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1 Introduction
To support the peak spectral efficiency targets, it is necessary to define 8 antenna ports at the eNB and to define the corresponding codebook and signalling for transferring the preferred precoding matrix from the UE to the eNB. Besides having good performance it is also important to ensure an efficient feedback of the PMI when frequency selective (per subband) PMI feedback is used. Furthermore, since the dimensionality of the channel state is greatly increased compared to Rel.8, it becomes important to utilize the underlying MIMO channel structure and long term characteristics by prioritizing the most likely antenna setups in the codebook and feedback design.    
In the development of Rel.9 dual layer beamforming, the dual polarized antenna setup with narrow spacing between co-polarized antenna elements has been used and it is therefore also likely that 8 antenna setups in Rel.10 will use cross-polarized antenna elements with narrow or eventually slightly larger antenna spacing. Also, we believe that the most important ranks to optimize is the lower ranks 1-4, since  to support the higher ranks 5-8, UEs with up to 8 receive antennas is required, which is not believed at this moment to be a majority of the UEs, and secondly, the benefit of precoding diminish when the selected rank is high due to the required precondition of high SINR and low channel correlation.  
In this contribution, we introduce an 8 antenna port codebook, having the nested property and a small alphabet size with a structure that utilize the spatial correlation in the channel to reduce the feedback overhead and at the same time improve the CSI feedback accuracy, which has large returning gains in MU-MIMO. We have in an accompanying contribution [1] introduced the dual index, double codebook structure which takes the concerns above into account to produce a simple yet high performing codebook. It is described as
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and we will in this contribution give more details about the two codebooks for the matrices 
[image: image2.wmf]b

C

 and 
[image: image3.wmf]n

W

. 
2 Codebook design

The general principle of the codebook design for Rel.10 takes its basis in the fact that spatial correlation is a wideband and relatively long term statistical parameter and the fast fading in time and frequency domain is narrowband and relatively short term. If this fact is utilized in the codebook design, we can write any matrix in the proposed codebook as product of two matrices, i.e. a dual indexed codebook where the two matrices may have different feedback granularity:
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(1)
The matrix
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 should have the “normal” precoding matrix properties as constant modulus elements and a limited size alphabet. It may also have the nested property. The codebook for 8 antenna ports should also utilize the fact that dual polarized antennas is the most likely antenna setup for this large number of transmit antennas. It is observed that when dual polarized antennas are used, the two largest eigenvalues of the channel is on average equal. Therefore two channel eigenvectors corresponding to the two largest eigenvalues are important in the codebook design even in the rank 1 case. Hence, the rank 1 precoding vector should ideally be a co-phasing of these two eigenvectors.  

As an example, the special case of rank-1 codebook may then be written as
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(2)
where 
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are co-phasing variables, complex scalar from the unit circle. This structure perfectly matches the dual polarized antenna array where 
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 is the 4 antenna precoding matrix for antenna elements having the same polarization and
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 then contain the co-phasing factor between the polarizations. Since correlation is more or less stable over the bandwidth, at least for narrow spaced antenna elements, 
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 or equivalently, 
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 is believed to be wideband and if per subband PMI feedback is enabled, it may be sufficient to feed back only 
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 per subband since the phase difference between the polarizations have a larger variation over frequency due to the independence between antenna polarization. 

For rank 2, we have the corresponding codebook 
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(3)

Where now 
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 is a 4x2 matrix and 
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are 2x2 diagonal matrices containing the co-phasing factors between the polarizations.  And in general for R=1,..,8 , the matrix 
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. The column dimension 
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 comes from the fact that dual polarized antennas are used and the two polarizations have eigenvalues of similar magnitude so for a rank
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 precoding matrix, both polarization are utilized.

2.1 Feedback efficiency

With the double codebook structure (2),(3), there is a possibility for improved feedback efficiency, as we will exemplify here. Assume that a codebook of size 6 bits is used and one PMI is feed back for every 5 PRB, that is 60 PMI bits is nominally required for a 50 PRB system bandwidth. Now, with the dual codebook and codebook size 4 bits for 
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and 2 bits for 
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, we feed back one (wideband) matrix from 
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 together with multiple (per subband) matrices for 
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. In total 4+10·2=24 bits are required, a feedback reduction of about 60%. Alternatively, one can reduce the subband bandwidth from 5 PRB to 2 PRB and have a feedback overhead of 4+25·2=54 bits, still smaller than the 60 bits but with better efficiency. However, the performance and best utilization of the feedback bits must be further studied, also taking into account the decisions on the CSI-RS design since it will affect the measurement used for PMI selection.
Simulation results are given in the next section and more codebook details are found in the appendix.
3 Simulation results
A MU-MIMO simulation has been performed to analyze the efficiency of the double codebook structure. Results are given in Section 3.1 below. In Section 3.2, SU-MIMO results are shown and compared to two other proposed codebooks assuming a 4 bit codebook. 

