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1. Introduction
This document is a revision of [8]. The main change is that instead of using of a default vector when the eNodeB does not confirm the UE’s signaled precoding vector, the vector is explicitly signaled.

During the RAN WG1 Meeting #49bis in Orlando, a way forward for MU-MIMO was accepted [1]. According to this way forward, MU-MIMO will be optimized for the correlated antenna configuration, i.e., the antenna array will consist of closely spaced antennas. In this case, beams are formed and user separation is provided by assigning to each user a different beam, by spatial division multiplexing (SDMA). One advantage of SDMA is reduced feedback overhead as feedback granularity in time and frequency does not need to be very small [2]. It was also agreed that either the full rank-1 SU-MIMO codebook or a subset of this codebook will be used for the beamforming codebook at the eNode-B. 
In [3,4,5] and several other contributions, subjects such as the MU-MIMO codebook subset selection, precoding technique and the effect of the information on the interfering UEs’ precoding vectors were investigated. The results from most companies showed that the first-half of the SU-MIMO rank-1 codebook is optimal to be used as the MU-MIMO codebook. It was also concluded that unitary precoding and signaling the interfering UEs’ precoding vectors result in significant performance improvement. By considering these observations, in this contribution, we propose an efficient downlink control signaling architecture for MU-MIMO. 

In the proposed architecture, the interfering vectors are implicitly mapped to the desired vector by taking advantage of the 1-bit acknowledgment method and the unitary precoding. Efficient signaling using a 1-bit confirmation indicator has previously been proposed by some companies such as [6, 7]. We show that the total number of control signaling bits to signal the desired and interfering precoding vectors and the number of UEs can be reduced to 4 if the eNode-B does not override the UE decision or, if it does override, the eNode-B signals the beamforming vector to be used by the UE.
2. Downlink Control Signaling Architecture
We assume that the MU-MIMO codebook consists of the first 8 vectors of the SU-MIMO rank-1 codebook and unitary precoding is used. We also assume that the interfering UEs’ precoding vectors are signaled. In unitary precoding, the eNode-B uses orthogonal beamforming vectors for different UEs, i.e., the vectors are selected from columns of the same unitary matrix Mi. The first 4 vectors of the codebook, 
[image: image1.wmf]{

}

14

,...,

uu

constitute M1 and the remanining 4 vectors 
[image: image2.wmf]{

}

58

,...,

uu

constitute M2.
With the given codebook, the possible combinations of beamforming vectors used for different number of UEs with the unitary approach are shown in Table 1. For example, when two UEs are scheduled for transmission and they are assigned two different vectors from M1, there are (4, 2) = 6 possible combinations. The same is true when the vectors are selected from M2; so the total number of combinations is 12. From the table we can see that the largest number of combinations occurs with 2 UEs. Therefore, all possible combinations can be indicated with at most log2(12) = 4 bits.
In addition to the bits required to signal one of the combinations listed in Table 2, we also need one or two additional bits to indicate the desired beamforming vector. For example, when we have 2 UEs, we need one additional bit to signal which of the vectors in the selected combination is the desired vector. This means that the total number of bits required becomes 5. Similarly, when we have 3 or 4 UEs, we need two bits to signal the index of the desired vector. In these cases, the total number of bits becomes 5 and 3, respectively.
Table 1 Possible combinations of beamforming vectors for different number of UEs scheduled for transmission (red color: beamforming vectors from M1; green color : beamforming vectors from M2)
	Index
of combination
	System

Rank 1

(1 UE)
	System

Rank 2

(2 UEs)
	System

Rank 3

(3 UEs)
	System

Rank 4

(4 UEs)

	1
	u1
	u1,u2
	u1,u2, u3
	u1,u2, u3, u4

	2
	u2
	u1,u3
	u1,u2, u4
	u5,u6, u7, u8

	3
	u3
	u1,u4
	u1,u3, u4
	

	4
	u4
	u2,u3
	u2,u3, u4
	

	5
	u5
	u2,u4
	u5,u6, u7
	

	6
	u6
	u3,u4
	u5,u6, u8
	

	7
	u7
	u5,u6
	u5,u7, u8
	

	8
	u8
	u5,u7
	u6,u7, u8
	

	9
	
	u5,u8
	
	

	10
	
	u6,u7
	
	

	11
	
	u6,u8
	
	

	12
	
	u7,u8
	
	

