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MU-MIMO Comparison
Guangjie Li, Hongming Zheng, Yang-seok Choi, Shanshan Zheng, Feng zhou, Senjie Zhang, May Wu, Sassan,Ahmadi
Inter Corporation
1 Introduction and Scheme List
In this contribution, comparison and results of MU-MIMO schemes are provided. 

MU-MIMO differs from SU-MIMO in that MU-MIMO transmits streams for multiple users in one time-frequency unit.  The schemes for comparison are:
1. Channel Aware MU-MIMO: 
It’s unitary closed-loop MU-MIMO. Precoding vector or the codebook index is channel aware from the feedback of each user.

The CQIs corresponding to the selected precoding vector are fed back to BS for user scheduling. The user scheduling in BS is based on certain principle e.g. user orthorgonality, or the maximization of proportional fairness metric, etc. 
Two kinds of CQIs e.g. Rank-1 and Rank-2 are used for MIMO rank/mode adaptation. Interference unaware Rank-1 CQI is used for the selection of the precoding vector, and Interference aware Rank-2 CQIs are used for MIMO rank/link/mode adaptation and user selection. By using the same codebook as SU closed-loop MIMO, the channel aware MU-MIMO can be easily unified with SU closed-loop MIMO,
2. Predefined MU-MIMO: 
It’s open-loop MU-MIMO, and no CSI feedback is required.

The predefined precoding matrices are pre-allocated to subchannels in a predetermined way. The allocation can be semi-statically changed. 
Based on the CQI feedback of each spatial streams, user allocation is decided.  The scheduling is stream independent, which means the scheduling process is same as SU MIMO except the minimum resource is one spatial stream in one subchannel, and does not need to consider the pair of users.
3. SU open-loop MIMO: STBC and STBC/SM mode adaptation (AMC/localized mode)
4. Zero-forcing MU (MRC and MMSE CQI estimation)
It’s non-unitary MU-MIMO. MS feeds back the codebook index of U’*H after quantization (codebook), and feeds back the MRC or MMSE CQI (rough estimation), (U is left unitary matrix from singular vector decomposition of H)
BS calculates the precoding matrix for 2 users by zero forcing algorithms according to the CSI information. CQI adjustment is required after obtaining the user pairing and precoding matrix selection.  The precoding matrix is non-unitary, and CQI estimation is not accurate even with CQI adjustment(why?).

There are two kinds of CQI estimation in MS side. One is the MRC CQI estimation, which assumes no inter-user interference exists. And the other one is MMSE CQI estimation, which assumes unitary precoding matrix is used and estimates the CQI by MMSE filter. Where the first column of the unitary precoding matrix is indicated by the feedback index, and other column can be deduced by unitary constraint. 
5. PU2RC

MS feeds back the preferred matrix index and the preferred column within the matrix. BS pairs users who feed back the same matrix index but prefer different column. It’s unitary MU-MIMO.
In the comparison, we assumed that 2 CQIs for 2 streams are fed backed together to get better performance (guarantee there is no CQI hole)

6. THP
THP belongs to a kind of successive and non-linear precoding, where the signals of users are placed into different layers and the interference suppression for each layer is carried out sequentially with a nonlinear modulo operation.

It’s non-linear MU-MIMO.
2 Performance Comparison

Link level and system level simulation results of the above MIMO schemes are provided to evaluate the performance of MU-MIMO.

In Link level simulation, eITU PedA and PedB channel with speed of 3km/h and 5ms CQI feedback delay are employed. The performance under various numbers of users are tested. Max C/I scheduling method is used to schedule the users in LLS. The antenna configuration is 2x2. BS antenna spacing is 4λ.

In system-level simulation, it is assumed a 19-cell configuration with 3 sectors each. The inter-site distance is set to 1500m. The users are randomly allocated with a uniform distribution within each sector. The number of users per sector is parameterized from 5 to 30. Two channel models, eITU PedA and PedB channel with speed of 3km/h are assumed. Proportional Fairness scheduling method is applied. The antenna configuration is 2x2, and antenna spacing is 4λ.

1x3x1 reuse 1 frequency planning is used in the SLS.

The receiver is baseline MMSE receiver.

Localized subcarrier permutation is used, the RB size is 24x6 (24 subcarriers with 6 OFDM symbol).  Frequency selective scheduling is applied and perfect CQI feedback is assumed.

Perfect channel estimation is used.

