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1. Introduction

The possible performance gains of MU-MIMO are dependent on the actual availability of terminals whose channel conditions are such that the system throughput increases when multiplexing is performed. In this contribution we evaluate the performance of MU-MIMO in different scenarios and with different scheduling strategies by means of system-level simulations. 
2. Signal Model
We assume the symbol estimate after receiver filtering to equal 
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 are the transmitter precoding filter and receiver baseband processing filter, respectively. Without loss of generality, we will assume that user 1 is the user of interest in the following discussion. 

We adopt the following assumptions for unitary precoding:

· Precoder is quantized by searching the codebook
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assuming that singular value decomposition on channel matrix H is used to construct an effective channel where receive antennas are combined (
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· Used transmitter precoding filter equals
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where the columns are orthogonal and normalized;
· Used receiver filter equals
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assuming that the receiver is not aware of the other users and the 
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 corresponds to the precoding vector of the own transmission. 
If the receiver is aware of the other users, then the used receiver filter equals
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For non-unitary precoding, eNodeB is free to assign the UEs any arbitrary pair of precoding vectors belonging to the codebook. This can be done using zero-forcing (ZF) criterion, for example [4]

 REF _Ref165089160 \r \h 
[5]

 REF _Ref165089162 \r \h 
[6].
3. CQI Calculation
CQI is computed from the single user CQI method described in [1]. Assuming that the precoding can eliminate all multiuser interference, the SU single stream MRC SINR should be sufficient for the CQI purposes. The lack of multiuser interference also means that the LMMSE receiver reduces to MRC receiver. Thus,
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And yet again, the eNodeB can scale the reported SINR according to user scheduling taking into account the power distribution for several users, 
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2. Scheduling
In this section we describe the MU-MIMO scheduling algorithm that was used in this contribution. The algorithm is defined with the goal of keeping the scheduling task as simple as possible, while exploiting the main features of spatial multiplexing. Moreover, the scheduler must take into account the possible performance losses due to spatial multiplexing before making a decision on single-user or MU-MIMO allocation.
2.1. Full Bandwidth
The scheduling algorithm for the full-bandwidth allocation case is defined as:

1. Select the primary UE according to Proportional Fair (PF) metric calculated over the full bandwidth.
2. Identify which UE(s) can be transmitted in MU-MIMO mode with the primary UE. Different identification criteria (described in the sequel of this contribution) were used for unitary and ZF precoding.
3. Compute the available rate for MU-MIMO transmission for each candidate UE, and compare it against the rate of primary user single-stream transmission. Decide to use MU-MIMO transmission mode if the combined rate of MU-MIMO transmission is higher than the transmission rate of primary user’s single stream transmission, and if the rate of the primary user in MU-MIMO mode is higher than a predefined threshold (threshold is used to guarantee minimum bit rate for primary users).

4. Compute precoding matrix and assign precoding vectors to each user.
Figure 1 shows a schematic representation of the scheduling algorithm for the full-bandwidth allocation case. 
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Figure 1: Scheduling of MU-MIMO in full-bandwidth allocation case.

Search for MU-MIMO candidates

The MU-MIMO candidates are identified by means of correlation between the reported channel vectors. If the correlation is below a pre-defined threshold, then the UE is marked as a candidate to be scheduled in MU-MIMO mode. For unitary precoding this threshold should equal to zero, whereas for ZF precoding the threshold can be close to unity. 

However, even for ZF case it is not recommended to accept terminals with similar channels as candidates, as noted in earlier contributions [1]. Hence, by setting a more conservative threshold the overall complexity of the scheduler is simplified, since only relevant UEs are evaluated.

Decision on MU-MIMO allocation

For each candidate set, eNodeB uses CQI information to estimate the transmission rate for single-user and multi-user allocation. The definitions for the estimated rates are as in the Table 1. 

Table 1: Definitions of estimated rates
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	Rate of primary user in single-user mode

	
[image: image16.wmf]M

P

R


	Rate of primary user in multi-user MIMO mode
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	Rate of secondary user in single-user mode
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	Rate of secondary user in multi-user MIMO mode


With these definitions, a set of primary/secondary users are allocated in MU-MIMO mode if
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 is the minimum bit-rate (can be adjusted by eNodeB) that should be guaranteed for a primary user in MU-MIMO mode. The purpose of the latter equation is to avoid situations where a weak primary UE is forced to transmit in MU-MIMO mode in order to favor transmission for a much stronger UE (i.e., 
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Moreover, re-transmitting primary UE is not scheduled in MU-MIMO mode if it is not able to support the MCS that was used in the initial transmission of a packet assuming that the re-transmission would be done in a MU-MIMO mode. Hence, MU-MIMO allocation is done only for such primary users which channel conditions are supporting the required rate.

