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1. Introduction

In the RAN1 #85 meeting, several agreements were reached regarding multi-antenna scheme for new radio interface, including
· 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
· The following DL multi-antenna transmissions to be studied for NR
· Closed-loop/(Semi)Open-loop spatial multiplexing
· Single/Multi-point transmissions
· SU/MU-MIMO
· Transmit diversity, 
· e.g., Single/Multi panel spatial diversity
· Combination of above techniques
· Other DL multi-antenna transmissions and related techniques are not precluded
· This does not imply that used transmission technique needs to be known to the UE
Meanwhile, more detailed evaluation assumptions for NR scenarios and antenna modelling were agreed [1], which enable the performance evaluation of candidate multi-antenna schemes for NR.
In this contribution, we discuss the implementations of beamforming and provide some initial performance investigation of hybrid beamforming for the SU-MIMO case. Several performance influencing factors, i.e., TXRU mapping, time interval for analog beam selection and user distribution, are investigated with system-level simulation.
2. Implementations of Beamforming
Massive MIMO can implement beamforming in different ways [2-5], e.g., digital beamforming (DBF) and analog beamforming (ABF). The former is performed in the digital baseband back-end, while the latter in the analog radio frequency (RF) front-end. Each approach has its own pros and cons. For digital beamforming, it can provide better beam steering precision, but it is more complex and expensive, since it requires separate baseband processing modules and power-hungry ADC/DAC converters for each antenna element (AE). On the other hand, analog beamforming is simpler and inexpensive, but less flexible. A reasonable compromise is to move some processing from digital baseband to analog RF at the cost of some flexibility loss in beam steering. Thus, the implementation of hybrid beamforming (HBF, as exemplified in Fig. 1) could provide a flexible tradeoff between performance and implementation complexity.
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Fig. 1. Example architecture of hybrid beamforming.
Observation 1: Hybrid beamforming could provide a flexible tradeoff between performance and implementation complexity.
3. Initial Performance Investigation of HBF
The detailed evaluation assumptions for NR scenarios and antenna modelling were agreed in the last RAN1 meeting. It would be beneficial to investigate the performance of hybrid beamforming with the newly agreed evaluation assumptions, therefore, to provide some insight for the following technical discussions about NR MIMO. So in this contribution we perform some initial performance investigation of hybrid beamforming for the SU-MIMO case, regarding several performance influencing factors, i.e., TXRU mapping, time interval for analog beam selection and user distribution.
3.1 HBF Procedure for SU-MIMO
For simplicity and without loss of generality, in our simulation case the HBF procedure for SU-MIMO is modeled as shown in Fig. 2. Based on the beamformed reference signals sent by TRP, UEs implement analog beam selection according to RSRP measurement results and feedback the selected beam index to TRP. Then TRP can estimate the equivalent channel by sounding reference signal sent by UEs and calculate the digital
[image: image2.png]TRP UE

Generate reference signals
for analog beam selection

Beamformed reference signals

Analog beam selection

Beam index feedback

Sounding reference signal

Estimate the equivalent
channel with UE selected
analog beam

Calculate the digital
beamforming weights

l Hybrid beamforming

Hybrid beamformed reference
signals and data

Data detection

| |




Fig. 2. HBF flowchart for SU-MIMO.

beamforming weights. Given the selected analog beam, the DBF for each UE is SVD-based eigen beamforming with rank adaptation. With both ABF and DBF, TRP can perform hybrid beamforming to both demodulation reference signal and data for UEs.
3.2 Performance Influencing Factors
Given the exemplified HBF procedure for SU-MIMO, there are several performance influencing factors will be investigated, i.e., TXRU mapping, time interval for analog beam selection and user distribution.
· TXRU mapping: Different TXRU mapping may lead to different number of antenna elements per TXRU, therefore, influence the analog beam width. In this evaluation, we consider two alternatives, i.e.,
· Alt. 1: a single TXRU is mapped per panel per polarization;