The detailed simulation parameters are basically aligned with 802.16m Evaluation Methodology Doc [1] and are listed in the Appendix A.

The codebook used for Channel Aware MU-MIMO is 4 bits household codebook. The V matrix used for predefined MU-MIMO is DFT matrix. 

PU2RC uses DFT codebook (1 bit codebook for 2x2).  

Zero-forcing MU-MIMO uses 4 or 6 bits household codebook. The perfect ZF MU is also evaluated.

SU STBC and SU codebook precoding transmit only one stream in link level simulator.  In system level simulator, SU STBC adaptation with SM is utilized. For SU codebook precoding, the rank adaptation is enabled.

Link level result
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The results of 2x2 antenna, Tx 4 lamda spacing configuration and PB 3 km/h with 5 ms feedback delay are provided.
The results show:
1. MU schemes are better than SU

2. Perfect MU ZF is the best, and it suffers most from the quantization error.
3. MU ZF MMSE is better than MU ZF MRC with same vector feedback overhead, the reason is that the CQI estimation of MMSE ZF is better than MRC ZF 

4. Predefined MU-MIMO has good performance even without CSI feedback.

5. Channel Aware MU-MIMO obtains better performance than other closed-loop MU-MIMOs in 4 bits feedback
System level results
The results of 2x2 antennas, Tx 4 λ spacing configuration, PB 3 km/h with 5 ms feedback delay and 10 users per sector are provided for comparison.
	Schemes (2x2) - Performance (SE over SU STBC/SM adaptation in PB channel)
	PB channel
	PA Channel

	STBC/SM adaptation
	0%
	-5.35%

	Predefined MU

 (full rank)
	15.35%


	13.7%



	Channel aware MU

(full rank)
	22.31%
	14.8%

	MU Zeroforcing ((MMSE CQI with unitary assumption) 4 bits PMI ( identity matrix used in interference cell)
	20.09%
	22.90%



	MU Zeroforcing (MMSE CQI with unitary assumption) 4 bits PMI (non-unitary matrix used in interference cell, model interference uncertainty)
	10.7%


	10.91%

	PU2RC with 2 CQI feedback, 1 bit CSI feedback
	17.5%
	13.9%




According to the SLS results, the performance of ZF MU drops from PA channel to PB channel because the frequency selective fading has impact on user pairing. 
Interference uncertainty is evaluated for ZF MU with rank adaptation. When identity matrix for precoding matrix is assumed in interference cell, even with the CQI feedback delay there is no interference uncertainty due to spatially white interference i.e. static interference.  However, when the interfering cell uses non-unitary matrix or rank 1 transmission for 2x2, the interference uncertainty due to the CQI feedback delay and spatially non-white co-channel interference introduces about 10% performance drop in 2x2 for ZF MU 

Channel Aware MU shows better performance than the Predefined MU and PU2RC.
The performance of THP is not shown here. However with perfect CSI knowledge, ZF MU-MIMO can have similar performance as THP algorithm.  The performance loss of THP algorithm at low SNR range [3] would have impact on its system level performance because the SINR from most users is below 15dB. 
3 Overhead Comparison
Feedback overhead
Predefined MU-MIMO requires CQI feedback only.

PU2RC requires CQI feedback plus 1 bit CSI feedback in 2x2 cases.
Channel Aware MU-MIMO requires CQI feedback plus 4 bits CSI feedback, and some broadcast information need to be transmitted in downlink.
ZF MU requires 1 CQI feedback and 1 CSI feedback per user.

THP scheme needs considerable amount of overhead. It is BS to pair user and decide MCS level. When BS pairs different users, the MCS may be different.  In order to support more accurate link adaptation, the interference/noise level plus the channel state information should be fed back from MS to BS.  In downlink, the scaling factor should be signaled to MS through DL control channel.  The CSI information needed by THP can not be reduced by codebook. Sounding can be used in TDD to get the CSI information, but sounding is a pending issue to be solved. 
As a result, the THP needs quite large feedback and forwards overhead, which prohibits it from practical utilization.

Pilot overhead

Predefined MU needs only dedicated pilot, while other schemes require both dedicated pilot and common pilot.
4 Antenna Power Imbalance

Antenna power imbalance means that when employing precoding matrix the power of multiple transmit antenna may be different, which would degrade the power efficiency of power amplifier.

