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Introduction
In the previous RAN1 meetings, we had discussion on implementation of MIMO beamforming schemes for NR. The agreements in RAN1 #85 is captures as follows [1].
	Agreements:
· Following three implementations of beamforming are to be studied in NR
· Analog beamforming
· Digital beamforming
· Hybrid beamforming 
· Note: The physical layer procedure design for NR can be agnostic to UE/TRP with respect to the beamforming implementations employed at TRP/UE, but it may pursue beamforming implementation specific optimization not to lose efficiency


In this contribution, we present our considerations on hybrid beamforming design for NR.
Discussion 
For LTE/LTE-Advanced, it is assumed that precoding is performed in digital circuit, i.e., using digital beamforming. For higher frequency, on the other hand, it is not feasible to support full digital beamforming due to the limitation of hardware cost and power consumption. Hence, it is very important that we study analog and hybrid beamformig for NR. In addition, it is important to have baseline design on hybrid beamforming, since there are many configurations in terms of antenna element (AE) design, TXRU-to-AE mapping, etc. Figure 1 shows two major transceiver architectures for hybrid beamforming. They differ by TXRU-to-AE mapping and achievable analog beam width. For analog beamforming, precoder can be dynamically controlled by adjusting signal phase for each antenna element. Generally speaking, the hardware cost will increase according to the increase in resolution of phase. So how to generate the total number of candidate analog beams with a lower requirement of phase shifters could be discussed and DFT-based codebook can be a starting point. In addition to the codebook type, the suitable analog codebook structure and size should also be discussed, which may impact the UE behavior of analog beam selection and management. It is noted that analog beamforming can’t achieve frequency-selective precoding, since analog phase shifting weights are commonly applied within the entire system bandwidth. There are two types of precoders that are to be determined for hybrid bemforming; those are precoder within AEs mapped to single TXRU and that across different TXRUs. For simplicity, they are called as intra-TXRU and inter-TXRU precoders hereafter. For non-reciprocal systems, intra-TXRU precoder is to be determined by BF RS, since multiple orthogonal sequences can’t be transmitted from AEs mapped to a common TXRU. And with the increase of the number of analog beams, overhead of BF RS will keep increasing. The methods to multiplex large number of BF RS with a reasonable overhead and effective beam selection schemes should also be investigated. On the other hand, inter-TXRU precoder can be controlled in both of digital and analog domains. But it can be assumed that inter-TXRU precoding is performed in digital domain without loss of precoding capability. It is also advantageous considering digital beamforming is applicable for partial band. This digital precoder can be determined based on either or both of NP and BF RS. While for reciprocal systems, inter-TXRU precoder would be decided by TRP based on the intra-TXRU precoder and SRS. The DL overhead for NP and/or BF RS used to acquire digital beam can be reduced by using SRS, and the detailed design of SRS should be further studied.
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(a) Subarray partitioning                                       (b) Full connection
Figure 1: Transeiver architecture for hybrid beamforming

Observation 1: Following two types of precoders should be determined for hybrid beamforming.
· Precoder applied to AEs which is connected to a common TXRU (intra-TXRU precoder)
· Precoder which is applied across TXRUs (inter-TXRU precoder)
Observation 2: Intra-TXRU precoder is controlled in analog circuit. That is determined by BF RS.
Observation 3: Inter-TXRU precoder can be assumed to be controlled in baseband circuit. That is determined by either or both of NP and BF RS.
Figure 2 shows example TRP antenna configurations for mmWave band, which was identified in the previous meetings [2]. The baseline AE configurations are (M, N, P, Mg, Ng) = (4, 8, 2, 2, 2) and (8, 16, 2, 2, 2) for 30 and 70 GHz scenarios, respectively. TXRU-to-AE mapping was also determined as examples. More specifically, a TXRU is mapped to adjacent AEs with the number of 1 or 4 TXRUs/panel/polarization. As discussed above, we need to determine two types of precoders, which are intra-TXRU analog precoder and inter-TXRU digital precoder. For the example antenna configuration, intra-TXRU operation controls precoding vectors for adjacent AEs. Generally, if AEs are close to each other, they can generate wider beam pattern with smaller number of side lobes, while separate AEs generate a number of narrow beams towards widely spread angles. It means that intra-TXRU beam control is more suitable for long-term and wideband beam control. It is also feasible, since analogue beam can be controlled only in a wideband manner. On the other hand, inter-TXRU digital beam control can be performed to refine analogue beam in a short-term and/or subband manner. Due to this kind of “two-level” beamforming architecture, many open issues shall be studied in order to design an overall transmission scheme, which include beam scheduling, multi-user pairing based on the analog beam selection results, etc. From the discussion above, we have following observations and proposals.
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(a) 30 GHz                                                    (b) 70 GHz
Figure 2: Example TRP antenna configurations for mmWave band
Observation 4: Intra-TXRU analog precoder can make wider beams with less side lobes. It is suitable to be used for long-term and wideband precoding. On the other hand, inter-TXRU digital precoder can be used for short-term and subband precoding.
Proposal 1: Study intra-TXRU analog precoding scheme using BF RS especially for long-term and wideband control.
Proposal 2: Study inter-TXRU digital precoding scheme using NP and BF RS especially for short-term and subband precoding.
Figure 3 shows typical procedure for hybrid beamforming for non-reciprocal and reciprocal systems, respectively. For non-reciprocal systems, in this example, analog and digital BF is determined with two steps. Firstly, analog beam selection is performed based on multiple analog beams from TRP. As one example, analog beam can be generated using subset of TRP antenna elements, e.g., analog beam generation using a panel. Then, orthogonal DL RS sequences are transmitted from panels, e.g, by applying same analog beam from panels. The digital precoder is determined by the CSI feedback corresponding to the orthogonal DL RS sequences. For the reciprocal system, the 2nd step can be replaced by SRS transmission. And the TRP can determine the precoder for digital beamforming based on the SRS and the reported analog beam(s).
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                                (a) Non-reciprocal system                            (b) Reciprocal system
Figure 3: Example procedure for hybrid beamforming
Initial Performance Investigation of Hybrid BF 
We perform initial performance investigation of hybrid beamforming with the procedure shown in Fig. 3 (b) for the SU-MIMO case, consideringthe impact of TXRU number and beam numbers.. The detailed evaluation assumptions are shown in Table A, which generally follows agreed simulation assumptions and antenna models. We assume UMa scenario with 30 GHz carrier frequency. HBF consisting of ABF and DBF is evaluated for the SU-MIMO transmission with rank adaptation, where analog codebook is DFT-based with the oversampling factor of 2 and digital beamforming is based on SVD of equivalent channel. Figure 4 shows that better SINR performance can be achieved with 8 TXRU. Different beam number which can be represented by the over sampling factor (OSF) with the same TXRU mapping type.  Similar SINR performance is achieved for different beam numbers and a slightly advantage can be observed for the more beams situation with OSF = 2. Figure 5 shows the rank distribution for different cases. As the Rx antenna number is 4 in simulation assumption, at most 4 layers can be chosen for SU-MIMO system.  More UEs are likely to choose rank 2 or rank 3 in all the cases. About 60% UEs choose rank 2 and close to 30% UEs choose rank 3 with 8 TXRU, while for 32 TXRU, about 50% UEs choose rank 2 and close to 40% UEs choose rank 3. And for 32 TXRU case, rank-4 UE number are nearly twice as many as the 8 TXRU case.
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Figure 4: SINR performance with different TXRU mapping type and different beam number
 
