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1 Introduction

It has been agreed to support up to eight layer single user (SU) spatial multiplexing for LTE-A terminals, and a MIMO precoding codebook for eight antenna ports must therefore be decided. Some desirable codebook properties have been given in [1] and [2] such as consisting of unitary precoding matrices with nested property, being constant modulus and having a constrained alphabet. These properties of the Rel.8 codebook should, if possible, be inherited by the Rel.10 codebook. On the other hand, since we know that the LTE Rel. 8 codebook has poor performance when used for MU-MIMO, it is necessary to have Rel.10. codebooks work well for both MU-MIMO and for SU-MIMO. Nevertheless, a common codebook for SU- and MU-MIMO is still desired for simplicity and the SU/MU mode adaptation.
As we know, codebook design should ideally match the underlying channel characteristics. For example, for i.i.d. Rayleigh fading channels, Grassmannian line/subspace packing (GLP) based codebook is shown to achieve near optimal performance [4]. However, the GLP codebook do not perform so well under correlated fading channels, or block diagonal fading channels where dual-polarized antennas are used. An all-weather codebook is desired which performs well in different fading scenarios, antenna spacing, for different antenna patterns and polarization profiles. This altogether makes the codebook design task not easy and a compromise is required, result of which is the current Rel.8 LTE codebook design. 
Increasing the codebook size (which also means higher storage requirement, feedback overhead and computation complexity) is a natural way to improve the overall performance. Interestingly, for SU-MIMO, this may not bring sizable return for the additional investment as will be shown in Section 3. For MU-MIMO on the other hand, the results in [5] indicate that number of feedback bits must increase linearly with SNR (in decibels) in order to reach the theoretical sum capacity bound.  One reason for this discrepancy is that both desired signal power and interference power are impacted by the codebook size for MU-MIMO, but for SU-MIMO, only the desired signal power is impacted by the codebook size. Hence, a larger codebook should be investigated for MU-MIMO at least.
Since MU-MIMO primarily operates in high correlation antenna setups with few or a single stream per user, MU-MIMO feedback typically relies on lower rank codebooks. On the other hand, since SU-MIMO is primarily used in channels with relatively lower spatial correlation and/or larger number of receive antennas, SU-MIMO feedback typically rely on higher rank codebooks. As we desire a common codebook for SU-MIMO and MU-MIMO, one possible way is to tailor lower-rank part of the codebook especially for MU-MIMO with high correlation setups and higher-rank part of the codebook for low correlation setups. Such a design rationale may break the nested property. However, as shown later, the extra performance gain is significant enough to justify the break. On the other hand, the nested property should certainly be maintained within the lower rank part of the codebooks and the higher rank part of the codebooks, respectively. The gain of using more feedback bits for lower rank precoding than for higher rank precoding, based on the argument of more feedback bits for MU-MIMO, should also be studied.
In [3], a codebook for eight antenna ports based on a Complex Hadamard Transformation (CHT) was described and link simulation results were shown with 16 precoding matrices per rank. The conclusion was that the 4 bit codebook for eight antennas and rank 1 or 2 gives only about 1 dB gain over the 4 bit LTE Rel.8 codebook for four antennas. It was therefore suggested to investigate larger codebooks for possible performance improvement. It was also shown that the array manifold of the CHT codebook is clearly worse than the DFT codebook, which motivates studying the lower rank codebook optimizations further. 
2 Codebook for eight transmit antenna ports in LTE-A
Overall, 8 codebooks need to be designed for rank-1 precoding up to rank-8 precoding respectively. As indicated earlier, we optimize our lower rank (rank-1 and rank-2) codebooks for MU-MIMO and optimize our high rank (rank-3 and above) codebooks for SU-MIMO. Numerical results will be presented in section 3. 
2.1 The lower rank part of the codebooks: rank-1 and rank-2
For 8 antenna ports, the deployment assumption of an antenna array with small antenna spacing and/or dual-polarized antennas array is more practical than that of uniform linear array (ULA) with large antenna spacing. Although it is not impossible under such environments to have up to 4 streams per UE for at least 2 concurrent UEs, numerical results show that the MU-MIMO mode is mostly selected for 1~2 streams per UE comparing to its alternative SU-MIMO mode. We thus limit our codebook optimization for MU-MIMO to rank 1 and rank 2 only, while the optimization is mainly performed to achieve superb performance under correlated and dual-polarized antenna configurations. Other than superb performance, nice properties [1] such as the nested property, being constant modulus are desirable.

In particular, we propose a 4-bit rank-1 codebook and a 6-bit rank-2 codebook based on discrete Fourier transform (DFT). For the 4-bit rank-1 codebook, each codeword is the first column of matrix 
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 are vectors as constructed in Appendix I. For the 6-bit rank-2 codebook, each codeword is a selected pair of columns from matrix 
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 in Eq.(1) while k is a constant dependent on the codeword index. See Appendix I for details. 

