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Discussion and Decision
1
Introduction
The major target of the 5G study item [1] is to identify and develop technology components for new radio (NR) systems to provide support for wide range of different bandwidths and carrier frequencies at least up to 100GHz. To circumvent pathloss problems at higher carrier frequencies, i.e. > 6GHz, the efficient usage of highly directional transmission and reception with the aid of beamforming can be seen as a primary technology component at both BS and UE sides. In this contribution, a special focus is given for the UE beamforming aspects in the framework of the NR system at higher carrier frequencies. 
2
Motivation

In our companion paper [2], it was observed that the different propagation conditions at low and high carrier frequencies targeted for NR system, i.e. (< 6GHz and > 6GHz), lead to a need for the leveraging of different antenna array architectures at basestation and UE. To circumvent pathloss problems at higher carrier frequencies, i.e. > 6GHz with NR system, relatively large antenna array gains may be required for transmission and reception at both base station and UE sides.
Observation 1: Due to a smaller form factor at carrier frequencies > 6GHz, larger scale antenna arrays, in terms of number of antenna elements, may be used for reception and transmission at UE side.  
Table 1 shows an example of the impact of antenna array size on the required UL TX power to achieve a maximum effective isotropic powers (EIRP) limit. Here, the same maximum EIRP limit, i.e. 23 dBm, as in LTE [3] is used, although the maximum EIRP limit is typically subject to national regulatory agencies. As can be seen, by increasing the size of the TX antenna array, the required PA output power decreases significantly by using beamforming. Furthermore, it can be observed that a significant TX power reduction can be obtained with beamforming with respect to conventional omnidirectional transmissions. It is worth noting that different PA architectures may have an impact on required TX powers, the impact of which is not considered here. Generally, achievable TX powers are subject to PA technology and considered carrier frequency. It is assumed that the achievable TX power decreases with increasing carrier frequency. Therefore, to achieve maximum EIRP limit at high carrier frequencies, the number of antenna elements per antenna array needs to be increased. 
Table 1. An example of required UL TX powers to achieve maximum EIRP limit ( 23dBm, same as in LTE)
	Type of transmission
	Required TX power in [dBm] to achieve regulated EIRP limit

	
	NT(*)=4
	NT(*)=8
	NT(*)=16
	NT(*)=32
	NT(*)=64

	Omnidirectional
	23
	23
	23
	23
	23

	Beamforming 
	17
	14
	11
	8
	5


(*) NT defines the total number of transmit antennas
Observation 2:  As the carrier frequency is increased, the number of antenna elements per antenna array needs to be increased to achieve regulated maximum EIRP limit due to limitations in current PA technology. Furthermore, with respect to conventional omnidirectional UL transmission, higher EIRP values can be achieved with beamforming leading to enhanced cell coverage, 
Observation 3: By using beamforming at both the UE and BS, the maximum achievable antenna array gain is NRNT. It is worth noting that this is subject to propagation conditions. The parameter NR defines the total number of receive antennas.
Observation 4: UE beamforming is a promising technology component for the NR system to enhance capacity, reliability, interference mitigation and coverage performance in both downlink and uplink at higher carrier frequencies, i.e. > 6GHz.
3
UE Antenna Architectures
In this section, different antenna architecture candidates for the UE are briefly summarized. Furthermore, the impact of antenna array size in terms of antenna elements to beam radiation patterns are discussed. 
Based on the discussion in our companion paper [2] on antenna architectures, the following observations can be made on antenna architectures for the UE: 
Observation 5: Baseband architectures provide a high degree of flexibility such as the ability to perform frequency-selective beamforming across OFDMA subcarriers, but at the cost of requiring a transceiver unit behind every antenna element.  Fully digital baseband solutions may not be practical at the higher carrier frequencies due to the high cost and high power consumption characteristics.
Observation 6: RF architectures are useful when operating in the higher carrier frequencies and with higher system bandwidths where the cost and power consumption requirements of the baseband architectures become prohibitive.  

