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In RAN1#86bis, the following working assumption was made: 
· Beam management procedures can utilize at least the following RS type(s):
· RS defined for mobility purpose at least in connected mode
· FFS: RS can be NR-SS or CSI-RS or newly designed RS
· Others are not precluded
· CSI-RS:
· CSI-RS is UE-specifically configured
· Multiple UE may be configured with the same CSI-RS
· The signal structure for CSI-RS can be specifically optimized for the particular procedure
· Note: CSI-RS can also be used for CSI acquisition
· Other RS could also be considered for beam management such as DMRS and synchronization signals

In this contribution, we give an overview of beam management operation and the relation between beam based mobility (L3 procedure using mobility RS) and beam management (L1/L2 procedure using CSI-RS). Note that this contribution does not contain any proposal but is intended to give a more in depth overview on the different ways beam management can operate for better understanding of Ericsson’s proposal in other contributions.
[bookmark: _Ref178064866]Overview
NR needs to support a wide range of frequencies and deployments (in terms of inter-site distance, number of antennas, beamforming architectures, etc.) and there should be a large flexibility in how to set up the network. For instance, at low carrier frequencies, mobility procedures could be based on measurements of sector covering mobility reference signals, the UEs likely have omni coverage antennas and codebook based CSI feedback (c.f. LTE Class A) is used, hence there is no need for beam management. At the other extreme, at high carrier frequencies, even mobility reference signals needs to be beamformed as well as data and control. The UE needs assistance to find suitable RX and TX beams.
At intermediate carrier frequencies on the other hand, there could be a mix where mobility RS are sector covering (or even transmitted as SFN) while data and control are transmitted in beams to provide improved coverage and isolation between users. So some beam management will be needed. To support all these cases, we believe there is not a single solution for each of the low and high frequencies respectively, but rather a set of procedures that can be configured depending on the deployment, the capability of the hardware, the backhaul quality, the traffic type for a given UE, etc.
[bookmark: _Toc465930819]Beam based mobility and beam management is a toolbox of procedures and the right tools should be chosen for a given scenario
To elaborate a bit on the toolbox principle, we observe that there are multiple ways for the network to acquire beam direction information. For the sake of discussion, we introduce three levels of beam handling in this document:
· Level 1: MRS based reporting (event triggered) using L3. Can be useful to boot strap the beam management procedures in level 2 and 3, in case MRS is beamformed in beams that are more narrow than the sector. 
· Level 2: CSI-RS based feedback (P-1), typically a “cell specific” and “periodic” beam sweep for a group of UEs for their beam finding
· Level 3: CSI-RS based feedback (P-2/P-3), typically a “UE specific” and “aperiodic” beam sweep for single UE for its beam refinement
Each level may use different degree of beamforming or sectorization depending on the scenario. For instance, if MRS is using relatively narrow beams (e.g. multiple beams per TRP sector), the Level 2 beam management could be omitted as it does not give additional information and the network use only 1 and 3. The same holds if the load is low, then only Level 1 and 3 may be used since there is less motivation to make a full beam sweep; a partial CSI-RS beam sweep only over the area covered by one or more MRSs beams may suffice.
If the load is high on the other hand, and many UEs needs beam management measurements, the use of Level 2 becomes more efficient since UEs can share the same beam sweep when performing measurements. Extensive use of Level 3 beam management is then too costly in overhead since it is UE specific, in case Level 2 is anyway available. 
Additionally, which level to use also depends on the traffic profile. For UEs with small packets or delay sensitive packets, it is inefficient to trigger Level 3 type of refined beam management reporting since it is better and probably sufficient to schedule and empty the queue for this user directly based on the coarse Level 2 feedback information.  
The essential point is that we see the beam management measurements and procedures as tools, and if designed flexible enough the gNB could choose the right tools for a certain environment. There is not one procedure that fits all scenarios.
Detailed discussion
We continue by discussing the different steps of beam management in more detail: 
Level 1: Beam based mobility measurements
In CONNECTED mode, the UE is performing mobility measurements on mobility RS (MRS) which is periodically transmitted and its presence is configurable to the UE so that it can be turned off at off-peak hour (low load) to save energy and reduce interference in the system. However, the exact sequence and resource of the MRSs are not configured to the UE, since the UE should search and discover new nodes, like in LTE today. Instead, the UE is configured with an indication of the resources for where it may perform the search, e.g. the frequency, periodicity and the subframe offset. The MRS contains a synchronization signal component and a measurement reference signal component so that mobility measurements can be made corresponding to neighbour nodes with which the UE does not maintain synchronization. For instance, the measured neighbour node that should be discovered may be connected to a different base band.
Although the UE is periodically searching for and discovering new MRSs, the UE is also configured with a serving set of MRSs. The UE will trigger and UL report if the quality (e.g. RSRP) of an MRS outside the serving set is better, e.g., than all of the ones in the serving set. This reporting and configuring of serving set is handled by L3 signalling.
