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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK192][bookmark: OLE_LINK193]RAN1 90 has achieved following agreements at least with respect to beam management and associated beam reporting, which can be roughly summarized as following: 
· For beam management (BM) and associated beam reporting, it was agreed to support beam group based beam reporting, if group based beam reporting is configured. In a beam reporting instance, a UE can be configured to report N different Tx beams that can be received simultaneously. In terms of beam management CSI-RS, NR supports higher layer configuration of a set of single-symbol CSI-RS resources where the set configuration contains an information element (IE) indicating whether repetition is “on/off”. In this context, if it is “On”, the UE may assume that the gNB maintains a fixed Tx beam; if it is “Off”, the UE cannot assume that the gNB maintains a fixed Tx beam.
· With regard to beam indication, it was agreed to support an N-bit indicator field in DCI which provides a reference to a DL RS which is spatially QCL’d with at least one PDSCH DMRS port group. An indicator state is with at least one index of a DL RS (e.g., CRI, SSB Index) where each index of downlink RS can be associated with a given DL RS type, e.g., aperiodic CSI-RS, periodic CSI-RS, semi-persistent CSI-RS, or SSB.
· For UL BM, it was agreed to support UE to provide information to gNB to assist UL beam management. The information can be a number representing the amount of SRS resources required for UE Tx beam training. 
In this paper, we provide our views on remaining issues of beam management which are essential for completing Rel-15 specifications as following: 
· For beam measurement configuration including DL and UL, the key  remaining issue for BM is about signalling mechanism supporting periodic/aperiodic/semi-persistent beam group triggering and beam group reporting. The signalling mechanism should be sufficiently flexible to support P1/P2/P3 beam sweeping as well. For UL BM, the key remaining issue is UL beam sweeping behaviour which can be similar with DL, and power control for UL beam sweeping. In section 2, we have further elaboration of our solutions to address above key issues. 
· For beam selection and beam group reporting, NR needs to consider a variety of requirements of beam section, e.g. the relationship among reported beams, SU/MU/spatial diversity/spatial multiplexing, beams for CSI acquisition and beam failure recovery etc. As explained in [1] and also in section 3, reporting N beams based on signal strength only is inefficient for CSI acquisition and beam failure recovery. So two key remaining issues are to support a grouping principle (or additional group information for the order of spatial multiplexing), and design beam reporting mechanism. Therefore we have addressed these key issues in section 3. 
· For beam indication, key remaining issues in our understanding is to build up/maintain a state table of an N-bit indicator field and default states for some use cases. The former is essential for NR in order to build up proper mutual understanding between the gNB and the UE for any DL and UL operation so as to implicitly/explicitly control UE RX/TX beam properly. The latter is also critical to simplify NR DL/UL operations where complicated beam switching is not always needed. CA/BWP, if supported, can certainly benefit beam indication since beam sweeping among multiple CA/BWPs can be avoided greatly. Beam indication needs also take into account timing offset due to hardware limitation. Therefore we have addressed these key issues in section 4. 
2. [bookmark: _Ref129681832]Beam Measurement Configuration
The measurement RS for DL/UL beam measurement are mainly CSI-RS and SRS. Here we discuss the detailed configurations of CSI-RS/SRS for DL/UL beam measurement, and possible UE assistance. 
2.1. CSI-RS for DL measurement 
Assuming that  resource sets are configured to one resource setting, each of which consists of  CSI-RS resources. To provide sufficient reliability (No ACK/NACK for DCI) with reasonable overhead (too much for DCI), MAC-CE signaling can be used for activating/deactivating a CSI-RS resource set for semi-persistent CSI-RS transmission. On the other hand, aperiodic CSI-RS transmission should be triggered via DCI signaling for low latency, i.e., one out of the  CSI-RS resource sets is selected by DCI signaling and correspondingly   CSI-RS resources are to be transmitted. 
Proposal 1: For beam management, NR supports signaling of DCI to select single CSI-RS resource set for aperiodic CSI-RS transmission
Proposal 2: For beam management, NR supports signaling of MAC CE to select single CSI-RS resource set for semi-persistent CSI-RS transmission 


