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1. Introduction

Based on the working assumptions at the RAN1#48bis meeting regarding Multi-User MIMO (MU-MIMO) precoding, the performance evaluation of different MU-MIMO precoding schemes was discussed during the last RAN1#49 meeting [1]-[9]. However, there was still no consensus on the downlink MU-MIMO. The main questions include the following.
· Precoding scheme such as unitary precoding [1], non-unitary precoding [2], or zero-forcing beamfoming (ZF-BF) [3]-[5] as well as the codebook size and codebook definitions at the Node B and UE

· Application scenario of downlink MU-MIMO

This contribution presents our views on the above questions based on a comparison of unitary precoding, non-unitary precoding, and ZF-BF under various conditions (e.g., number of users and fading correlation between transmit antennas) for 2 transmit antenna case. Furthermore, the performance comparisons between Single-User MIMO (SU-MIMO) and MU-MIMO transmission schemes are also presented.
2. Precoding Schemes for Downlink MU-MIMO

2.1 Unitary Precoding
(a) Codebook
In this contribution, we use the Discrete Fourier Transform (DFT)-based precoding vectors as a codebook shown in [1], which has a simple structure. The codebook consists of the top nTX rows of a DFT matrix with the size N (= 2B) as the following equation, 
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where 
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 is the n-th vector within codebook, nTX and N are the number of transmit antennas and codebook size, respectively. In the unitary precoding scheme, the codebook is unitary matrix-based, i.e., the N vectors compose P = N/M unitary matrices, where M is the number of transmitted streams, and the p-th unitary matrix is denoted as
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, (p = 0,…, P-1). The same unitary matrix-based codebook is utilized at both Node B and UE side in the unitary precoding.
(b) UE Feedback

In the case of unitary precoding, the UE tries each precoding matrix within
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 and calculates the channel quality indicators (CQIs) on each of its M vectors assuming that the other (M-1) vectors in the same precoding matrix are interference. In the case of unitary precoding, since the precoding vectors of other users are included within the same precoding matrix, the UE can estimate the received signal-to-interference plus noise power ratio (SINR) correctly in the downlink.
(c) Precoding and Scheduling at Node B

At the Node B, the M UEs selecting the same unitary matrix and different layers based on the highest weighted sum-rate (e.g., PF scheduling) are scheduled. Meanwhile, the same CQIs as reported from the UEs are used for data transmission.
2.2 ZF-BF

(a) Codebook
We consider two kinds of UE codebooks, the DFT-based codebook [4] and Grassmanian-based codebook [3],[10]. On the UE side, the codebook is a collection of vectors for channel quantization, denoted as 
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. While on the Node B side, the codebook is a collection of N’ precoding matrices, denoted as 
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, and each codeword 
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 is the ZF-BF matrix for certain paired feedback channel 
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. To reduce the size of the Node B codebook, the precoding vectors can be further selected according to the correlation between paired feedback channels.

(b) UE Feedback

In the ZF-BF scheme, each UE first calculates the received antenna weight vectors. After this calculation, the received weighting vectors, the equivalent channel becomes
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where 
[image: image11.wmf]k

v

 is the conjugate transpose of the left singular vector of the channel matrix for UE #k, and 
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 corresponds to the channel matrix. Then, the UE utilizes the pre-determined quantized codebook 
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 to quantize 
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, and the quantization results are expressed as Eq. (3)
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In the case of the ZF-BF method, the CQI is calculated without considering the interference from the other UEs, 
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where 
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 are the transmission power of each stream, and the sum of the noise power and inter-cell interference, respectively. Finally, UE #k feeds back the index of 
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 as its channel directional information (CDI), as well as the CQI value.
(c) Precoding and Scheduling at Node B

On the Node B side, the scheduling algorithm is explained as follows. It is assumed that the UE feedback is the combination of 
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. For a certain user pair S = {k1, k2,…}, whose composite channel feedback is 
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 and the corresponding precoding matrix is 
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 in Node B codebook CNodeB, the CQI value for user kj after ZF-BF is transformed using Eq. (5) in order to compensate for the error of the received SINR at the UE as follows.
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The above procedure is repeated until the user pair with the maximal (weighted) sum-rate is found,
2.3 Non-unitary Precoding

(a) Codebook

In this contribution, we utilize the DFT-based codebook with the codebook size of 8 [2].

