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1. Summary

In previous contributions [1-4, 13], we evaluated the link and system throughput performance of the multi-rank beamforming (MRBF) scheme for different scenarios using the SCME channel models.  Multi-rank beamforming is an attractive low-complexity precoding scheme which adapts the transmission rank on a fast basis (i.e. once per coherent feedback) and employs a precoding codebook having a nested structure. The nested structure allows efficient SVD based selection [1-4] to pick the best precoder codeword from the codebook for the given channel state.  It also allows a low complexity CQI-metric based precoder selection [13]. Moreover, as shown in [1-4], the nested codebook structure itself imposes no performance penalty when compared to the optimal unstructured codebook. 
In this document we compare the performance of the MRBF scheme against the Householder codebook based precoding scheme from [10] as well as the rotated DFT codebook based one [11, 12].  The proposed codebooks accommodate antenna selection and the rest of the codebook elements belong to a multiplicative group of size 16. The performance comparison is conducted over the five agreed channel models. 
2. Simulation scenarios and channel models

We simulate a system with an eNB equipped with 4 transmit antennas and a UE with 2 receive antennas. We consider two MRBF codebooks described in Appendix 2 with the entries presented in Appendix 1. The codebooks have the following characteristics:

1- The codebooks have the MRBF structure which allows for efficient CQI-metric based precoder selection. The precoding matrices can also be expressed using the House-Holder formula so the codebooks proposed here can be regarded as a Householder codebook, albeit with a different set of vectors than the one proposed in [10]. 
2- The codebooks accommodate physical antenna selection elements in their entries for both rank one and rank 2 cases.

3- The entries of the codebook elements are either zero or belong to the multiplicative group
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. Therefore, the number of required multiplications for precoder selection is very low.
The rank-1 and rank-2 codebooks are constructed as explained in Appendix 2. Note that the codebook denoted as MRBF-N also enforces a strict nested structure which can simplify CQI computation to some extent in case of rank-3 and rank4 (applicable to only a UE with 4 RX antennas). We assumed a separate rank bit and 4 bits for precoder matrix index (PMI) representing 16 choices per rank. We compared the MRBF scheme with the following three candidate precoding schemes.

(1) The baseline physical antenna selection scheme.

(2) Rotated DFT codebook:
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This codebook has been considered by many companies, see for instance [11, 12]. The rank 1 codebook is formed by collecting all columns of all matrices and the rank 2 codebook is formed by considering all column subsets of size 2. 
(3) The Householder codebook with 16 choices per rank [10], henceforth referred to as TI codebook.

The five channel models and antennas set-ups agreed during the email discussions were employed for the link-level simulations. The remaining simulation parameters are summarized in Table 1. 

3. Simulation Results
In Figures 1 to 8, we plot the throughput percentage gains versus SNR (geometry) for each scheme, when compared to the baseline physical antenna (PA) selection codebook. The precoder-selection complexity is lowest for the TI codebook and is marginally higher for the MRBF codebooks. The Rotated-DFT codebook has the highest complexity.

Figure 1 considers the Case1A channel model. Figure 2 uses the SCME channel model with the same antenna configuration as the first figure, but conducts a fairer comparison (hence termed improved link-level). In particular, in the second plot the throughputs are averaged over multiple UE drops (all at the same geometry) and the artifacts arising from fixed orientation (angles) are avoided. 
· Both the link level and the improved link level results reveal that the TI codebook and MRBF codebooks provide similar performance at all geometries and obtain 2-3% gains over both the DFT-codebook at low geometries, hence benefiting cell-edge users. 

In Figure 3, we plot the throughput percentage gains versus SNR (geometry) for each codebook, when compared to the baseline physical antenna selection codebook using the Case1B channel model. In Figure 4, we conduct the improved link simulation described above using the SCME channel model with the same antenna configuration as case 1B. The trends (relative gaps) in this case are similar to case 1A but the gains obtained over the DFT scheme are more pronounced at lower geometries.
In Figure 5, we plot the throughput percentage gains versus SNR (geometry) for each codebook, when compared to the baseline physical antenna selection codebook using the case 2 channel model. In Figure 6, we conduct the improved link simulation described above using the SCME channel model with the same antenna configuration as case 2. 

· The DFT codebook is better in lower geometries, whereas MRBF is superior in mid to high geometries
· As seen in the improved link simulation, the TI codebook has considerable performance degradation (5-10%) in low geometries.
In Figure 7, we plot the throughput percentage gains versus SNR (geometry) for each codebook, when compared to the baseline physical antenna selection codebook for the Case3 channel model.

· MRBF and DFT codebooks yield similar performances at all geometries. 
· Both MRBF and DFT considerably outperform the TI codebook in all geometries.
In Figure 8, we plot the throughput percentage gains versus SNR (geometry) for each codebook, when compared to the baseline physical antenna selection codebook for the Case4 channel model.

· TI codebook outperforms all other codebooks in all geometries.

