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1 Introduction
MU-MIMO provides attractive performance by taking advantage of the multi-user scheduling gain. Therefore MU-MIMO is targeted for high load deployment, which is the main deployment scenario for LTE-A. In Rel-8, a very limited MU-MIMO scheme is supported in transmission mode 5, in which a maximum of two users are supported with one layer for each user. Performance evaluation results show that such a scheme achieves very limited gain and leaves a large room to make further improvements. In Rel-10, thanks to the introduction of the Demodulation Reference Symbols (DMRS), it offers a further dimension of improving the MU-MIMO performance. In this contribution, we discuss the dimensioning of the MU-MIMO of Rel-10 in terms of the user pairing, the number of the paired user and the number of the layers per user through initial system evaluation.
2 Rel.10 MU-MIMO dimensioning
The dimensioning of LTE-A MU-MIMO is discussed in this section and corresponding simulation results are provided in the next section.
2.1 User pairing
Although user pairing is an implementation issue, it has several impacts on the potential of the performance gain, the control signaling design and the related overhead. So in this section, we illustrate two possible user pairing schemes.
Scheme 1: Totally aligned user pairing
In this case, the resources allocated to the paired user are totally aligned as shown in the figure 1:
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Figure 1
Totally aligned user pairing
This user pairing method could save corresponding control signaling overhead, because the pairing is the same across the whole allocated resources. But it also places a severe constraint on the scheduler, because it is  becomes more difficult to find a paired user with exactly the same resource allocation especially in scenarios where the total  number of UEs in the system is not large enough. Further more, it’s even more difficult to ensure that the channels of the paired users can always support the user pairing across the allocated resources. This will lead to performance loss compared to the partially user paired scheme introduced below.
Scheme 2: Partially aligned user pairing
In this case, the resources allocated to the paired UEs are not necessary aligned. This scheme also allows the possibility that a single user is scheduled on a certain RB, as shown in figure 2. The scheme offers a more flexible user pairing scheme than scheme 1 and is therefore expected to have better performance than scheme 1, also verified by simulation results in section 3. This flexible scheme might induce additional control signaling overhead that should be minimized by signaling compression methods.
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Figure 2 Partially aligned user pairing
2.2 Number of co-scheduled UEs

Although maximum 2 user pairing is a good start in the process of standardizing MU-MIMO, the possibility of a rapid increase in traffic load in the future should also be considered. This means that pairing more than two users should not be precluded at this stage. Constructing a future proof system for larger cell loads or forward compatibility is also very important. Furthermore, current and future feedback enhancements will also provide the eNB with better channel knowledge, which implies that more than two co-scheduled UE MU-MIMO have larger gains than restricting to two UEs (see Section 3).
2.3 Number of layers per UE in MU-MIMO
Both the cross-polarized and uniform linear antenna array setups must be considered where the cross-pol is known to offer higher probability of scheduling a rank 2 transmission. So it’s reasonable to consider MU-MIMO with more than one layer per UE. That means the UE with 2 layers could be paired with another UE with 1 or 2 layer(s) transmission. Scheduling more than 2 UE induces a larger control signaling overhead, so scheduling 2 UE with possibility of more than 1 layer per UE may seem like a reasonable way of improving system performance if the control signaling overhead is a limiting factor.  
3 Simulation results
In this section, simulation results are presented. The related system level simulation parameters are found in Appendix 1.
3.1 Flexible user pairing
The results from the comparison between flexible and totally aligned user pairing is shown in Table 1 to Table 2 below. Maximum 2 co-scheduled UEs and one layer per UE is assumed. In the aligned user pairing, a UE is always paired with another UE in exactly the same resource blocks. 
  Table 1 MU-MIMO performance with cross-polarized 8×2 setup with ideal channel knowledge 
	Resource allocation
	Aligned 
	Flexible 

	Cell average throughput
	100% 
	118%

	Cell edge throughput
	100% 
	124%


Table 2 MU-MIMO performance with cross-polarized 8×2 setup with CB-based feedback [8]

	Resource allocation
	Aligned 
	Flexible 

	Cell average throughput
	100% 
	114%

	Cell edge throughput
	100% 
	123%


From above results we see that there is a potential large gain of allowing for flexible resource allocation. 