Closed-loop MIMO with unitary and non-unitary schemes would have this problem. The CDF of peak to average ratio of several MIMO schemes are shown in the following figure. 
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From the figure,  4x2 Zero forcing MU with 6 bits codebook (DFT codebook) has 2dB more PAPR compared with unitary MU with DFT codebook. The 802.16e codebook has slightly higher PAPR compared with DFT codebook. 

For ZF MU, the smaller size of codebook, the smaller PAPR.

For 2x2 3 bits codebook, the PAPR difference is small.

In a summary, the antenna power imbalance is a disadvantage for ZF MU-MIMO, which would degrade the power amplifier efficiency.
5 Complexity Comparison

The Predefined MU-MIMO is the simplest among these schemes. The Tx and Rx complexity is the same as open-loop SU MIMO.  The scheduling is simple because it can be stream-independent and schedules users according to CQI feedback (No problem when pairing users).
The computational complexity of the Channel Aware MU-MIMO is pretty small; the protocol design is a little more complicated. The unification with SU MIMO can be seamless.

For PU2RC, it calculates CQI of all matrices in the codebook, which is a little complicated.  Scheduling the pair of users is complicated especially when best-M CQI reduction algorithm is utilized.  It is pretty hard to find the proper pair of users.
ZF MU and THP need to try out every pair of users to find the spatial compatible pair, which is a computational burden. In MS side, the ZF MU needs SVD block to get the strongest singular vector for feedback, which is also computationally intensive. 

6 Conclusions
The above analysis shows that the Predefined MU-MIMO and Channel Aware MU-MIMO are good solutions for open-loop and closed-loop MU-MIMO respectively in terms of good performance, low overhead and complexity. PU2RC has similar performance as the Predefined MU-MIMO, but it is worse than the Channel Aware MU-MIMO.

The ZF MU can not achieve good performance in practical scenarios such as under interference uncertainty, inaccuracy CSI feedback. And also the antenna power imbalance is a drawback of ZF MU-MIMO.  
THP MU-MIMO can only be used in TDD with sounding because of the feedback overhead in FDD.  Even with TDD sounding, the overhead for THP is heavy. TDD sounding has many practical issues to be solved. The complexity of THP is very high.
ZF MU and THP non-linear MU are not suggested.
For MU MIMO, the recommendation to IEEE802.16m  is the open loop MU MIMO and closed loop MU MIMO with unitary precoding.
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7 Appendix A
	SLS Network Model

	Number of cells
	19 

	Number of sectors per cell
	3

	Site-to-site Distance
	1.5km

	Carrier Frequency
	2.5GHz

	Frequency reuse
	1x3x1

	SLS Down Link Antenna Configuration

	Max transmit power per sector
	46dBm

	Number of transmit antenna
	2

	Transmit antenna pattern
	70° (-3 dB) with 20dB maximum attenuation *

	Transmit antenna spacing
	4 λ or 0.5λ

	Transmit antenna gain (bore sight)
	17dBi

	Number of receive antenna
	2

	Receive antenna pattern 
	Omni

	Receive antenna spacing
	0.5 λ

	Receive antenna gain (bore sight)
	0dBi

	Noise figure
	7dB

	SLS Channel Model

	Path loss model
	Loss (dB) = 130.62+37.6log(R) (R in km) 

	Lognormal shadowing 
	8 dB

	Correlation distance for shadowing
	50m

	Link-level channel model
	eITU Ped B 3km/h, eITU Veh 15km/h

	Spatial correlation
	A model base on BS-SS distance and AoA, AoD etc.

	OFDMA Air Interface

	OFDMA symbol bandwidth
	10 MHz

	Sampling frequency
	11.2 MHz

	OFDMA symbol duration
	91.43 us

	Cyclic prefix length (fraction of TO)
	1/8

	OFDMA symbol duration with cyclic prefix
	102.86 us

	Permutation
	AMC

	Frame length
	0.625ms

	Ratio of DL to UL (TDD mode)
	29:18

	Other parameter

	MCs level
	QPSK: ½,3/4; 16QAM: ½,3/4;

64QAM: ½,2/3,3/4,5/6   

	Repetition on for QPSK,1/2
	2, 4, 6

	Scheduling algorithm
	PF for SLS (both in time and frequency domain)

Max C/I for LLS

	CQI delay in scheduling and AMC
	5ms, 15ms

	Max Number of HARQ Retransmissions (CC)
	4

	Receiver
	MMSE

	RB size
	24x6 (24 subcarrier x 6 symbols)
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