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1. Introduction
In RAN #71, the SID for new radio access technology has been approved [1]. The new RAT will consider frequency ranges up to 100 GHz [2]. For High-frequency communication above 6 GHz, it suffers from significant path loss and penetration loss. One solution to solve this problem is the deployment of large-scale antenna array to achieve high beamforming gain, which is a reasonable solution due to the small wavelength of high-frequency signal. For around 30/70 GHz, up to 256 Tx and Rx antenna elements are assumed[2].  Extension to support 1024Tx at 70GHz is agreed and it is under discussion for 30GHz. For sub-6GHz communication, to obtain more beamforming and multiplexing gain by increasing number of antenna elements is also a trend.  In [2], for around 4GHz, up to 256 Tx and Rx antenna elements are assumed, for around 700MHz,up to 64 Tx and Rx antenna element are assumed. When antenna scale is so large, to fully exploit potential MIMO gain by pure digital beamforming in baseband is not realistic due to problems in hardware cost, power consumption and standardization complexity. The antenna model agreed [3] in RAN1#84bis for NR evaluation introduces a significantly larger number of antennas for low frequency system compared to LTE. In RAN1, it is agreed that multi-antenna schemes for new radio interface should be studied including enhanced massive MIMO analog/digital/hybrid beamforming. In this contribution, we discuss and analyze the possible beamforming architecture for NR.
2. TXRU Virtualization
A typical MIMO system is plotted in Fig. 1. The signal is processed by the baseband precoding module with 
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 and radio frequency precoding module with 
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 and sent over the channel. On the receiver side, the received signal is processed by radio frequency module with weight matrix 
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 and baseband module with weight matrix  
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                                                     Figure 1 MIMO system model
The signal processing procedure can be expressed as follows:
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Different TXRU virtualization assumptions will affect both the baseband part and radio frequency part in Fig. 1, such as the dimension of matrix 
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, 
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, 
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 and features of the corresponding mathematical expression.  Different TXRU virtualization assumptions can also result in varied flexibility and implementation complexity of baseband precoding and radio frequency precoding, hence different performance in different scenarios. For radio frequency precoding matrix  
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 and receiving weight  
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,  the main alternatives are as follows:
Alt-1:   
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Alt-1 is based on the full-connection structure, in which every TXRU is mapped across all panels. This structure can produce MTXRU narrow radio frequency beams, and the function of baseband precoding is to select and apply weights to the radio frequency narrow beams. The following drawbacks of Alt-1 which may aggravate when the number of antennas is large:
1)  Every TXRU in Alt-1 is implemented with a large number of phase shifters, demultiplexer and multiplexer, which means higher cost and these become the source of many non-ideal factors.

2)  If the panels are not co-located, selecting weights for the beams can be difficult.
3)  The flexibility of digital baseband precoding is not fully harnessed.
Observation:  Alt-1 is characterized by high cost, low flexibility and medium performance. Alt-1 has only a limited number of application scenarios and should not be regarded as the typical beamforming architecture for NR MIMO. 

Alt-2:  
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Alt-2 is a typical sub-array architecture, in which every element in the above matrixes is mapped to only one TXRU and every TXRU is mapped to NTXRU antenna elements. Thus we have  NTXRU= Ntotal/MTXRU as illustrated in Fig. 2. This beamforming architecture is widely adopted in the study of Release 13. In [4], as the number of antenna elements in one TXRU is not large, 
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is simply assumed identical for each TXRU. In NR, the case that different 
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 applied to different TXRU can be further studied.
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                                                     Figure 2 TXRU virtualization, Alt-2
When the number of antenna elements in one TXRU is small, RF beamforming usually produces wide beams and the same 
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is usually assumed for all TXRUs. In this condition, RF precoding only utilizes coarse direction information and wide RF beams may cover the main rays. The purpose of digital precoding is to refine the RF beams to form narrower beams and distinguish multiple multi-path components for beamforming and multiplexing.

If the number of antenna elements in one TXRU is large, TXRU can adjust the virtualization weights 
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 to form narrow beams in different directions. Possible applications include follows:
(a) If different panels can not be assumed to be co-located, then the direction of beams are usually different but can be aligned by adjusting 
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. This non-co-located scenario will be common for high frequency. For example, the antenna panels on the corners of laptop or TV screens may not be assumed to be co-located.

(b) Utilizing different narrow RF beams to form multiple RF links with different transmitter-receiver pairs to transmit the same data stream can boost reliability and robustness. Narrow beam can distinguish more multiple multi-path components and utilizing multiple RF links with different transmitter-receiver pairs to transmit different data streams can increase the degree of spatial multiplexing. 
In Alt-2, RF narrow beams can already distinguish multiple rays.  The purpose of baseband precoding is to utilize the RF narrow beams corresponding to the ray directions by performing selection or weighted combination of rays or to support for higher rank transmission.
Alt-2 can adapt to various scenarios. Using different design of  
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(identical/partially identical/different for each TXRU), Alt-2 can be applied to high frequency, low frequency, different number of TXRU/element, co-located and non-co-located panel. Alt-2 requires the least number of phase shifters, demultiplexers and multiplexers, thus enjoys lower cost. Alt-2 can also fully utilize the advantages of RF and baseband beamforming and the base station has sufficient flexibility to form the desired final beam.