· MRBF codebooks outperform both the DFT codebook in all geometries. It is seen that imposing the strict nested structure results in some performance degradation for the MRBF scheme in this case. 
4. Conclusions
The proposed MRBF codebook structure utilizes vector codebooks to generate the corresponding matrix codebooks for different transmission rank and allows efficient precoder selection. The constituent vector codebooks can be optimized for different scenarios (propagation environments/antenna configurations), which allows us to leverage the flexibility offered by multiple codebooks. In addition the vector codebooks can also be designed to obtain a single codebook offering a robust performance across different scenarios. In this contribution, we have provided an example of such robust designs considering the performance in all five agreed channel models (Cases 1A, 1B, 2, 3, 4). Simulation results presented here demonstrate that, the MRBF scheme outperforms the DFT codebook based scheme as well as the Householder codebook based scheme proposed in [10]. Consequently, we propose the MRBF scheme as a strong candidate for DL E-UTRA MIMO codebook based precoding.
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	Parameter
	Assumption

	Access
	OFDM

	RF carrier frequency
	2.0 GHz

	Bandwidth
	5.0 MHz

	Number of paths (Multi-path model)
	6

	Sub-carrier spacing
	15.0 kHz

	Sampling frequency
	7.68 MHz

	Number of occupied sub-carriers
	300

	Number of OFDM symbols per TTI
	12 (6 x 2)

	Number of data symbols per TTI
	3600 (1800 x 2)

	Symbol rate
	7.2 M/s

	CP length
	4.82 micro second

	FFT point
	512

	Number of antennas at BS
	4

	Number of antennas at MS
	2

	Codebook size (in bits) 
	4

	Number of the chunks (M)
	4

	Channel models
	Cases 1A, 1B, 2, 3 and 4

	Channel estimation
	Ideal channel estimation

	MCS
	4, 16 and 64 QAM, code rates 1/3, 1/2, 2/3, 3/4 and 4/5

	Precoding block sizes
	75 tones.


Table 1: This table shows the channel models and assumptions used in the simulations presented in this document.
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Figure 1 and 2: Link level and improved link level throughput percentage gains: Case 1A 
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Figure 3 and 4: Link level and improved link level throughput percentage gains: Case 1B 
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Figure 5 and 6: Link level and improved link level throughput percentage gains: Case 2
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Figure 7: Link level throughput percentage gain: Case 3
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Figure 8: Link level throughput percentage gain: Case 4
Appendix 1: MRBF Vector Codebooks

MRBF- Vector codebook in C4 with elements from GF(16)
	Vector index
	First element 
	Second element
	Third element
	Fourth element

	1
	1
	1
	1
	1

	2
	1
	-i
	-i
	-1

	3
	1
	i
	I
	-1

	4
	1
	-0.3826 + 0.9239i
	-0.7070 - 0.7071i
	0.9239 - 0.3826i

	5
	1
	0.3826 - 0.9239i
	-0.7070 - 0.7071i
	-0.9239 + 0.3826i

	6
	1
	-0.7071 + 0.7071i
	-i
	0.7071 + 0.7071i

	7
	1
	-0.7071 + 0.7071i
	I
	-0.7071 + 0.7071i

	8
	1
	-0.9239 - 0.3826i
	0.7071 + 0.7071i
	-0.3826 - 0.9239i

	9
	1
	0.7071 - 0.7071i
	-i
	-0.7071 - 0.7071i

	10
	1
	0
	0
	0

	11
	0
	1
	0
	0

	12
	0
	0
	1
	0

	13
	0
	0
	0
	1

	14
	1
	i
	-i
	-0.7071 - 0.7071i

	15
	1
	-i
	-i
	0.7071 + 0.7071i

	16
	1
	1
	-0.7071 + 0.7071i
	1


MRBF-Vector codebook in C3
	Vector index
	First element
	Second element
	Third element

	1
	1              
	0
	0


MRBF-Vector codebook in C2
	Vector index
	First element
	Second element

	1
	1              
	0


MRBF- rank 2 codebook index 
	Codebook index
	4x4 matrix index 
	First column
	Second column

	1
	1
	1
	2

	2
	2
	1
	2

	3
	3
	1
	2

	4
	7
	1
	3

	5
	8
	1
	3

	6
	10
	2
	3

	7
	9
	3
	4

	8
	10
	1
	4

	9
	10
	2
	4

	10
	9
	1
	3

	11
	10
	1
	2

	12
	10
	1
	3

	13
	10
	3
	4

	14
	7
	3
	4

	15
	6
	1
	3

	16
	16
	2
	3


MRBF- rank 2 codebook index (Nested)
	Codebook index
	4x4 matrix index 
	First column
	Second column

	1
	1
	1
	2

	2
	2
	1
	2

	3
	3
	1
	2

	4
	7
	1
	3

	5
	8
	1
	3

	6
	10
	1
	2

	7
	10
	1
	3

	8
	10
	1
	4

	9
	11
	1
	4

	10
	4
	1
	2

	11
	5
	1
	4

	12
	6
	1
	3

	13
	9
	1
	3

	14
	14
	1
	3

	15
	15
	1
	2

	16
	16
	1
	4


Appendix 2: MRBF Codebook Construction for 4TX antenna NodeB
We consider the case when 16 possibilities are allowed per-rank and suggest the following constituent vector codebooks:  
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denotes the N-dimensional complex space and all the vectors have their first elements to be real-valued.   Matrix code-words are formed using these vectors along with the unitary Householder matrices of the form,
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The matrix codebook for 4x4 case is obtained using the householder formula defined as 
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. In the special case of the vector codebook defined in Appendix 1, we can simplify the above matrix codebook as formula as
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, which is the codebook of size 16 for rank 4 transmission. The codebook for rank one is obtained by collecting the first columns of these 16 matrices. The codebook of rank 2 is optimized by selecting 4x2 matrices by choosing the columns as defined in Appendix 1.

The CQI-metric based precoder selection with LMMSE receiver was considered in [13], where it was shown that due to the nested structure of the codebook, significant complexity savings can be accrued by avoiding the redundant computations. 
Moreover, the elements of the codeword matrices also belong to a multiplicative group of complex numbers, defined as GF(16) where the 16 elements of the group are defined as 
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. It can be shown that for a 4TX antenna system, if all elements of the vector codebook belong to a multiplicative group of GF(N) then all the elements of the matrix codebook belong to the same group. Considering the above property, the number of multiplications is much less than the case where the codebook elements are arbitrary complex numbers.
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