· Alt. 2: a single TXRU is mapped per panel per subarray per polarization, where a subarray consists of consecutive M/2 vertical antennas and N/2 horizontal antennas with the same polarization.
Note that given the TRP antenna configuration, e.g., (M,N,P,Mg,Ng) = (4,8,2,2,2), (dV,dH) = (0.5, 0.5) λ, (dg,V,dg,H) = (2, 4) λ, the TXRU number will be different, i.e., 8 TXRUs for Alt. 1 and 32 TXRUs for Alt. 2.
· Time interval for analog beam selection: The selected analog beam for each UE may vary with time, considering UE mobility and channel variation. So it’s necessary for UEs to carry out analog beam selection periodically to update the suitable analog beam. In this evaluation, we set the analog beam selection time interval as 5 ms and observe the valid time duration for one selected analog beam.
· User distribution: Considering the major application scenario for HBF is high frequency band, the large path-loss should be carefully considered to ensure the effective coverage. For indoor UEs, the additional penetration loss may make the situation even worse. So we will check two alternatives for user distribution, i.e., mixed outdoor/indoor and outdoor only.
3.3 System-Level Simulations
In our system-level simulation, UMa scenario is considered with 30 GHz carrier frequency. HBF consists of ABF and DBF is evaluated for SU-MIMO transmission with rank adaptation, where analog codebook is DFT-based with oversampling factor of 2 and digital beamforming is based on SVD of equivalent channel. More detailed simulation assumptions are summarized in Table I in the appendix.
First we check the time duration for one selected analog beam. For different TXRU mapping alternatives, different number of analog beams will be adopted, i.e., 128 analog beams for Alt. 1 of TXRU mapping and 32 analog beams for Alt. 2 of TXRU mapping, to evenly cover the targeted horizontal and vertical coverage area. It is assumed that UEs can scan all the candidate beams every 5 ms, and then choose the best beam based on RSRP and feedback the beam index to TRP. As we can see from Fig. 3, more than 70% beam variation happens within 5 ms and nearly 90% beam variation happens within 15 ms. It should be noted that in our current evaluation the RSRP margin for beam selection is not considered, which may cause the frequent change of beam selection. Also, under the current evaluation assumptions, the beam switching frequency is slightly influenced by the analog beam width for different TXRU number.

Observation 2: The valid time duration for one selected analog beam may depend on several factors, e.g., channel variation, analog beam width, the RSRP margin for beam selection, etc.

· The suitable time interval for analog beam selection is FFS.
To figure out the relationship between TXRU number and rank distribution, we further check the rank distribution observed by UEs with two cross-polarization antennas. The rank number for each UE is obtained by SVD-based eigen beamforming with rank adaptation. Fig. 4 shows that for the 8 TXRUs case, there are more than 60% UEs choose the 1-layer transmission and correspondingly less than 40% UEs choose the 2-layer transmission. While for the 32 TXRUs case, more than half UEs can choose 2-layer transmission, which means that the increasing TXRU number at TRP can increase the probability of higher rank transmission.
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Fig. 3 PDF of beam duration.
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Fig. 4 PDF of rank (for 2-Rx UEs).

Observation 3: With the increasing TXRU number, the probability of higher rank transmission is also increased.
NR UMa scenario assumes that there are 20% outdoor UEs and 80% indoor UEs in a cell. For indoor UEs, a large penetration loss will be experienced, which may pose the significant challenge for coverage of high frequency band. To check the feasibility of HBF for NR scenarios with high frequency band, we assume two kinds of UE distribution in our evaluation, i.e., the mixed indoor/outdoor UE distribution and the outdoor only UE distribution. As we can see from Fig. 5, for the mixed indoor/outdoor UE distribution with 80% indoor UEs, about 70% UEs’ SINR is lower than 0 dB; while for the outdoor only UE distribution, only 30% UEs’ SINR is lower than 0dB. It shows that HBF can ensure a reasonable coverage for the outdoor UEs, however, it may still be challenging to provide reasonable coverage for indoor UEs in high frequency bands. Another observation from Fig.5 is that the beamforming gain only depends on the antenna element number, irrespective of the TXRU number, which means the total beamforming gain can be obtained by either analog beamforming or digital beamforming.
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Fig. 5 CDF of DL SINR.

Observation 4:  Given the same number of antenna elements, the same beamforming gain can be obtained with different TXRU number.
Observation 5: Even with the large beamforming gain provided by HBF, it may still be challenging to provide reasonable coverage for indoor UEs in high frequency bands.