Observation 1:  Alt2 i.e. sub-array architecture is still the main beamforming architecture for 5G NR.

Alt-3: 
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Alt-3 is a combination of full-connection and sub-array architecture, which is illustrated in Fig. 4. In Alt-3, an antenna group corresponds to K TXRU, there are MTXRU/K antenna groups in total. Each TXRU is mapped to K*Ntotal/MTXRU antenna groups and each antenna element is mapped to K TXRUs.
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                                                     Figure 3 TXRU virtualization, Alt-3
For Alt-3, the number of antenna elements in each NTXRU is K times of Alt-2 with the same Ntotal and MTXRU. Therefore, RF beamforming can produce more number of narrower beams and the key advantage is higher resolution for multipath components on RF.  The design of baseband precoding is also simpler in Alt-3, but in cases where Ntotal is large and the number of TXRUs is limited, whether narrower RF beam is necessary is still unclear. Evaluation with specific antenna setting and scenarios needs to be conducted to verify it.  Compared with Alt-2, Alt-3 has no advantage in cost and the larger number of components in it may cause more non-ideal factors.
Observation 2:  The application scenarios of Alt3 hybrid architecture are unclear and should be further studied. 

Proposal 1: The design and evaluation could start with Alt2 i.e. sub-array architecture as the typical structure.  different settings of RF beamforming matrix, i.e. identical, partially identical, needs to be studied for different scenarios.  
Proposal 2: The potential application of Alt-3 hybrid architecture needs to be further studied. 
3. MIMO Beamforming

There are mainly three types of precoding for MIMO, baseband digital precoding, radio frequency analog precoding and baseband radio frequency hybrid precoding. In this section, we give an analysis of these precoding methods.

Baseband Digital Precoding
For pure baseband precoding, radio frequency transmitting weights WRF and receiving weights FRF are fixed. Therefore, the performance of baseband precoding is mainly determined by 
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 and 
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. The choice of 
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 is very flexible and if the same precoding weight is adopted for reference signal and data, explicit indication of FBB is not required.   The main focus of standardization is how to obtain accurate 
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. In FDD implicit feedback is adopted, UE measures 
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 on CSI-RS resources and selects the precoder that maximizes capacity from a predefined codebook with the assumption of SU-MIMO transmission.   In TDD, the transmitter can obtain 
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 using channel reciprocity and select 
[image: image33.wmf]BB

F

 flexibly. The features of digital baseband precoding can be summarized as follows: 
· High implementation cost -  Digital baseband precoding needs a large number of RF chains to harness the gain of large sale antenna array, resulting in high cost and power consumption. 
· Complex MIMO design - It is difficult to obtain an accurate estimate of 
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in FDD, and the large number of CSI-RS resources and high dimension and high resolution CSI feedback designed for it requires tremendous standardization effort.  For TDD, sending a large amount of SRS for 
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will result in high RS overhead.
· High precoding performance - This advantage is the most significant for channels with rich scattering and the primary scenario is low frequency bands. The reason is that digital baseband precoding can adjust the precoding weights very flexibly and there is no constraint such as constant modulus. Moreover, precoding with the granularity in frequency domain can better adapt to frequency selective channel.  But the gain can only be obtained with accurate channel information and high resolution feedback is usually required for FDD.
RF Analog Beamforming

RF analog beamforming is mainly applied to when the dimension of WBB and FBB is very low e.g. a vector. The performance of beaforming is mainly determined by WRF and FRF. Standardization of RF analog beamforming is mainly focused on how to acquire accurate 
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and 
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via beam selection. Beam selection can be divided into phases including downlink transmit beam selection, downlink receive beam selection, uplink transmitting beam selection and uplink receiving beam selection. After the initial beam selection period, beam refinement can also be conducted in the data transmission stage. RF analog beamforming needs to fix 
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for beam training and signal receiving thus is less flexible compared to base band precoding. The selection of optimal 
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is highly dependent on 
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and conducted within in a predefined 
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set. Usually multiple trials are required to find the optimal 
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, which means the selection of 
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is not as fast and accurate as 
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. The features of RF analog beamforming mainly include:
· Low cost -  Only a small number of RF chain is required and the cost of component is low.
· Reduce standardization effort - The scale of antenna array has limited influence and the design can be unified for small and large arrays, which makes it easy to take forward compatibility into consideration.
· Low overhead - The feedback for beam direction is usually a three dimensional vector while the feedback for based band precoding typically has  Nt dimensions, which means much higher overhead for feedback and measurement.
· Limited Application - RF analog beamforming can only utilize the main path, which is more suitable for channel with poor scattering. The feasible weights are limited and the beams are not flexible. Thus RF analog beamforming suffers from performance loss and reduced efficiency for channels with rich scattering.