2.2. Frequency-dependent scheduling

For frequency-dependent scheduling the following assumptions are considered:
· Primary users are selected according to PF scheduler over the full BW, and the transmission resources (i.e. PRBs) are allocated to the selected primary users according to PF metric in frequency domain;
· Candidates for MU-MIMO are selected among users that have not been selected as primary users;
· The evaluation of MU-MIMO allocation is performed independently for each resource block, and it is possible to pair different PRBs of a primary user with different MU-MIMO candidates;
· Maximum number of scheduled users per TTI is a parameter;
· Users with retransmission: allow MU-MIMO mode only if the CQI is such that the transmission of the MCS used in initial transmission of a packet is supported in MU-MIMO mode;
Flow chart for the used frequency-domain scheduling approach is presented in the Figure 2. 
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Figure 2: Frequency-dependent scheduling.

Since user pairing is done on a PRB basis, it is not guaranteed that the scheduler will be able to find a MU-MIMO pair for all PRBs associated with a primary user. Hence, we assume that the transmitted power is not divided by two on those PRBs where UE is not being multiplexed with any other user.
3. Quantization of precoding matrix

The current working assumption in 3GPP is that the precoding vectors have to be quantized according a codebook. However, the codebook definition and size are still under investigation. For unitary precoding, the same codebook with the same size can and should be used for UE feedback and eNodeB MU-MIMO transmission. 

For non-unitary precoding based on ZF, however, in principle the resulting precoding matrix can have arbitrary vectors. It has been shown in [2] that if DFT or 1-4-1 codebooks are used for channel quantization at UE, then in 2x2 case ZF computation results in a matrix where the vectors are also members of the codebook. Hence, we assume in this contribution that the DFT codebook is used for UE feed back and quantization at eNodeB for all simulated precoding schemes.

4. Simulation Results
System simulations were made with the following assumptions:
· 2x2 antenna configuration
· 10MHz bandwidth.
· 20 users per sector
· The receiver is an LMMSE receiver which is aware of the interfering UE
· Multiuser CQI is computed from single-stream CQI as described in [1]
· Maximum 10 terminals can be scheduled simultaneously per TTI. If frequency-dependent scheduling is used, then a maximum of 10 terminals can be selected as primary users.
· TU20 PDP used
4.1. Full Bandwidth
The following schemes were simulated:

· FBW-SU-xB: full bandwidth, single-user, x bits codebook

· FBW-PARC: full bandwidth, 2x2 PARC with STTD as fallback mode

· FBW-UN-1: full bandwidth, unitary precoding, 2 bits codebook, Rmin = 256 kbps
· FBW-UN-2: full bandwidth, unitary precoding, 2 bits codebook, Rmin = 512 kbps 
· FBW-ZF-1: full bandwidth, ZF precoding, 3 bits codebook, Rmin = 256 kbps
· FBW-ZF-2: full bandwidth, ZF precoding, 3 bits codebook, Rmin = 512 kbps
Figure 3 shows the achieved system throughput for the different MU-MIMO schemes and full bandwidth allocation for Case 1 channel model without spatial correlation. Performance of single-user single-stream (SUSS) and single-user MIMO (SU-MIMO) are also shown for comparison. The SU-MIMO scheme considered in this contribution is PARC 2x2 with STTD as a fallback mode. 
Following observations can be made from the results:
· Average cell throughput could be increased with the cost of coverage. 

· With unitary precoding the probability to utilize MU-MIMO transmission mode is smaller than for ZF, due to which ZF is able to outperform unitary precoding in terms of average cell throughput. However, this implies a reduced coverage. Moreover, the relative performance of unitary and ZF precoding are dependent on the number of users in the network. 

· With unitary precoding better coverage is achieved, since higher utilization of MU-MIMO mode impacts coverage negatively.
Figure 4 shows the achieved system throughput for the different MU-MIMO schemes and full bandwidth allocation for Case 1 channel model without spatial correlation, and a receiver that is not aware of the interfering UE. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:

· The performance degradation in terms of average cell throughput is high compared to Figure 3. This behaviour has been observed also in [2].

Figure 5 shows the achieved system throughput for the different MU-MIMO schemes and full bandwidth allocation for Case 1 channel model with spatial correlation equal to 0.97. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results with spatial correlation:
· In general, performance (in terms of average cell throughput and coverage) compared to uncorrelated scenario is boosted as the utilization of precoding is beneficial in correlated scenario. Performance of SU-MIMO is not improved due to a utilization of an open loop technique for rank-1 transmission.

· Otherwise similar conclusions than above

Figure 6 shows the achieved system throughput for the different MU-MIMO schemes and full bandwidth allocation for Case 1 channel model with high spatial correlation, and a receiver that is not aware of the interfering UE. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:

· The performance degradation is rather small for spatially correlated scenario, which is not the case for uncorrelated scenario, as observed in Figure 4 and [2].
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Figure 3. Simulation results for various schemes in spatially uncorrelated scenario, Case 1: (a) sector throughput, (b) coverage.
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Figure 4. Simulation results for various schemes in spatially uncorrelated scenario, Case 1, and receiver that is not aware of the interfering UE: (a) sector throughput, (b) coverage.
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Figure 5. Simulation results for various schemes in spatially correlated scenario, Case 1: (a) sector throughput, (b) coverage.
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Figure 6. Simulation results for various schemes in spatially correlated scenario, Case 1, and receiver that is not aware of the interfering UE: (a) sector throughput, (b) coverage.