Figure 1. (Left) Periodic beam sweeping for P1-like procedure; (Right) Aperiodic beam sweeping for P3-like procedure.
For UL Tx beam training, it was agreed in RAN1#90 that UE can report the desired amount of SRS resources. Similarly, to reduce CSI-RS overhead and/or avoid unnecessary reporting, it is desirable for a UE to report the amount of CSI-RS resource(s)/resource set(s) required for DL Rx beam training. As illustrated in figure 1 (left), the Tx beam sweeping is periodically repeated in P1-like procedure. The reporting is configured every two Tx beam sweeping periods for exhaustive Tx/Rx beam pairing, avoiding unnecessary reporting. In the above case, UE shall provide the amount of CSI-RS resource set required for DL Rx beam training in advance to help gNB configuration of the reporting periodicity. As illustrate in figure 2 (right), the gNB may maintain its Tx beam for the purpose of DL Rx beam training like P3 procedure. In this case, the gNB may need UE reporting of assistant information to determine a suitable amount of CSI-RS resource(s) within the resource set, so that with the trigger of single CSI-RS resource set, the procedure of P3 can be done. In addition, gNB may benefit from above assistant information to determine the number of periods for semi-persistent CSI-RS transmission. 
Proposal 3: Support UE to report the amount of CSI-RS resources/resource sets required for DL Rx beam training.

2.2. SRS for UL Measurement 
For DL beam training, it was agreed as a WA in RAN#90 that gNB can explicitly indicate whether UE may or may not assume that gNB maintains a fixed Tx beam for the allocated CSI-RS resources. Similarly, for UL beam training, explicit indication on whether UE should repeat its Tx beam for the transmission of the allocated SRS resources within a SRS resource group can provide clear guidance on UE behavior and largely reduce the overhead of blind beam sweeping. 
Proposal 4: Support gNB to indicate a UE whether the UE should use the same Tx beam or not for the transmission of SRS resources within a single SRS resource group.
For UL beam measurement, the beam pair is selected based on the signal strength received at gNB side. Multiple SRS transmissions are required for measuring different Tx/Rx beam(s). In one round of UE Tx and/or gNB Rx beam training, the transmit power (density) of SRS (e.g., N SRS resources within one SRS resource group) should be kept the same to enable a fair comparison among candidate beam pairs (i.e., UL beam training is to select the beamforming gain and pathloss irrespective of the transmit power). This can be achieved by introducing power control per SRS resource group for UL beam training, where the same transmit power is assigned to the allocated SRS resources automatically. 
Proposal 5: Support power control per SRS resource group for UL beam training where the same transmit power can be assumed for SRS resources within that SRS resource group. 
3. Beam Selection and Reporting
It was agreed in RAN1#90 that UE can be configured to report N different Tx beams that can be received simultaneously and information indicating group is not required in Rel-15. Under this framework, here we discuss beam selection, differential beam reporting, and UE assistance. 
3.1. Beam Selection 
The previous discussions in RAN1 mainly focused on selecting the beam pair providing the highest RSRP. In Figure 2, we show an example where selecting two LOS paths, the highest RSRP are achieved but strong interference is also created. The resulting channel is thereby rank-deficient and not suitable for rank-2 transmission. Instead, by choosing one LOS path and another NLOS path, the selected beam pairs do not provide the highest RSRP, but the effective MIMO channel supports is rank-2 for spatial multiplexing. 


