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1. Introduction
In order to harvest the potential throughput gains of multiple node-B antennas, it is useful to employ rank adaptation and rank-dependent linear precoding at the node-B. It was agreed in previous meetings that precoding for FDD would be codebook-based and the UE will feed back the index of the preferred precoding matrix. Clearly, the choice of the precoding codebook needs to be made carefully. 
In this document, we describe a Householder-based codebook construction for four node-B antennas with finite-alphabet properties. Section 2 describes the background for codebook design. Section 3 presents the codebook construction method. Section 4 presents link-level simulation results comparing the proposed codebook to other proposals. Section 5 summarizes the conclusions.
2. Codebook Design Considerations: Background 
In this section, we present codebook design considerations and review the working assumption made in the RAN1 #47bis meeting. 

For a node-B with 4 antennas, the transmission rank R can vary from one to four. The rank-R codebook consists of NR matrices of dimension 4 ( R. It has been agreed that for single-user MIMO transmission, each of these matrices would be semi-unitary, i.e., their columns would be orthogonal to each other. Further, it has been agreed that codebook sizes should be kept small to maintain low feedback and signaling overhead. In RAN1 #47 bis, it was agreed to restrict codebook sizes to 16, or at most 24. Given the size of the rank-R codebook, codebook design amounts to choosing a set of matrices that would achieve the best average throughput over a wide range of random channel matrices. Preliminary design parameters like chordal or Fubini distance [8] can be used in design
. Thus, one could potentially use Grassmanian codebooks, independently optimized for each transmission rank R. 
However, it is desirable to impose structure in codebooks. One advantage of structured codebooks is to reduce UE complexity, as discussed in [2]. Briefly, the UE has to select the optimum transmission rank and the optimum precoder matrix in the corresponding codebook. To do so, it must evaluate some metric (either the throughput directly, or closeness to SVD matrices) for each code matrix. The efficiency of this search process can be increased by using structured codebooks instead of independently tuned Grassmanian codebooks. In [2], a two-fold structure was proposed. 

· Each individual codebook element should have an easily parameterizable structure, and 
· The codebooks across different ranks should be inter-related. Specifically, codebook elements for different ranks should be submatrices of a small, common set of 4 ( 4 matrices, preferably the rank-4 codebook itself.
The second structural requirement was aligned with the working assumption. 
In previous contributions [3]

 REF _Ref162162402 \r \h 
[4]

 REF _Ref162162406 \r \h 
[12], we presented codebook constructions with the desired two-fold structure and demonstrated that the codebooks also achieve high throughput under various channel conditions. In the next section, we review the codebook proposal, and point out an additional feature, namely the restriction of each individual element to a small alphabet set. 
3. Discussion Of Proposed Codebook
This section presents the proposed codebook construction method, followed by a discussion of its key features. 
3.1. Codebook Construction
The codebooks for various ranks are constructed as follows. 

Step 1. Choose Rank-One Codebook: The rank-one codebook, consisting of some N unit-norm 4 ( 1 complex vectors, is chosen. 
One possibility is to choose the rank-one codebook so that all its elements belong to a finite alphabet. Specifically, Appendix 1 gives two rank-one codebooks with elements drawn from {(1, (j} and {(1, (j, ((1 (j)  ∕ √2 }. The desirability of such a restriction, in reducing computational complexity, was pointed out in [13]. Note that these codebooks have the constant modulus property, i.e., all elements have the same magnitude; hence the instantaneous transmission power on all physical antennas is the same. 
However, as pointed out in [14], it is also good add some non constant-modulus terms to cover some antenna deployment scenarios. Specifically, the use of antenna selection vectors (which are essentially columns of the identity matrix was suggested.) This feature can easily be incorporated in codebook design as follows: first the four antenna selection vectors are included in the codebook. Then the remaining (Nc – 1) vectors are found by searching in the finite alphabet as above. Appendix 1 gives a size-16 codebook which has four antenna selection vectors and twelve vectors with elements from {(1, (j}.
Step 2. Obtain Householder vectors: From each vector in the rank-one codebook, obtain a set of Householder basis vectors. Suppose x is a valid precoding vector, the corresponding Householder vector u is obtained so that the first column of (I − 2uuH) is equal to x, upto a constant rotation. Note that this is always possible for all unit-norm x. Further, the resulting u is unique up to a phase rotation, and is guaranteed to have norm one.

