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1. Introduction
It was agreed that the LTE-Advanced downlink (DL) will support 8-Tx antenna MIMO transmission with a maximum of 8 layers [1]. Support for closed-loop precoding was also agreed upon in order to achieve the full potential capacity gain by the 8-Tx antenna MIMO channel [2]. Although discussion on the methodology for channel state information (CSI) feedback for MU-MIMO and CoMP is ongoing, we also need to investigate the CSI feedback design for 8-Tx codebook including SU-MIMO transmission. One straightforward extension from the Rel. 8 LTE DL MIMO transmission is to apply codebook-based precoding based on precoding matrix indicator (PMI) feedback. We consider that at least for 8-Tx SU-MIMO transmission, the same codebook-based precoding as that in Rel. 8 LTE is the baseline for Rel. 10 [3]. This contribution investigates the improvement in performance of SU-MIMO when similar restrictions are imposed on the codebook design of the Rel. 8 LTE DL codebook based on link-level and system-level simulations. 

2. Design Principles for Rel. 8 LTE DL Codebooks
There are several design principles for Rel. 8 LTE DL codebooks.
· Unitary codebook: Each codebook matrix is a unitary matrix.

· Constant modulus: All components of each codebook matrix have the same amplitude.

· Nested property: For each pre-coder matrix in a certain rank, there exists at least one corresponding column subset in all the codebooks of the lower ranks.
· Constrained alphabet: 2-Tx and 4-Tx codebooks in the Rel. 8 LTE DL consist of QPSK and 8PSK alphabets, respectively.  

· Codebook size: 2-Tx and 4-Tx codebooks in the Rel. 8 LTE DL have 2 and 4 bit sizes per rank, respectively.

In this contribution, the DFT codebook is used as the baseline that satisfies the restrictions mentioned above, and we examine the potential improvement in performance by considering the following relaxations to the codebook design restrictions:

· Use of non-constant modulus property

· Use of 16PSK alphabet

· Increased number of feedback bits for the PMI, i.e., codebook size compared to that for 4-Tx transmission

We note that the exact codebook design requires further study considering MU-MIMO and CoMP. However, as in the Rel. 8 LTE DL codebook, we consider that DFT matrices with linear phase shift components should be included in the codebook to ensure the performance in spatially correlated channels, e.g., uniform linear array (ULA) and cross-polarized antenna array (CPA).

3. Codebook Assumed in the Evaluation
The DFT codebook is one of the standard codebook structures and has been extensively studied for Rel. 8 LTE DL codebooks in [4], [5], etc. An 8-Tx DFT codebook with the codebook size of N (
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8) alphabet constraints can be generated as indicated hereafter. 

1. Compute the n-th (n = 0,…, N1) rotated DFT matrix by using diagonal shift matrix Dn as
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2. The n-th codebook matrix for rank R is defined as the first R columns of the n-th rotated DFT matrix,
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Note, when the Rank is 8 (R = 8), identical codebook matrices, resulting from column permutation of the base DFT matrix shall be removed.

Terms 
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(k =1,…, 8) are phase shift components. To satisfy the constraint alphabet restriction of the codebook, 
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which can form array response vectors, leading to an improved precoding gain in correlated channels. Another way to set 
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 would be to use random integer numbers between 0 and M1 that can be formulated as
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that can improve the performance of uncorrelated channels by maximizing the minimum chordal distance between codebook matrices. To ensure the robustness of the codebook under several channel conditions, it would be reasonable to mix both linear and random phase components. In the following performance evaluation, we denote a DFT codebook with an M-PSK alphabet, and N1 linear and N2 random (N1+N2=N) phase shift components as “DFT[N1, N2], M-PSK” where we generate the N2 random phase component to maximize the minimum chordal distance between codebook matrices after a sufficient number of iterations based on off-line simulations.

4. Link-level Simulation Results

Table 1 gives the simulation parameters used in the evaluations. In the link-level evaluation, we evaluate 8-by-4 and 8-by-2 ULA configurations with the maximum of 4 and 2 layers, respectively. 