Observation 7: Hybrid architectures seek to provide the advantages of both the RF and baseband architectures through the use of RF beamforming with baseband precoding.  

Observation 8: Designing a system to support different architectures does not necessarily mandate the use of any particular architecture in an actual implementation.

3.1 
Discussion on beam widths
Figure 1 shows an example of how the number of antenna elements impact the radiation beam patterns in azimuth. It is worth noting that the impact of the antenna element gain pattern is omitted. As can be seen, the azimuth domain beam widths are relatively wide at least up 4 antenna elements per dimension.  
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Figure 1. An example of azimuth beam patterns with different number of antennas per dimension, with M=2 and N=2,4,8,16. Antenna spacing for both vertical and azimuth antenna elements is the same M and N define the number of antenna elements in elevation and the number of antenna elements in azimuth, respectively.
Figure 2 illustrates how the number of antenna elements influences the radiation beam patterns in elevation. As with Figure 1, the impact of the antenna element gain pattern is omitted. As can be observed, the elevation domain beam widths are very wide with M=2. Furthermore, it can be seen that an important difference between different antenna array parameterizations is the total achievable antenna array gain.
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Figure 2, An example of elevation beam patterns with different number of antennas per dimension , with M=2 and N=2,4,8,16, antenna spacing for both vertical and azimuth antenna elements is the same  
Observation 9: By using a moderate number of antenna elements per dimension, e.g. 1-4, relatively wide beam widths can be realised at the UE.
4 
Challenges for efficient system operation
In this section, the challenges of efficient system operation with UE beamforming are discussed. 
With respect to existing wireless cellular systems, e.g. LTE-A, new challenges are introduced for overall NR system design when UE beamforming is considered. Therefore, it is highly important that these challenges are identified and carefully investigated as well as analysed for NR system. For a single point-to-point link, to exploit available antenna array gains of beamforming, the basic principle is to steer the transmitter and receiver beams with each other as accurate as possible. The beam steering may be achieved by beam training. Such beam training becomes challenging, for example in the presence of different channel propagation conditions, mobility, point-to-multipoint, multi-point-to-point scenarios. 
Figures 3 a), b) and c) show three different intra-cell downlink beam training use-cases for UE movement. In the all cases, it is assumed that UE moves its position linearly with respect to the location of a base station. In case a) a linear movement introduces a need for the change of TX beam at base station while using the same RX beam at UE. In case b), only RX beam needs to change by using the same TX beam. In case c) both TX and RX beams need to be changed.  
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	a)  Change of TX beam
	b) Change of RX beam 
	c) Change of both TX and RX beams


Figure 3. Intra-cell downlink beam training use cases for linear movement of UE (green=old beam, blue=new beam)
Figures 4 a) presents intra-cell beam training use cases for UE rotation and beam blockage. In the case 4a) of UE rotation, the rotation of UE causes the RX beamformer at the UE to change while the TX beam at the BS is unchanged. In the case of beam blockage, the signal path is blocked by an obstacle leading to a significant drop of signal quality, e.g. tens of decibels in received power, at the receiver. An alternative path, for example due to reflections (blue beams) may become the best link between the BS and UE.   
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	a) UE rotation
	b) Beam blockage


Figure 4. Intra-cell downlink beam training use cases for UE rotation and beam blockage (green=old beam, blue=new beam) 
From the perspective of system design, UE beamforming and related explicit training may cause a large amount of signalling overhead and extra latency into NR system. Hence, it is highly important that the impacts of UE beamforming in conjunction with beamforming at BS to the NR system design are carefully investigated and analysed. 
Observation 10: Beam training may introduce a large amount of signalling overhead and extra latency for NR system.

In our companion papers [4][5], beam based control plane and user plane operations have been described for the NR system. The typical mode of operation is expected to have periodic discovery signalling with beam sweeping in the downlink including beam reference signals (BRS) for BS beam detection and measurements. Since the periodic downlink signalling sweeps consists of BS beams covering the whole sector coverage, the exploitation of these periodic signals for beam training should be maximized to minimize signalling overheads. Furthermore, any explicit training procedure and allocation of related physical signals should be controlled by the BS.