(b) UE Feedback

In the non-unitary precoding scheme, the same CQI measurement and precoding vector selection schemes as ZF-BF are adopted. 
(c) Precoding and Scheduling at Node B

At the Node B, the M UEs with different PVI (Precoding Vector Index) and having the correlation of their preferred precoding vectors that are lower than threshold , as well as the M UEs with the highest sum-rate (Max C/I scheduling) or weighted sum-rate (PF scheduling) will be scheduled.  
3. Simulation Conditions

We compared the spectral efficiency (e.g. cell throughput) employing the unitary precoding, non-unitary precoding and ZF-BF schemes for 2-by-2 MU-MIMO and SU-MIMO based on the system-level simulation. The detailed simulation parameters are listed in Table 1. We assume a 2-GHz carrier frequency and a 10-MHz transmission bandwidth. Sub-frame lengths are 1 msec. We employ the QPSK, 16QAM, and 64QAM data modulation schemes and Turbo coding with the coding rate of R = 1/3, 1/2, 2/3, 3/4, and 4/5. The antenna gain of the Node B is 14 dBi. 

We assume a 19-cell configuration, where each cell has three sectors. Furthermore, by employing the wrap-around method, each cell suffers from inter-cell interference from the surrounding cells. The inter-site distance (ISD) is set to 500 m. The locations of the UEs are randomly assigned with a uniform distribution within each cell. The number of UEs per cell-site (Node B) is parameterized. The propagation model follows a distance-dependent path loss with the decay factor of 3.76, lognormal shadowing with a standard deviation of 8 dB, and instantaneous multipath fading. We assume a 20 dB penetration loss. It is assumed that the distance-dependent path loss is constant during the throughput measurement period, while the shadowing and instantaneous fading variations are added. We assumed the six-ray Typical Urban (TU) channel model with the moving speed of 3 km/h, corresponding to the fading maximum Doppler frequency of 5.55 Hz at a 2-GHz carrier frequency. Fading correlation between transmit antennas is parameterized and that between receiver antennas is assumed uncorrelated on the UE side.
At the UE receiver, we assumed the antenna gain of 0 dBi. Ideal FFT timing estimation and perfect channel estimation are assumed. The exponential effective SINR mapping (EESM) method [11] are used to map the effective SINR calculated in the system level simulation to the packet error rate (PER) performance obtained from the link level simulation in the evaluation. Adaptive modulation and coding (AMC) employing the modulation and channel coding rates mentioned above and frequency-domain channel-dependent scheduling methods are used. We assume a full buffer traffic model and use the proportional fairness (PF) algorithm as the criterion for selecting a UE at each resource block (RB). The received SINR for AMC and scheduling is ideally measured. The control delay in AMC and scheduling is set to a 3 sub-frame duration.
Table 1 – System simulation parameters
	Carrier frequency
	2 GHz

	Transmission bandwidth 
	10 MHz

	Cellular layout
	Hexagonal grid, 19 cell-sites, 
3 sectors per cell-site

	Transmitter antenna pattern at Node B

(Antenna gain)
	3-sector antenna pattern, 
70-degree sectored beam (14 dBi)

	RB bandwidth
	180 kHz (12 sub-carriers)

	Inter-site distance (ISD)
	500 m

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

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation between cells/sectors
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	Six-ray TU channel model

	Transmission power of Node B
	46 dBm

	Thermal noise density
	-174 dBm/Hz

	Sub-frame (TTI) length
	1 msec

	Number of antennas
	2-by-2 MIMO

	Maximum Doppler Frequency
	5.55 Hz

	Scheduling algorithm
	Frequency-domain channel-dependent scheduling based on PF

	Traffic model
	Full queue traffic

	Modulation schemes
	QPSK, 16QAM, 64QAM

	Channel coding schemes
	Turbo coding (R = 1/3, 1/2, 2/3, 3/4, 4/5)