3.1 MU-MIMO results

A system level simulation using MU-MIMO has been performed using a 4 bit double codebook structure (see codebook in Appendix A.2) where 3 bit select 
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and 1 bit select 
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. The results are shown in Table 1 below. 
The 4 bit PMI per PRB can be seen as an upper bound of performance and would need 200 bits for the 50 PRBs. It has about 25% throughput gain compared to the wideband PMI and CQI. The proposed double codebook structure reach a throughput within 1% of the upper bound using 53 bits for PMI feedback. Although a PMI feedback of 1 PRB granularity may not be practical, for instance due to measurement accuracy using CSI-RS, more studies are needed. These results nevertheless show a great potential of frequency selective PMI with small granularity and the double codebook structure that take advantage of the special properties of a dual polarized antenna array at the eNB seems promising for feedback reduction. 

Table 1 Results from MU-MIMO simulations using a 8x2 setup in 3 km/h UMa channel with dual polarized antennas and 0.5( antenna spacing at eNB. On average 10 UE per cell.
	
	4 bit PMI per PRB and one CQI per PRB 
	3 bit wideband PMI + 1 bit PMI per subband and one CQI per PRB
	4 bit wideband PMI and one wideband CQI

	Total PMI feedback payload
	200 bits
	53 bits
	4 bits

	Cell throughput [Mb/s]
	24.4
	24.2
	19.7

	Cell edge throughput [kb/s]
	936
	924
	707


3.2 SU-MIMO results

A modified link simulator to accommodate link adaptation and HARQ retransmission has been used to evaluate the codebook structure in (2) and (3) in a SU-MIMO case. Codebooks of size 16 were evaluated over a feedback and scheduling bandwidth of 5 PRB. The issue of feedback compression of frequency selective PMI has not been studied in these simulations. Therefore, the dual indices (frequency selective PMI feedback) was not utilized but a 4 bit codebook were used, obtained from the codebooks of 
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. See Appendix A.1 for the detailed codebook and further simulator assumptions. 
In Figure 1 below, the normalized throughput is shown for the proposed rank 1-4 codebook in the 8x4 dual polarized channel with 4( antenna spacing at the eNB together with the throughput curve with rank adaptation enabled. As the rank adaptation seem to work well, we continue presenting results using rank adaptation only. 
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Figure 1 Throughput normalized to the bandwidth for narrow antenna spacing at the eNB. Using a 8x4 dual polarized antenna setup in the UMa channel with 4( antenna spacing at the eNB.
In Figure 2, normalized throughput results are shown for the 8x2 antenna setup with dual polarized antennas. Here we compare the 0.5( and 4( antenna element spacing at the eNB. As is shown, the narrow antenna spacing gives slightly better performance than the larger antenna spacing at low SNR but worse at high SNR.
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Figure 2 Comparison of throughputs normalized to the bandwidth for narrow and large antenna spacing at the eNB. Using a 8x2 dual polarized antenna setup in the UMa channel.
From these results, one can make the conclusion that there is no benefit to use the larger antenna spacing if the UEs are equipped with two receiver antennas in this Urban Macro channel.  There is even a loss at cell edge due to the less correlated channel which reduce the rank 1 precoding gain. Similar results were obtained for the 8x4 case in Urban Macro (not shown).
Here follows comparisons with the codebook proposed in [2] and in [3] where for the latter codebook we have used to codebook optimized for dual polarized antenna arrays.
3.3 8x2 dual polarized setup with 0.5( antenna spacing at eNB

For narrow antenna spacing, results are shown in Figure 3 and the proposed codebook from Section 2 show up to 6-12% throughput improvement compared to the codebooks by Motorola and Samsung respectively. The improvement reduces at an increasing SNR.  
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Figure 3 Throughput improvement in percent of the proposed codebook compared to the codebooks proposed by Samsung [2] and Motorola [3] with 0.5( antenna spacing at eNB.
3.4 8x2 dual polarized setup with 4( antenna spacing at eNB

