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1 Introduction
The New Radio Access SI [1] was approved in RAN #71 meeting and it is targeted for developing a new access technology to meet a broad range of use cases and requirements. One of objective is trying to consider operating frequency ranges up to 100GHz. To support such high frequency, new technologies such as beam forming is required to compensate higher path loss. In this contribution, we discuss the design challenges of high frequency and provide our perspectives regarding with the beam forming architecture and design aspects.
2 Discussion
Requirements and beam-forming approach candidates
According to [1], New Radio (NR) shall address eMBB, MTC and URLLC scenarios and key requirements such as: high peak data rate (e.g. 20Gbps) and high connection density (e.g. >1M connections/km2) shall be guaranteed by a single technical framework. To meet the requirements, high frequency band operation (above 6 GHz) with massive MIMO is introduced.
In the following we discuss three beam-forming approaches: Analog BF, Hybrid BF and Digital BF and relative comparisons are also provided. 
· Analog Beam Forming (ABF)
Figure 1 shows Analog Beam Forming Approach: A MIMO processor sends N signals to N IFP to convert the signals into analog (Baseband/IF/RF) signals. This signal is then sent to ABF modules to apply configured codebook weights and be transmitted though the antenna array to form a desired beam direction. On uplink, the process is reversed in a similar manner. It is noted that the individual antenna signal is invisible to eNB under this approach. Since the ABF forms a high-gain single beam in one specific direction, eNB may switch the beam direction in a TDM fashion. However, the approach may not able to utilize frequency and spatial diversity. Moreover, due to high frequency channel characteristics, it is difficult for ABF to obtain high SNR covariance matrices efficiently for supporting UE mobility (e.g. beam tracking).
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Figure 1, ABF approach and structure

· Digital Beam Forming (DBF)
As shown in Figure 2, a MIMO or DBF processor sends N signals to N IFP to convert the signals into analog (IF) signals. Afterwards, these signals are sent to the antenna array to form a large number of beams in the desired directions. On uplink, the process is reversed in a similar manner. It is noted that the individual antenna signals within DBF are visible to eNB and eNB has ability to process eigen-signal processing correspondingly. More specifically, the DBF utilizes a blind adaptive algorithm that is independent of waveform structure to form large number of simultaneous beams with high gain to multi directions. This technique offers the highest beam control performance with great flexibility. However, DBF requires a parallel IFP to convert signals from/to digital domain to/from IF domain, and is considered to be more expensive.
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Figure 2, DBF approach and structure

· Hybrid Beam Forming (HBF)
[bookmark: _GoBack]Figure 3 shows Hybrid Beam Forming Approach:  A MIMO or DBF processor sends N signals to N IFP to convert the signals into analog (Baseband/IF/RF) signals. These signals are then sent to ABF modules to apply configured codebook weights, and then the signals are transmitted though the antenna array to form desired beam direction. On uplink, the process is reversed in a similar manner. Similar to ABF, the individual antenna signal is invisible to eNB, but HBF could still form multiple simultaneous beams by applying a blind adaptive algorithm. As a result, HBF offers good beam control performance with some flexibility.  However, HBF is inherently limited by the analog portion.
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Figure 3, HBF approach and structure
The comprehensive comparisons among those three approaches are provided in Table 1.
Table 1
	Design issues
	ABF
	DBF
	HBF

	Forward compatibility
	Low
· Highly rely on signal protocol
	High
· Support wideband and/or narrow band signal 
· Agnostic to signal protocol
	Medium
· Depend on whether to use blind algorithm or signal protocol

	Potential Specification Impact
	High
· Higher signaling overhead may be required
	Low
· Flexibility irrespective of signaling protocol
	High
· Performance may still require higher signaling overhead.

