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Introduction
In RAN1#87, a working assumption was made regarding the advanced CSI codebook proposed in [1]:
Working Assumption:
To be confirmed automatically at RAN1#88 if no significant issues are identified with UE complexity.
Precoders are to be normalized in the equations below.
[…] 
· Feedback on PUSCH is supported
· Feedback on PUCCH is supported
· Details FFS until RAN1#88.

In this contribution, we address the caveat on UE complexity and perform an analysis on advanced CSI codebook search complexity.
[bookmark: _Ref426729914]Discussion
According to the working assumption, the advanced CSI codebook may on a high level be described by:
For W1:
Orthogonal basis
1. First select a group of up to 8 uniformly spaced orthogonal beams 
2. Then select 2 beams out of the group
Non-equal gain combining (with 2 bits) is wideband
2-beam selection is wideband
For W2:
Beams are combined in W2 using QPSK
Independent encoding of layers
Thus, the PMI search can be described by these three steps:
1. Beam selection in W1
2. Beam power allocation in W1
3. Beam and polarization phase selection per rank in W2
In the following, we analyze the complexity of each step and compare it to the complexity of Class A codebook search.
W1 search
In the Rel-14 advanced CSI codebook (as per the working assumption), two orthogonal DFT beams are selected on a wideband basis as part of the W1 PMI, where one beam (the leading beam) is allocated with more (or equally much) power than the other beam. For larger than 16 antenna ports, the selection of the second strongest beam is limited to 7 orthogonal beam hypotheses. Furthermore, the oversampling factor is fixed to 4 whereas it can be up to 8 for Class A codebook. Thus, a straightforward codebook search is to:
1. Evaluate the wideband power of each leading beam hypothesis and select the strongest one
· This may be done in exactly the same fashion as Class A W1 search and requires a search over hypotheses
2. Given a selected leading beam, evaluate the 7 second beam hypotheses
· Note that the power for these 7 DFT beams where already calculated in Step 1 and so does not have to be recalculated
The beam selection part of the codebook search thus entails evaluating  hypotheses. Compared to Class A W1 search, which may in the worst case require  hypothesis evaluations, the complexity can actually be reduced by a factor ~4!
The beam power allocation in the Rel-14 codebook only entails allocating a relative power level of the second strongest beam relative the leading beam. The beam power coefficient is encoded with 2 bits and there are thus 4 hypotheses to evaluate. Compared to beam selection search, this should thus be negligible. 
Observation:
· Advanced CSI W1 search approximately 4 times less complex than Class A W1 search
W2 search
The W2 matrix in the advanced CSI codebook independently selects a phase combining coefficient for each beam, polarization, and layer (supporting max rank 2) and may be expressed as

where . For the rank-2 case, there are thus  W2 hypotheses to evaluate for each subband. Doing such an exhaustive codebook search could possibly be too complex for UE implementations. Fortunately, exhaustive codebook search is not required. Instead, a heuristic approach may be used. Since orthogonal beams are used in W1, the UE may for each subband  first calculate a beam space subband covariance matrix as

where  is the subband covariance matrix and  is a beam matrix comprising the selected leading and second beam in W1. The  matrix may then be calculated by performing an Eigen decomposition of  (which is a 4x4 Hermitian matrix) as

and extracting the two principal eigenvectors ,  from . The entries of  of  may then be calculated by quantizing the phases of the eigenvectors as

where  maps the input to the closest QPSK constellation point.
It should be noted that results presented in our other contributions during this WI have generally been generated assuming the herein presented UE search algorithm.   
The complexity of W2 codebook search is thus dominated by the Eigen decomposition. However, since the dimension of  is small and only approximate eigenvectors are needed (as the entries are anyway mapped to QPSK constellation points), the complexity should not be too large and an iterative algorithm such as the well-known QR method may be used. According to e.g. [2] the complexity of performing Eigen decomposition of size  matrix is . Thus, for W2 search,  , which should not be too complex.

Observation:
· Exhaustive W2 search is not needed, instead Eigen decomposition of the size-4 beam space effective channel may be used
Since W1 search complexity is reduced by a factor of 4 compared to Class A, and a lower complexity heuristic can be used in lieu of exhaustive search for W2 determination, we see no problems with UE complexity. 
Proposal:
· [bookmark: _GoBack]The advanced CSI codebook identified in RAN1#87 has no significant issues with UE complexity. Therefore, the working assumption should be automatically confirmed.
Conclusion
In this contribution we have assessed the codebook search complexity for advanced CSI and made the following observations:
Observation:
· Advanced CSI W1 search approximately 4 times less complex than Class A W1 search
· Exhaustive W2 search is not needed, instead Eigen decomposition of the size-4 beam space effective channel may be used
Based on these observations, we made the following proposal:
Proposal:
· The advanced CSI codebook identified in RAN1#87 has no significant issues with UE complexity. Therefore, the working assumption should be automatically confirmed.
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