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1. Introduction
Precoding related UE feedback for DL LTE MU-MIMO is based on unitary codebooks [1]. During the RAN1#49 meeting, the usage of codebook based transmission for DL MU-MIMO has been agreed [2]. Considering these two issues, the basic question that needs to be answered is, if the same codebook and/or size can be used for UE feedback and eNodeB MU-MIMO transmission [2].

In this contribution, we investigate the relation between the UE feedback codebook and eNodeB transmission codebook for different MU-MIMO schemes. 

2. Discussion
During the RAN1#48bis meeting the question has been raised [2], based on the decision using codebook based DL MU-MIMO eNodeB transmission, if 

1. the same codebook can be used for UE feedback and eNodeB transmission and/or 
2. the same codebook size can be used or if different codebook sizes would be needed.  
In order to try to answer these two questions, we investigate the relation between the codebooks for UE feedback generation and eNodeB transmission for the different proposed MU-MIMO operation modes. 

For MU-MIMO, there have been proposals to utilize the same transmission weight for eNodeB MU-MIMO TX as the UE reported, namely DL MU-MIMO based on unitary precoding [3] and non-unitary transmission [4]. For these MIMO modes, that we denote as “Codebook Reuse (CR) MU-MIMO” modes, the raised question is rather easy and straightforward to answer – the same codebook with the same size can and should be used for UE feedback and eNodeB MU-MIMO transmission. 

Zero Forcing (ZF) based MU-MIMO has been proposed by several companies ([5],[6],[7]). In case of ZF MU-MIMO, the eNodeB uses the quantized channel fed back by the UE in order to calculate the zero forcing precoding solution using W=U[UH U]-1, where W denotes the applied transmission matrix for MU transmission. The matrix U = [u1 u2], consisting of the reported codebook entries of the two scheduled UEs u1, u2 ( X, where X denotes the codebook for UE feedback In the following two subsections, we will investigate the relation of the UE reporting codebook X with the codebook used for transmission W.
2.1. Investigations for 2TX antennas

In this section, we investigate the required codebook entries for the transmission codebook W for ZF MU-MIMO based on a selected UE reporting codebook X. DFT based codebooks for UE reporting have been used and proposed by several companies ([3],[6],[7],[8]). The needed codebook entries for the transmission codebook W based on a DFT UE reporting codebook X with 1, 2, 3 and 4bit are given in Figures 1 and 2.
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Figure 1: Required codebook coefficients for eNodeB transmission W based on ZF using 1bit (a) and 2bit (b) DFT feedback codebook X. The graphs illustrating the ratio xi,2/ arg(xi,1) for UE feedback and wi,2/ arg(wi,1) for eNodeB transmission.
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Figure 2: Required codebook coefficients for eNodeB transmission W based on ZF using 3bit (a) and 4bit (b) DFT feedback codebook X. The graphs illustrating the ratio xi,2/ arg(xi,1) for UE feedback and wi,2/arg( wi,1) for eNodeB transmission.
The graphs showing the required codebook entry clearly indicate that for 2TX antennas and the DFT codebook for UE feedback, the constellation points of the UE reporting codebook X and the eNodeB transmission codebook W coincide
. This holds true also when checking the agreed SU-MIMO codebook for 2TX antennas from [9], which is basically the combination of the 2x2 identity matrix and the 2bit DFT codebook, as shown in Figure 3. 
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Figure 3: Required codebook coefficients for eNodeB transmission W based on ZF using the agreed 2TX antenna SU-MIMO codebook ([9]) as feedback codebook X. The graphs illustrating the ratio xi,2/ arg(xi,1) for UE feedback and wi,2/arg( wi,1) for eNodeB transmission.
Therefore we can draw the conclusio, that for 2 transmit antennas the same codebook (structure and size) can/should be used for eNodeB transmission as for UE reporting independent of the proposed MU-MIMO concepts.  
2.2. Considerations regarding 4TX antennas
In this subsection, similar investigations related to ZF MU-MIMO codebook requirements than in the last subsection are reported for 4TX antennas. In the case of 4TX antennas, up to 4 UEs can be scheduled to share a single resource block (RB) by MU-MIMO transmission. We therefore consider the required codebook constellations independently for 2, 3 and 4 spatially multiplexed users as well as the codebook requirements allowing all 3 possibilities. 
Again, let us have a look on the constellation points in the transmission vectors for the proposed DFT codebook for MU-MIMO UE reporting. In Figure 4 the constellation points for the 2bit DFT codebook are shown, leading to the same conclusion as in the 2TX antenna case – namely, the constellation points coincide. 
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Figure 4: Required codebook coefficients for eNodeB transmission W based on ZF using the 2bit DFT feedback codebook X. The graphs illustrating the ratio xi,j/ arg(xi,1) for UE feedback and wi,j/arg( wi,1) for eNodeB transmission.
Independently of the number of spatially multiplexed users (2, 3 or 4), the same constellation points are required in the eNodeB transmission matrix. This of course is rather clear taking into account that the 4 DFT vectors are orthogonal and therefore the zero-forcing operation doesn’t have any effect here. 