	Antenna array calibration
	Hard 
· [bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Unable to process individual antenna signals and difficult for calibration
	Easy 
· The antenna array signal can be captured and processed to align amplitude and phase offsets
	Hard 
· Unable to process individual antenna signals and difficult for calibration

	Beam tracking
	Hard 
· Due to the frequency dependent non linearity, it is difficult for ABF to obtain high SNR covariance matrices for beam tracking
	Easy 
· The antenna array signal can be captured and processed to align frequency dependent non linearity
	Hard 
· Due to the frequency dependent non linearity, it is difficult for HBF to obtain high SNR covariance matrices for beam tracking

	Delay variations
	Hard 
· [bookmark: OLE_LINK12][bookmark: OLE_LINK13]ABF cannot measure and compensate for delay variations
· Antenna path delays must be well matched
	Easy 
· The antenna array signal can be captured and processed to align antenna path delays
	Hard 
· ABF cannot measure and compensate for delay variations
· Antenna path delays must be well matched

	Blockage effects
	Low performance  
· Due to wideband processing, UEs are susceptible to in-band interferences.
· To solve this blockage issues, expensive ADC may be expensive and has additional power consumption
	High performance  
· [bookmark: OLE_LINK14][bookmark: OLE_LINK15]Each UE is designed to process subcarriers, and thus UEs are susceptible to out-band interferences.
· Low cost ADC and DAC can be used
	High performance  
· Each UE is designed to process subcarriers, and thus UEs are susceptible to out-band interferences.
· Low cost ADC and DAC can be used

	Sub band beam forming
	No 
· ABF forms single beam to the full bandwidth
	Yes 
· DBF can form multi beam for different sub bands
	Yes, but constrained
· [bookmark: OLE_LINK16][bookmark: OLE_LINK17]HBF can form multi beam for different sub bands,
· Constrained by the ABF that ABFs must be beamed to the same direction

	P2P/PMP
	P2P  
· Use TDM to switch beams but this is difficult for PMP support 
	PMP 
· Max to support hundreds orthogonal beams.
· FDM/SDM (in addition to TDM) can be fully utilized
	PMP, but constrained
· HBF can form multi beam for different sub bands,
· Constrained by the ABF that ABFs must be beamed to the same direction

	Interference mitigation
	Hard
· Due to lack of real time calibration and low resolution of A/P weight and lack of path delay compensation, ABF is traditionally for beam forming, and not very good for beam nulling especially for wideband signals.
· ABF does not have low beam sidelobes (due to lacks of calibration, weighting precision) and therefore is not robust 
	Easy
· Interferers are detectable at digital domain, and interferers can be suppressed digitally, either in spectral domain or spatial domain.
· DBF sidelobes interference is controllable 
	Easy, but constrained
· Interference is detectable at digital domain, and interferers can be suppressed digitally, either in spectral domain or spatial domain.
· While HBF can have low sidelobes, ABF has high beam sidelobes, thus HBF has some fair SNR

	Beam control
	Closed loop (codebook control) 
· Since AFB does not have antenna channel monitoring, it needs to have closed loop control with CSI/RS signaling. 
· This may consume too much resources.
	Open loop (adaptive)
· DBF can apply bind algorithm based on the arbitrary up link signals. 
· This does not involve CSI/RS signaling
	Closed loop for ABF, open loop for DBF 
· Hybrid operation of ABF and DBF

	Beam flexibility
	Low 
· ABF does not have Beam Control Flexibility.  ABF could use close loop control
	High 
· Can control multiple beams on sub bands and all beams are independently control to give high flexibility
	Medium
· Support flexibility on digital component

	UE mobility support
	Poor  
· Difficult to have accurate UE’s location and apply beam tracking
	Good
· Since each sub band can be controlled dynamically, the moving UE can be tracked dynamically
	Medium  
· Within the ABF beam, each sub band can be controlled dynamically; the moving UE can be tracked dynamically.  

	3D Multi Beam Forming
	Single beam 
· ABF can be switching, but this is not a 3D Multi Beam Forming
	3D Multi beams 
· With square or rectangular array, 3D Multi Beam Forming can be process easily
	2D Multi beams 
· The beam structure is limited by the ABF, but DBF can form multiple beams.  

