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1
Introduction
In [1] we proposed an S-VAP based multi-codeword SU-MIMO scheme and its potential extension to MU-MIMO, which incorporates most of the enhancement components described in [2] in order to maximize the E-UTRA MIMO performance and peak data rate.

The multi-codeword MIMO scheme can maximize the performance by exploiting the following key features:

- Successive interference cancellation at the receiver side

- Per stream/antenna rate control reflecting the SIC gain for each layer at the transmitter side

- Rank adaptation such as antenna subset selection

Note that the capacity-achieving capability of multi-codeword MIMO is possible only when the receiver side (SIC) and the transmitter side (per stream rate control) cooperate.
A drawback of traditional multi-codeword MIMO scheme is a large feedback overhead as the number of CQIs should be equal to the number of codewords to enable the cooperation between the transmitter side and the receiver side. But this issue was dramatically resolved by the layer permutation and differential CQI reporting proposed in S-VAP. S-VAP could significantly reduce the uplink CQI overhead (for example, from 20 bits (or, 4 CQIs) to 8 bits (or, 1.5CQIs) in the 4x4 antenna configurations) as well as the downlink L1/L2 control overhead keeping the key features of the multi-codeword MIMO.

In this contribution we focus on the issues when the SU-MIMO and MU-MIMO users coexist in the system and propose a harmonization way. As the SU-MIMO and MU-MIMO outperform each other in different performance aspects (i.e., peak data rate or user-throughput vs. average sector throughput, depending on the number of users in a cell), E-UTRA should support both operational modes as best as possible.

 2
Coexistence of SU-MIMO and MU-MIMO
In [3][4] we clarified the potential problems when the SU-MIMO users and MU-MIMO users coexist in a cell. The most critical problem is the discrepancy in generating and interpreting the CQI between SU-MIMO users and MU-MIMO users. SU-MIMO assumes the optimal rank adaptation (antenna subset selection), SIC (if capable), and no other-user interference in generating and interpreting the CQI. On the other hand, MU-MIMO assumes no SIC, other-user interference, and no rank adaptation. Therefore, the CQI generation/interpretation is different between SU-MIMO and MU-MIMO and Node-B has a trouble in adjusting the MCS if it tries to schedule users dynamically and arbitrarily in the SU-MIMO mode or MU-MIMO mode.

Though the CQI discrepancy issue is a serious hurdle in operating both SU-MIMO and MU-MIMO modes, there are a few solutions to overcome it.

3
Semi-static Separation of SU-MIMO and MU-MIMO UEs
 In [3] and [4] we identified the CQI discrepancy problem and proposed a solution, which separates UEs semi-statically to either the SU-MIMO mode or the MU-MIMO mode. The mode separation is made during the initial set-up for each UE (or broadcasted if the cell supports only one mode at a certain time) and semi-statically changeable depending on the UEs preference or the decision of Node-B through higher layer signaling.

Through the separation of UEs to two groups known to both each UE and Node-B, there is no CQI discrepancy issue. Each UE generates CQI on the basis of its current mode and Node-B interprets it correctly by identifying the mode which the UE belongs to.

The semi-static separation is a clean solution to the CQI discrepancy issue but it might potentially reduce the multi-user diversity gain by reducing the scheduling pool size for each mode. As it is, it can keep all the desirable features of SU-MIMO schemes and MU-MIMO schemes without penalizing any mode. 
4
Dynamic Scheduling of SU-MIMO and MU-MIMO UEs
If Node-B allows the scheduler to dynamically decide the operational mode depending on the user population, buffer status, and the others instead of semi-statically separating the SU-MIMO UEs and the MU-MIMO UEs, the CQI discrepancy issues can be resolved through a potential impact on the performance of one or both modes. In this case a desirable unified SU/MU-MIMO scheme should minimally impact the key features of both SU-MIMO and MU-MIMO.

4.1. Unified MU/SU-MIMO Approach Optimized for MU-MIMO [5] 

 In [5] and [6] a dynamic scheduling of SU-MIMO UEs and MU-MIMO UEs is proposed. In order to solve the CQI discrepancy problem without hurting the MU-MIMO performance, they proposed to sacrifice the key features of SU-MIMO, essentially hurting the SU-MIMO performance. 