Since the MRSs are periodically transmitted, they are costly in terms of overhead, if beam sweeping across many beams is used. Hence, an operator may choose in the deployment/configuration that the number of beams per TRP used for MRS is low. Even a single MRS per sector at lower carrier frequencies and perhaps a few (e.g. four) MRS per TRP at intermediate carrier frequencies. On the other hand, at higher frequencies, a larger number of beamformed MRSs may be needed for coverage. Hence the MRS toolbox should contain a scalable design of MRSs and the network operator can make the suitable trade-off between e.g. overhead and coverage. 
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Figure 1 Beam based mobility measurements using MRSs (Level 1). The MRSs may be wide/sector covering (left) or somewhat beamformed (right, coarse beams) depending on the used scenario. The network can use the MRS report as a starting point for the Level 2 beam management using P1 or go directly to Level 3 beam management using P2/P3 in the case MRS reports already gives some beam direction information (right figure).
The gNB will use the information of the quality of the serving MRSs to transmit PDCCH to the UE, beamformed in the same way as the best MRS. Also, the reception of PRACH (if received in a beamformed manner) can be used to determine the most suitable MRS beam for this coarse and initial access to the UE. 
This PDCCH can then be used to configure beam management (Level 2/3) if beamforming gain for the data channels is needed (at the cost of additional overhead (CSI-RS)). In this step, there is no UE beam management involved, hence the UE must find its receive beamforming weights autonomously. For low carrier frequencies, the UE is likely to have omnidirectional antennas, while at high carrier frequencies the UE may need to autonomously find a suitable RX TX beam by beam searching at the cost of additional delay, e.g. based on repeated MRS measurements. Hence, at this stage, there is no dedicated procedure to assist the UE to find a good RX/TX beam, best effort approach is used. 
To summarize the beam based mobility outcome:
[bookmark: _Toc465930820]Level 1: The beam based mobility reporting using MRS measurements typically (but not necessarily) provides coarse/wide beam selection information for a UE which can be used for initial PDCCH transmission, PUCCH reception and low code rate PDSCH, PUSCH transmissions. This should be sufficient to configure the L1/L2 beam management.  The UE selects its receive and transmit beamforming weights autonomously. 
 
Level 2: Beam management (P-1 using CSI-RS)
In level 2 beam management, the aim is to provide initial or decently accurate information to the gNB about a suitable narrow and high gain beam for the UE.  The aim is also to discover new strong beams due to reflections in directions other than the primary direction (e.g the shortest path or LOS direction). The report also contains CSI to be used for link adaptation, and the identified suitable beam can be used for PDCCH and PDSCH transmissions and PUSCH, PUCCH reception at gNB. With “decently accurate” we mean that the information is sufficient for transmitting shorter packets and still have a decent good link to the UE with beamforming gain if needed.
For this purpose, a beam sweep using beamformed CSI-RS is performed using a relative large set of beams that may be shared by multiple UEs simultaneously. The network could use information from the mobility based measurements to restrict the beam sweep to a part of the whole 2D sector coverage angles if the load is low. On the other hand, if the traffic load is high, then sweeping the whole 2D angle space can be used since the UEs may be anywhere. The triggering of CSI-RS measurements for P-1 should therefore allow for sweeping and measurement reporting of a flexible number of beams depending on the load and scenario. Some typical operation of the Level 1 and P-1 based beam management is then:
· Low load, LOS conditions and coarse beam information is available from latest serving MRS measurements. An aperiodic triggered beam sweep of a relatively few CSI-RS beams covering the best MRS beam. (Note that this operation is equivalent to P-2 if the beam sweep is UE specifically tailored)
· Low load, NLOS conditions or when sector covering MRS beams was used for mobility (i.e. no coarse beam direction information available from Level 1). A semi-persistently periodic beam sweep of many CSI-RS beams, for example with 40 ms periodicity is used to update the beam information and to discover new reflections in the NLOS environment. The beam sweep can be disabled when good beam directions has been stabilized. 
· High load or high speed UEs. Measurements of beams in all possible directions likely needed. The use of coarse serving MRS reports less useful.Periodic (i.e RRC configured) beam sweep of many CSI-RS beams can be used, e.g. every 40 ms.  
Note that in P-1 based measurements, a group of UEs may periodically measure and report on the same beam sweep simultaneously. So the degree of UE tailored beam sweeping is low or non-existing;only coarse beam directions may be considered at low load and LOS deployment to limit the beam sweep to a part of the TRP coverage area. 
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Figure 2 In Level 2 based beam reporting and when the load is low (left) the MRS reports from the Level 1 reporting can be used to select a restricted beam sweep for the UE which may be periodic. TRPs with no users (as observed from MRS measurement reports) need not transmit CSI-RS at all. If the load is high (right), the TRP nodes makes a periodic beam sweep for CSI-RS reporting, in particular when Level 1 doesn’t use beamforming or uses sector covering wide beams (Figure 1, left). 