3.2 Number of co-scheduled UEs

First, we investigate the case when the channels are known at the eNB. In Table 3 to Table 4, the MU-MIMO results with ULA and cross-polarized antenna configuration respectively, is shown. It is assumed that only one layer is transmitted per scheduled UE.
Table 3 MU-MIMO performance using ULA 8×2 setup with ideal channel knowledge
	Number of co-scheduled UEs
	Max 2 UE
	Max 4 UE
	Max 5 UE

	Cell average throughput
	100 %
	127 %
	130%

	Cell edge throughput
	100 %
	107 %
	109 %


Table 4  MU-MIMO performance using cross-polarization 8×2 setup with ideal channel knowledge
	Number of co-scheduled UEs
	Max 2 UE
	Max 4 UE
	Max 5 UE

	Cell average throughput
	100 %
	117%
	118 %

	Cell edge throughput
	100 %
	103%
	103 %


Secondly, we performed the same simulation but using implicit feedback based on a 4 bit codebook (CB) in [8]. See the results below in Table 5 and 6.
Table 5 MU-MIMO performance comparison of ULA 8×2 setup with CB-based feedback
	Number of co-scheduled UEs
	Max 2 UE
	Max 4 UE
	Max 5 UE

	Cell average throughput
	100 % 
	117 %
	120

	Cell edge throughput
	100 % 
	104 %
	105%


Table 6 MU-MIMO performance comparison of cross-polarization 8×2 setup with CB-based feedback
	Number of co-scheduled UEs
	Max 2 UE
	Max 3 UE

	Cell average throughput
	100 % 
	101 %

	Cell edge throughput
	100 % 
	94 %


These simulation results shows that with ideal channel knowledge, which approximately resembles the TDD case, it is very valuable to be able to increase the number of co-scheduled UEs above two and even up to four, since the gains are very promising, especially for boosting the Cell average throughput. Allowing for (i.e. constructing control channel to support) more than four co-scheduled UEs seems have negligible benefits. But for codebook based feedback, the gain is somewhat smaller when the eNB schedules more than 2 UEs and in the cross-pol case the gain has disappeared. 
These results can be explained by the greater accuracy of the CSI at eNB side when explicit feedback is available and thus the CQI prediction is improved. While with CB-based feedback, due to the inaccuracy of the CSI at eNB, it’s harder and harder to efficiently suppress the inter-user interference with the increase of the number of the co-scheduled UEs. These results also motivate us to design more accurate feedback/codebook for MU-MIMO. 
3.3 Number of layers per UE in MU-MIMO

In this section, we evaluate the MU-MIMO performances with single and dual layer per UE, see Table 6 below. In these simulations, a maximum two UEs are paired. The results of explicit channel feedback and implicit feedback based on a 4 bit codebook are shown in Table 7 and Table 8 separately. 
Table 7 System level performance for cross polarized antenna with 8×4 setup, ideal channel knowledge 
	Number of layers per UE
	Max 1 layer 
	Max 2 layers 

	Cell Average throughput
	100 %
	124 %

	Cell edge throughput
	100 %
	105 %


       Table 8 System level performance for cross polarized antenna with 8×4 setup, CB based feedback [9]

	Number of layers per UE
	Max 1 layer 
	Max 2 layers 

	Cell Average throughput
	100 %
	102 %

	Cell edge throughput
	100 %
	97 %


    From these results we see that with ideal channel knowledge, there is a potential large gain of allowing 2 layers per UE.  But for codebook based feedback with a 4bit codebook, dual layers per UE MU-MIMO has near the same cell average/edge throughput. For other 4bit codebook, such as the codebook [8-10] our results show that there is no substantial benefit from dual layer per UE MU-MIMO. 
These results again motivate the need for an improved feedback to capture the potential gains of MU-MIMO.
4 Conclusions
In this contribution, dimensioning of MU-MIMO is analysed and evaluated. It is found that with good channel knowledge at the eNB, such as in TDD or with feedback enhancements beyond baseline in FDD, large performance gains can be achieved with up to four co-scheduled UEs and two layers per UE. 

We thus propose that in a MU-MIMO transmission, the control signalling design should consider 
· Up to four UEs can be paired in a given PRB

· Up to two layers can be transmitted per UE

· Flexible user pairing where the resource allocation of two users are not necessary aligned
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Appendix 1: 

System simulation parameters
	Parameter
	Assumption

	Cellular Layout
	 19 sites, 3 sectors per site

	Simulation scenarios
	Case1 in TR25.814

	Load
	Average 10 UE per sector

	Bandwidth
	10MHz

	Channel model
	SCM

	UE speeds of interest
	3km/h

	antenna configuration
	8×2, 8x4 cross-polarization  and ULA antenna,  
BS:0.5 Lambda  MS:0.5 Lambda

	Antenna type
	2D antenna

	Traffic model
	Full buffer

	Scheduler
	Proportional Fair

	MU-MIMO
	Maximum paired MU-MIMO user number is 2,3,4, and one layer per user 
or 
Maximum paired MU-MIMO user number is 2, Maximum layer is 2 per UE

	Subband size
	5 RB

	HARQ
	Maximum 4 transmission 

	Transmitter precoding algorithm
	ZFBF(Zero forcing beamforming) or ZFBD(Zero forcing Block Diagonalization)

	Receiver algorithm
	MMSE 
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