It is easily seen that such a codebook construction satisfies the nested property since the rank-1 codebook is a subset of the rank-2 codebook. Furthermore, all codeword entries have the same amplitude and hence the constant modulus property. Alphabet of the codeword entries is also arguably limited, although larger than the 8-PSK alphabet. 
2.2 The higher rank part of the codebook: rank-3 to rank- 8
We move on to codebook designs for higher rank precoding in this subsection, bearing in mind that the codebook optimization here is mainly optimized for SU-MIMO. Nice properties such as nested codebooks, being constant modulus and having a constrained alphabet are also desirable.
The LTE Rel.8 4-antenna codebook was carefully designed to have good distance properties and good performance in various channel environments. Therefore for the higher rank case, we suggest that the Rel.8 codebook is reused in the 8 antenna port codebook through codebook aggregation. The rank-8 codebook is then constructed as
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where 
[image: image8.wmf]A

 and 
[image: image9.wmf]B

 are two rank-4 codewords selected from the 4-antenna Rel.8 codebook. See Appendix II on details and an example on how to obtain the codebooks of rank lower than 8.

In [2] it was also suggested to re-use the 4-antenna codebook from LTE Rel. 8  for generating the 8-antenna LTE-A codebook although more complicated Kronecker product operations are involved. Since 
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 and 
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 in (2) each is indexed by 4 bits, the aggregated codebook is an 8-bit codebook. However, the LTE-A codebook size can easily be reduced by selecting only a subset of the elements in the LTE codebook in this construction (2). See an example in Appendix II. 

The resulting codebook thus inherits all the desirable properties from LTE Rel. 8, such as being unitary, having the nested property, being constant modulus and having a finite alphabet. Since the LTE Rel. 8 codebook matrices are reused, part of LTE’s UE algorithm for selecting the best codeword may possibly be reused for LTE-A.

Thanks to its simplicity, such a codebook enables us to study impact of the codebook size by simply restricting how many codewords are selected from the LTE codebook. 
3 Simulation Results

Here we provide simulation results for the proposed codebook for MU-MIMO and SU-MIMO. Since the lower rank part of the codebook  is based on a DFT approach and the higher rank part is based in LTE Rel.8 codebook aggregation (CBA), we denote the proposed codebook as DFT-CBA in the following.
3.1 Codebook performance at rank 1 transmission and MU-MIMO
In this  section, we analyze the performances of MU-MIMO with rank 1 transmission, i.e. each scheduled user receive one layer. Shannon capacity is used as the MU-MIMO performance metric for rank-1 codebook comparisons, where SINR is the signal to interference ratio. The 4-bit rank-1 DFT codebook described in Appendix I and the CHT [3] codebook are evaluated. Various transmit antenna configurations, including ULA and dual-polarized antenna array with 0.5 and 4
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antenna spacing, are considered. The SCM (urban macro with angular spread of 15 degrees) with 8 transmit and 2 receive antennas are used and 10 active low mobility UEs are assumed in the simulations.  
                                          Table 1 Simulation comparison for Rank-1 codebooks 

	Ant.config.
	0.5( ULA
	4( ULA
	0.5( VH  (Dual-pol)
	4( VH (Dual-pol)

	Mode
	                 SNR

Codebook
	5dB
	10dB
	5dB
	10dB
	5dB
	10dB
	5dB
	10dB

	MU-MIMO

ZFBF+MMSE
	CHT [3] (4bit)
	100%
	100%
	100%
	100%
	100%
	100%
	100%
	100%

	
	DFT (App. I) (4bit)
	113%
	114%
	112%
	115%
	110%
	110%
	108%
	108%

	
	Full CSI feedback
	125%
	131%
	136%
	142%
	131%
	131%
	131%
	128%

	
	LTE Rel-8 (4Tx)
	92%
	97%
	96%
	99%
	
	
	
	


In Table 1, the relative throughputs with respect to the CHT 4-bit codebook [3] are provided, while the CHT 4-bit codebook has a relative throughput of 100%. Some observations are summarized as follow:

· With the same quantization level, the gain of the DFT codebook which is optimized for correlated arrays is significant over the CHT codebook, by up to 15% in terms of the throughput. 

· The performance loss of the 4 bit DFT codebook from full CSI feedback cases is not trivial for dual-polarized antenna configurations. It suggests that a higher resolution codebook may be needed. Some design constraints of Rel-8 codebook, for example the constant modulus constraint, should be removed in order to fulfil the potential of a higher resolution codebook.