Table 1 – Link-level simulation parameters
	System bandwidth 
	10 MHz

	Number of subcarriers
	600

	RB bandwidth
	180 kHz (12 subcarriers)

	Subband size
	1.08 MHz (6 RBs)

	Symbol length
	Effective data
	66.67 sec

	
	Cyclic prefix
	4.69 sec

	Subframe (TTI) length
	1 msec

	Granularity of PMI feedback
	50 RBs, i.e., single PMI

	MCS set
	QPSK, 16QAM, and 64QAM (R = 1/16 – 12/13)

	Channel model
	Typical Urban (TU) 

	Maximum Doppler frequency
	5.55 Hz

	Antenna configuration
	8 (eNB), 2 and 4 (UE), ULA

	Channel estimation
	Ideal estimation

	Signal detection
	MMSE

	Control delay (scheduling, AMC)
	4 msec

	HARQ 
	Chase combining

	Round trip delay (HARQ)
	8 msec


The multi-path channel models used in the evaluation were the six-ray Typical Urban (TU) channel models [6]. A uniform linear array was assumed at the transmitter and receiver. At the UE receiver, uncorrelated fading coefficients between adjacent antenna branches were assumed. At the eNB transmitter, we evaluated two types of spatial correlation models each of which is characterized by antenna separation, angle of departure (AoD) and AoD spread as shown in Fig. 1: (1) uncorrelated channel, (2) highly-correlated channel models.

At the UE receiver, we assumed ideal FFT window timing detection and ideal channel estimation. Minimum mean square error (MMSE) signal detection was applied. As performance references, the throughput performance of random codebooks with a non-constant modulus property was evaluated, where a set of rank-specific complex random codebooks was generated to maximize the minimum chordal distance between codebook matrices in off-line simulations. In addition, the throughput performance of open-loop (OL) MIMO was evaluated where the identity precoding matrix was used without PMI feedback.
[image: image12.emf]10

l

AoDspread: 360 degrees

AoD: Randomly chosen

0.5

l

AoDspread: 5 degrees

AoD: Randomly chosen


(1) Uncorrelated
        (2) Highly correlated

Figure 1 – Spatial correlation models between transmitter antennas
Figures 2(a) and 2(b) show the throughput performance and the throughput gain over the OL MIMO scheme, respectively, for 8-by-4 MIMO transmission in the TU channel model with uncorrelated fading coefficients between adjacent transmitter antenna branches. The figures show that when the codebook size is increased from 4 to 5 bits and from 5 to 6 bits in the TU uncorrelated channel, the performance is improved by approximately only 2 – 3%, respectively, in low SNR regions. Furthermore, when the same codebook size is assumed, increasing the number of random phase components could be beneficial in an uncorrelated channel. We can also see that a random codebook with a non-constant modulus property yields a small performance gain compared to that from the DFT-codebooks. 
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Figure 2 – Throughput performance of 8-by-4 MIMO (ULA, Uncorrelated)
Figures 3(a) and 3(b) show the throughput performance and the throughput gain over the OL MIMO scheme, respectively, for 8-by-2 MIMO transmission in the TU channel with highly-correlated fading coefficients. Only Rank-1 transmission was assumed in the evaluation. The performance of the 4-bit DFT [8, 8] codebook is almost identical to that for the 5-bit DFT [8, 24] codebook, and the performance of the 4-bit DFT [16, 0] codebook is almost identical to that for the 5-bit DFT [16, 16] codebook. This shows that in such a highly correlated channel, only DFT codebook matrices with linear phase components contribute to the performance. The results also show that use of 16PSK alphabets give more than a 5% gain over the codebooks with 8PSK symbols.
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Figure 3 – Throughput performance of 8-by-2 MIMO (ULA, Highly-correlated)
5. System-level Simulation Results

In this section, we provide the system-level performance using different codebooks for 8-Tx SU-MIMIO and Table 2 gives the simulation parameters used in the evaluation. We used the same simulation parameters assumed in Table 1 regarding the link-level simulation parameters.
Table 2 – System-level simulation parameters
	Cell layout
	Hexagonal grid, 19 cell-sites, 

3 sectors per cell-site

	Antenna pattern at eNB 
(antenna gain)
	70-deg. sectored beam with tilt 
(14 dBi, etilt = 15 deg.) 

	Inter-site distance (ISD)
	500 m

	Transmission bandwidth 
	10 MHz

	Subband bandwidth
	1.08 MHz (6 RBs)

	Distance-dependent path loss
	128.1 + 37.6log10(r) dB

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	Typical Urban (TU) 

	Transmission power of eNB
	46 dBm

	Maximum Doppler frequency
	5.55 Hz

	Antenna configuration
	8 (eNB), 2 and 4 (UE), ULA / CPA

	Scheduling algorithm
	Frequency-domain scheduling based on PF

	Traffic model
	Full buffer


Figures 4 and 5 show a comparison of the cumulative distribution function (CDF) of the user throughput for ULA configurations, and Tables 3 and 4 summarize the corresponding comparison of the average cell throughput. It can be seen that, compared to a random codebook, the DFT-codebook achieves a large gain in a highly correlated scenario, and close performance in an uncorrelated scenario. The results indicate that the DFT-codebook with linear phase rotation is beneficial to a highly correlated scenario, and a non-constant modulus codebook brings negligible performance gain. In addition, in a highly correlated scenario, the DFT [16, 16] codebook achieves a performance gain over the DFT [8,8] codebook and similar performance to the DFT [16, 48] codebook. This indicates that an increase in the random phase component gives almost no benefit to improving the performance in a highly correlated scenario. Furthermore, in an uncorrelated scenario, for both random and DFT-codebooks, an increase in the codebook size yields only a small gain.
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Figure 4 – Comparison of CDF of user throughput with 8×2 MIMO (ULA)
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Figure 5 – Comparison of CDF of user throughput with 8×4 MIMO (ULA)

