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1. Introduction
During the last meeting, #48b in Malta, several companies [1,2,3] emphasized the importance of adopting low complexity codebook. Choosing the best CW requires a lot of processing and multiplications can be replaced by additions, when QPSK constellation is used to design a codeword. 

In order to benchmark the performance of the different codebook proposals, 5 scenarios have been set up in SCME channel model with antenna settings according to [4] (denote variable) in addition to 5 “typical” system scenarios with fixed polarization and correlation matrices - simulation assumption that have been agreed after #48th  meeting (denote fixed). The different codebook proposals are to be benchmarked against antenna selection (reference) codebook agreed on the #48th RAN1 meeting [4] in St. Louis.

In this contribution we investigate the benefits of Antenna selection (AS) and 8 beamforming vectors being part of low complexity codebook (further just CB).  Moreover, we present performance evaluations for the 4x2 setup of different multi-rank 4bit codebook designs, including the complete codebook description according to the agreed simulation assumptions mentioned above. 

2. General Multi-rank CB design for 4TX antennas
In the following sub-sections we will provide steps to design DFT and Householder CB with the detailed design parameters found in the Appendix A. 

2.1. Householder

TI Householder procedure for 4bit CB
A simple way how to design many different multi-rank CBs has been introduced in [6]
· take any set of norm 1 vectors 
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, rotate them such that first component 
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’s , resulting in 16 vectors 
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· finally, apply householder transform to obtain 16 full rank unitary matrices 
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In these equations, (∙)T denotes the transpose and (∙)H stands for the Hermitian transpose.
This specific design guarantees the optimality for rank1 and rank3 transmissions. The angles between the plug-in vectors 
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 are the same as the angles between its hyper-planes. The rank 2 CB has to be optimized in terms of e.g. chordal distance.
2.2. DFT procedure

Hochwald design

This design procedure, proposed by Hochwald [7] and Samsung [8], is one of two possible types of DFT constructions. The unitary precoding matrixes U (seeds) are constructed
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 EMBED Equation.3  [image: image9.wmf], where

· M – number of layers/streams
· G – number of orthogonal groups 
· N – number of Tx Antennas
To guarantee orthogonality, it is obvious that M 
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N. However, e.g. for rank1 where g/G term is not used and M now denotes number of desired codewords (vectors), CB design requires M>>N. Therefore, orthogonality and maximal chordal distance at the same time cannot be kept. 

Sixteen full rank matrices are generated by four cyclic permutations of 4 seeds/matrices U. Based on these full rank matrices, the optimal rank 2 codebook is chosen through vector selection. 
The DFT codebook does not implicitly contain an antenna selection itself. Antenna selection provides on-off water-filling and gains in low spatial correlation environments where DFT codebook doesn’t perform very well. Therefore, we also simulated the DFT CB combined with antenna selection (AS).
3. Codebook performance evaluation

3.1. Simulation assumptions

The suitable codebook entry as well as transmission rank in the simulation are chosen based on throughput criteria given by the mutual information. In the simulations, rank adaptation as well as adaptive modulation and coding (AMC) have been considered. The codebook performance has been evaluated as throughput versus TX SNR with the basic simulation parameters given in Table 1. 
Table 1: General simulation parameters
	Parameter
	Assumption

	OFDM bandwidth
	5Mhz (300 subcarriers)

	Sub-frame length
	1ms

	Resource block size
	12 sub-carriers

	Scheduled bandwidth
	5RBs (60 subcarriers)

	Precoding granularity
	5RBs (60 subcarriers)

	Channel models
	described in the following subsection, 5 cases

	CQI estimation
	ideal (CQI delay neglected) 

	Modulation schemes
	QPSK, 16-QAM, 64-QAM

	MCS set
	QPSK    [1/3 2/5 1/2 3/5 2/3 3/4]

16-QAM [2/5 9/20 1/2 11/20 3/5 2/3 3/4 4/5 5/6] 

64-QAM [3/5 5/8 2/3 17/24 3/4 4/5 5/6]  

	MIMO mode
	Precoded DL SU-MIMO, 4x2 setup

	Resource allocation
	Beginning of the band

	Receiver algorithm
	LMMSE


3.2. Channel models

Fixed scenarios
The Kronecker model has been used to construct channel realizations. Given matrices A, B and P, the channel correlation matrix is defined as
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where A stands for transmitter antenna spatial correlation matrix, B refers to receive antenna spatial correlation matrix, and P is polarization matrix when cross-polarized pairs are simulated. The “
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” stands for the Kronecker product and 
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 is the relative channel tap power.