Step 3. Obtain rank-4 codebook: From the set of Householder vectors u, construct the 4 ( 4 unitary matrices H(u) = (I − 2uuH)D(u), where D(u) is an optional unitary diagonal matrix designed to ensure some desirable performance-independent property. For example, D(u) could be chosen so that the first row of H(u) contains real non-negative terms.
These matrices H(u) form the rank-4 codebook. It can be demonstrated that the Householder transformation preserves the constant modulus property. Further, when the rank-one codebook is drawn from {(1, (j} and {(1, (j, ((1(j)  ∕ √2 }, the Householder matrices also have elements belonging to the same respective sets.  
For the case of the antenna selection vector, H([1 0 0 0]T) = I4, the identity matrix. Instead of including the Householder matrices of the other three columns of the identity matrix, we instead rotate the columns of the identity matrix by 1, 2 and 3 respectively.
Step 4. Obtain rank-2 and rank-3 codebook by column selection: Codebooks for ranks two and three are obtained by selecting submatrices from the rank-4 codebook. To specify a 4 ( R precoding matrix, it is sufficient to indicate the index of the Householder matrix and the columns chosen from it. For the rank-two codebook, Appendix 2 lists this information for the rank-two codebook with elements from {(1, (j}. For the rank-3 codebook, the first three columns of the matrices from the rank-4 codebook codebook are used.
3.2. Advantages
Some salient features of the proposed codebook construction are presented below.

· Optimum Performance For Rank-One: An optimum rank-one design will result in the optimum cell-edge throughput. 
· Near-Optimum Performance For Ranks Two, Three and Four: As shown in the simulation results of Section 4, the proposed construction does achieve high throughput for ranks two, three and four.
· Nested Structure: The construction in Section 3.1 clearly demonstrates that the proposed codebook conforms with the working assumption agreed upon in RAN1 #48.
· Low Computational Complexity: As mentioned in [3, 4, 12], the proposed Householder structure greatly simplifies SINR computation for rank-two and rank-three precoding matrices. Further, in this document, we have enforced the finite alphabet property also advocated by [13]. This further simplifies computations since multiplications can be replaced by a combination of addition and look-up table operations.
4. Simulation Results For Four Node-B, Two UE Antennas
In this section, we present link-level simulation results comparing the proposed codebook to other codebook structures. We simulate the proposed Householder-based codebooks and DFT-based codebook, with diagonal linear phase rotation. The phase of each prerotation matrix was chosen to yield high throughput. Lower rank codebooks, all of size 16 elements, are obtained by submatrix selection from the rank-4 codebook. This codebook is compared with the Householder codebooks proposed here. Primarily, we focus on the following:

· Four-element Householder codebook (labeled CM HH – 4 element), with elements drawn from {(1, (j}. 
· Four-element Householder codebook with four antenna selection vectors in the rank-1 codebook (labeled AS HH – 4 element)

· In some cases, we also show results with the eight-element codebook, with elements drawn from {(1, (j, ((1 (j)  ∕ √2 } (labeled CM HH – 8 element).
As agreed by different companies, we present simulation results with six channel scenarios:

1. Case 1A: SCME-D, Uniform Linear Array (ULA) with 4 separation antenna separation, Urban Micro
2. Case 1B: SCME-C, ULA with 10 separation, Urban Macro

3. Case 2: SCME-C, ULA pair with 10 between pairs and 0.5 separation within a pair
4. Case 3: SCME-B, Cross-polarized pair with 0.5 separation
5. Case 4A: SCME-D, Cross-polarized pair with 4 separation

6. Case 4B: SCME-C, Cross-polarized pair with 10 separation
Other simulation assumptions are presented in Appendix 3.
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FIGURE 1. Throughput Gain Compared to Antenna Selection For DFT and Householder Codebooks With Four Node-B and Two UE Antennas
4.1. Four Node-B, Two UE Antennas
In this section, we present simulation results for four node-B and two UE antennas. All codebooks are compared against a baseline codebook, which uses virtual antenna selection with a Hadamard rotation matrix. Figure 1 plots the percentage throughput gains versus geometry for each codebook, when compared to virtual antenna selection.  

As seen from Figure 1, 
· The 4-element Householder codebook with elements drawn from {(1, (j} consistently outperforms the DFT based codebook. The highest gains are observed at lower geometries. 
· In the SCME-B scenario, the 4-element Householder codebook and DFT-based codebook offer similar performance. In this case, the 8-element Householder codebook offers a slight throughput gain of 1.5%.

· Householder codebook with antenna selection offers nearly the same performance as the 4-element householder codebook in most scenarios. However, in the cross-polarized SCM-D and SCM-C scenarios, antenna selection based HH codebook provides more significant gains over the constant-modulus Householder codebook.