Figure 5: Rank distribution with different TXRU mapping type and different beam number

[bookmark: _GoBack]Observation 5: With the increasing TXRU number, the probability of higher rank transmission is also increased.
Observation 6: Given the same TXRU mapping, the beam number has slightly impact on the performance in Uma scenario. 
Proposal 3: Study the appropriate analog beam number for beam sweeping.
Proposal 4: Study the TXRU mapping type for further codebook design.


Summary
In this contribution, we presented general views on hybrid beamforming for NR. Based on the discussion, we made the following observations and proposals.
Observation 1: Following two types of precoders should be determined for hybrid beamforming.
· Precoder applied to AEs which is connected to a common TXRU (intra-TXRU precoder)
· Precoder which is applied across TXRUs (inter-TXRU precoder)
Observation 2: Intra-TXRU precoder is controlled in analog circuit. That is determined by BF RS.
Observation 3: Inter-TXRU precoder can be assumed to be controlled in baseband circuit. That is determined by either or both of NP and BF RS.
Observation 4: Intra-TXRU analog precoder can make wider beams with less side lobes. It is suitable to be used for long-term and wideband precoding. On the other hand, inter-TXRU digital precoder can be used for short-term and subband precoding.
Observation 5: With the increasing TXRU number, the probability of higher rank transmission is also increased.
Observation 6: Compared to TXRU mapping type, the beam number with same TXRU mapping has less impact on the performance in Uma scenario. 
Proposal 1: Study intra-TXRU analog precoding scheme using BF RS especially for long-term and wideband control.
Proposal 2: Study inter-TXRU digital precoding scheme using NP and BF RS especially for short-term and subband precoding.
Proposal 3: Study the appropriate analog beam number for beam sweeping.
Proposal 4: Study the TXRU mapping type for further codebook design.
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Appendix
Table A: Simulation Assumptions
	Parameter
	Values

	Scenario
	Urban macro 

	Carrier freq.
	30 GHz

	Site
	7

	TRP Tx power
	43 dBm

	Bandwidth
	10MHz

	Channel model
	According to 38.900

	TRP antenna config.
	(M,N,P,Mg,Ng) = (4,8,2,2,2), (dV,dH) = (0.5, 0.5) λ, (dV,g,dH,g) = (2, 4) λ

	TXRU mapping
	Alt. 1: single TXRU is mapped per panel per polarization (8 TXRUs in total);
Alt. 2: single TXRU is mapped to M/2 vertical antennas and N/2 horizontal antennas with the same polarization (32 TXRU)

	Analog codebook
	DFT-based

	UE antenna config.
	(M,N,P,Mg,Ng) = (1,2,2,1,1）

	UE #
	10 users per TRP

	UE distribution
	Outdoor only (30km/h)

	Traffic model
	Full buffer

	Tx scheme
	ABF based beam selection + DBF based SVD decomposition

	MIMO scheme
	SU-MIMO with rank adaptation

	Scheduler
	Round Robin

	Receiver
	IRC



Rank Distribution
8 TXRU, OSF=1	4.0226489414081697E-2	0.59682070760357298	0.30367166068790902	5.92811422944362E-2	8 TXRU, OSF=2	3.4880239520958103E-2	0.58265611633875103	0.31950384944396898	6.2959794696321597E-2	32 TXRU, OSF=2	1.56258910749929E-2	0.474636441402908	0.38863701169090398	0.121100655831195	Rank

Probability
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