The correlated channel 
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 is an 4x4(4x2) i.i.d. matrix with unit average power and 
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Matrices A, B and P used for scenarios 1A, 1B, 2, 3, and 4 stated in [9] are defined in Appendix B
Variable scenarios

SCME channel model [9] that implements channels with variable AoDs. Detailed settings can be found in Appendix C. 

3.3. Simulation results

The rank 1 performance of codebooks in Table 1 has been investigated to see the importance of 8 beamforming vectors (8 possible phase states, which we denote here with “8PSK” constellation) as well as antenna selection (AS) in situation where the precoding brings most of gain.  
Table 1. Short codebook description (see Appendix A for details)
	4 modulus TI HH first 3
	4 phase constant modulus vectors  plugged into TI Householder transformation

Rank3 – pick first columns of full matrix  (does not obey strict nested structure)

	BF8(8ortho)+AS
	CB consists of 8 beamforming vector, AS and 4 vectors from “QPSK” constellation plugged into the TI Householder

	BF8(8ortho)
	CB consists of 8 beamforming vectors  and 8 “QPSK” vectors plugged into the TI Householder


Figurers 1 to 5 show the throughput gain for rank 1 transmission as a function of the TX SNR compared to the reference codebook case defined in [4] for Channels 1A, 1B, 2, 3 and 4 with variable correlation, cross-polarization matrices
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Figure 1 : Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1A – rank 1 transmission
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Figure 2: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1B – rank 1 transmission
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Figure 3: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel  2 – rank 1 transmission
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Figure 4: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 3 – rank 1 transmission
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Figure 5: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 4 – rank 1 transmission
When considering the performance of the different codebooks, the following conclusions can be drawn:

· Figures 1 to 5 show that the antenna selection combined with BF provides robustness across all scenarios for rank 1 transmission.
· Considering the fact that rank 1 transmission gains most from precoding, it seems reasonable to make both BF8 and the antenna selection (AS) matrix to be part of the 4 Tx SU-MIMO precoding codebook 

These findings have been taking into account in the design of the codebook proposed as a way forward in [12]. The performance of this way forward codebook [12] and additional codebooks lined out in Table 2 has been simulated to see the overall performance across all ranks. 

Table 2. Short codebook description (see Appendix A for details)
	DFT(16CWs)
	Hochwald DFT with  4 seeds each with 4 permutations, such that each rank has 16 CWs

	TI DFT + AS
	Hochwald 12 rank1 DFT + AS plugged to TI Householder transformation

	QC 1DFT
	A single DFT matrix with column subset selection {4, 6, 4, 1} precoders for rank {1, 2, 3, 4} [11]

	BF8(8ortho)+AS
	CB consists of 8 beamforming vector, AS and 4 “QPSK” vectors plugged into the TI Householder  – includes two orthogonal sets of vectors such that ”8PSK” vectors can be used only in rank 1 and follow the nested structure

	Way forward
	CB consists of 8 beamforming vector, AS and 4 “QPSK” vectors plugged into the TI Householder – 8PSK vectors in all ranks [12]


Figures 6 to 10 show the throughput gain as a function of the Tx SNR compared to the reference codebook case defined in [9], for Channels 1A , 1B, 2, 3 and 4 with variable SCME. The same performance for fixed correlation and cross-polarization matrices are shown in Figures 11 to 17 (in Appendix D).

Please note once again that “variable” stands for channels generated by SCME channel model. “Fixed” denotes to channels generated by Kronecker model that uses fixed correlation and cross-polarization matrices and due to this fact favors one particular codeword shown in Figures 16 and 17!
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Figure 6: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1A – variable
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Figure 7: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1B – variable
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Figure 8: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 2 – variable
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Figure 9: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 3 – variable
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Figure 10 : Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 4 – variable
When considering the performance of the different codebooks in Figures 5-10 and 11-17, the following conclusions can be drawn:

· Confirming results from our contribution [5] from last 3GPP meeting, we find TI DFT+AS design to be performing best across the all scenarios. However, the codebook elements have 16 phase states (“16PSK” constellation components) resulting in higher computational complexity for the UE. 
· Codebook  BF8(8ortho), that contains the 8 beamforming vectors  only in rank1, looses performance for rank 2 transmissions. 
· QC 1DFT shows better performance than the reference case of antenna selection for variable SCME channel model.
· DFT that is designed to have 16 codewords over all ranks is performing worst than the rest of the size 16 codebooks.
· We show in appendix D that the fixed channel and especially Scenarios 2 and 3 are favoring a single CW as a result of fixed correlation and cross-polarization matrixes and we don’t consider the result to be relevant.
· The joint way forward low complexity codebook [12] containing 8 beamforming vectors has very good performance for all scenarios and very high chordal distance that helps especially in uncorrelated scenarios. Moreover, as already mentioned, it has a relatively low computational complexity.
4. Summary and Conclusion
In this contribution the performance of different 4bit 4TX antennas precoding codebooks has been investigated for the 4x2 LTE DL SU-MIMO scenarios – similar results for the 4x4 SU-MIMO scenarios are reported in [13]. 

