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[bookmark: DocumentFor][bookmark: _Toc243877433]Introduction
In RAN#68, WI on EBF/FD-MIMO was agreed [1], and the objectives of the WI include the following aspects:
· Specify enhancements on reference signal in the following areas [RAN1]
· Non-precoded CSI-RS, extending the existing numbers {1,2,4,8} of CSI-RS antenna ports for support of 12 and 16 CSI-RS ports, using full-port mapping
· Specify enhancements on CSI reporting in the following areas [RAN1]
· For non-precoded CSI-RS, codebook for 2D antenna arrays for support of {8,12,16} CSI-RS ports and associated necessary channel state information. 
· If there is not significant gain shown for new codebook for 8 CSI-RS ports, the current codebook for 8 CSI-RS ports is retained. 
This contribution discusses eNB and UE complexity and overhead analysis related to CSI reporting for the KP codebook for 12 and 16 antenna ports. 
Overview of FD-MIMO Codebook
The size of Rel12 8-Tx rank-1 codebook is 16 x 16  = 256, 16 for W1 codebook and 16 for W2 codebook. Compared to this codebook, the FD-MIMO codebooks for {8,12,16} antenna ports are expected to have larger size. In [2], a FD-MIMO codebook framework has been proposed and the corresponding rank-1 and rank-2 codebooks are presented in [4] and [5], respectively. According to the proposal, the codebook comprises of a master codebook of default codebook parameters including the number of beams in a W1 beam group and spacing between two adjacent beams in a beam group for each of the two dimensions. It is further proposed that the codebook subset restriction (CSR) on the master codebook is applied to configure codebook parameters UE specifically so that the configured codebook can achieve the desired UE complexity and CSI feedback overhead.
We consider the FD-MIMO codebook for 16 antenna port configuration in the rest of the discussion. For simplicity, we focus on the rank-1 codebook and present its complexity analysis and feedback overhead in this contribution. The 16 antenna ports can break down as (MTXRU, N, P) = (2, 4, 2) or (4, 2, 2). According to [3], we can use the same FD-MIMO codebook for both antenna port configurations. The codebook comprises of a master codebook with default codebook parameters, an example of which is according to Table 1. An example of the master codebook assuming (MTXRU, N, P) = (2, 4, 2)  is shown in Figure 1.
[bookmark: _Ref427164203]Table 1: Example master codebook parameters for assuming (MTXRU, N, P) = (2, 4, 2)
	Number of beam (L1, L2)
	Oversampling factor (o1, o2)
	Beam skipping (s1, s2)
	Beam spacing (p1, p2)

	(4,4)
	(8,16)
	(2,2)
	(1,1)





[bookmark: _Ref422841194]Figure 1: An illustration of master codebook with example beam groups for (MTXRU, N, P) = (2, 4, 2)
As shown, there are N1 x o1 = 4 x 8 = 32 DFT beams indexed by h = 0,1,2,…,31 in the first dimension and N2 x o2 =  2 x 16 = 32 DFT beams indexed by v = 0,1,2,…,31 in the second dimension. In total, there are 32 x 16 = 512 DFT beams that are obtained by the KP of the DFT codebooks in the first and second dimensions. From these DFT beams, W1 beam groups of the default size (L1, L2) = (4, 4) are formed. Since the default beam skipping parameters (s1, s2) = (2,2), the size of the first stage codebook (i.e., the total number of W1 beam groups) of the master codebook is 256 (8 bits). A few example beam groups are shown as shaded squares in Figure 1.
For rank-1 codebook, one out of the 4 beams is selected for each dimension and a QPSK co-phase value is selected from {1,j,-1,-j}. So, the size of the second stage codebook (i.e., W2) of the master codebook is 64 (6 bits).
If we perform the joint search over the W1 and W2 components of the codebook, then the total number of searches is 125 x 64 = 16384, which is large in terms of UE implementation complexity. In addition, the CSI feedback overhead is 8 bits for W1 and 6 bits for W2, which are larger than the feedback overhead of the legacy codebooks, for example, 4 bits for W1 and 4 bits for W2 in Rel12 8-Tx codebook. It is therefore desired to reduce the codebook size so that the target UE complexity and CSI feedback overhead are achieved. According to the proposals in [2], [4], and [5], the codebook size can be reduced by applying CSR on the master codebook. A set of codebook parameter values are supported for the CSR for example. The example codebook parameters for CSR include:
· Beam grouping or number of beams (L1, L2) (used for W1 codebook);
· Beam skipping (s1, s2) (used for W1 codebook); and
· Beam spacing (p1, p2) (used for W2 codebook).
Let us assume that the target UE complexity and CSI feedback overhead are such that the size of the codebook after CSR should be 1024 (10 bits) at the most. As mentioned in [4], there are two important alternatives for splitting these 10 bits into W1 and W2 codebook bits:
· Alt 1: 6 bits for W1 and 4 bits for W2; and
· Alt 2: 4 bits for W1 and 6 bits for W2
For Alt 1, the example codebook parameters for CSR on the master codebook is given in Table 2. The 6 bits for the W1 codebook are distributed as 4 bits to the longer dimension (i.e., 4 antenna ports) and 2 bits to the shorter dimension (i.e., 2 antenna ports). Three different types of beam grouping corresponding to (L1, L2) = (4,1), (1,4), and (2,2), respectively are considered for CSR. Figure 2 illustrates the three beam groupings.
[bookmark: _Ref422906062]Table 2: Codebook parameters for 16 antenna ports: Alt 1
	Set
	Beam grouping 
(L1, L2)
	Beam skipping (s1, s2)
	Beam spacing (p1, p2)
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	1
	(4,1)
	(2,8)
	(1,1)
	

