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1. Introduction
The use of multi-input, multi-output (MIMO) techniques has the potential to offer significant increase  in average and cell-edge user throughput, when compared to Release 6 systems. To actually harvest these potential gains, efficient link adaptation is necessary. Hence, each UE needs to provide accurate channel-dependent feedback to the Node-B. At the same time, E-UTRA is known to be uplink limited. Therefore, the uplink feedback overhead should be kept low. 
It was agreed in RAN1#46 that multi-user MIMO (MU-MIMO) is supported for the E-UTRA in addition to single-user MIMO (SU-MIMO). As a part of link adaptation, SU-MIMO and MU-MIMO can be used interchangeably depending on the various conditions (e.g. channel, the number of active UEs, service). However, it is to be decided whether the switching between SU-MIMO and MU-MIMO is slow (termed semi-static) or fast (termed dynamic [2]). In terms of optimization flexibility, semi-static switching may be preferred since SU-MIMO and MU-MIMO can be optimized separately. To justify dynamic switching, the following conditions should be fulfilled:
1. Dynamic switching should not compromise the performance of SU-MIMO in all the pertinent scenarios. This involves the effectiveness of CQI definitions as well as the pre-coding performance. For instance, since dynamic switching requires the same codebook for SU- and MU-MIMO, the codebook design should be chosen to optimize the performance of SU-MIMO.
2. There is some significant throughput gain over the best of SU- and MU-MIMO, which represents the performance bound of semi-static switching. 

Motivated by the first condition, a UE feedback mechanism that enables SU/MU-MIMO switching is proposed in this contribution. The features of the proposed method are:
· Each UE feeds back its preferred rank, precoder index and two channel quality indicators (CQI).

If the preferred rank is two or greater, the CQIs reflect the SNR for each of the codewords in the resource block. These are exactly the same CQIs used for single-user scheduling. 

If the preferred rank is one, one of the CQIs is the single-user CQI, reflecting the SNR for the one codeword in single-user mode. The other CQI (or an equivalent delta from the first CQI) gives the SNR in the presence of orthogonally precoded interference. 
Thus, the UE always sends CQI feedback assuming unitary precoding, namely that all the precoding vectors are orthogonal.
· Under the assumption of unitary precoding, the Node-B has sufficient information to dynamically switch between SU- and MU-MIMO. 
The contribution is organized as follows. Section 2 describes the scheduling options for the node-B in any given RB, and lists the necessary information. Section 3 presents the proposed feedback,. Section 4 presents the conclusions.
2. Feedback Requirements To Support Single- And Multi-User Scheduling
In this section, we describe the feedback needed to support single- and multi-user scheduling at the Node-B. 

To support single-user scheduling, each UE should feed back the following quantities:

· Preferred transmission rank. Ideally, this should be fed back for each RB. It is argued in [1] that one common rank can be fed back across all RBs without significant performance impact.

· Pre-coder index from a fixed codebook. The codebook is determined by the preferred rank.
· Channel quality indicators (CQI). For rank one, only one CQI is needed. Otherwise, two CQIs are fed back.  
For convenience, the discussion focuses on the case of two Node-B antennas. The preferred rank of any UE is either one or two. UEs which prefer rank one and two are denoted as R1 and R2 UEs respectively.  With this notation, the Node-B can schedule 
1. One R1 or R2 UE,

2. Two R2 UEs 

3. One R2 UE with an R1 UE 

4. Two R1 UEs
For each of these options, it first computes the best possible choice of the UE(s), and then picks the best option. The metric used for making the choice is typically fairness-scaled throughput. 
Of the above options, single-user scheduling is straightforward since all information needed for calculating the throughput is available. With multi-user scheduling, two considerations arise in throughput calculation:
A. Pre-coder Assumptions & SIC Ordering For R2 UEs: An R2 UE feeds back two CQIs assuming that the precoding matrix is the one it feeds back. In particular, for each codeword, the spatial correlation of the interference caused by the other stream is assumed to be given by the ‘interfering’ column of the precoding matrix. For multi-user scheduling, this may not necessarily be true, if a different pre-coding vector is used for the other UE. Further, if an R2 UE assumes successive interference cancellation (SIC) while computing feedback CQIs, the CQI information is accurate only for the first detected stream. 
B. Interference Impact On CQI For R1 UEs: An R1 UE feeds back a CQI assuming no spatial interference from the transmitting node-B. However, with multi-user scheduling, it does face interference from the stream for the other UE. The Node-B does not know how this interference impacts the SNR received by the R1 UE. Further, the impact on the SNR depends also on the pre-coding vector used for the interfering UE.
In the next section, we propose additional UE feedback to address the above issues. 
3. Proposed UE Feedback