		
Figure 2. (Left) beam pairs suitable for rank-1 transmissions; (Right) beam pairs suitable for rank-2 multiplexing.
This simple example shows that highest RSRP should not be the only target for beam selection, and considerations such as the possible transmission rank and spatial multiplexing capability should also be taken into account. To this end, the UE needs to compute the effective MIMO channel for different combinations of beam pairs and feedback the possible transmission rank for the selected combination. This is illustrated in Figure 3.
[image: ]
Figure 3. Example of producing joint beam and CSI reporting
To reduce the complexity and overhead, such joint beam information reporting and CSI reporting can be divided into two stages where in the 1st stage, UE measures and computes MIMO ranks for different beam pair combinations and feeds back the selected beam pairs with a rank indicator. Then, in the 2nd stage, the gNB transmits CSI-RS through the selected beams for the UE to measure and report the corresponding PMI and CQI. Such a two-stage scheme is illustrated in Figure 4. Another reason for putting RI into the 1st stage is that generally a new RI needs to be calculated less frequently than new PMI/CQI and, hence, the more “resource-hungry” CSI-RS transmissions for the first stage can be performed less frequently than CSI-RS transmissions for the second stage.
[image: ]
Figure 4. Example of producing hybrid beam/CSI reporting with two stages
It is worth noting that the CSI reporting including the RI reporting, in general, can follow similar principles as CSI reporting when analog beamforming is not adopted. That is, the UE may recommend a certain rank along reporting channel quality and precoding. The supported rank may be configured (requested) by the network (as it affects beam selection and reporting) and, then, measured and recommended by the UE. To this end, codebook design and measurement and reporting design for CSI can generally be unified with the case of no analog beamforming. However, during the beam measurement and selection process, the UE needs to perform measurements on an effective MIMO channel at the baseband for several groups of analog beams.
Proposal 6: Support rank-dependent beam selection and reporting, i.e., each UE beam reporting corresponds to a certain reported rank.
3.2. Beam Reporting
Regarding quantities of beams in a reporting instance, it highly depends on UE capability and receive beamforming type. For instance, if the maximal number of UE panels supported in Rel-15 is four, the beam number in a reporting instance should be no more than 4 for UE analog beamforming case. While for UE digital beamforming case, more reported Tx beams will be beneficial for overcoming blockage especially in high frequency. Based on the blockage model for high frequency [2], the throughput gain with different number of report beams is given in Table 1. It can be found that more performance gain can be achieved with 8 reported beams. Furthermore, less blockage possibility can also be achieved in this case. 
              Table 1. Performance comparison between different reported beam numbers      
	
	2 beams
	4 beams
	8 beams

	Throughput gain in UMa (%)
	       100%
	       102.9%
	      108.7%


Based on above analysis and considering different UE capability and reliability requirement in NR, it is beneficial to support {1, 2, 4, 8} beams in a reporting instance. 
For reporting multiple beams, it had been extensively discussed at last meeting. And the related feedback design should ground on following parameters: 
· L1-RSRP range [X,Y]
· Maximum monitored Tx beam number K
· L1-RSRP step size Z
In order to obtain the full picture of RSRP distribution, the CDF of RSRP distribution in UMa (Large coverage scenario) and InH scenario (Small coverage scenario) are given in figure 4. The evaluation is performed based on the simulation assumptions used for evaluating Phase 2 system-level calibration (30 GHz case). Due to high penetration loss in high frequency, it can be found that the RSRP range is from -200 dBm to -80 dBm in UMa scenario and -140 dBm to -50 dBm in InH scenario. From the RSRP distribution, it can be observed that at most 7 bits similar with LTE L3 RSRP report can be used for L1-RSRP report.

                                       [image: ]
Figure 4. RSRP distribution of UMa and InH scenario at 30GHz
For the maximal monitored beam number K, i.e. a set of candidate beams should be swept in P1 procedure, the number of candidate values can be 64 which is same as the maximal SS block number in initial access. For P2 procedure aiming to beam refinement, this number can be less than 64, e.g. 8 following eMIMO type B reporting in LTE.  
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]The metrics for beam reporting at least include reference beam index and associated RSRP. And it can be carried on PUCCH or PUSCH according to the payload of beam reporting. When the number of reported beams is large, e.g. 8, the number of bits for this reporting is 8*(7+6) =104bits, where 6 and 7 denote the length of bits for CRI and RSRP.  In order to minimize the feedback overhead, differential RSRP reporting can be considered. For instance, if the range of RSRP for 8 reported beams is concentrated, e.g. [-100,-90], the number of required bits for this differential reporting is 8*6+7+7*3 =76bits, where the reference RSRP is average RSRP and 3 denotes the length of bits for differential RSRP. 
[bookmark: OLE_LINK22]For different BM procedure and uplink channel, different reporting mode including granularity and reference RSRP can be considered. For instance, in P1 procedure, a coarse report granularity can be accepted and in P2 procedure, a finer granularity is usually required. In another example, if the beam report information is carried in PUSCH, a finer granularity can be easily achieved. While for the case of short PUCCH, a coarse granularity should be considered to minimize the overhead. Based on the above analysis, at least configurable RSRP step size should be supported for multiple beams’ reporting. For reference RSRP, it can also be configurable according to the randomized distribution of RSRP, the candidate type can be average RSRP, maximum RSRP or minimum RSRP etc. It should be noted that non-differential RSRP is just a special case of differential RSRP report with a finest step size.   
Similar with CSI reporting, single shot reporting for PUSCH and PUCCH is preferred to simplify the feedback design of beam state information. Two segments one with reference RSRP and reference CRI, another segment with the differential information for other beams can be considered. If the beam reporting is conflicted with CSI reporting, the dropping rules can be found in our companion contribution [8].  
Proposal 7: Support differential L1-RSRP reporting with two segments in a beam group reporting instance, where RSRP reference value, RSRP stepping size and the number of reported beams in a report are configurable depending on conveyed UL channel and gNB preferred beam sweeping.
4. Beam Indication
For beam indication in RAN#90, there are still plenty of FFS to be addressed. In this section, we provide solutions to some remaining issues and other FFS points can refer to our companion paper [1]. For example, after entering RRC CONNECTED mode, whether or not the default QCL assumption is contained in a default indicator state if supported. 
For NR unicast PDSCH,
· FFS: Signalling mechanism for the association of a DL RS index (e.g., CRI, SSB index) to an indicator state, e.g., 
· The association is explicitly signaled to the UE
· The association is implicitly determined by the UE
· Combination of the above is not precluded
In RRC CONNECTED mode 
· FFS: RAN1 to study impact of delay (including determination of Rx beam) and reliability on the beam mgmt scenarios aiming to provide input to RAN2 with regard to higher layer protocols
Specifically, we have discussed initialization and maintenance of beam indicator, time offset between beam indication and scheduled transmission/reception, as well as cross-carrier beam indication. 