For most small packet transmissions (which currently is 90% of LTE network traffic), the level 2 beam management is sufficient, there is no need to trigger the level 3 UE beam management using P-2 and/or P-3. This means that the beam management feedback should contain link adaptation information so that the feedback can be used to schedule the UE. We also assume that the UE selects its receive and transmit beamforming weights autonomously in level 2 and there is no beam indication in the DCI. For high carrier frequencies, if the UE cannot receive in all directions simultaneously then tools from level 3 beam management is needed (P-3). 
To summarize the Level 2 beam management based on P-1:
[bookmark: _Toc465930821]Level 2: A sweep of beamformed CSI-RS is used and the UE reports a single beam and CSI useful for link adaptation, at least for rank 1 or 2 transmissions. The report can be used to schedule small packets, delay sensitive packets or as an initial estimate of useful beams to further refine in Level 3 beam management. Typically, many beams are covered in one sweep burst and multiple UEs are simultaneously measuring and reporting based on the one beam sweep. The UE determines RX/TX beamforming autonomously and there is no beam indication in the scheduling DCI.  

Level 3: Beam management (P-2 and P-3 using CSI-RS)
Level 3, the most accurate level of beam management is used to refine TRP TX beams and UE RX for a given UE when there is a larger chunk of data to transmit to the UE (or receive from the UE).. In this case, it is worthwhile and motivated to trigger the refined beam management reporting even though it is costlier in overhead.  The procedures P-2 and P-3 are used for this purpose and an aperiodically triggered beam sweep of CSI-RS is used. The report contains CSI so that link adaptation and PDSCH scheduling can directly be performed and the scheduling DCI contains a beam identifier so that the UE can use the best RX beam. Note that this is very similar to LTE Class B type of reporting although an extension to multiple beam reporting may be used. 
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Figure 3 Level 3 beam management with aperiodically triggered UE specific beamformed CSI-RS (P-2) and UE RX beam refinement (P-3). 
The prior information on directions may be level 2 based reports or level 1 reports. Note that if the load is low, and the MRS beams gives some directional information (i.e. not sector covering MRS), then the beam management may skip level 2 and use only level 1 and 3.
The P-2 procedure can, since it is UE specific, use specifically tailored beams, e.g. by utilizing channel reciprocity. It can also be used to get information for high rank CSI reporting (rank>2), D-MIMO or CoMP. Hence, P-2 reports may contain interference hypothesis selection, selecting and reporting multiple beams, etc. 
Typically in P-2, the gNB triggers a report of a few beams around the last known “good” beams for the UE and can thereby “follow” the UE as it moves around in the coverage area. Note that the UE may have multiple MRSs in its serving set, and will not trigger a L3 report if it is within the serving MRSs set. The beamformed CSI-RS in the P-2 process follows the UE when it moves around in the coverage area of the serving MRSs. 
Note that although the beams are UE specific, some sharing may still be used using the CSI-RS pooling in case multiple UEs must measure on the same beam. 
To summarize the Level 3 beam management based on P-2/P-3:
[bookmark: _Toc465930822]Level 3: Aperiodically triggered reporting on a set of UE specifically beamformed CSI-RS and CSI reporting supporting full range of ranks and advanced features such as D-MIMO and CoMP. The process P-3 is used to refine the UE beam and a beam indication is supported in the scheduling DCI. Level 3 reporting is typically triggered when there is a large data packet to transmit which will consume many subframes. Level 3 reporting may also be more frequently used at higher carrier frequencies when P-3 may be needed for some terminals that does not have omni coverage. 

Conclusions
In this contribution we made the following observations 
Observation 1	Beam based mobility and beam management is a toolbox of procedures and the right tools should be chosen for a given scenario
Observation 2	Level 1: The beam based mobility reporting using MRS measurements typically (but not necessarily) provides coarse/wide beam selection information for a UE which can be used for initial PDCCH transmission, PUCCH reception and low code rate PDSCH, PUSCH transmissions. This should be sufficient to configure the L1/L2 beam management.  The UE selects its receive and transmit beamforming weights autonomously.
Observation 3	Level 2: A sweep of beamformed CSI-RS is used and the UE reports a single beam and CSI useful for link adaptation, at least for rank 1 or 2 transmissions. The report can be used to schedule small packets, delay sensitive packets or as an initial estimate of useful beams to further refine in Level 3 beam management. Typically, many beams are covered in one sweep burst and multiple UEs are simultaneously measuring and reporting based on the one beam sweep. The UE determines RX/TX beamforming autonomously and there is no beam indication in the scheduling DCI.
Observation 4	Level 3: Aperiodically triggered reporting on a set of UE specifically beamformed CSI-RS and CSI reporting supporting full range of ranks and advanced features such as D-MIMO and CoMP. The process P-3 is used to refine the UE beam and a beam indication is supported in the scheduling DCI. Level 3 reporting is typically triggered when there is a large data packet to transmit which will consume many subframes. Level 3 reporting may also be more frequently used at higher carrier frequencies when P-3 may be needed for some terminals that does not have omni coverage.
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