	UE cost
	High 
· UE requires to be designed to for wide bandwidth ADC/DAC transceiver and this translates to high cost, high power and large size

	Depending
· For normal UE, it can use narrow bandwidth ADC/DAC to have low cost and low power.
· For high data rate UE, the UE can use wider bandwidth ADC/DAC
	Depending
· For normal UE, it can use narrow bandwidth ADC/DAC to have low cost and low power.
· For high data rate UE, the UE can use wider bandwidth ADC/DAC  

	Complexity
	Low
	High, but can be reduced substantially
	Medium

	Antenna Size
	Small
	Medium
	Medium



Based on the comparisons, we have the following observations and propose:
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Observation#1: Clearly, DBF has the high performance, and give best operational flexibility with slightly higher cost. The DBF is put the complexity at the cell side, and minimize the complexity and power constraints at UE. 
Observation#2: The cost of DBF is mainly coming from parallel channels of IFP that convert signals from digital domain to IF domain. The IFP may be expensive when design with discrete components, but would be substantially lower cost when implemented with digital IC and RFIC, and when produced at high quantity.  
[bookmark: OLE_LINK20]Proposal 1: Digital beamforming which adopts digital precoding to adjust the beam direction and operating sub band should be considered as well for NR.
Digital Beam Forming Approach and Architecture
To further utilize the DBF benefits and performance, the concept of Sub-Band Massive MIMO/BFN via Frequency and Spatial Orthogonality to create large number of orthogonal channels for PMP communications is shown in Figure 4.  As an example, a whole spectrum of bandwidth 320 MHz (BW) is partitioned into 16 (M) sub-bands: F1, F2, F3,…, F16 with 20 MHz bandwidth respectively. Sub-band F1 is using Massive MIMO/BFN to transmit 12 (N) beams and targeting 12 locations per frequency. This process repeats to F2 … FM to create 16x12=192 beams which are orthogonal with each other. For this concept, various types of MIMO or beam forming can be used to perform beam forming and to increase data throughput.  This approach does not hinder the applications of such MMIMO/BFN algorithms. Hence, the degree of freedom on array antenna can be reused for different sub-bands to achieve high performance.
[image: ]
Figure 4.  Illustration of candidate Digital Beam Forming Approach

Figure 5 shows an example of the rectangular cells where the cells are forming grids.  With this scenario, an area is divided into MxN cells. N sub-bands are permutated and assigned to the cell in such a way that the frequencies are not close to each other in order to provide channel orthogonality.  
[image: ]
Figure 5.  Example of orthogonality within DBF 

For the detailed architecture, as depicted in Figure 6, multiple DL data streams processed in the BBU are coordinated and sent to the DSP to encode and modulate, and consequently sent the data stream into baseband signals. These IQ baseband signals for the subcarriers/sub-band are sent to the Digital Transceiver (DTRX) that would apply the beam weighting up converted and combined to produce baseband signals. These signals are sent to the IFP to produce IF signals and the RF modulated to produce RF signal at corresponding frequencies.  
The processing is reversed for UL transmission, except the data for each sub-band are processed to compute covariance matrices, and the matrices are further processed with eigen processing to determine the proper beam forming weights for the UE. Upon TDD, the DL channels and UL channels are reciprocal, thus the UE weights computed in the uplink path can be applied as down link weight.
[image: ]
Figure 6.  DBF architecture

[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Proposal 2: RAN1 should discuss the design aspects and architecture for DBF, especially considering the maximization of orthogonality and relative blind decoding.
3 Conclusions
NR expects to have extreme data rate performance and high flexibility to support various scenarios and requirements. In this contribution, we have provided a comprehensive analysis for the beam-forming approaches which include analogy beam-forming, digital beam-forming and hybrid beam-forming. The observations and proposals are as follow:
Observation#1: Clearly, DBF has the high performance, and give best operational flexibility with slightly higher cost. The DBF is put the complexity at the cell side, and minimize the complexity and power constraints at UE. 
Observation#2: The cost of DBF is mainly coming from parallel channels of IFP that convert signals from digital domain to IF domain. The IFP may be expensive when design with discrete components, but would be substantially lower cost when implemented with digital IC and RFIC, and when produced at high quantity.
Proposal 1: Digital beamforming which adopts digital precoding to adjust the beam direction and operating sub band should be considered as well for NR.
Proposal 2: RAN1 should discuss the design aspects and architecture for DBF, especially considering the maximization of orthogonality and relative blind decoding.
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