In [5] they proposed to report only a single maximum CQI and the corresponding antenna index, where the maximum CQI is selected (assuming a linear receiver and other-user interferences) out of the candidate CQI values corresponding to each transmit antennas. In other words, they proposed to report the CQI value optimized only for the MU-MIMO operation. 
Therefore, if Node-B decides a MU-MIMO mode at a certain time, the reported CQI perfectly works. However, if Node-B decides a SU-MIMO mode, the Node-B selects the same MCS corresponding to the maximum CQI for all the (active) antennas removing a key feature of multi-codeword SU-MIMO schemes (i.e., per stream rate control (reflecting the SIC gain if capable)). In the SU-MIMO receiver, the SIC is applied iteratively wishing that the effect of the MCS mismatch could be minimized by the SIC gain and the HARQ operation. 
In [6] they claimed that the sector throughput slightly reduces in the SU-MIMO mode due to the suboptimal MCS selection, but at the same time they showed that the peak data rate or the user-throughput of the SU-MIMO UEs clearly degrades, especially when the number of UEs is small in the cell.
As it is, the unified MU/SU-MIMO approach in the above has many critical problems including the following:

1) The unified approach disables a key feature enhancing the multi-codeword SU-MIMO schemes (i.e., per stream rate control (reflecting the SIC gain)) degrading the peak data rate and forfeiting the capacity-achieving capability of multi-codeword SU-MIMO schemes. Furthermore, depending on the availability of additional feedback information, it may disable another key feature of antenna subset selection. In [7] and [8] we verified that the antenna subset selection significantly improves the SU-MIMO performance in the correlated or rank-deficient channel.
2) In the unified scheme, the non-SIC capable multi-codeword (or single-codeword) SU-MIMO user will seriously suffer the performance loss as the CQI report (and the MCS setting) is always based on the antenna providing the maximum CQI instead of the lower CQI averaged over the selected subset of antennas. The sum rate set by the Node-B is always beyond the maximum decodable data rate by the non-SIC capable SU-MIMO UE unless the rank is 1.
3) If the fine-granularity precoding is introduced as an optional enhancement of the SU-MIMO, the SIC does not significantly improve the SINR and in a certain scenario the SIC gain may be very small. If only the maximum CQI is reported and the MCSs of all the (active) antennas are set according to the maximum CQI, the precoded multi-codeword (or single-codword) UEs will suffer from the too optimistic MCS setting regardless whether it is SIC-capable or not.  

As the MIMO should contribute to the maximization of the peak data rate or user-throughput in the E-UTRA (as well as the sector throughput), it is undesirable to adopt a unified MU/SU-MIMO scheme which sacrifices the key features and performances of the SU-MIMO schemes in a brute-force way.

4.2. Alternative Proposal - Unified SU/MU-MIMO Approach Optimized for SU-MIMO and Single-Streamed MU-MIMO
As an alternative, we propose the S-VAP based unified SU/MU-MIMO approach which keeps most of the features of both SU-MIMO and MU-MIMO schemes as described below:
1) Each UE reports {selected virtual antenna subset, base layer CQI which averages the SINR over the selected virtual antennas using the capacity metric, delta CQI which reflects the average SIC gain between layers} always assuming the SU-MIMO operation. 

However, if the UE prefers only one virtual antenna, the above “delta CQI” is useless in the SU-MIMO mode as there is only one layer. Thus, if the UE prefers only one virtual antenna, the above “delta CQI” is replaced by the “offset in dB” between the above “base layer CQI (i.e., the SINR of the best virtual antenna calculated under the assumption that there is no inter-stream interference and the entire transmit power is allocated to the selected virtual antenna) – 10log10[number of transmit streams typically assumed in MU-MIMO mode])” and the “MU-MIMO CQI (i.e., the SINR of the best virtual antenna calculated under the assumption that the transmit power is evenly distributed to the number of transmit streams typically assumed in the MU-MIMO mode and thus there are inter-stream interferences)” Note that the offset is always a non-negative value in dB. The typical number of transmit streams assumed in the MU-MIMO mode is usually the maximum number of transmit streams.   
2) Node-B may dynamically schedule users in either SU-MIMO mode or MU-MIMO mode depending on the buffer status, population in the cell, and the other relevant factors.

