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1 Introduction 

The Release 10 specifications for LTE-A will need to provide support for 8 downlink transmit antennas at the eNB. For implicit CSI feedback, at least one feedback codebook supporting 8 tx antennas is therefore needed. As outlined in other papers (e.g. [6, 7]), we believe that no single feedback codebook is suitable to deliver the best performance for LTE-A, and support for semi-statically adapting the codebook should be provided. Nevertheless, it will be necessary to specify a default feedback codebook for LTE-A, for use prior to any adaptation, and this paper focuses on the design principles for such a default 8 tx antenna codebook. We make recommendations for 8-antenna codebook design based on fundamental results from information theory and on inevitable characteristics of future LTE-A deployments. 

2 Single-user and Multi-user MIMO

We first discuss some basic principles of MIMO operation which have an important impact on the feedback codebook design. 

In a MIMO broadcast channel with M transmit antennas and K users, a linear beamforming strategy of serving M out of K users each on their best eigenmode is asymptotically optimal (in an absolute sense versus the sum-rate of capacity-achieving dirty paper coding) as the number of users K increases without bound [1]. This fundamental result shows that MU-MIMO is the key for increasing overall throughput, especially for networks where the number of users per cell is larger than the number of transmit antennas per cell. 

The corresponding numerical results for a reasonable number of users per cell are shown in Figures 1 and 2. The base station has M = 8 antennas, and each user has an average SNR of 10dB. In order to demonstrate the performance bounds, full, ideal CSI is assumed at the transmitter and receiver in all cases. For MU-MIMO, we consider a linear precoding technique called multiuser eigenmode transmission (MET) [2], where the eNodeB decides in each TTI how up to M spatial modes should be distributed for the K users to maximize the sum rate (or more generally, the weighted sum rate). Transmissions between users are zero-forced, and transmissions for a given user occur on its equivalent zero-forced eigenmodes. In general, each UE could support up to N modes, where N is the number of antennas per UE. However, the total number of transmitted streams must be less than or equal to M. For example, with N = 8 antennas, 1 UE could receive up to 8 streams, 4 UEs could each receive up to 2 streams, or 8 UEs could each receive 1 stream. We also consider a single-stream strategy similar to the technique described in [1]: a linear MU-MIMO based on MET where each active user is restricted to a single stream. We consider the sum-rate performance as a function of the number of users K averaged over random i.i.d. complex Gaussian realizations of the channel. For comparison, we show the performance of the optimum MU-MIMO strategy based on dirty paper coding (DPC) and the SU-MIMO performance with user selection where the user with the best rate out of the K users is chosen.

Figure 1 shows the mean sum-rate performance for the case of N = 2 antennas per UE. Under the single-stream MET strategy, the performance achieves a significant fraction of the unrestricted MET performance. The asymptotic result of [1] states that as K approaches infinity, the difference in sum-rate performance between DPC and single-stream MET goes to zero. When the number of users is greater than 2, the single-stream MET strategy outperforms SU-MIMO. This is not unexpected since SU-MIMO can achieve at most a multiplexing order of N = 2. Figure 2 shows the performance for the case of N = 8 antennas per UE. The sum rate achieved by single-stream MET exceeds that of SU-MIMO for K greater than or equal to 8 users. Therefore even though a user could achieve full multiplexing order, the sum rate performance of MU-MIMO with rank 1 transmission is better for as few as K = 8 users.  

While SU-MIMO is important for achieving peak rate requirements, MU-MIMO achieves higher throughput for only a moderate number of users, even when the number of UE antennas is high. We therefore make the following proposal:

Proposal 1: The default codebook design should focus on MU-MIMO transmission with low-rank transmission. (Note that in RAN1#59bis it was agreed that it would be assumed that MU-MIMO is limited to a maximum of 2 layers per UE.)
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Figure 1. Sum rate versus number of users per cell. Isolated cell with K users,  
M = 8 transmit antennas per cell, N = 2 antennas per UE. 
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Figure 2. Sum rate versus number of users per cell. Isolated cell with K users, 
M = 8 transmit antennas per cell, N = 8 antennas per UE 

Because the eNodeB has knowledge of the data queues for each user, it makes the decision on whether SU or MU-MIMO should be used. To maintain flexibility and to simplify feedback and codebook design, we propose the following:
Proposal 2: The default codebook should be common to SU-MIMO and MU-MIMO and suitable for both. 
3 Codebook size and flexibility

From fundamental results in [3], the number of feedback bits to achieve MU-MIMO multiplexing gain M with average SNR per mobile P (measured in dB) is
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Therefore, in order to achieve full multiplexing gain at a fixed average SNR per user, the number of feedback bits B  per mobile must increase linearly with the number of transmit antennas. This implies that if we have a 16-codeword codebook for M = 4 transmit antennas indexed by B = 4 bits, we should target a 256-codeword codebook for M = 8 antennas indexed by B = 8 bits. 

While one could increase the UE feedback data rate for 8-antenna transmitters, it would desirable to limit the feedback data rate to be the same as for the 4-antenna case. One could index a 256-codeword codebook by concatenating 4 bits of feedback over 2 TTIs. If the channel is changing sufficiently slowly, the mobile feedback could be aggregated over multiple feedback intervals so that the aggregated bits index a larger codebook. In general, a larger codebook implies more accurate knowledge of the channel at the transmitter, resulting in improved throughput. By aggregating the feedback bits over multiple intervals, the codewords can be arranged in a hierarchical tree structure so that the feedback on a given interval is an index of codewords that are the "children nodes" of a codeword indexed by previous feedback. Further details of such structures can be found in [8] and [9].
Proposal 3: Codebook design for 8 Tx antennas should be optimised for low/average-mobility UEs by implementing hierarchical codebook structures to limit the feedback overhead. 

Ideally, a codebook should be tailored for each combination of antenna configuration and channel statistics. Codebooks which work well for one class of channels will not necessarily work well for another class. For example, codebooks based on Grassmanian packings work well for spatially independent channels but not for correlated channels, and vice versa; codebooks based on DFT work well for correlated channels but not for independent channels. As future LTE-A systems will be deployed in a wide variety of environments with different channel characteristics (for example, femtocells, urban hotspots, macrocells), it will be desirable to design codebooks which are optimized for each channel environment. Given a baseline set of M-dimensional codebook vectors that span an M-dimensional subspace, it is possible to generate any arbitrary set of M-dimensional codewords via linear transformations of the baseline set [4][5]. More generally, it is possible for an UE to download codebooks from the eNodeB. 
In brief, as designing a 8 transmit antenna codebook for just one antenna configuration (for example CLA-4X) or one propagation scenario, would result in suboptimal performance, we propose the following:

Proposal 4: The downloading of codebooks should be supported to optimize performance for the wide variety of environments and antenna configurations relevant to LTE-A.    

4 Conclusions

We discussed some design principles about 8-antenna codebooks. We make the following recommendations as a way forward.
Proposal 1: The default codebook design should focus on MU-MIMO transmission with low-rank transmission.
Proposal 2: The default codebook should be common to SU-MIMO and MU-MIMO and suitable for both. 

Proposal 3: Codebook design for 8 Tx antennas should be optimised for low/average-mobility UEs by implementing hierarchical codebook structures to limit the feedback overhead. 

Proposal 4: The downloading of codebooks should be supported to optimize performance for the wide variety of environments and antenna configurations relevant to LTE-A.    
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