	Required number of bits for signaling the index
	3
	4
	3
	1


It is possible to further reduce the signaling overhead by taking advantage of the 1-bit PMI indication used for acknowledgement purposes without introducing any scheduling restriction [6,7]. We now explain this structure with an example below. Let us assume that the desired vector is u1. Once the desired vector is selected, the combinations listed in Table 1 which do not contain this vector become irrelevant and these combinations can be omitted from the table. Table 2 shows all the possible combinations that contain the desired vector. We observe that each combination in the new table identifies a distinct combination of interfering vectors.  For 2 and 3 UEs, there are 3 possible combinations and for 4 UEs there is a single possible combination. 
The UE also needs to know the number of interferers to accurately identify which combination to choose in Table 1 or Table 2. The 7 combinations listed in Table 2, i.e., the number of interfering UEs and the indices of the interfering vectors, can be signaled with 3 bits as given in Table 3. The 3 bits form a bitmap where each bit represents whether an interfering vector from the set [u2 u3 u4] exists or not. For example, if u2 and u4 are used for two interfering UEs, then the 3 bits would be  [1 0 1]. Note that, in this case, we assume u1 has been confirmed as the own beamforming vector for a given UE. If another vector were confirmed, then the bitmap would indicate a different set of interferers; for eaxample, if u3 were confirmed, then the bitmap would correspond to the vectors [u1 u2 u4].

Table 2 The possible combinations of interfering vector(s) and the required number of bits for signaling the interference assuming the desired vector is u1
	Index

of combination
	System

Rank 2e 
(2 UEs)
	System

Rank 3

(3 UEs)
	System

Rank 4

(4 UEs)

	1
	u1,u2
	u1,u2, u3
	u1,u2, u3, u4

	2
	u1,u3
	u1,u2, u4
	

	3
	u1,u4
	u1,u3, u4
	

	Number of combinations 
	3
	3
	1


Table 3 Signaling scheme for the possible combinations of the interfering vectors and number of UEs 
	Combination of interfering vectors and number of UEs


	Bit 1

(represents u2)
	Bit 2
(represents u3)
	Bit 3
(represents u4)

	u1,u2
	1
	0
	0

	u1,u3
	0
	1
	0

	u1,u4
	0
	0
	1

	u1,u2, u3
	1
	1
	0

	u1,u2, u4
	1
	0
	1

	u1,u3, u4
	0
	1
	1

	u1,u2, u3, u4
	1
	1
	1


The allocation of the 4 bits illustrated in Figure 1 when the UE selected vector is confirmed would be as follows:

· 1st bit: 
PMI indicator = 0. Confirm the beamforming vector fed back by the UE

· 2nd, 3rd, and 4th bits: 


Signal the index of the interfering vectors combination as shown in Table 3 when the beamforming vector is known to the UE (by either confirming UE feedback or using the default 
beamforming vector).

The allocation of the 4 bits illustrated in Figure 2 when the UE selected vector is not confirmed would be as follows:

· 1st bit: 
PMI indicator = 1. Do not confirm the beamforming vector fed back by the UE, and override the selection using the vector indicated by the other 3 bits.

· 2nd, 3rd, and 4th bits: 


Signal the index of the beamforming vector to be used by the UE.
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Figure 1  Downlink control signaling architecture – UE vector confirmed
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Figure 2. Downlink control signaling architecture – UE vector not confirmed
When the NodeB overrides the desired beamforming vector the 4 bits can be used to send only the index of the beamforming vector to be used (1 bit for non-confirmation and 3 bits for signaling the beamforming vector to be used). Sending the indices of the beamforming vector to be used and also the interfering vectors would require up to 7 bits of signaling (1 bit for confirmation, 3 bits for signaling the beamforming vector to be used, and 3 bits for signaling the interfering vectors combination and the number of UEs as in Table 3). This is undesirable since an additional blind detection is needed. While some performance loss occurs due to the lack of the interfering vectors, that is acceptable because lack of verification should occur rarely.

Another possible alternative is to use a default vector. However, this is impracticle for MU-MIMO because different UEs would have to be preassigned with different default vectors. Furthermore, the interfering vectors would not be known resulting in degraded performance.
3. Conclusions
In this contribution, we have proposed a downlink control signaling mechanism for MU-MIMO. It was shown that the total number of control signaling bits to signal the desired and interfering vectors and the number of interfering UEs can be reduced to 4 if the eNode-B does not override the UE decision.  If the eNode-B overrides the UE decision, then the other 3 bits signal the beamforming vector to be used by the UE. 
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