Table 3 – Comparison of cell throughput in 8×2 MIMO (ULA)
	Tx

correlation
	Cell throughput (Mbps)

	
	Codebook size
	DFT-codebook
	Random
codebook
	Open-loop

	Uncorrelated
	16
	23.15
	23.48
	19.69

	
	32
	24.25
	23.71
	

	
	64
	24.25
	24.76
	

	Highly-
correlated
	16
	26.54
	23.16
	13.82

	
	32
	27.34
	23.63
	

	
	64
	27.34
	24.66
	


Table 4 – Comparison of cell throughput in 8×4 MIMO (ULA)
	Tx

correlation
	Cell throughput (Mbps)

	
	Codebook size
	DFT-codebook
	Random
codebook
	Open-loop

	Uncorrelated
	16
	30.99
	31.02
	26.59

	
	32
	30.88
	31.69
	

	
	64
	31.47
	31.24
	

	Highly-
correlated
	16
	29.10
	26.27
	16.32

	
	32
	29.72
	26.66
	

	
	64
	29.72
	27.56
	


Figures 6 and 7 show a comparison of the CDF of the user throughput for CPA configurations, and Tables 5 and 6 summarize the corresponding comparison of the average cell throughput. It can be seen that, compared to the random codebook, the DFT-codebook achieves a performance gain in a highly correlated scenario and close performance in an uncorrelated scenario. Compared to the ULA configurations, the gain of the DFT-codebook over a random codebook in a highly correlated scenario is reduced in the CPA configurations. Similar to that for the ULA configurations, in a highly correlated scenario, the DFT [16, 16] codebook achieves a performance gain over the DFT [8,8] codebook and similar performance to the DFT [16, 48] codebook. In an uncorrelated scenario, for both random and DFT-codebooks, an increase in  the codebook size yields only a small gain.
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Figure 6 – Comparison of CDF of user throughput with 8×2 MIMO (CPA)
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Figure 7 – Comparison of CDF of user throughput with 8×4 MIMO (CPA)

Table 5 – Comparison of cell throughput in 8×2 MIMO (CPA)
	Tx

correlation
	Cell throughput (Mbps)

	
	Codebook size
	DFT-codebook
	Random
codebook
	Open-loop

	Uncorrelated
	16
	19.32
	19.64
	15.81

	
	32
	19.86
	21.00
	

	
	64
	20.61
	21.39
	

	Highly-
correlated
	16
	22.97
	20.38
	13.35

	
	32
	24.12
	21.63
	

	
	64
	24.22
	21.92
	


Table 6 – Comparison of cell throughput in 8×4 MIMO (CPA)
	Tx

correlation
	Cell throughput (Mbps)

	
	Codebook size
	DFT-codebook
	Random
codebook
	Open-loop

	Uncorrelated
	16
	25.30
	25.81
	21.63

	
	32
	25.57
	26.02
	

	
	64
	26.26
	25.90
	

	Highly-
correlated
	16
	30.17
	28.96
	15.96

	
	32
	31.53
	30.12
	

	
	64
	31.64
	30.30
	


6. Conclusion

This contribution investigated the throughput performance of codebook-based precoding for 8-Tx SU-MIMO DL transmission for LTE-Advanced when the DFT codebook is assumed as an example of codebooks that satisfy a similar design constraint to that for the Rel. 8 codebooks. Our main observations are given below. 

· Increasing the codebook size from 4 (5) to 5 (6) bits yields only an approximately 2 – 3% gain in an uncorrelated channel. However, the gain is diminished in a correlated channel.
· Random phase components within the DFT codebook yield a slight gain in an uncorrelated channel, but in correlated channels, the linear phase shift components (with higher PSK alphabets) contribute more to the performance.
· The throughput performance of the random codebook is degraded in a correlated channel, and the gain from a random codebook with a non-constant modulus property over the DFT codebook is not significant even in an uncorrelated channel.
Our current view on the codebook design based on observation is given below.

· A constant modulus property shall be retained.
· The exact codebook design requires further study considering the performance of MU-MIMO and CoMP. However, the DFT codebook with linear phase shift components should be included in the codebook as is the case in the Rel. 8 LTE codebooks to ensure the performance in correlated channels. 
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