The simulation results show that the inclusion of antenna selection (AS) in the codebook design for 4TX antennas helps in case of uncorrelated channels and that the inclusion of 8 beamforming vectors guarantees good performance in case of beamforming antenna arrays.

The simulation results indicate that the joint way forward codebook of [12], which includes these two design elements, shows a good performance in all investigated scenarios while keeping the computational complexity low. Similar conclusions for the 4x4 SU-MIMO setup are drawn in [13]. Therefore, we suggest the codebook in [12] to be adopted as the 4TX antenna codebook working assumption for DL SU-MIMO. 
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Appendices 
Appendix A: Codebooks

DFT(16CWs)
· First - Forth seed constructed by Hochwald DFT design with parameters G=4, M=4, N=4 
· Rank4 columns permutations:

Seed 1 [1 2 3 4;    2 3 4 1;    3 1 4 2;    4 1 2 3;]
Seed 2 [1 2 3 4;    2 4 1 3;    3 2 4 1;    4 1 3 2;]
Seed 3 [1 2 3 4;    2 3 4 1;    3 1 4 2;    4 1 2 3;]
Seed 4 [1 2 3 4;    2 3 4 1;    3 4 1 2;    4 1 2 3;]
· Sub-ranks are always first columns from each Rank4 matrix (strictly nested structure)
TI DFT +AS
· 12 vectors constructed by Hochwald DFT design from section “Backward householder transformation using DFT codebooks” with parameters M=12 and N=4 
· 4 vectors given by the columns of the Identity matrix in order to include antenna selection (AS)
· Apply TI Householder transform on vectors from [6] Appendix II to obtain Rank4

· Rank3 - select last 3 columns from each Rank4 matrix
· Rank2 - select columns [2 3; 2 3; 1 2; 2 4; 3 4; 1 4; 1 2; 2 4; 2 3; 2 3; 1 4; 2 4; 2 4; 2 3; 3 4; 1 3] from each Rank4 matrix
· Rank1 - select first column from each Rank4 matrix
4 modulus TI

· Design according to [1] 

· Rank 3  - take LAST or FIRST three 

Way forward
· Design according to [12]
· take the column vectors from table A.1 and plug into Householder TI transform to obtain U’s
Table A.1

	u(1)
	u(2)
	u(3)
	u(4)
	u(5)
	x(6)
	u(7)
	u(8)
	u(9)
	u(10)
	u(11)
	u(12)
	u(13)
	u(14)
	u(15)
	u(16)

	1
	1
	1
	1
	0
	pi/4
	pi/2
	3pi/4
	pi
	5pi/4
	6pi/4
	7pi/4
	1
	0
	0
	0

	1
	-1
	-j
	j
	vec=inline('[1 ; exp(i*a); exp(i*a)^2; exp(i*a)^3]','a')
where a are angles stated above
	0
	1
	0
	0

	1
	1
	-1
	-1
	
	0
	0
	1
	0

	-1
	1
	j
	j
	
	0
	0
	0
	1


*normalize by ½
· For the different ranks use following table A.2 in order to select the columns from each Rank4 matrix:
Table A.2