4. Several Open Issues

Based on the initial performance investigation of hybrid beamforming in Section 3, we can identify several open issues to be further discussed in RAN1 to enable efficient operation of hybrid beamforming for NR, including (but not limited to):
· Trade-off between ABF and DBF: Given the same number of antenna elements, the same beamforming gain can be obtained by either ABF or DBF. However, the implementation complexity and flexibility will be different. It’s necessary to further investigate the proper trade-off between ABF and DBF, e.g., the proper configuration of TXRU number and analog beam number, etc.;
· Implementation of analog beamforming: For NR scenarios, especially high frequency bands above 6 GHz, ABF is very important to cope with the large path-loss, therefore, to ensure a reasonable coverage for both initial access and data transmission. In order to support semi-static or dynamic ABF, the following issues should be carefully considered.
· Analog codebook design: For ABF, the analog beamforming coefficients are generated by the phase shifters with limited resolution. Generally speaking, the hardware cost will increase with the increasing phase resolution. 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.
· Beamformed RS design: With the increasing antenna number, therefore, the increasing analog beam number, the overhead of beamformed RS will keep increasing. Considering the inherent constraint of ABF that the analog beamforming coefficients per TXRU can only be changed symbol-by-symbol in time domain, how to multiplex large number of beamformed RS with a reasonable overhead should be investigated. Also, the beamformed RS pattern and periodicity may impact the NR frame structure design.
· Analog beam selection method: Again with the increasing analog beam number, the implementation complexity of analog beam selection may become unaffordable for UEs. With the exhaustive analog beam search as a baseline, more sophisticated analog beam selection method could be further studied.
· Support of SU-MIMO: In Section 3.1, we just provide one example for SU-MIMO transmission with HBF. However, more detailed implementation should be further discussed, e.g., how to support efficient multi-user channel sounding, how to implement DBF with different multi-panel array structure (e.g., whether inter-panel DBF is supported or not), how to measure the equivalent CQI, etc.
· Support of MU-MIMO: To support MU-MIMO with HBF may be even more complicated and additional open issues should be investigated, including multi-user pairing, beam scheduling, etc.
Proposal: RAN1 should further investigate efficient operation of hybrid beamforming for NR, including (but not limited to) the following aspects
· Trade-off between ABF and DBF, e.g., the proper configuration of TXRU number and analog beam number;
· Implementation of analog beamforming, including analog codebook design, beamformed reference signal design, analog beam selection method, etc.;
· Scheme for SU-MIMO;

· Scheme for MU-MIMO.
5. Summary
In this contribution, we discussed the implementations of beamforming and provided some initial performance investigation of hybrid beamforming for the SU-MIMO case, regarding TXRU mapping, time interval for analog beam selection and user distribution. The observations and proposals are summarized as follows.
Observation 1: Hybrid beamforming could provide a flexible tradeoff between performance and implementation complexity.
Observation 2: The valid time duration for one selected analog beam may depend on several factors, e.g., channel variation, analog beam width, the RSRP margin for beam selection, etc.

· The suitable time interval for analog beam selection is FFS.
Observation 3: With the increasing TXRU number, the probability of higher rank transmission is also increased.

Observation 4:  Given the same number of antenna elements, the same beamforming gain can be obtained with different TXRU number.

Observation 5: Even with the large beamforming gain provided by HBF, it may still be challenging to provide reasonable coverage for indoor UEs in high frequency bands.

Proposal: RAN1 should further investigate efficient operation of hybrid beamforming for NR, including (but not limited to) the following aspects

· Trade-off between ABF and DBF, e.g., the proper configuration of TXRU number and analog beam number;
· Implementation of analog beamforming, including analog codebook design, beamformed reference signal design, analog beam selection method, etc.;
· Scheme for SU-MIMO;

· Scheme for MU-MIMO.
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Appendix
Table I. Simulation assumptions

	Parameters
	Values

	Scenario
	Urban macro

	Carrier freq.
	30 GHz

	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

	Inter-panel calibration
	Ideal

	Inter-panel distance
	 (dg,V,dg,H) = (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 per panel per subarray per polarization, where a subarray consists of consecutive M/2 vertical antennas and N/2 horizontal antennas with the same polarization (32 TXRUs in total).
[TBD: Alt. 3: Fully connected TXRU mapping within a panel per polarization (32 TXRUs in total)]

	Downtilt
	90 degrees

	Analog codebook
	DFT-based, Oversampling factor = 2 (as per sub-array)

	UE antenna config.
	2-Rx, X-pol, omni-directional

	UE #
	10 users per TRP

	UE distribution
	Alt. 1: 20% outdoor (30km/h), 80% indoor (3km/h);
Alt. 2: Outdoor only (30km/h).

	Traffic model
	Full buffer

	CSIT
	Ideal channel reciprocity (after beam selection)

	BF scheme
	ABF based on beam selection + DBF based on SVD decomposition

	MIMO mode
	SU-MIMO with rank adaptation

	Analog BF selection internal
	[5, 10] TTIs

	BF switching periodicity
	1 TTI

	Scheduler
	Wideband PF

	Receiver
	IRC
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