But this is not the case when increasing the codebook size for UE reporting to 3bit and 4bit, as shown in Figures 5 and 6. 
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Figure 5: Required codebook coefficients for eNodeB transmission W based on ZF using the 3bit DFT feedback codebook X in case of 2 (a), 3 (b), 4(c) or 2 to 4 (d) spatially multiplexed users. The graphs illustrating the ratio xi,j/ arg(xi,1) for UE feedback and wi,j/arg( wi,1) for eNodeB transmission.
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Figure 6: Required codebook coefficients for eNodeB transmission W based on ZF using the 4bit DFT feedback codebook X in case of 2 (a), 3 (b), 4(c) or 2 to 4 (d) spatially multiplexed users. The graphs illustrating the ratio xi,j/ arg(xi,1) for UE feedback and wi,j/arg( wi,1) for eNodeB transmission.
As can be easily seen in these Figures, the points of the UE feedback codebook and the required constellation points for ideal ZF MU-MIMO transmission do not coincide any more. A much larger codebook is needed including also amplitude adaptation between the different transmit antennas. As can be easily identified, a (much) larger codebook size with a different structure (including also amplitude adaptation) will be needed for 4TX antenna ZF MU-MIMO operation. 

Thus it is not possible to draw some general conclusion for the 4TX antenna case. The same codebook (in size and structure) can be used for “Codebook Reuse MU-MIMO” – but for ZF MIMO a larger codebook with a modified structure will be needed for the 4TX antenna case. 
3. Summary and Conclusion
We investigated the relation between the UE feedback codebook and the eNodeB transmission codebook for MU-MIMO based on the latest decisions in RAN1 related to MU-MIMO [2]. 

The investigations indicate that for 2TX antennas the same DFT codebook of variable size and also the SU-MIMO 2TX codebook can be used for UE feedback and eNodeB transmission independent of the MU-MIMO operation. Therefore, we suggest specifying the same codebook for UE reporting and eNodeB transmission for 2TX antenna MU-MIMO.

In case of 4TX antennas, the same codebook (size and structure) for UE reporting and eNodeB transmission is only possible for unitary and non-unitary MU-MIMO schemes reusing the codebook by definition ([4]). For ZF MU-MIMO operation, a (much) larger codebook size would be required for eNodeB transmission than that for UE reporting, and the needed codebook structure might be different. 
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� Note that the figures show only the complex valued entries existing in all possible codebook vectors. The figures do not visualize the vectors themselves. However, the phase of the first transmit antenna is normalized to zero indicating that for the 2TX antenna case, the shown constellation points actually represent the possible vectors also. This does not directly hold for 4TX antennas.
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