	
	RANK1
	RANK2
	RANK3
	RANK4

	CW inx
	Seed
	Subset
	Seed
	Subset
	Seed
	Subset
	Seed
	Subset

	1
	U(,,1)
	1
	U(,,1)
	13
	U(,,1)
	123
	U(,,1)
	1234

	2
	U(,,2)
	1
	U(,,2)
	14
	U(,,2)
	124
	U(,,2)
	1324

	3
	U(,,3)
	1
	U(,,3)
	13
	U(,,3)
	134
	U(,,3)
	1234

	4
	U(,,4)
	1
	U(,,4)
	14
	U(,,4)
	134
	U(,,4)
	1324

	5
	U(,,5)
	1
	U(,,5)
	14
	U(,,5)
	124
	U(,,5)
	1234

	6
	U(,,6)
	1
	U(,,6)
	12
	U(,,6)
	123
	U(,,6)
	1234

	7
	U(,,7)
	1
	U(,,7)
	14
	U(,,7)
	124
	U(,,7)
	1234

	8
	U(,,8)
	1
	U(,,8)
	12
	U(,,8)
	123
	U(,,8)
	1234

	9
	U(,,9)
	1
	U(,,9)
	13
	U(,,9)
	132
	U(,,9)
	1324

	10
	U(,,10)
	1
	U(,,10)
	12
	U(,,10)
	132
	U(,,10)
	1324

	11
	U(,,11)
	1
	U(,,11)
	13
	U(,,11)
	132
	U(,,11)
	1324

	12
	U(,,12)
	1
	U(,,12)
	12
	U(,,12)
	132
	U(,,12)
	1324

	13
	U(,,13)
	1
	U(,,13)
	12
	U(,,13)
	123
	U(,,13)
	1234

	14
	U(,,14)
	1
	U(,,14)
	12
	U(,,14)
	123
	U(,,14)
	1234

	15
	U(,,15)
	1
	U(,,15)
	12
	U(,,15)
	123
	U(,,15)
	1234

	16
	U(,,16)
	1
	U(,,16)
	12
	U(,,16)
	123
	U(,,16)
	1234


BF8(8ortho)+AS
The 4 AS vectors, 8 beamforming vectors as u(5-8) in table A.1 and 4 orthogonal QPSK vectors are plugged into TI householder transform. Having two orthogonal sets of four vectors for rank 1 allows us to substitute 4 vectors in rank 1 (only) with 8PSK beamforming vectors and at the same time keep strict nesting structure.
The detail design can be provided on demand.
BF8(8ortho)

The 8 beamforming vectors as u(5-8) in table A.1, 4 QPSK vectors and  4 orthogonal QPSK vectors are plugged into TI householder transform. Having two orthogonal sets of four vectors for rank 1 allows us to substitute 4 vectors in rank 1 (only) with 8PSK beamforming vectors and at the same time keep strict nesting structure.
The detail design can be provided on demand.
Appendix B: Simulation Scenarios/Channels-fixed
Models SCM-A,B,C,D can be found in [1]

ULA spatial correlation matrices are defined as
”ULA-4” antenna setting 
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”ULA-2” antenna setting 
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ULA-pair spatial correlation matrix

“ULA-pair-4” antenna setting 
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Settings for fixed AoD channels
	Scenario
	A 
	P
	B
	Delay(Power) 
Profile

	1A
	ULA-4

α  from SCM-D
	1
	ULA-4(2)
β from SCM -D
	SCM-D
(SCME mic-urban)

	1B
	4x4 Identity
	1
	4x4 or 2x2 Identity
	SCM-C
(SCME mac-urban)

	2
	ULA-pair-4
α  from SCM-A
	1
	ULA-4(2)

β from SCM -C
	SCM-C
(SCME mac-urban)

	3
	ULA-2
α  from SCM-B
	SCM –B
	1

*no 4x4 setting
	SCM-B
(SCME mac-urban)

	4
	2x2 Identity
	SCM-C
	2x2 Identity (1)
	SCM-C
(SCME mac-urban)


Appendix C: Simulation Scenarios/Channels –SCME variable

SCME channel model [9] with the following antenna settings have been used.



Settings for variable AoD channels:
	Scenario
	UE
	Node B
	Power and delay profiles

	1A
	ULA (2 λ)
	ULA (4 λ)
	micro urban

	1B
	ULA (2 λ)
	ULA (10 λ)
	macro urban

	2
	ULA (2 λ)
	2 xULA 

@[0 0.5 9.5 10]λ)
	macro urban

	3
	XPD ( [0° 90°])

@[0 2]λ
	XPD([45° -45°])

@[0 0.5]λ
	macro urban

	4
	XPD ( [0° 90°])

@[0 2]λ
	XPD([45° -45°])

@[0 10]λ
	macro urban


Appendix D: Simulation results – fixed channel
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Figure 11 : Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1A – fixed
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Figure 12 :Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 1B – fixed
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Figure 13: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 2 – fixed
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Figure 14: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 3 – fixed
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Figure 15: Relative throughput gain [%] of different codebook design for the 4x2 antenna setup – Channel 4 – fixed
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Figure 16: Frequency of selection – Scenario 2 – TI DFT+AS CB
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Figure 17: Frequency of selection –Scenario 3 – TI DFT+AS CB
The phenomenon of favoring one codeword is due to fixed phases of correlation matrices and fixed cross-polarization matrices, as shown in Figures 16 and 17. However, it is true that channels from scenarios 2 and 3 themselves have a specific structure of right subspace due to particular antenna settings!
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