3) The reported information perfectly optimizes the SU-MIMO operation maximizing the peak data rate or user-throughput. If the Node-B decides a SU-MIMO operation at a certain time, it transmits the data stream(s) using the layer permutation based on the reported {virtual antenna subset, base layer CQI, and delta CQI} via the SU-MIMO S-VAP approach [1]. Note that no layer permutation is applied in the S-VAP approach if the scheduled UE reported only one selected virtual antenna (i.e., rank is 1). The Node-B selects the MCS by mapping the SINR calculated (in dB) by

SINR of layer m = [base layer CQI] + m * [delta CQI],  m = 0, 1,…, number of layers–1.





(1)

 to the MCS table.

4) The reported information perfectly optimizes the MU-MIMO operation when each of the scheduled UEs reported only one selected virtual antenna (i.e., rank is 1), which is the most popular and important case in the MU-MIMO mode. Node-B will schedule the UEs who reported different virtual antennas together in the MU-MIMO mode. The Node-B selects the MCS by mapping the SINR calculated (in dB) by

SINR of UE m = [base layer CQI of UE m] - [delta CQI of UE m which is the offset described in the step 1)] - 10log10[number of transmit streams typically assumed in MU-MIMO mode],    m = 0, 1,…, number of scheduled UEs –1.

























(2)

to the MCS table. Note that the above SINR of UE m is equal to the “MU-MIMO CQI” of UE m described in the step 1).

5) If the Node-B decides a MU-MIMO mode, schedules a UE who reported multiple virtual antennas in the mode, and allocates for the UE the same virtual antenna subset as the UE reported, the sub-optimality of the UE originates from the assumption on the interference level in generating the CQI. In the unified SU/MU-MIMO approach, each UE generates the CQI assuming no other-user interference. But if the UE who reported multiple virtual antennas is scheduled in the MU-MIMO mode, it may suffer from the other-user interferences which are not expected in the CQI generation step. However, this sub-optimality can be effectively alleviated if Node-B can set a lower MCS than the reported CQI whenever it decides a MU-MIMO mode at a certain time or the other-user interference is minimized by the precoding. (The HARQ will also reduce the performance degradation, as is usual.). Note that the other UEs who reported a single virtual antenna can still be optimally operated in the way described in the step 4). 
6) Finally, there is a case that the Node-B decides a MU-MIMO mode, schedules a UE who reported multiple virtual antennas in the mode, and allocates for the UE a strict subset of the reported virtual antenna subset. For example, Node-B schedules a UE who reported two virtual antennas {1, 2} in the MU-MIMO mode allocating only the virtual antenna 1 for the UE. Desirably, the Node-B scheduler should try to avoid this situation by scheduling the UE in another sub-frame. However, even if this situation occurs, the UE still has a chance to succeed in the decoding if the Node B sets the MCS on the basis of the base layer CQI (the CQI averaged over the reported virtual antennas).
 Note that the other UEs who reported a single virtual antenna can still be optimally operated in the way described in the step 4).
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Figure 1. Examples of layer permutation in the SU-MIMO mode
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Figure 2. Examples of layer permutation in the MU-MIMO mode

If Node-B decides not to use the typical number of streams assumed in the MU-MIMO mode, Node-B should try to introduce additional adjustment in selecting the MCS of each UE in consideration of expected change of the interference level.

Figure 1 and Figure 2 show the examples of layer permutation in the SU-MIMO mode and MU-MIMO mode, respectively.

The unified SU/MU-MIMO approach in Section 4.2 has many desirable properties:

1) The approach does not hurt any key features of both SU-MIMO schemes and MU-MIMO schemes. It perfectly works in the SU-MIMO mode regardless of the size of the virtual antenna subset and in the MU-MIMO mode if each of the UEs who are scheduled in the MU-MIMO mode has reported the virtual antenna subset of size 1 (i.e., rank 1).

2) The approach is expected to work well even in the MU-MIMO mode that sends multiple streams to each UE. For example, in the 4x4 configuration, two UEs which prefer the virtual antenna subset {1,2} and {3,4} can be scheduled together. In the similar way three UEs which prefer the virtual antenna subset {1}, {2,3}, and {4}, for example, can be scheduled together. The sub-optimality of the UEs who requested multiple layers consists in the assumption of the interference level in generating the CQI, which can be alleviated if Node-B sets an MCS lower than the reported CQI whenever it decides a MU-MIMO mode. Precoding or HARQ also reduces the performance degradation.

