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1. Introduction
There is an interest in 3GPP in identifying the potential gains for MU-MIMO (multi-user MIMO) with multiple (e.g. four) transmit antennas ‎[1]. This paper presents performance evaluations of downlink MU- and SU-MIMO using pre-coding in a system with four transmit antennas at the network side.  
2. Antenna concepts
The following multi-antenna solutions for four transmit antennas pre-coding system are considered:

1) For SU-MIMO (single-user MIMO) with pre-coding, fixed beamforming and slow eigen-vector beamforming (EBF) ‎[2], ‎[3] are used for (4x1) with 1 stream and (4x2) with 2 streams, but Per-Antenna Rate Control (PARC) ‎[2] is used for (4x4) with four streams. The antenna separations for SU-MIMO are different for different pre-coding systems. For (4x1) with fixed beamforming and slow EBF, the antenna separation is 0.5 wavelengths. For (4x2) with 2 streams, the four transmit antennas are divided into two sub-groups, whose separation is 10 wavelengths, but the antenna separation between the antennas in each sub-group is 0.5 wavelengths. The two streams are transmitted on the two sub-groups, respectively. For (4x4) with PARC, the antenna separation is linear and equally spaced 10 wavelengths. Only round robin (RR) scheduling is used, and MMSE with successive interference cancellation (SIC) is employed as the receiving scheme for the SU-MIMO systems.

2) For MU-MIMO (multi-user MIMO), the base station antennas are linearly equally spaced and separated by 0.5 wavelengths, and only 1 stream is transmitted to one user. There are two time domain schedulers used for MU-MIMO, round robin (RR) scheduler with and without orthogonal beam (ortho-beam) selection. The beamforming matrix is a four antenna element DFT-matrix. If employing RR scheduler without ortho-beam selection, the users are selected without considering their beam patterns for each frame. If RR scheduling with ortho-beam selection is used, first all fixed beams are divided into several ortho-beam sub-groups, the ortho-beam sub-groups are then scheduled in round robin fashion if the beams have users to serve. Finally, it selects users with ortho-beam in round robin style. When using ortho-beam selection, the maximum number of users to be scheduled in each frame is equal to the number of orthogonal beams. MMSE receiver is used in the UE for the MU-MIMO system.
3. Simulation assumptions

Table 1: Simulation parameters
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	[0.5 1 4 8 12 16] with full buffer model

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20*+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.1, 0.14, 0.2, 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, 0.89

	Channel estimation
	Ideal

	Channel quality estimation
	Instant (no delay) ,  error-free feedback

	Reuse
	Uncoordinated reuse 1

	Traffic load
	Averagely {0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0} users per cell

	E-UTRA Characteristics

	Frame duration [ms]
	0.5

	Super-frame duration [ms]
	4

	Overhead
	2/7

	Transceiver antenna configurations
	(4x1),(4x2) and (4x4)

	Transmitter antenna separation [wavelength, λ]
	0.5 for beamforming, 10 for PARC

	Receiver
	MMSE for MU-MIMO, MMSE with SIC for SU-MIMO

	Scheduler
	Round Robin

	Beam selection duration
	Every superframe (4ms)

	Link adaptation
	Initial MCS selection with BLER target of 10%/Nstreams.

	Power allocation
	uniform


4. System level simulation results
4.1. Comparison of fixed beamforming and EBF for SU-MIMO with one stream
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Figure 1: Mean and user throughput of fixed BF and slow EBF for SU-MIMO with one stream.
Figure 1 show the system performances of fixed beamforming with different number of beams and slow EBF, assuming perfect link adaptation without CQI delay. For a SU-MIMO (4x1) system with 1 stream transmission, each UE is scheduled with its stream transmitted on its favorite beam. It is found that EBF has the best performance since more accurate beamforming towards the UE is possible (the pointing error is minimized). However, with 16 fixed beams, EBF has very small gain. Using 8 fixed beams for the four transmit antennas pre-coding system with 0.5 wavelengths separation, achieves almost the same performance.
4.2. Comparison of MU-MIMO with and without ortho-beam selection