· Overall, precoding offers significant gains over antenna selection even at higher geometries. 
4.2. Four Node-B, Four UE Antennas
Figure 2 presents simulation results with four node-B and four UE antennas. Scenario 4 with cross-polarized antenna pairs is not applicable here. As seen from Figure 2, 

· The Householder codebooks consistently outperform the DFT based codebook. The highest gains are observed at lower geometries. Gains are obtained even at higher geometries, indicating the superiority of the proposed rank-2 and rank-3 codebooks over the corresponding DFT codebooks.

· Among the Householder codebooks, performance with and without antenna selection is similar.  

· Again, precoding gains are significant at all geometries.
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FIGURE 2. Throughput Gain Compared to Antenna Selection For DFT and Householder Codebooks With Four Node-B and Four UE Antennas
5. Conclusions
In this document, we presented a codebook design for the case of four node-B antennas. The proposed codebook is constructed hierarchically as follows: the rank-one codebook is optimized with a finite-alphabet constraint. Starting from the rank-one codebook, the rank-4 codebook is obtained by generating Householder matrices for each rank-one precoding vector. The codebooks for ranks two and three are obtained by column subset selection.

· Simulation results show that the proposed codebooks with elements taken from {(1, (j} outperform DFT-based codebooks. The highest gains are observed at lower geometries which constitute to superior cell-edge throughput performance. This Householder codebook also has the constant magnitude property of the DFT codebook, since each element has unit magnitude. 
· Another possible Householder codebook uses antenna selection vectors in addition to vectors constructed from {(1, (j}. This Householder codebook also outperforms the DFT codebook. It achieves nearly the same performance as the constant-modulus Householder codebook in most cases, and offers more significant performance gain in the cross-polarized antenna scenario.
· Unlike the DFT-based codebook, the proposed codebooks have elements belonging to convenient sets such as  {1, 0, (1, (j}. This significantly reduces the computational complexity for the codebook search. 
· The proposed codebook design conforms with the working assumption (i.e. the nested property).  
Based on the simulation results and other clear advantages, we recommend that the Householder-based codebook design based on the finite-alphabet set of {(1, (j} be adopted as the 4-antenna codebook (or one of the 4-antenna codebooks) for the MIMO E-UTRA. Furthermore, the inclusion of antenna selection can further enhance the codebook performance in some scenarios.
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Appendix 1: Rank-one codebook 
Tables A1-1 and A1-2 give the rank-one codebooks drawn from the sets {(1, (j} and (1, (j, ((1 (j)  ∕ √2} respectively. Since all elements have unit magnitude, the phase of the elements is listed for each codebook element. 
Table A1-1: Rank-one Householder codebook drawn from {(1, (j}

	Vector Index
	First element
	Second element
	Third element
	Fourth Element

	1
	1
	1
	1
	1

	2
	1
	1
	−1
	−1

	3
	1
	−i
	−i
	−1

	4
	1
	i
	i
	−1

	5
	1
	1
	i
	i

	6
	1
	1
	−i
	−i

	7
	1
	−i
	−i
	1

	8
	1
	i
	i
	1

	9
	1
	1
	1
	−1

	10
	1
	−1
	−1
	−1

	11
	1
	−1
	1
	1

	12
	1
	1
	−1
	1

	13
	1
	i
	1
	i

	14
	1
	1
	i
	−i

	15
	1
	−1
	−i
	−i

	16
	1
	−i
	−1
	i


Table A1-2: Rank-one Householder codebook drawn from (1, (j, ((1 (j)  ∕ √2}
	Vector Index
	First element
	Second element
	Third element
	Fourth Element

	1
	1
	1
	1
	1

	2
	1
	1
	−1
	−1

	3
	1
	exp(−i∕ 4)
	−i
	exp(−i3∕ 4)

	4
	1
	exp(i∕ 4)
	i
	exp(i3∕ 4)

	5
	1
	i
	i
	1

	6
	1
	−i
	−i
	1

	7
	1
	−1
	exp(i3∕ 4)
	−1

	8
	1
	1
	i
	−i

	9
	1
	1
	exp(−i∕ 4)
	exp(i3∕ 4)

	10
	1
	−i
	exp(i3∕ 4)
	1

	11
	1
	−1
	exp(−i∕ 4)
	1

	12
	1
	−1
	exp(−3i∕ 4)
	exp(−3i∕ 4)

	13
	1
	1
	−1
	exp(i∕ 4)