4.1. Initialization 
It was agreed that an N-bit indicator field in DCI can provide a reference to a DL RS which is spatially QCLed with at least one PDSCH DMRS port group. Similar mechanism can be applied for other channels/RS(s), such as PDCCH and CSI-RS. As shown in Table 2, such a logical mapping between Tx/Rx beams and the indicator state can be beneficial for subsequent beam indication. 
[bookmark: _Ref487813709]Table 2 Mapping between indicator state, CSI-RS resource and UE Rx beam
	Indicator
	Info. on gNB Tx beams
	Info. on UE Rx beam(s)

	[00]
	CRI #0 (SS Beam) 
	Rx beam(s)

	…
	…
	…

	[10]
	CRI #x
	Rx beam(s)

	…
	…
	…


Figure 5 gives an example on how Table 2 is established. For example, at the initial stage, CRI#0 is by default spatially QCLed with the SS block beam identified during initial access procedure. This will require associating the coarse beam pair identified during initial access procedure with a default indicator state, e.g., [00]. In other words, the default indicator state contains a default QCL assumption with the SS block identified during initial access. 
Proposal 8: Support associating the coarse beam pair identified during initial access procedure with a default indicator state, e.g., [00].

  
[bookmark: _Ref489622921]Figure 5 beam indication establishment and maintenance
4.2. Maintenance
After that, gNB configures UE to do CSI-RS measurement and reporting for beam management. Based on the reported results, gNB can notify the UE about the updated table. This is also illustrated in Figure 5. In this process, explicit signalling for the association of a DL RS index (e.g., CRI, SSB index) to an indicator state is preferred, as it is more flexible and forward compatible. 
Proposal 9: Support explicit signalling for configuring association between indicator state and UE reported information, e.g., CRI, SS block time index.

4.3. Time Offset 
Due to the analog beamforming on UE side, it is very critical to revisit the processing time including demodulation, decoding, analog beam switching and take it into considerations for system design. For example, if beam indication for PDSCH is signalled in DCI, UE can only apply the indicated beam after successfully decoding the DCI and applying the necessary RF parameters such as phase shifts on phased array antennas. A time offset is necessarily included, which should be at least longer than the overall processing time, to handle the analog beam switch procedure for further data transmission scheduled. This is illustrated in Figure 6(a). RAN1 needs to carefully specify the minimum values, for example in terms of a number of slots, for the processing and beam application gap by considering different factors such as the UE capabilities, different scenarios, different numerologies, and so forth.
On the other hand, UE can be assumed to apply default beams before the application of the indicated beams as illustrated in Figure 6(b). Note that the default beams may be, for example, the PDCCH beam or the latest PDSCH beam in a most recent slot. Whether a certain option for UE behaviour should be fixed in the spec or different options can be supported and configured/indicated by the network can be studied further.
[image: ]
Figure 6. Time gap between beam indication by the network and applying the beams by the scheduled UE.
Similarly, the processing time needs to be included for all transmissions with beam indications, such as the control channel transmission, reference signal transmission and UL transmissions.
Proposal 10: Support a time offset between beam indication and the application of beam indication for scheduled transmission/reception, at least for the case that Rx beam needs to be changed by the gNB