The proposed UE feedback is given below:

a. Preferred transmission rank 

b. Precoder index from a fixed codebook. The codebook is determined by the preferred rank.

c. If the preferred rank is two,

1. Two CQIs are fed back

2. The index of the first detected stream is fed back (if LMMSE decoding is used, the first detected stream is assumed to be the one with higher SNR). Equivalently, this feedback can be absorbed into the precoder index feedback by designing the codebook appropriately. More precisely, if V = [v1 v2] is a matrix in the codebook, then  V′ = [v2 v1] is also a matrix. The two precoding matrices give the same throughput, but the one which gives the assumed detection order / CQI order is chosen.
d. If the preferred rank is one,
1. One CQI is fed back

2. Further, one additional CQI is fed back for the case when there is interference from an orthogonally precoded UE. Thus, suppose the primary CQI is calculated assuming no intra-sector interference and a precoding vector of v1. Then, the additional CQI is calculated assuming interference from a precoding vector v2 perpendicular to v1. Equivalently, the difference between the primary and additional CQI could also be fed back, similar to the proposal in [3]
NOTE: If the number of Node-B antennas is greater than two, there is ambiguity in the choice of ‘perpendicular’ vector v2 perpendicular to v1​. In this case, the preferred interfering vector v2 is signaled to the node-B. For instance, if the codebook consists of antenna / group selection, then the top two antenna indices are fed back, even if the transmission rank is one. Then, the second unused antenna is used as interference for calculating the additional CQI.
4. Node-B Scheduler Operation For Unitary Precoding

Under the unitary precoding assumption, the precoding vectors used on the same RB are always orthogonal to each other, even if they are directed to different UEs. In this case, the UE feedback described in Section 3 provides sufficient information for all scheduling options. The implicit restrictions in scheduling, and the feedback usage to support different scheduling options, are listed in Table 1.
	MIMO mode
	Preferred rank of scheduled UE(s)
	Restrictions Implicit In Unitary Scheduling
	Required Feedback

	Single-user 
	1 / 2
	None
	a, b, c1 / d1

	Multi-user
	(2, 2)
	The preferred precoding matrices of the two UEs should be column permutations of each other. Equivalently, if an enhanced codebook is not used, the UEs must have the same precoding matrix but different first streams.
	a, b, c1, c2 from both UEs

	
	(1, 2)
	The preferred precoding vector of the R1 UE should be orthogonal to the first-detected column of the R2 UE.
	a, b, c1, c2 for R2 UE.

a, b, d2 from R1 UE

	
	(1, 1)
	The preferred precoding vectors of the two UEs should be orthogonal to each other. 
	a, b, d2 from both UEs


Table-1: Summary of scheduling options, assumed restrictions and required feedback.

As listed in Table 1, the proposed feedback provides adequate information to dynamically switch between single-user and multi-user scheduling. Some additional considerations are mentioned below.

· Some tuning of the feedback can be done if semi-static switching is desired. For example, feedback quantities (c2) and (d2) can be switched off while in single-user mode. Note that even in this case, MU-MIMO can be supported by scheduling two rank-2 UEs together if the precoding codebook is enhanced to ensured a fixed detection order. Such scheduling is similar to the proposal in [3].

· Further, the precoding codebook size could be varied depending on the scheduling mode. Thus, a larger precoder would be used in single-user mode and a smaller one in multi-user mode. 
5. Conclusions
This contribution proposed UE feedback necessary to support dynamic single/multi-user switching. Two additional quantities were added to the basic feedback required for single-user operation. One of them is a detection order for SIC decoding, which can be absorbed into the design of the precoding codebook. The other is an additional CQI for rank-1 UEs. It was shown that the proposed feedback provides all the feedback necessary for unitary precoding. 
For non-unitary precoding, the same scheduling can be applied but an correction term might be required to account for the violation of the unitary pre-coding assumption in the CQI feedback. This, however, incurs additional overhead which is justified only if the gain over unitary pre-coding is significant. Even in this case, it is still possible to keep the UE feedback consistent with unitary pre-coding as proposed in [4].   
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