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Introduction
Free space path loss increases with carrier frequency. Transmission in millimeter wave systems also suffers from additional non-line-of-sight losses, e.g., diffraction loss, penetration loss, Oxygen absorption loss, foliage loss, etc. Beamformed transmission compensates for free space path loss and allows successful transmission in millimeter wave systems [1]. Beam management during different steps of communications plays an important role in millimeter wave communications. This contribution discusses several aspects of beam management in millimeter wave systems.
Investigation of Beam Reciprocity between Downlink and Uplink
Depending on the availability of beam reciprocity between downlink and uplink, the UE can take different approaches to transmit random access signal based on the synchronization beam sweep. Besides, the presence or absence of beam reciprocity ensures if beam training in one direction can be used to find suitable beams in the other direction.
Proposal 1: The presence or absence of beam reciprocity between downlink and uplink channels should be investigated.

On-Demand vs. Broadcast Transmission of Beam Reference Signals
Beam reference signals can be transmitted in an on-demand or broadcast.
The beam reference signals for initial communications can be transmitted in a broadcast manner if the expected number of users is not very low. Otherwise, the system overhead will become high for transmitting beam reference signals in an on-demand manner. On the other hand, if the number of users is very low, on-demand transmission of beam reference signals during initial communications is more reasonable. This reduces the overhead of beam reference signal transmission.

[image: ]
Figure 1: Broadcast of synchronization and beam refinement signals
Fig. 1 shows how a millimeter wave base station transmits synchronization and beam reference signals in a directional broadcast manner. Suppose that the UE has four subarrays. The base station can divide the sector’s angular coverage region in M slices and transmit the synchronization and beam reference signal using a different beam in each of these slices. The UE can try out different subarrays and different beams within the subarray. 
Further refinement of beams can be performed in a UE-specific manner since these refined beams can be used for data transmission.
Proposal 2: The merits of broadcast and on-demand transmission of beam reference signals should be investigated.

Feedback for Beam Management
When base station and UEs perform beam tracking sessions, UEs need to send beam index, precoding matrix indicator, rank information and MCS information to the base station so that the base station can select appropriate beam-based precoder while transmitting traffic and control to the user.
Proposal 3: The design should allow UEs to feedback beam index, precoding matrix indicator, rank information and MCS information to the base station.

Different Options in Beam Design
Beams could be designed in many ways, e.g.: optimal beamforming, directional learning, etc. Directional learning approach is tuned/matched to the channel structure since the number of antenna dimensions is expected to be large and the number of dominant clusters/paths is expected to be reasonably small [2]. Directional learning can be implemented in several ways: a) beam sweep, b) MUltiple SIgnal Classification (MUSIC), c) Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT), d) compressive sensing, etc. A detailed comparison about the merits and demerits of different beamforming algorithms can be found in [3].
Proposal 4: Air interface design should include feedback and reference signals to support variety of beamforming algorithms including at least directional beamforming.
Granularity of Beam Refinement
[bookmark: _GoBack]The base station and the UE should be aware of the coarse beam directions with each other at the end of message 1 transmission of the random access procedure. This allows the base station and UE to meet the link budget for message 2, message 3 and message 4 transmission of the random access process.
After the completion of initial access, the design shall provide flexible support to the base station and the user equipment so that they can refine their beams. 
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Figure 2: Beam refinement at the base station and the user equipment
Fig. 2 shows beam refinement at the base station and the user equipment. The red lined beams are the coarse beams that are initially selected by the completion of the initial access process. In Refinement 1, the base station transmits a refined set of beams, centered around the coarse beam, while the UE fixes its coarse beam. In Refinement 2, the base station transmits with its refined beam (from Refinement 1), while the UE refines its received beams, centered on the pre-selected coarse beam. The base station and the UE can try multiple refined beam pairs and select the optimal beam pair at the end of the beam refinement process.
Coarse beams could be used to transmit control channels because control channels might not require high link gain to convey their relatively smaller payload size. Also, control channel could be transmitted simultaneously to multiple UEs using a coarse beam when feasible.
Fine beams could be used to transmit data channels because data channels might require high link gain to convey their larger payload size.
Proposal 5: The design should allow the base station and the user equipment to refine their beams.
Conclusions
Proposal 1: The presence or absence of beam reciprocity between downlink and uplink channels should be investigated.
Proposal 2: The merits of broadcast and on-demand transmission of beam reference signals should be investigated.
Proposal 3: The design should allow UEs to feedback beam index, precoding matrix indicator, rank information and MCS information to the base station.
Proposal 4: Air interface design should include feedback and reference signals to support variety of beamforming algorithms including at least directional beamforming
Proposal 5: The design should allow the base station and the user equipment to refine their beams.
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