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Introduction
Until RAN1 #81 meeting, the Rel. 13 study item (SI) [1], i.e., Study on Elevation Beamforming/Full-Dimension (FD) MIMO for LTE has been successfully completed. Several standardization enhancement requirements are identified for supporting high performance 3D-MIMO operation.  At the RAN #68 meeting, the work item [2], i.e., Elevation Beamforming/Full-Dimension (FD) MIMO for LTE has been approved. According to the work item description (WID), one of the main topic is to design the codebook for 2D antenna arrays for support of {8,12,16} CSI-RS ports and associated necessary channel state information. In this contribution, we discuss the 2D codebook design requirement for elevation beamforming and FD-MIMO.
2D Codebook Design for Rel. 13 MIMO
In the WID, the specification requirement of new codebook design is described as follows:
· 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. 
Therefore, several things shall be clarified before starting the details codebook design work. They are:
· Judging necessity of 2D codebook design for 8 CSI-RS ports, mainly based on performance evaluation. That is, if significant performance gain is identified over the legacy Rel. 10 8-TX codebook, then a new 2D 8-TX codebook shall be included in the codebook design discussion;
· Summarizing the total requirements of the codebook design, in terms of CSI-RS port number and the array configuration. That is, even for a same number of CSI-RS ports, it is still necessary to consider different possible placement of the array;
· Deciding the way how to proceed with the codebook design for different CSI-RS port numbers and for different array structure. One way is to make specific design of the codebook for each individual antenna array structure. Another way is to specify a general codebook structure that is applicable to all antenna array structures.
In the following, we provide our view on the above issues one by one.
2D codebook for 8 CSI-RS ports
In Rel. 10, 8-TX codebook was specified to support up to 8 layer downlink MIMO transmission. However, the Rel. 10 codebook was specified to support a 1D antenna array. Its intrinsic structure does not match the 2D antenna array very well. In order to identify the performance loss due to the application of a non-optimal Rel. 10 8-TX codebook to an 8-TXRU 2D array, we performance a system-level simulation. In the investigation, two codebook structures are considered, i.e., a legacy Rel. 10 8-TX codebook and a simple 2D codebook constructed as follows:

                                (1) 
The 2D codebook is constructed by simply taking the Kronecker product of the legacy 1D codebook with an additional vertical dimension codebook. The overall codebook can reuse the Rel. 12 4-Tx codebook structure, where the precoder is composed by a wideband long-term codebook multiplied by a wideband/subband short-term codebook. The long-term codebook contains the 2D beamforming information of the 2D array in the same polarization. The short-term codebook makes the 2D beam selection and incorporates the phase adjustment between the two polarizations. We consider a simple extension of the 1D codebook to create a 2D codebook. We take the Kronecker product of a vertical codebook with the legacy 1D codebook, and the product is taken for the W1 only. So W2 of Rel. 12 4-TX codebook is fully reused. The vertical codebook is specified by a set of DFT vectors which have an over-sampling factor of 2, i.e., 4 vectors in case of 2 vertical TXRUs in the same polarization. 


Figure 1. Three antenna array configurations considered for 8 CSI-RS ports evaluation.
We provide system-level simulation results in order to identify the performance gap. Major evaluation assumptions are summarized in Table A. The evaluation is performed in 3D-UMi environment with three different eNB antenna configurations, i.e., (M, N, P, Q) = (4, 2, 2, 8), (6, 2, 2, 8) and (8, 2, 2, 8), which are illustrated in Fig. 1. Through appropriate sub-array based TXRU virtualization, all three antenna configurations are mapped to a same TXRU structure with two rows and two columns per each polarization. FTP traffic model is used for evaluation and the user packet throughput (UPT) performance is summarized in Table 1. From the evaluation results, we observe following.


Table 1: Performance comparison of legacy and new 2D codebook for 8 CSI-RS ports
[image: ]
Observation 1: From performance perspective, it is beneficial to design a new 2D codebook for 8 CSI-RS ports. Up to 20% and 35% performance gain is observed for the mean and 5% user packet throughput.

Proposal 1: 2D codebook design for 8 CSI-RS ports is considered in the Rel. 13 WI.

Number of 2D codebooks to be specified in Rel. 13
According to the WID, and based on the numerical evaluation made in the previous section, it is proposed to consider the codebook design for 8, 12 and 16 CSI-RS ports. However, there exist different antenna structures, even for the same number of CSI-RS ports. All possible TXRU structures that shall be considered in the WI are depicted in Fig. 2. Up to 5 different codebooks may be required.



Figure 2. TXRU strcutures that should be considered for 2D codebook design.