Overall, the 4-bit rank-1 DFT codebook achieves significant performance gain relative to its alternative CHT design for MU-MIMO. For this reason, we propose that the rank-1 DFT codebook be adopted by LTE-A for 8-Tx antenna ports. Impact of the codebook size on the performance should be further studied, especially for dual-polarized antenna array. Performances of rank 2 transmission for MU-MIMO will also be further investigated.  
3.2 Codebook performance at high rank transmission and SU-MIMO
The DFT-CBA codebook has been evaluated for SU-MIMO with rank adaptation and compared against the performance of the 4-antenna LTE Rel.8 codebook and 4-bit CHT codebook for LTE-A [3]. See Eq. (2) and Appendix  I and II for details on how the DFT-CBA codebook was obtained. 
A link simulation of a SU-MIMO setup with eight transmit and eight receive antennas in an urban macro high spread scenario has been used with 4( or 0.5(  spacing of dual polarized antennas at the eNB and 0.5( spacing of dual polarized antennas at the UE. This setup favours higher rank transmission due to the relatively large angular spread and large number of receive antennas at the UE. 

Although it is agreed that non-codebook based precoding is used for transmission in LTE-A, we assume here that the codebook used for feedback signalling is also used for the actual SU-MIMO transmission. For further simulation assumptions, see Appendix III. 

A link simulator was used with rank adaptation, adaptive modulation and coding and HARQ retransmissions to obtain the throughput or spectral efficiency (SE) for each simulated SNR point. The control and RS overhead was taken into account in the simulations but ideal channel estimation was used. 
Figure 5 show the spectral efficiencies of the 8x8 MIMO setup, the DFT-CBA 4 bit codebook has 6% higher spectral efficiency than DFT-CBA-2 bit and CHT-4 bit at 20 dB SNR. The DFT-CBA-2bit and CHT-4 bit has similar performance for SNR above 5 dB. The spectral efficiency gain over Rel.8 4x4 MIMO is 48% at 20 dB SNR. Also, for SNR of 5 dB and above, the probability of selecting rank 1 or 2 was less than 19%, thereby justifying that this analysis is for the high rank part of the codebook.
[image: image13.emf]0 5 10 15 20 25

2

4

6

8

10

12

14

SNR [dB]

Spectral efficiency [bit/s/Hz]

 

 

CHT 4 bit

DFT-CBA 4 bit

DFT-CBA 2 bit

Rel.8 4x4


Figure 1 Spectral efficiency using 8x8 MIMO with DL precoding using CHT and DFT-CBA codebooks of size 16 per rank and DFT-CBA codebook with size 4 per rank. Also Rel.8 4x4 MIMO spectral efficiency is given . The channel is Urban Macro, 3 km/h. Cross-polarization antennas used with 4( eNB antenna spacing and 0.5( UE antenna spacing. 
Figure 2 show the spectral efficiencies of the 8x8 MIMO setup but now with narrow antenna spacing also at the eNB (half wavelength dual polarized antennas). The DFT-CBA 4 bit codebook has again 6% higher spectral efficiency than DFT-CBA-2 bit at 20 dB SNR but the improvement over the CHT-4 bit now reaches 20%. The spectral efficiency gain over Rel.8 4x4 MIMO is in this correlated channel 16% at 20 dB SNR. 
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Figure 2 Spectral efficiency using 8x8 MIMO with DL precoding using CHT and DFT-CBA codebooks of size 16 per rank and DFT-CBA codebook with size 4 per rank. Also Rel.8 4x4 MIMO spectral efficiency is given . The channel is Urban Macro, 3 km/h. Cross-polarization antennas used with  0.5( eNB antenna spacing and 0.5( UE antenna spacing.
4 Further study
Initial results on codebook design and performance evaluation is presented in this contribution for LTE-A 8 Tx antennas. Different codebook size for different ranks should be further studied, for SU- and MU-MIMO respectively. More detailed study on codebooks should continue in the work item phase and ultimately system level simulations are needed to perform final codebook selection for LTE-A. 
In [6], a spatial correlation assisted adaptive codebook design is proposed, and it is shown that, significant performance gain over conventional fixed codebook design is achievable, especially for MU-MIMO. Interestingly, necessary protocol change is minimal. As shown in [6], a fixed baseline codebook is needed while the robust codebook design in this contribution serves as an excellent baseline codebook for [6]. 

