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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 propose a Householder-based codebook construction for four node-B antennas. The case of two node-B antennas, which is much simpler, is dealt with in [9]. 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 #47bis, it was agreed to restrict codebook sizes between 16 and 32. 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 would be desirable to impose further 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 similar codebooks across different ranks such as that described in [2]. An even stronger structure was accepted as the working assumption in RAN1 #48-bis, namely [1]:

· Working assumption: Rank non-specific precoding codebook

· For a given codebook, predefine (i.e. no dynamic update) a set of N precoding matrices of 4x4 for 4tx antenna, where 4x4 identity matrix may be configured by the network to be included in the set.

· Rank adaptation by selecting a non-square precoding matrix that is a part of a square precoding matrix.
In this contribution, we present codebook designs that adheres with the working assumption. It is shown that the proposed codebooks approach near-optimum performance, and significantly outperform competing codebooks.
3. Discussion Of Codebook Design
This section presents the codebook construction method, followed by a discussion of its key features. 
3.1. Codebook Construction
The codebooks for various ranks are constructed as follows. It is an extension of the methods described in [3, 4].

Step 1. Choose Rank-One Codebook: The rank-one codebook consisting of some N unit-norm 4 ( 1 complex vectors is chosen. Note that the codebook can be chosen to satisfy any metric. We evaluate two codebooks here: one is a Grassmanian-based codebook which is optimized to achieve high throughput for correlation antennas, the other is a constant-modulus Grassmanian codebook optimized to achieve high chordal distance.
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. 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). These matrices form the rank-4 codebook. 
Step 4. Obtain rank-2 and rank-3 codebook by column selection: Codebooks for ranks two and three are obtained by selecting sub-matrices from the rank-4 codebook. One exemplary construction is that the rank-R codebook just contains the first R columns of each of matrix in the rank-4 codebook. However, more sophisticated construction techniques would pick the sub-matrices in order to optimize the chordal distance or some other performance-related criterion.
3.2. Features Of Codebook Construction
Some salient features of the above construction are presented below.

· Optimum Performance For Rank-One: This feature ensures the optimum cell-edge throughput performance. In addition, multiple rank-one codebooks can be defined to fit different channel scenarios.
· Optimum Chordal Distance For Rank Three: One possible construction of rank-three codebooks is to pick the last three columns of the 4 ( 4 matrices H(u). It can be shown that in this case, the chordal distance is exactly equal to that of the rank-one codebook. Thus, if the rank-one codebook has the optimum chordal distance, so does the proposed rank-three codebook.
· Near-Optimum Performance For Ranks Two and Four: As shown in the simulation results of Section 4, the proposed construction does achieve high throughput for ranks two and four.
· Nested Structure: Clearly, the rank one codebook just consists of the first columns of the matrices in the rank four codebook. Further, by construction, codebooks of ranks two and three are also sub-matrices of the rank-four codebook. Thus, the proposed codebook agrees with the working assumption agreed upon in RAN1 #48.
 
· Efficient Computation: As mentioned in [3, 4], the Householder structure greatly simplifies SINR computation for rank-two and rank-three precoding matrices. 
4. Simulation Results
In this section, we present link-level simulation results comparing the proposed codebook to other codebook structures. Four different codebooks are considered, each of size 16. For the DFT codebooks, layer ordering was also optionally added (see [12]), though this effectively increases the codebook size by up to 5 bits for ranks three and four. This amounts to a 9-bit codebook.
1. Proposed Householder codebook with a Grassmanian rank-one codebook

2. Proposed Householder codebook with a constant modulus rank-one codebook. This also ensures that the PAPR is 0 dB for all transmission ranks. The rank-one codebook used here in tabulated in Appendix II.
3. Unoptimized DFT-based codebook [6], with the phase rotations chosen from [7]. Here, the pre-rotation angles are uniformly spaced between 0 and 15 degrees. As mentioned in [7], this works well for beam-forming, and cases of high antenna correlation.
4. Optimized DFT codebook, where the phase rotations were optimized for large chordal distance. It was found that the pre-rotation angles must be spaced uniformly between 0 and 90 degrees for larger chordal distance. This method works better for low antenna correlations. 
In sections 4.1 and 4.2, simulation results with a TU6 channel model with spatial antenna correlations are presented. Appendix 1 contains the simulation assumptions. Section 4.1 presents results for 4 node-B and 2 UE antennas. Section 4.2 presents results for 4 node-B and 4 UE antennas. 

Section 4.3 presents simulation results with a SCM-C and SCM-D channels, which typically have high antenna correlations. These are presented for the case of four node-B and UE antennas. 
4.1. Four Node-B, Two UE Antennas, TU6 Channel Model
Figure 1 plots the percentage throughput gains versus geometry for each codebook, when compared to antenna selection codebook. Gains are shown for antenna correlation of 0.1 and 0.5 respectively.  As seen from the figure, 
· Precoding does provide significant gains over antenna selection even at high geometries. In particular, impressive gains are obtained at high antenna correlations.