There is strong connection between 
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, which brings some challenge to design and standardization.

Hybrid Beamforming 

For practical large scale system, a balance needs to be kept between cost and performance. Therefore, hybrid beamforming will be a typical method for future high frequency and low frequency large scale antenna array. For high frequency, utilizing much more TXRUs than the number of rays is a waste when number of antenna is far greater than the number of multipath components of the channel. The features of hybrid beamforming includes:
· High flexibility -  Precoding related parameters including 
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 can all be adjusted dynamically according to channel condition. 
· Balanced cost, performance and overhead - The cost, performance and feedback overhead lay in between RF beamforming and baseband beamforming and are determined by the number of TXRU.
· Design and standardization need to define how to acquire
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. There will be new challenges due to the connection between the three parameters.
· The dimension of 
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can be controlled to avoid high feedback overhead and resolution.  
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can also be controlled to form beams with reasonable width to make the system robust against mobility.
NR is system designed for a variety of scenarios and applications. Each of the three MIMO precoding schemes discussed has its suited application scenarios and unique advantages.  Thus NR should provide support for all of them.
Proposal 3：Consider a unified framework in NR to support analog/digital/hybrid beamforming.
4. Standardization Impact
For low frequency, current systems such as LTE mainly adopt baseband precoding. On the other hand, RF precoding is mainly considered in popular high frequency standards.  For NR, a unified framework can be considered to support both high frequency and low frequency MIMO. The framework should be compatible with existing baseband precoding, RF precoding as well as hybrid precoding.
Here we consider standardization impact mainly due to the constraint of analog beamforming.  Analog beamforming at the same TXRU cannot be frequency selective.  Therefore, we have the constraint that all the signals at the same TXRU need to have the same analog beam in the same time symbol.  On transmit side, it means that CSI-RS ports with different analog beams can only be multiplexed in different symbols.  

Considering analog receive beamforming, it means that multiple shots of the reference signals with same transmit beam should be transmitted in different symbols for UEs to perform receive beam scanning. 
Transmission and Reception

Baseband precoding is very flexible.  Digital data samples received on each RXU can be stored, and accurate channel estimation can be conducted on DMRS. Therefore, receiver can select the receiving matrix 
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with a joint consideration of measured noise, interference and channel. In RF beamforming, the optimal 
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depends on the choice of 
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, but 
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needs to be fixed for baseband reception. Although feedback can select among a set of predefined  (
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,
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)  pairs, RF beamforming only has limited flexibility for beam selection and adjustment. This problem is more significant with hybrid beamforming as (
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) are correlated, thus adjusting one of them will affect the others and additional signaling is needed to indicate the adjustment.

To make the precoding transparent to the receiver to some extent, we propose the DMRS structure in Fig. 7. This multi-shot DMRS structure enables the receiving side to try multiple receiving matrixes and these matrixes can be selected from a predefined set and adjusted according to certain rules. In this way, the transmitting side has the flexibility to adjust the precoding matrixes without notifying the receiving side explicitly, and the number of feasible   precoding matrixes for adjustment is determined by the number of RS symbols. 
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                                                 Figure 4 Multi-shot DMRS
Reference signal and CSI feedback design
Currently LTE supports multiple beams on baseband with multiple CSI-RS resource and antenna ports. When the number of antenna increases and a large number of RF beams are introduced, we could transmit different RF beams at different symbols in the time domain.  As illustrated in Fig. 5, the feedback scheme can be an extension of LTE  Class B, for example, port based RF beam selection can be introduced.
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                                   Figure 5 Reference signals for hybrid beamforming
Proposal 4:   Support multi-shot DMRS/CSI-RS  for receive beamforming

Proposal 5:  Class B CSI reporting of LTE FD-MIMO can be the reference design to support hybrid beamforming with consideration of extending port based RF analog beam selection in time domain. 
5. Conclusion

In this contribution, we discuss the beamforming architecture and standardization impact to support analog/digital/hybrid beamforming in NR.  Based on our analysis and discussion, we have the following observations and proposals:
Observation 1:  Alt2 i.e. sub-array architecture is still the main beamforming architecture for 5G NR.

Observation 2:  The application scenarios of Alt3 hybrid architecture are unclear and should be further studied. 

Proposal 1: The design and evaluation could start with Alt2 i.e. sub-array architecture as the typical structure.  different settings of RF beamforming matrix, i.e. identical, partially identical, needs to be studied for different scenarios.  

Proposal 2: The potential application of Alt-3 hybrid architecture needs to be further studied. 

Proposal 3：Consider a unified framework in NR to support analog/digital/hybrid beamforming.

Proposal 4:   Support multi-shot DMRS/CSI-RS  for receive beamforming

Proposal 5:  Class B CSI reporting of LTE FD-MIMO can be the reference to support hybrid beamforming with consideration of extending port based RF analog beam selection in time domain. 
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