Rank-1 and 2 codebooks are optimized for MU-MIMO while rank-3 and above codebooks are optimized for SU-MIMO herein. We believe this is a reasonable approach to maintain a common codebook for both SU- and MU-MIMO, while still achieve excellent performance for both cases respectively. Further system simulation results along the road are needed to validate such a separation. 
5 Conclusion
In this contribution, codebook designs for DL MIMO in LTE-A is discussed. We realize the fact the MU-MIMO in general requires a larger codebook than SU-MIMO. Still, a common codebook is desired for both SU- and MU-MIMO. We propose lower rank codebooks be optimized for MU-MIMO while larger rank codebooks be optimized for SU-MIMO. To summarize:
· A common codebook for SU and MU-MIMO shall be defined for LTE-A

· For lower ranks (rank-1 and rank-2), the codebooks are designed based on the DFT matrix, where codebooks of different rank are obtained by selecting columns of W properly. See Appendix I for details. 
· For higher ranks, (rank 3 and above),  the codebooks are obtained by aggregation of the LTE Rel. 8 codebook where the rank 8 codebook is obtained as
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in which 
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 and 
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are rank 4 precoding matrices selected from the four antenna LTE codebook. Codebooks of lower ranks could for instance be obtained by removing columns from W.  See Appendix II for details. 
· Different codebook size for different ranks should be further studied.
More detailed study on codebooks should continue in the work item phase and ultimately system level simulations are needed to perform final codebook selection for LTE-A. 
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6 Appendix I, Lower rank part of codebook
By defining the k-th element of vector 
[image: image18.wmf]k

u

as 

[image: image19.wmf](

)

n

j

k

k

e

n

u

÷

÷

ø

ö

ç

ç

è

æ

=

q

p

p

sin

sin

)

(

9

3

2

, 
where 
[image: image20.wmf]45

2

3

p

p

q

k

k

+

-

=

,
[image: image21.wmf]]

7

,

,

0

[

],

15

,

,

0

[

L

L

Î

Î

n

k

, the matrix 
[image: image22.wmf]k

W

is obtained as


[image: image23.wmf](

)

8

DFT

u

W

´

=

k

k

diag


where 

[image: image24.wmf]ú

ú

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ê

ê

ë

é

=

-

-

-

-

4

49

4

7

4

7

4

8

1

1

1

1

1

p

p

p

p

j

q

j

p

j

pq

j

e

e

e

e

DFT

L

L

M

O

O

O

M

O

L

M

O

M

O

M

L

L


is an 
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DFT matrix. Accordingly, the codebooks for eight transmit antennas are then given in Table 2
                                                  Table 2 Codebook for transmission on antenna ports
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	Rank-1 codeword index
	1
	Rank-2 codeword index
	2
	3~8
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7 Appendix II: Higher rank part of codebook
In this section, it is described in detail how the aggregated codebook used in the evaluations in Section 3.2 was obtained. To generate the 
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 element LTE-A codebook of rank 
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rank-4 precoding matrices from the LTE four antenna port codebook is obtained for
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rank-4 precoding matrices from the LTE four antenna port codebook is obtained for
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, in order, beginning from the right. The codebook may further be optimized by finding which 
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 rank-4 precoding matrices to be used from the LTE four antenna codebook.
8 Appendix III

Here follows the simulation assumptions for the SU-MIMO simulations for the high rank part in Section 3.

	Parameter
	Values

	UE speed
	3 km/h

	Number of eNB antennas
	8

	Number of UE antennas
	8

	System bandwidth
	5 MHz

	Scheduling bandwidth
	5 RB

	Modulation and TBS table
	Table 7.1.7.2.1-1 in TS 36.213

	Number of Codewords (CW)
	2

	Scheduler
	Round Robin

	CW to Layer mapping
	Up to 4 layers: According to section 6.3.3.2 of TS 36.211
5 Layers: CW1 map to layer 1,2 and CW2 to layer 3,4,5

6 Layers: CW1 map to layer 1,2,3 and CW2 to layer 4,5,6

7 Layers: CW1 map to layer 1,2,3 and CW2 to layer 4,5,6,7

8 Layers: CW1 map to layer 1,2,3,4 and CW2 to layer 5,6,7,8

	CQI, PMI and RI feedback
	4 ms delay and error-free

	Max number of HARQ retransmissions
	3

	Precoding
	Feedback of one PMI, RI and CQI for each group of 5 RB

	MIMO receiver
	LMMSE

	Channel estimation
	Ideal

	Channel model
	SCM Urban macro 15° angular spread. Vehicular A power delay profile. Dual polarized antennas. 

	eNB antenna configuration
	Four dual polarized antenna pairs separated 4( and 0.5(

	UE antenna configuration
	Four dual polarized antenna pairs separated 0.5(

	Number of control symbols (CFI)
	1

	Number of LTE antenna ports
	2 for Rel.10 and 4 for Rel.8 simulations

	Number of RS reserved for DMRS in Rel.10 simulations
	Rank 1 and 2: 12 RE per RB-pair

Rank 3-8: 24 RE per RB-pair

	CHT Codebook
	See [R1-091246]

	DFT-CBA Codebook
	Rank 1 and 2: The DFT structure of Appendix I was used
Rank 3-8: See Appendix II where 
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 is selected from Codebook index 8-11 and 
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 from Codebook index 12-15 in Table 6.3.4.2.3-2 in TS 36.211
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