeword to layer mapping should be used unless significant gains can be shown by a more elaborate scheme.

· 2 tx antennas: For each codebook (including rank adaptation), three or less bits should be sufficient.

· 4 tx antennas:  For each codebook (including rank adaptation), six bits or less should be sufficient. The codebook for a certain tx rank needs at most four bits.

5. Appendix - Codebooks

Some codebooks we believe should be considered are listed in the following. Note that for notational brevity, a scaling factor normalizing each codebook element has been intentionally omitted from the tables. This scaling factor ensures the total transmit power is constant regardless of which precoder matrix is applied.

Table 1: Antenna selection codebook for 2 tx antennas SU-MIMO.

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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Table 2: Combined antenna selection and DFT beamforming codebook for 2 tx antennas SU-MIMO. 

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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Table 3: Codebook for 2 tx antennas and MU-MIMO.

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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Table 4: Antenna selection codebook for 4 tx antennas SU-MIMO.

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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Table 5: Codebook for two spatially separated (small distance) cross polarized antenna pairs in SU-MIMO mode.

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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Table 6: Codebook for two spatially separated (large distance) cross polarized antenna pairs in SU-MIMO mode.

	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
	
[image: image12.wmf](

)

þ

ý

ü

î

í

ì

=

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

Î

=

ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

ú

ú

ú

û

ù

ê

ê

ê

ë

é

3

,

,

0

,

4

/

2

exp

1

,

1

0

,

0

1

,

5

,

,

0

'

,

0

0

,

5

,

,

0

,

0

0

'

L

L

L

k

k

j

v

where

l

v

l

v

l

l

l

p


	12
	61

	2
	
[image: image13.wmf]5

,

,

0

'

,

5

,

,

0

,

0

0

0

0

'

L

L

=

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

l

l

v

v

l

l


	36
	

	3
	
[image: image14.wmf]5

,

,

0

,

0

0

0

0

1

0

0

0

0

1

5

,

,

0

,

1

0

0

0

0

1

0

0

0

0

L

L

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

l

v

l

v

l

l


	12
	

	4
	
[image: image15.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

1

0

0

0

0

1

0

0

0

0

1

0

0

0

0

1


	1
	


Table 7: Approximate codebook structure for four antennas with uncorrelated fading (large antenna separation) in SU-MIMO mode.
	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
	Optimized for uncorrelated Rayleigh
	16
	49

	2
	Optimized for uncorrelated Rayleigh
	16
	

	3
	Optimized for uncorrelated Rayleigh
	16
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Table 8: Codebook for four antenna array in MU-MIMO mode.
	Tx Rank
	Codebook per Rank
	Size per Rank
	Total Size

	1
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