3) The approach tends to keep the natural fairness between SU-MIMO users and MU-MIMO users. If a UE prefers multiple virtual antennas (i.e., high rank), it is either working perfectly in the SU-MIMO mode or working sub-optimally in the MU-MIMO mode. As the scheduler will try to avoid scheduling such a UE in the MU-MIMO mode, the UE who reported a high rank may be delayed in its service. Instead, UE will take the benefit of a high peak data rate. On the other hand, a UE who prefers only a single virtual antenna (i.e., rank 1) or low rank has higher chances to be scheduled. Instead, the peak data rate will be low. Therefore, the approach is sound in that Node B can operate the system so that it does not provide benefits for greedy users who want to monopolize resources by always reporting the highest rank. If a UE reported a high rank, it has a potential to be sometimes delayed in scheduling or to be sometimes scheduled in the MU-MIMO mode with a suboptimal MCS setting. Each user can compromise between peak data rate and higher scheduling chance in reporting the virtual antenna subset (i.e., rank) though a major factor that determines the subset is still the channel condition. Many other variations in the scheduling operation are also possible.  

5
Conclusions
In this contribution we described the S-VAP based unified SU/MU-MIMO approach which allows a dynamic scheduling between SU-MIMO mode and MU-MIMO mode.

Differently from the MU-MIMO oriented unification (in Section 4.1) which sacrifices the key features of the SU-MIMO schemes and thus degrades the peak data rate performance, the proposed SU/MU-MIMO approach (in Section 4.2) keeps the valuable features of both SU-MIMO and MU-MIMO schemes.

Therefore, we believe there are two promising approaches which enable the coexistence of the SU-MIMO and MU-MIMO users in the E-UTRA. 

The first approach is the semi-static separation of the SU-MIMO UEs and MU-MIMO UEs, which can perfectly keep all the valuable features of SU-MIMO schemes and MU-MIMO schemes without penalizing any mode. A drawback of this approach is the potential decrease of the multi-user diversity gain. The semi-static separation is made through a higher layer signaling (i.e., mode change request/indication).

The second approach is that the Node-B dynamically schedules UEs in either SU-MIMO mode or MU-MIMO mode, where each UE reports the feedback information {virtual antenna subset, base layer CQI, and delta CQI (which is either an SIC gain or an offset between SU-MIMO CQI and MU-MIMO CQI depending on the rank} always assuming a SU-MIMO mode. As we discussed in Section 4.2, this approach perfectly works in the general SU-MIMO mode operation and the MU-MIMO mode operation with a single stream per UE, and minimally impacts the general MU-MIMO mode operation.

We propose adopting either the unified SU/MU-MIMO approach described in Section 4.2 or the semi-static separation approach described in Section 3 (and [3][4]) as the E-UTRA baseline SM/SDMA operations.
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� We may further enhance the performance of the MU-MIMO mode operation as follows: In the case of 2 transmit antennas, we originally need 2 bits to report one of the virtual antenna subsets {1},{2}, or {1,2}. By extending the 3 choices to 4 choices including {2,1} without increasing any feedback overhead, we can report the best virtual antenna as well as the preferred virtual antenna subset. If Node-B knows the best virtual antenna index, it can improve the MU-MIMO mode operation even in this undesirable situation that the allocated virtual antenna subset is different from the reported virtual antenna subset, since it can allocate the best virtual antenna for the UE. Then, the MCS selected on the basis of the base layer CQI is always decodable by the UE and even more aggressive MCS selection may be possible.  In the case of 4 transmit antennas and 2 receive antennas (i.e., 4x2 configuration), we originally need 4 bits to report one of 10 virtual antenna subsets, and we can extend the 10 choices to 16 choices to report the best virtual antenna as well as the preferred virtual antenna subset without increasing the feedback overhead. In the case of 4 transmit and 4 receive antennas (i.e., 4x4 configuration), we originally need 4 bits to report one of the 15 virtual antenna subsets, and we need 1 additional bit to report the best virtual antenna as well as the preferred virtual antenna subset.      
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