To enable flexible and efficient support for UE beamforming from a network perspective, following functionalities and features need to be enabled:  
· The use of periodic downlink signals enables the physical layer procedures related to UE beamforming to be transparent for a network  
· Maximizes the exploitation of periodical discovery signalling
· Explicit training procedures and allocation of related signals should be under the control of the BS
· When using moderate antenna array sizes at the UE, “omnidirectional” type of beam characteristics need to be exploited in beam based operation to reduce signalling overheads and latencies 
· Support for multiple RX/TX antenna ports at the UE provides flexibility for beam based operation
· Leveraging of channel reciprocity at UE 
Observation 11: Periodic discovery signalling can be leveraged to reduce signalling overhead.  
Proposal 1: The impact of UE beamforming in conjunction with beamforming at the BS needs to be carefully investigated and analysed from the perspective of NR system design. 
Proposal 2: To investigate the impact of UE beam training for NR system, realistic models for UE movement, rotation and beam blockage are needed. Some of these may be incorporated in the channel model.
Proposal 3: Utilize periodic downlink signals to enable physical layer procedures related to UE beamforming to be transparent for a network. 
5
Conclusions
In this contribution, UE beamforming aspects in the framework of the NR system at higher carrier frequencies have been considered. 

Based on the discussions, the following observations have been made:

Observation 1: With respect to carrier frequencies <6GHz for NR system, due to a smaller form factor at carrier frequencies over-6GHz, larger scale antenna arrays, in terms of number of antenna elements, may be used for reception and transmission at the UE.  
Observation 2:  As the carrier frequency is increased, the number of antenna elements per antenna array needs to be increased to achieve regulated maximum EIRP limit due to limitations in current PA technology. Furthermore, with respect to conventional omnidirectional UL transmission, higher EIRP values can be achieved with beamforming leading to enhanced cell coverage. 
Observation 3: By using beamforming at both the UE and BS, the maximum achievable antenna array is NRNT. It is worth noting that this is subject to propagation conditions. The parameter NR defines the total number of receive antennas.   

Observation 4: UE beamforming is a promising technology component for the NR system to enhance capacity, reliability, interference mitigation and coverage performance in both downlink and uplink at for higher carrier frequencies, i.e. over-6GHz.
Observation 5: Baseband architectures provide a high degree of flexibility such as the ability to perform frequency-selective beamforming across OFDMA subcarriers, but at the cost of requiring a transceiver unit behind every antenna element.  Fully digital baseband solutions may not be practical at the higher carrier frequencies due to the high cost and high power consumption characteristics.
Observation 6: RF architectures are useful when operating in the higher carrier frequencies and with higher system bandwidths where the cost and power consumption requirements of the baseband architectures become prohibitive.  

Observation 7: Hybrid architectures seek to provide the advantages of both the RF and baseband architectures through the use of RF beamforming with baseband precoding.  

Observation 8: Designing a system to support different architectures does not necessarily mandate the use of any particular architecture in an actual implementation.

Observation 9: By using a moderate number of antenna elements per dimension, e.g. 1-4, relatively wide beam widths can be realised at the UE.
Observation 10: Beam training may introduce a large amount of signalling overhead and extra latency for NR system. 
Observation 11: Periodic discovery signalling can be leveraged to reduce signalling overhead.

Based on the discussions, the following proposals have been made:

Proposal 1: The impact of UE beamforming in conjunction with beamforming at the BS needs to be carefully investigated and analysed from the perspective of NR system design. 
Proposal 2: To investigate the impact of UE beam training for NR system, realistic models for UE movement, rotation and beam blockage are needed.

Proposal 3: Utilize periodic downlink signals to enable physical layer procedures related to UE beamforming to be transparent for a network.
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