Then we further discuss the codebook design for a same number of CSI-RS ports, taking the TXRU configuration (MTXRU, NTXRU, PTXRU) = (3, 2, 2) and (2, 3, 2) for Q = 12 as one example. As discussed in the SI, in order to match the 2D antenna array structure, the 2D codebook can take the following form:

								(2)


Then in order to fit the antenna structure, the eNB shall number the antenna ports with the following order, i.e., vertically, horizontally and then across different polarizations. The dimension of  and  shall fit the number of ports per row and number of ports per column. If the codebook structure explicitly indicates a specific order of the antenna port numbering, then the antenna ports numbering for (MTXRU, NTXRU, PTXRU) = (3, 2, 2) and (2, 3, 2) shall be made according to Fig. 3. In this sense, in order to let UE correctly compose the 2D codebook, informing the UE about the total number of antenna port is not sufficient. The eNB shall also inform the UE about the antenna array dimension information, e.g., number of ports per row and number of ports per column.


Figure 3. Antenna port mapping following the codebook structure defined in (2).

An alternative implementation is to drop the indication of the dimension information in the codebook structure definition. In this case, the codebook is generally written as:

									(3)






By doing so, the order of the antenna port numbering is left to eNB implementation. One possible implementation is illustrated in Fig. 4. Following such implementation,  corresponds to a horizontal codebook in case of (MTXRU, NTXRU, PTXRU) = (3, 2, 2) whereas it corresponds to a vertical codebook in case of (MTXRU, NTXRU, PTXRU) = (2, 3, 2). However, in both cases, the dimension of retains the same, i.e., number of rows is equal to 2. Having the same dimension of  (and ) in the two different cases of antenna array structures, i.e., (MTXRU, NTXRU, PTXRU) = (3, 2, 2) and (2, 3, 2), means that it is not necessary to inform the UE about the antenna port dimension information, since no matter which array structure is used, the UE uses the same codebook to match the antenna ports. Although, it shall be noted that this also requires that the intrinsic structure of  and  shall not have any specific dependency on the dimension. 


Figure 4. One possible eNB implementation of the antenna port mapping following the codebook structure defined in (3).

Based on the above analysis, we can make the following observations.
Observation 2: The number of codebooks to be specified can be reduced, depending on the definition of the codebook structure. It is possible that a single codebook is specified, which is applicable to different TXRU structures with the same total number of CSI-RS ports.

Observation 3: At least three sets of codebooks shall be specified, for 8, 12 and 16 CSI-RS ports.

Codebook design principles for Rel. 13
It can be seen that the workload for specifying different codebook structures for different CSI-RS ports numbers is still very high. Then it is beneficial to introduce a baseline codebook structure in order to avoid diversified specification discussions. The baseline design principle can reuse the Rel. 10 8-TX and Rel. 12 4-TX codebook design principles and it shall be general enough to be applicable to the 8, 12 and 16 CSI-RS port cases, and to be applicable in different deployment scenarios.

Proposal 2: For FD-MIMO codebook design, introduce a unified codebook structure as a baseline, which is applicable to the 8, 12 and 16 CSI-RS port cases. Specific codebook structure design targeting at optimizing the performance for a specific antenna port number or a specific antenna structure can be considered if evident performance gain over the baseline structure is identified.

Considering that the design principle is to cover different CSI-RS port numbers, different antenna array structures and different deployment scenarios. The codebook shall be designed to be sufficiently adaptive to different situations. Therefore, it is desired to consider a configurable codebook design. In addition, introducing a configurable codebook design may also simplify the specification work in the future when considering other antenna array configurations that are out of the scope of Rel. 13.

Proposal 3: Configurable codebook design shall be considered in Rel. 13.

Based on the above discussion, we propose a general codebook structure design for the 2D antenna array. Following the Rel. 8 and Rel. 12 codebook design principle for the cross-polarized array, the codebook is described as , where  is given by:
								(4)
where  and  take the same structure, i.e., each of them represents a collection of DFT vectors. We use a generalized notation  to represent such structure. Then   where each  is a DFT vector that can be expressed as: . The index  represents the DFT beam index. The value of  specifies the finest granularity of the DFT beam control. The parameter  represents the size of an array in a particular dimension. Multiple DFT beams are grouped into  to enable the UE to do the “beam selection”. The parameter C represents the number of beams per group. The parameter B represents the spacing (in terms of the finest granularity) of two adjacent beams in the same group. The parameter A represents an offset of the beams considered in adjacent codebook entries  and .
For rank 1 codebook, the  can take the following form:
									(5)
and for rank 2 codebook, the  can take the following form:
							(6)
where  and  take the same structure and both represent a selection vector, i.e., only one element in  is 1 and the others are zeros. The parameter  is a co-phasing coefficient, which can follow the specification in TS 36.213 [3]. 

Proposal 4: Consider the codebook structure described above as a baseline for the Rel. 13 2D codebook design.

Based on the above proposal of the general 2D codebook structure, it shall be further discussed how to determine the parameter values. Considering that the 2D codebook is supposed to be easily adaptable across different antenna configurations in different deployment scenarios, it is necessary to leave some of the parameters mentioned above configurable. On the other hand, some parameters, e.g., Q which defines the finest granularity for beam control, can be specified. For example, Q = 32, as used in Rel. 10 and Rel. 12 codebooks. As discussed on section 2.2, by an appropriate eNB implementation of the antenna port mapping, it is possible to avoid an explicit signaling of the value of S, i.e., the antenna port number for horizontal or vertical dimension. However, it shall be further examined whether the vertical and horizontal port number is needed for other purpose, e.g., when distinguishing different codebook subset restriction signaling. Other parameters, e.g., A, B and C for specifying the beam group in W1, can be further discussed.