	14
	1
	−i
	exp(i∕ 4)
	i

	15
	1
	I
	exp(i∕ 4)
	−i

	16
	1
	exp(i3∕ 4)
	exp(i3∕ 4)
	exp(i∕ 4)


Table A1-3: Rank-one Householder codebook drawn from (1, (j} with four antenna selection vectors

	Vector Index
	First element
	Second element
	Third element
	Fourth Element

	1
	1
	1
	1
	1

	2
	1
	1
	i
	i

	3
	1
	1
	−i
	−i

	4
	1
	−i
	−i
	−i

	5
	1
	i
	i
	i

	6
	1
	1
	1
	i

	7
	1
	1
	1
	−i

	8
	1
	1
	−1
	−1

	9
	1
	−1
	−1
	−1

	10
	1
	1
	1
	−1

	11
	1
	1
	i
	1

	12
	1
	−i
	−i
	−1

	13
	2
	0
	0
	0

	14
	0
	2
	0
	0

	15
	0
	0
	2
	0

	16
	0
	0
	0
	2


Appendix 2: Rank-Two codebook 

Tables A2-1 gives the rank two codebook drawn from the set {(1, (j}. For each rank-two codebook element, the corresponding rank-one element (equivalently Householder matrix) index and the columns chosen from it are indicated.  Thus, the 7rd matrix in the rank-two codebook is obtained by picking columns 1 and 3 from the Householder matrix corresponding to vector no. 5 in the rank one codebook.

Table A2-1: Rank-Two Householder codebook drawn from {(1, (j}
	Matrix Index
	Rank-one vector index
	Column indices

	1
	1
	(1,2)

	2
	3
	(1,4)

	3
	1
	(1,4)

	4
	1
	(1,3)

	5
	8
	(1,2)

	6
	8
	(1,3)

	7
	7
	(1,3)

	8
	5
	(1,4)

	9
	6
	(1,4)

	10
	3
	(1,2)

	11
	4
	(1,2)

	12
	11
	(1,2)

	13
	9
	(1,2)

	14
	12
	(1,3)

	15
	4
	(1,3)

	16
	9
	(1,3)


Table A2-2: Rank-Two Householder codebook drawn from {(1, (j} with antenna selection elements
	Matrix Index
	Rank-one vector index
	Column indices

	1
	1
	(1,2)

	2
	9
	(1,4)

	3
	1
	(1,4)

	4
	5
	(1,2)

	5
	6
	(1,2)

	6
	4
	(1,2)

	7
	7
	(1,2)

	8
	4
	(1,4)

	9
	5
	(1,4)

	10
	7
	(1,3)

	11
	5
	(1,3)

	12
	13
	(1,2)

	13
	13
	(3,4)

	14
	13
	(1,3)

	15
	13
	(2,4)

	16
	13
	(1,4)


Appendix 3 : Simulation Assumptions

Table A3-1 gives the link level simulation assumptions.

TABLE A3-1: Link Level Simulation Assumptions
	PARAMETER
	VALUES

	UE Speed
	3 kmph

	Number of Node-B antennas
	4

	Number of UE antennas
	2 or 4

	System Bandwidth
	5 MHz

	Resource Block Bandwidth
	180 kHz 

	Modulation Schemes
	QPSK r = 1/5, 1/4, 1/3, 2/5, ½, 3/5, 2/3, ¾ 

16QAM r = 2/5, 9/20, ½, 11/20, 3/5, 2/3, ¾, 4/5, 5/6 

64QAM r = 3/5, 5/8, 2/3, 17/24, ¾, 4/5, 5/6   

	TTI duration
	1.0 ms (14 OFDM symbols)

	CQI feedback delay
	4 TTIs

	CQI Feedback Error
	Error-free CQI feedback assumed

	HARQ Feedback Delay
	8 TTIs. Error-free ACK/NACK assumed

	Max Number of HARQ Retransmissions
	3

	Precoding
	Precoder index fed back for each cluster of 5 RBs from a 4-bit codebook

	MIMO Decoder
	LMMSE 

	Scheduling Details
	MCS fixed across the transmission band. Similar results obtained when narrow-band scheduling was performed (independent MCS on each RB.)


























































































































































































































� These metrics do not always reflect performance, particularly with correlated spatial channels.


� For x = [1 0 0 0]T, u is also equal to [1 0 0 0]T. For every other x, normalize x so that the first term x1 is real. Then, u1 = sqrt((1 – x1) / 2). For i = 2, 3, 4, ui = -xi / (2u1).  
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