	i1,1 = 4 bits
i1,2 = 2 bits
i2 = 4 bits

	2
	(2,2)
	(2,8)
	(1,1)
	

	

	3
	(1,4)
	(2,8)
	(1,1)
	

	




[bookmark: _Ref417053131]Figure 2: Example beam groupings 
	For Alt 2, the example codebook parameters for CSR on the master codebook is given in Table 4. The 4 bits for the W1 codebook are distributed as 3 bits to the longer dimension (i.e., 4 antenna ports) and 1 bit to the shorter dimension (i.e., 2 antenna ports). Note that there is only one type of beam grouping in this alternative which is the default beam grouping in the master codebook, i.e., (L1, L2) = (4,4).
[bookmark: _Ref427167519]Table 4: Codebook parameters for 16 antenna ports: Alt 2
	Set
	Beam skipping (s1, s2)
	Beam spacing (p1, p2)
	Illustrations for beam grouping for the longer and shorter dimensions
	Number of bits

	1
	(4,16)
	(1,1)
	

	i1,1 = 3 bits
i1,2 = 1 bits
i2 = 4 bits



Observation 1: For the 10 bits size rank-1 codebook, two important alternatives for splitting the bits into W1 and W2:
· Alt 1: 6 bits for W1 and 4 bits for W2; and
· Alt 2: 4 bits for W1 and 6 bits for W2
We provide a more detailed complexity analysis proposed rank-1 codebook next.
UE Complexity Analysis
The complexity anlysis of the codebook search in terms of number of floating point multiplications are provided next. PUSCH CSI reporing mode 3-2 is assumed in this analysis. With the assumption of MMSE-IRC UE receiver, the SINR is used as a metric for the codebook search, which can be calculated as follows. 
Let Hf be the  channel for a UE at subcarrier f, where we assume  Rx antennas at the UE, and  antenna ports at the eNB. Let  be the set of inter-cell-interfering UEs, and let for the interfering UE the channel at subcarrier f be , and the rank-1 pre-coding vector be (assuming all interfering UEs are rank-1). Then, the total inter-cell-interference is given by  Assuming MMSE-IRC receiver at the UE, the SINR corresponding to the pre-coder vector p from the rank-1 PMI codebook at subcarrier f is given by
	  (1)
where the signal part is given by  and the covariance matrix for the MMSE-IRC receiver is  where  be the noise variance. The number of multiplications to compute the expression  in (1) is summarized in Table 4. Note that one multiplication here is between two complex numbers, which is equivalent to four different multiplications between two real numbers. 
[bookmark: _Ref427305347]Table 6: Number of complex multiplications to compute SINR per subcarrier for a precoding vector
	Expression
	Number of complex multiplications

	
	

	
	

	
	

	
	

	Total
	



If  is the set of all CSI-RS subcarriers for codebook search, and  and  the size of the W1 and W2 codebook, respectively, then the total number floating point multiplications is of the order of 
We can observe that the codebook search complexity of the joint search is linear in both W1 and W2 codebook sizes.
Observation 2: The complexity of the joint codebook search scales linearly with both W1 and W2 codebook sizes.
Let us now consider a specific example of  and  for simplicity, let us assume one interfering UE (i.e., ) in this analysis. For a 10 MHz system with 10 SBs each with 5 PRBs, if one subcarrier is modelled per PRB, then there are 50 subcarriers that are modelled for codebook search, so we assume  For this example, the total number of floating point multiplications is
      (2)
Table 7 presents the comparison between the two codebook search implementations for the master rank-1 codebook and the 1024 (10 bits) size codebook obtained by applying CSR.
[bookmark: _Ref427310102]Table 7: Complexity of joint W1 and W2 codebook search
	Codebook type
	Codebook size
	Total number of complex multiplications

	Master
	16384
	

	CSR based
	1024
	


Conclusion
This contribution has analyzed the UE complexity and overhead analysis related to CSI reporting for the rank-1 codebook, and made the following observations:
Observation 1: For the 10 bits size rank-1 codebook, two important alternatives for splitting the bits into W1 and W2:
· Alt 1: 6 bits for W1 and 4 bits for W2; and
· Alt 2: 4 bits for W1 and 6 bits for W2
Observation 2: The complexity of the joint codebook search scales linearly with both W1 and W2 codebook sizes.
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