[image: image2]

 SHAPE  \* MERGEFORMAT 
[image: image3]
Figure 2: Mean and user throughput of fixed beam forming for MU-MIMO (4x1) with one stream.
Figure 2 shows the mean and 5% user throughputs for MU-MIMO system with 0.5 wavelengths separation, whose beamforming matrix is a four antenna elements DFT-matrix (over-sampled DFT in the case of 8 or 16 beams), that is, the weight vectors are orthogonal to each other with 4 fixed beams, but are non-orthogonal if more than 4 beams are created. It shows that, with 8 or 16 fixed beams, the systems have better mean and 5% user throughputs than a 4 fixed beams system if ortho-beam selection is used. There is no gain for more than four beams over that with 4 beams if not using ortho-beam selection. It is also noted that using 16 beams do not improve the performances over that with 8 beams by ortho-beam selection. This since the traffic load (maximum 16 offered calls with full buffer traffic) is still too low to obtain the gain of MU-MIMO for 16 beams over that of an 8 fixed beams system.
4.3. Comparison of MU- and SU-MIMO with single and multi-streams
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Figure 3: Performance comparison of MU- and SU-MIMO with single stream for (4x1), (4x2) and (4x4).
Figure 3 compares MU- and SU-MIMO with single stream for (4x1), (4x2) and (4x4) with the same 0.5 wavelengths separation, respectively. Orthogonal beam selection is used for the MU-MIMO system. Simulations show that MU-MIMO (4x4) achieves three or above times of 5% user throughput over MU- or SU-MIMO (4x1) systems with 1 stream, the gain for MU-MIMO (4x4) system mainly comes from its receiver diversity gain.
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Figure 4: Performance comparison of MU- and SU-MIMO with multi-streams for (4x1),(4x2) and (4x4).
Figure 4 compares MU-MIMO and SU-MIMO in the multi-stream case for (4x1), (4x2) and (4x4). The transmit antenna separations are different for SU- and MU-MIMO with different transmission schemes. Slow EBF is used for SU-MIMO (4x2) with 2 streams, the four transmit antennas are divided into two sub-groups, and the antenna separation between the sub-group is 10 wavelengths, but the antenna separation in each sub-group is 0.5 wavelengths, the two streams are transmitted on the two sub-groups, respectively. PARC is used for SU-MIMO (4x4) with 4 streams, whose antenna separation is 10 wavelengths. But for MU-MIMO, the base station antennas are separated by linear equally spaced 0.5 wavelengths. Although the transmit antennas separations are not the same for SU- and MU-MIMO systems, some conclusions can be still be drawn, SU-MIMO with multi-streams works better in low load, but MU-MIMO is better in high load.
5. Conclusions

In this contribution, we compare downlink MU- and SU-MIMO systems with four transmit antennas at the network side, the following can be concluded from this study:
· Orthogonal beam selection (unitary pre-coding) is needed for MU-MIMO with fixed beams.
· 8 fixed beams show best performance for the pre-coding system with 4 Tx antennas in most scenarios. The performances of the 8 fixed beams is close to that of EBF for SU-MIMO, and 8 fixed beams shows the best performances for MU-MIMO with orthogonal beam selection in low load (maximum 16 offered calls with full buffer traffic). Hence, a 3 bits codebook is enough for the pre-coding system with 4 transmit antennas whose separations are linear equally spaced 0.5 wavelengths.
· By comparing MU- to SU-MIMO with single and multi-streams, it can be seen that RR scheduling with (4x4) MU-MIMO achieves three or above times of 5% user throughput over (4x1) SU- or MU-MIMO with 1 stream. But if compare MU- and SU-MIMO with multi-streams, MU-MIMO is better only in high load, but SU-MIMO with multi-streams works better in low load.  

Note that these evaluations are done using error-free CQI with no feedback delays. As was shown in [3], more realistic feedback evaluations are needed to fully assess the performance gain with SU- and MU-MIMO based on pre-coding.
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