	Feedback granularity of PVI (CDI)
	5 RBs

	Feedback granularity of CQI
	1 RB

	Control delay of AMC and scheduling
	3 msec

	HARQ
	None

	Channel estimation / CQI measurement
	Ideal


4. Simulation Results
4.1 Comparison of Precoding Schemes for MU-MIMO
Figure 1 shows the performance comparison of unitary precoding, non-unitary precoding and ZF-BF with a fading correlation between transmit antennas as a parameter. The number of UEs per cell is set to 10. Figure 1 shows the following results.
· When the fading correlation between transmit antennas is relatively low, the performance of unitary preocoding is better compared to that for the non-unitary codebook and ZF-BF schemes. This is because the effect of suppressing the interference of the other spatially multiplexed users becomes small in uncorrelated channel. Another reason is that the CQI estimation error for the ZF-BF and non-unitary precoding is large. 
· On the other hand, when the fading correlation is very high, ZF-BF with the DFT codebook achieves better performance compared to that for unitary precoding. Furthermore, the non-unitary codebook performs similarly compared to ZF-BF with the DFT codebook. The performance of ZF-BF with the Grassmanian codebook is degraded severely since the Grassmanian codebook is an optimized codebook for uncorrelated scenarios and the quantization of the amplitude difference in Grassmanian codebook is not meaningful in a very high spatial correlation case. 
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Figure 1 – Comparison of precoding schemes for downlink MU-MIMO
4.2 Comparison Between SU-MIMO and MU-MIMO
Figure 2 provides a performance comparison between SU-MIMO and MU-MIMO with different numbers of UEs under uncorrelated and full-correlated channels, respectively. For SU-MIMO, the codebook size and the codebook definition are the same as that in [12]. The figure shows the following results.
· Downlink MU-MIMO outperforms SU-MIMO with a larger number of UEs since the possibility of spatial orthogonality among users becomes large. When the number of UEs is 20, the system throughput gain employing MU-MIMO is 20% compared to SU-MIMO in a full-correlated channel. On the other hand, the gain is reduced to only 5-6% in an uncorrelated channel.

· The performance employing non-unitary precoding is very similar to that using ZF-BF. And these schemes can achieve better throughput performance compared to unitary precoding in a high correlated scenario.  
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Figure 2 – Comparison among SU-MIMO and MU-MIMO in E-UTRA downlink
We would like to express our views on MU-MIMO in the downlink. 
· Downlink MU-MIMO can provide a capacity enhancement compared to SU-MIMO on condition that with the number of UEs within a cell is relatively large. Therefore, downlink MU-MIMO should be specified from the first release in order to additionally increase capacity. 

· The relative gain when employing downlink MU-MIMO compared to SU-MIMO becomes larger when the fading correlation between transmit antennas becomes very high. On the other hand, for low correlated scenario, the system throughput gain is not so large. Based on the result, we consider that the application scenario to use MU-MIMO mainly is small antenna separation case, a similar manner to SDMA using beamforming. We prefer to discuss the precoding scheme (codebook, precoding granularity in time/frequency domain) for MU-MIMO based on the performance with this scenario. 
· Based on the simulation results, we first prefer a non-unitary precoding with DFT codebook for MU-MIMO. ZF-BF is also considered to further increase the capacity gain. Since the same UE codebook can be specified for these two schemes, it is desirable if we can decide at least a UE codebook for MU-MIMO. 
· ZF-BF may be beneficial in obtaining an additional system throughput gain to DFT-based non-unitary precoding, if the problems regarding ZF-BF are resolved such as the constant modulus (CM) property, increased complexity at Node B, and increased signaling overhead.
· We consider that further discussion is necessary whether or not to introduce MU-MIMO or not for low fading correlation scenario since the throughput gain is not so great.
5. Conclusion
MU-MIMO can provide capacity enhancement with a large number of users, since the possibility of spatial orthogonality among users becomes large. And it is elucidated that the gain from MU-MIMO compared to SU-MIMO is influenced by the fading correlation between transmit antennas. Based on our simulation results, when the fading correlation between transmit antennas becomes higher, the relative gain of MU-MIMO compared to SU-MIMO is increased. We prefer to use MU-MIMO in a similar manner to beamfoming. And our preference regarding the precoding scheme for MU-MIMO is non-unitary precoding or ZF-BF. 
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