4.4. Cross-carrier 
As shown in [6], if the two transceivers are co-located and the two frequencies are sufficiently close, two HF carriers have similar received power distribution in the spatial domain. Given this, beam management in a first HF component carrier can be, at least partly, reused in the second HF component carrier. In other words, spatial QCL (in terms of downlink beam profile) can be assumed across adjacent co-located component carriers. As a result, the beam management overhead can be reduced. 
To this end, a UE can be configured with a spatial QCL relationship among different component carriers, indicating whether Tx/Rx beams in two different HF component carriers have similar beam profiles or not. By indicating spatial QCL relationship between CSI-RS resources configured in spatial QCLed CCs, the mapping table (as described in section 4.1) maintained in one CC can be reused in the other spatial QCLed CC. One example, gNB can signal that beam indicator state [01] is associated with CRI#1 in CC#1, and use [01] for the subsequent beam management and control/data transmission in CC#2 which is spatially QCLed with CC#1. At the same time, UE shall assume the same Rx parameter for CC#2 as it receives CRI#1 in CC#1 when indicator [01] applied.  As it was already agreed that NR supports QCL assumptions across carriers, we have the following proposal:
Proposal 11: Supports spatial QCL indication across component carriers or bandwidth parts.
In addition, a spatial QCL carrier group may be specified and indicated to UE when associated HF carriers are activated. The spatial QCL carrier group information can be obtained by the UE in system information during initial access. Or, when a new carrier is activated, the spatial QCL relationship with another active carrier can be signaled via RRC signalling. As shown in [4], in particular, for NLOS channels, the probability of power difference between two carriers being smaller than 3 dB varies dramatically, depending on gNB-UE distance and other factors. With this in mind, UEs shall measure and report to facilitate gNB to collect information for maintaining the spatially QCLed component carrier group. For example, gNB can configure CSI-RS transmission with normal and longer periodicities for beam measurement on a reference CC and other CCs in the group, respectively. 
Proposal 12: For carrier aggregation, support maintaining a spatially QCLed component carrier group based on UE beam management feedback.

5. Summary
Based on above discussion, we have following proposals for some essential BM functionalities in NR: 
Beam Measurement Configuration
· Proposal 1: For beam management, NR supports signaling of DCI to select single CSI-RS resource set for aperiodic CSI-RS transmission
· Proposal 2: For beam management, NR supports signaling of MAC CE to select single CSI-RS resource set for semi-persistent CSI-RS transmission 
· Proposal 3: Support UE to report the amount of CSI-RS resources/resource sets required for DL Rx beam training
· Proposal 4: Support gNB to indicate a UE whether the UE should use the same Tx beam or not for the transmission of SRS resources within a single SRS resource group.
· Proposal 5: Support power control per SRS resource group for UL beam training where the same transmit power can be assumed for SRS resources within that SRS resource group. 
[bookmark: _GoBack]Beam Selection and Reporting
· Proposal 6: Support rank-dependent beam selection and reporting, i.e., each UE beam reporting corresponds to a certain reported rank.
· Proposal 7: Support differential L1-RSRP reporting with two segments in a beam group reporting instance, where RSRP reference value, RSRP stepping size and the number of reported beams in a report are configurable depending on conveyed UL channel and gNB preferred beam sweeping.
Beam Indication
· Proposal 8: Support associating the coarse beam pair identified during initial access procedure with a default indicator state, e.g., [00].
· Proposal 9: Support explicit signalling for configuring association between indicator state and UE reported information, e.g., CRI, SS block time index.
· Proposal 10: Support a time offset between beam indication and the application of beam indication for scheduled transmission/reception, at least for the case that Rx beam needs to be changed by the gNB
· Proposal 11: Supports spatial QCL indication across component carriers or bandwidth parts.
· Proposal 12: For carrier aggregation, support maintaining a spatially QCLed component carrier group based on UE beam management feedback.
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