Proposal 5: The parameter Q in the proposed codebook structure can be specified by reusing the value of 32. Specification of other parameters, including whether they shall be made configurable, is FFS.

Summary
In this contribution, we discussed the codebook design issues. Based on our investigation, the following observations and proposals can be made.

Observation 1: From performance perspective, it is beneficial to design a new 2D codebook for 8 CSI-RS ports. Up to 20% and 35% performance gain is observed for the mean and 5% user packet throughput.
Observation 2: The number of codebooks to be specified can be reduced, depending on the definition of the codebook structure. It is possible that a single codebook is specified, which is applicable to different TXRU structures with the same total number of CSI-RS ports.
Observation 3: At least three sets of codebooks shall be specified, for 8, 12 and 16 CSI-RS ports.
Proposal 1: 2D codebook design for 8 CSI-RS ports is considered in the Rel. 13 WI.
Proposal 2: For FD-MIMO codebook design, introduce a unified codebook structure as a baseline, which is applicable to the 8, 12 and 16 CSI-RS port cases. Specific codebook structure design targeting at optimizing the performance for a specific antenna port number or a specific antenna structure can be considered if evident performance gain over the baseline structure is identified.
Proposal 3: Configurable codebook design shall be considered in Rel. 13.
Proposal 4: Consider the codebook structure described above as a baseline for the Rel. 13 2D codebook design.
Proposal 5: The parameter Q in the proposed codebook structure can be specified by reusing the value of 32. Specification of other parameters, including whether they shall be made configurable, is FFS.
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	Parameter
	Values

	Scenario / channel model
	3D-UMi (ISD: 200 m)

	Carrier frequency 
	2 GHz 

	System bandwidth
	10 MHz (50 RBs) 

	eNB antenna configurations
	(M, N, P, Q) = (4, 2, 2, 8), (6, 2, 2, 8), , (8, 2, 2, 8), (dH, dV) = (0.5 , 0.8 ), etilt = 100 deg.

	Total BS Tx power
	41 dBm

	UE antenna configurations
	2 X-pol (0/90 deg.)

	UE speed
	3 km/h

	Indoor UE ratio
	80 %

	MIMO scheme
	SU/MU-MIMO dynamic switching

	UE receiver 
	Non-ideal channel estimation and interference modeling, detailed guidelines according to Rel. 12 [71-12] assumptions

	
	LMMSE-IRC receiver, detailed guidelines according to Rel. 12 [71-12] assumptions

	CSI feedback scheme
	Subband PMI and CQI

	CSI-RS transmission interval /
CSI feedback interval
	5 ms for RI, PMI and CQI, 200 ms for beam selection

	Traffic model
	FTP Model 1 with packet size 0.5 Mbytes
(low: ~20 % RU, medium: ~50 % RU, high: ~70 % RU)

	Scheduler
	Proportional fairness

	Control delay
	6 ms

	HARQ
	Chase combining with 8 ms RTD
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Performance
Rate Metrics Rel. 10 2D Rel. 10 2D Rel. 10 2D
(UE/sector/s) Codebook | Codebook | Codebook | Codebook | Codebook | Codebook
upT | Mean 28.3 29.8 (+5.2%) 29.2 31.0 (+6.3%) 29.5 31.0 (+4.9%)
(Mbits/ | 5 % 7.8 8.1 (+4.0%) 8.1 8.9 (+9.9%) 8.3 9.1 (+9.6%)
1.6 s) -
50 % 25.0 26.7 (+7.0%) 26.4 28.5 (+8.2%) 27.1 28.9 (+6.9%)
Resulting RU 25.9% 24.2% 25.5% 23.4% 24.8% 23.4%
upT | Mean 132 [15.1(+13.9%)| 159  [18.0(+13.2%)| 164 17.0 (+3.6%)
o ('V'b)itS/ 5% 2.2 2.6 (+20.3%) 2.9 3.4 (+17.9%) 2.8 3.3 (+15.2%)
- S
50 % 9.3 10.9 (+17.2%)|  11.6 13.5 (+16.4) 12.0 12.7 (+5.7%)
Resulting RU 66.6% 62.4% 61.3% 55.1% 58.8% 59.4%
upT | Mean 107 [12.9(+19.9%)|  13.1 14.2 (+8.9%) 145 15.8 (+9.0%)
a0 ('V'b)itS/ 5% 15 2.0 (+35.6%) 1.9 2.5 (+33.2%) 2.5 2.7 (+11.4%)
- S
50 % 6.8 8.7 (+27.1%) 8.8 101 (+15.1%) | 104 [11.7 (+12.5%)
Resulting RU 76.2% 69.8% 69.1% 66.2% 65.5% 62.5%
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