For larger antenna spacing, results are given in Figure 4 and the proposed codebook show up to 6% throughput improvement compared to the codebooks by Motorola and Samsung and this improvement again reduces at an increasing SNR.  
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Figure 4 Throughput improvement in percent of the proposed codebook compared to the codebooks proposed by Samsung [2] and Motorola [3] with 4( antenna spacing at eNB
3.5 8x4 dual polarized setup with 0.5( antenna spacing at eNB

For this narrow antenna spacing with a larger number of receive antennas at the UE, the proposed codebook from Section 2 show up to 9% throughput improvement compared to the codebook by Samsung [2]. Again, the improvement reduces at an increasing SNR and seems to level out at 2%. See the normalized throughput curves in Figure 5, the difference in percent in Figure 6 and the rank selection probabilities for the codebook described in Section 2 in Figure 7.
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Figure 5 Throughput normalized to bandwidth of the proposed codebook compared to the codebooks proposed by Samsung [2] with 0.5( antenna spacing at eNB.
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Figure 6 Throughput improvement in percent of the proposed codebook compared to the codebooks proposed by Samsung [2]  with 0.5( antenna spacing at eNB
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Figure 7 Rank selection probabilities for the proposed codebook in Section 2 in the dual polarized eNB antenna setup with 0.5( antenna spacing
4 Conclusion

We have introduced a double codebook structure for the eight antenna eNB that is designed for the most likely use case of dual polarized antenna arrays and that allows for an efficient use of feedback overhead bits by handling the parts with low and high coherence bandwidths separately. Simulations show superior performance despite its simplicity and we therefore propose to adopt the codebook structure
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in Rel.10 and at least for rank up to 4 use the codebook
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and further study the details of the sub-codebooks for  
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 and 
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 for higher ranks.
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Appendix

Table 2 Matrices in the codebook example.
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A.1 SU-MIMO simulations using a 4 bit Rank 1-4 codebook with single index
The rank R=1,2,3 and 4 codebook is 


[image: image80.wmf],

(:,1:)

1

(:,1:)(1::,1:)

8

b

bn

bb

R

RRR

R

æö

=

ç÷

èø

A

F

A

Λ

 

where the matrices are found in Table 2 above Note that in these simulations, the index n has been disabled (the sub-codebook is set as
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), so only a single index b is used, since the purpose of SU-MIMO simulations in this contribution was to directly compare performance of codebooks and not to evaluate PMI feedback compression methods. 

A.2 MU-MIMO simulations

For the MU-MIMO simulations, a rank 1 dual index codebook was used , obtained as
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where b=1,..8 and n=0,1
where 
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and Table 2 has been used. Three bits are used to select 
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A.3 Extension of the 4 bit wideband codebook with double index

The 4bit wideband codebook in A.1 can be simply extended to subband with double index (b,n):
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For example, if we set 
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, then we have a 4bit wideband codebook + 2bit subband codebook by dual index structure. 

A.3 Link simulation assumptions

System model
	System bandwidth
	5MHz

	Channel Estimation
	Ideal

	Modulation and Coding rate
	AMC table from Rel.8 

	Channel Coding
	3GPP Turbo code

	Max number of HARQ retransmissions
	4

	Carrier Frequency
	2.0 GHz

	Channel Detection Algorithm
	MMSE

	CQI, PMI and Rank Feedback
	Error free

	Feedback granularity
	5 PRB

	Delay of feedback
	4 ms

	Scheduling bandwidth
	5 PRB

	Number of drops
	2000

	Scheduler
	Round robin

	Overhead
	3 control symbols (PDCCH,PCFICH and PHICH)
Reference signals for 4 LTE Rel-8 antenna ports

Reference signals for 1-4 LTE Rel-10 antenna ports (rank dependent)


Channel model

	Channel model
	WINNER 2,Urban macro (UMa)

	UE_speed
	 3km/h

	Antenna element model
	Eight dual polarized (+45°,-45°) at eNB with antenna numbering {1234} for +45° and {5678} for -45°
Two dual polarized at UE, or
Four dual polarized at UE with antenna numbering {12} for one polarization and {34} for the alternative polarization.
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