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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 simple sign changes, 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. Louise.

In this contribution, we present performance evaluations for the 4x4 setup of different multi-rank 4bit codebook designs similar to our 4x2 investigations reported in [5], benchmarking the joint way forward proposal codebook of [6] with other 4bit 4TX antenna codebooks.
2. General Multi-rank CB design for 4TX antennas
The investigations in this contribution are similar to those presented in [5]. The 4x2 DL SU-MIMO setup is replaced with 4x4 DL SU-MIMO, but codebook designs remain the same. The interested reader will find the codebook details in [5]. 

3. Codebook performance evaluation

3.1. Simulation assumptions

The basic simulation assumptions are similar to those in [5], with the biggest difference being the 4x4 antenna setup and one investigated scenario/channel less. 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, 4x4 setup

	Resource allocation
	Beginning of the band

	Receiver algorithm
	LMMSE


3.2. Channel models

The same channel models as described in [5] have been used according to the specified simulation assumptions in [4].
3.3. Simulation results

The performance of the joint way forward codebook [6] 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 of [5] for details)
	DFT(16CWs)
	Hochwald DFT with  4 seeds each with 4 permutations, such that each rank has 16 codewords

	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} [7]

	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 [6] 


Figures 1 to 4 and 5 to 8 (in the Appendix) show the throughput gain as a function of the TX SNR compared to the reference codebook case, namely antenna selection defined in [4], for Channels 1A , 1B, 2, 3 and 4. In [5] we have shown, that in case of fixed correlation and cross-polarization matrices for Channels 2 and 3 a single codeword is favored. We therefore think that these results are less significant and illustrated them in the Appendix in Figures 5 to 8. Please note that “variable” stands for channels generated by SCME channel model. “Fixed” denotes channels generated by Kronecker model that uses fixed correlation and cross-polarization matrices!
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Figure 1: Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 1A – variable
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Figure 2: Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 1B – variable
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Figure 8: Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 2 – variable
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Figure 4 : Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 4 – variable
When considering the performance of the different codebooks in Figures 1-4 and 5-8, the following conclusions can be drawn:

· Confirming results from our contribution [8] 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 (but not in rank2-4) is slightly loosing performance for higher rank 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 in case of case 2 variable and case 1B fixed than the rest of the size 16 codebooks

· The way forward CB has the best performance in high SNRs where rank4 transmission is often selected. This small benefit is due to permutations that have been applied on rank 4 codewords after Householder design procedure.

· The joint way forward low complexity codebook [6] containing 8 beamforming vectors has very good performance for all scenarios in general, very high chordal distance that helps especially in uncorrelated scenarios. Moreover, it has as already mentioned 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 4x4 LTE DL SU-MIMO scenarios – similar results for the 4x2 SU-MIMO scenarios are reported in [5]. 

The simulation results indicate that the joint way forward codebook of [6] shows a good performance in all investigated scenarios while keeping the computational complexity low. Similar conclusions for the 4x2 SU-MIMO setup are drawn in [5]. Therefore, we suggest the codebook in [6] to be adopted as the 4TX antenna codebook working assumption for DL SU-MIMO. 
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Appendix: Simulation results – fixed channel
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Figure 5 : Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 1A – fixed
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Figure 6 :Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 1B – fixed
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Figure 7: Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 2 – fixed
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Figure 8: Relative throughput gain [%] of different codebook design for the 4x4 antenna setup – Channel 4 – fixed
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