· The proposed Householder-based codebook constructions consistently outperform DFT-based codebook constructions. Even when the DFT-based codebooks are optimized, they suffer a 3-5% loss when compared to the proposed constructions at low geometry. At higher geometries, the performance of all codebooks are comparable.
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FIGURE 1: Throughput Gains Over Antenna Selection For Various Size-16 Codebooks, With Two UE Antennas Over a TU6 Channel
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FIGURE 2: Throughput Gains Over Unoptimized, Unordered DFT Codebook For Various Size-16 Codebooks, With Four UE Antennas over a TU6 channel
4.2. Four Node-B, Four UE Antennas, TU6 Channel Model
Figure 2 plots the percentage throughput gains versus geometry for each codebook, when compared to an unoptimized DFT codebook with no ordering. Gains are shown for antenna correlation of 0.1 and 0.5 respectively.  As seen from the figure, 
· Ordering results in negligible very small throughput gain over no ordering. This is in line with  simulation results in [10]. 

· The proposed constant-modulus codebook consistently outperforms DFT-based precoders at all geometries, for both low and high antenna correlations. In particular, even when the DFT-based codebook is optimized and ordered for optimum throughput, it still suffers an 8% throughput loss when compared to the proposed codebooks at low geometries. Further, even at high geometries, the DFT-based codebook suffers 2% throughput loss when compared to the proposed constant-modulus codebook. 
4.3. Four Node-B, Four UE Antennas, SCME C and D channel models
This section presents simulation results with SCME channel models [11]. Figure 3 plots the percentage throughput gains versus geometry for each codebook, when compared to an unoptimized DFT codebook with no ordering. The first plot uses the SCME-C channel and the second plot uses the SCME-D channel model, which has slightly higher correlation. As seen from the figure,
· The proposed constant-modulus codebook still outperforms DFT-based precoders at all geometries, for both channel models. This holds even when the DFT-based codebook is optimized and ordered for maximum sum throughput. 

· Using a Householder-codebook based on Grassmanian rank one vectors further increases the throughput gains by 2-4%. 

· It should be noted that the two Householder based codebooks outperform each other under different channel conditions. However, with a proper choice of the base rank-one codebook, the Householder structure itself appears to achieve good performance when compared to DFT-like codebooks.

· With the SCME channel model, ordering seems to provide significant gain for DFT-based codebooks. However, it should be noted that ordering adds 5 additional bits on top of the 4-bit precoding indicator. However, this 9-bit composite DFT-based codebook still performs worse compared to the two 4-bit Householder-based designs.
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FIGURE 3: Throughput Gains Over Unoptimized, Unordered DFT Codebook For Various Size-16 Codebooks, With Four UE Antennas and SCM channel models
5. Conclusions
In this document, we presented a codebook structure for the case of four node-B antennas. The proposed codebook structure can be based upon any rank-one codebook. Starting from there, it imposes a nested structured across different ranks, and can therefore be constructed easily and implemented efficiently. Further, it can also be made to maintain constant transmission energy across different transmit antennas. It was shown that the proposed codebook significantly outperforms DFT-based codebooks. Specifically, up to 8% throughput increase is obtained at low geometries, thus significantly improving the cell-edge throughput. 

As discussed in [13], the exact 4-antenna codebook structure should be selected based on a more careful study after the completion of stage 2 E-UTRA specification. In view of the advantages of the Householder-based codebook under the simulated scenarios, we recommend that the Householder-based codebook be considered as a strong candidate of the E-UTRA MIMO codebook design. As shown in the simulation results, different codebooks perform differently under different channel scenarios. This validates the suggested way forward in [13] that multiple codebooks should be supported to ensure the best overall performance for the E-UTRA MIMO.
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Appendix I

Table A-1 gives the link level simulation assumptions.
	PARAMETER
	VALUES

	UE Speed
	3 kmph

	Channel profile
	TU-6

	Number of Node-B antennas
	4

	Number of UE antennas
	2 or 4

	Antenna Correlation
	0.1 and 0.5

	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 RB 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.)


TABLE A-1: Link Level Simulation Assumptions

Appendix II

The rank-one codebook used to construct the constant modulus Householder codebooks is given below. 

	Vector Index
	First element
	Second element
	Third element
	Fourth Element

	1
	1
	1
	1
	1

	2
	1
	1
	−1
	−1

	3
	1
	−1
	−1
	1

	4
	1
	−1
	1
	−1

	5
	1
	j
	exp(0.4 j)
	exp(0.9 j)

	6
	1
	exp(−0.6 j)
	exp(0.4 j)
	1

	7
	1
	1
	j
	−j

	8
	1
	1
	exp(−0.6 j)
	exp(0.4 j)

	9
	1
	exp(−0.6 j)
	exp(−0.6 j)
	−1

	10
	1
	j
	exp(−0.4 j)
	exp(−0.1 j)

	11
	1
	j
	exp(0.9 j)
	exp(0.4 j)

	12
	1
	−j
	1
	j

	13
	1
	−1
	−j
	−j

	14
	1
	−j
	−1
	−j

	15
	1
	exp(0.4)
	1
	exp(−0.6 j)

	16
	1
	exp(−0.9)
	j
	exp(0.6 j)


























































































































































































































� It must be noted that this implicitly assumes spatially uncorrelated channels.


� It might be beneficial to adopt a liberal interpretation of the working assumption. For instance, it might be argued that the rank-4 codebook can be much smaller than the rank-one codebook. In that case, we recommend that the smaller rank-4 codebook be obtained by purging some elements from the codebook constructed in Step 2. 
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