4.2. Frequency-Dependent Packet Scheduling
The following schemes were simulated:

· FD-SU-xB: FDPS, single-user, x bits codebook

· FD-PARC: FDPS, 2x2 PARC with STTD as fallback mode

· FD-UN-1: FDPS, unitary precoding, 2 bits codebook, Rmin = 256 kbps
· FD-UN-2: FDPS, unitary precoding, 2 bits codebook, Rmin = 512 kbps
· FD-ZF-1: FDPS, ZF precoding, 3 bits codebook, Rmin = 256 kbps
· FD-ZF-2: FDPS, ZF precoding, 3 bits codebook, Rmin = 512 kbps
Figure 7 shows the achieved system throughput for the different MU-MIMO schemes with FDPS for Case 1 channel model without spatial correlation. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:
· Performance difference between SUSS and MU-MIMO is vanished compared to full BW results – this is due to scheduling same number of users per TTI for both SUSS and studied MU-MIMO schemes

· Moreover, due to the FD scheduling gains, performance (in terms of both average cell throughput and coverage) is improved compared to corresponding full BW case

· Different GBR threshold do not affect that much for the average cell throughput than in full BW case – this is due to utilization of PF (in FD) when allocating transmission resources for primary users

Figure 8 shows the achieved system throughput for the different MU-MIMO schemes and full bandwidth allocation for Case 1 channel model without spatial correlation, and a receiver that is not aware of the interfering UE. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:

· The performance degradation in terms of average cell throughput is high compared to Figure 7, especially for ZF precoding. For unitary precoding, rank adaptation already selects single-user transmission with high probability, and hence the loss from increased interference in MU-MIMO mode is not as detrimental to performance as it is for ZF precoding.
Figure 9 shows the achieved system throughput for the different MU-MIMO schemes with FDPS for Case 1 channel model with high spatial correlation (0.97). Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:

· SUSS results (both average cell throughput and coverage) improved due to increased beamforming gains in correlated scenario

· In uncorrelated scenario SU-MIMO was able to benefit from dual stream transmission when FD PS was used. In correlated scenario the probability to utilize rank-2 transmission is decreased and hence performance (in terms of average cell throughput) is decreased compared to corresponding uncorrelated scenario. As the weak users on cell border are utilizing rank-1 transmission, coverage is not affected due to the transmit correlation.

· ZF gains over unitary precoding are increased compared to uncorrelated case. One possible explanation is that the penalty in individual user throughput due to MU-MIMO transmission is smaller in correlated case due to reduced interference, and hence it is easier to find users that can be scheduled in MU-MIMO mode. However, the number of users is the same in both scenarios, implying that the number of UEs that report channels that allow them to be scheduled together is basically the same as well. Even though unitary precoding also benefits from the higher MU-MIMO rates, the main limiting factor remains unchanged, which is the number of orthogonal users.
Figure 10 shows the achieved system throughput for the different MU-MIMO schemes with FDPS for Case 1 channel model with high spatial correlation, and a receiver that is not aware of the interfering UE. Performance of single-user single-stream (SUSS) and SU-MIMO are also shown for comparison. 

Following observations can be made from the results:

· Similarly to full-bandwidth case, the performance degradation is rather small for spatially correlated scenario.
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Figure 7. Simulation results for various schemes in spatially uncorrelated scenario, Case 1: (a) sector throughput, (b) coverage.
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Figure 8. Simulation results for various schemes in spatially uncorrelated scenario, Case 1, and receiver that is not aware of the interfering UE: (a) sector throughput, (b) coverage.
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Figure 9. Simulation results for various schemes in spatially correlated scenario, Case 1: (a) sector throughput, (b) coverage.
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Figure 10. Simulation results for various schemes in spatially correlated scenario, Case 1, and receiver that is not aware of the interfering UE: (a) sector throughput, (b) coverage.

5. Discussion and Conclusion
The simulation results indicate that the performance benefit of MU-MIMO schemes is dependent on the deployment scenario and on the scheduling strategy. For the Case 1 scenario, most of the performance gain is due to FDPS, and small gain can be obtained from MU-MIMO transmission with ZF precoding. Since the total number of scheduled users is limited due to the signaling constraints, it might be more beneficial to use the frequency domain instead of space domain for scheduling. The achievable MU-MIMO gains are higher in case of correlated antennas compared to the uncorrelated case.
While ZF precoding gives higher performance in all simulations, the extra signaling required by ZF have to be taken into account for more realistic figures. This is especially true in spatially uncorrelated scenarios, considering that due to the quantization and other impairments such as limited feedback granularity in the frequency domain and feedback delay, neither the unitary precoding nor the ZF precoding can achieve perfect user separation, and the receiver must be able to do interference suppression [2].
The presented performance of unitary precoding is partly limited by the low probability to utilize MU-MIMO mode in data transmission. It is emphasised, that by improving the scheduling strategy for unitary precoding the MU-MIMO mode utilization rate could be improved implying that the reported performance of unitary precoding could be further boosted.
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