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Introduction
In this contribution we discuss remaining details for 3 topics related to beam management:
· DL beam indication for PDSCH and PDCCH
· UL beam indication
· Beam measurement and reporting
DL QCL Indication for PDSCH and PDCCH
In RAN1#90 (Prague), the following agreement was made related to DL beam indication for PDSCH:
Agreement #1:
· For the purposes of beam indication for at least NR unicast PDSCH, 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 associated 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, 
· Note: L1-RSRP reporting on SSB is not yet agreed
· Note: One possibility to determine DL CSI-RS type is through the resource setting ID, other options are not precluded
· The value of N is FFS, but is at most [3] bits
· FFS: The case of more than one DMRS port group
· FFS: Whether or not to indicate more than one beam indicator, NR strive to minimize the indicator overhead 
· 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
· FFS: An indicator state may or may not also include other parameter(s), e.g., for PDSCH to RE mapping purposes analogous to PQI in LTE, other QCL parameters
· FFS: Whether or not an indicator state may be associated with more than one DL RS index
· FFS: PDCCH beam indication may or may not be based on the beam indication states for PDSCH

This agreement establishes that an N-bit indicator field in DCI provides at least a spatial QCL reference to a DL RS (either CSI-RS or SSB) to aid in the demodulation of PDSCH. A given value of the indicator is referred to as an indicator state, and it is associated with an index of the DL RS (CRI or SSB Index). In the case of CSI-RS, the resource can be periodic, semi-persistent, or aperiodic. In this agreement, it is FFS how the DL RS index is associated with the indicator state, either through explicit signalling or implicitly during a UE measurement. This FFS point will be addressed later in this section.
In the same meeting, the N-bit indicator field was extended as follows:

Agreement #2:
· Support the QCL indication of DM-RS for PDSCH via DCI signaling:
· The N-bit indicator field in the agreed WF R1-1714885 is extended to support:
· Each state refers to one or two RS sets, which indicates a QCL relationship for one or two DMRS port group (s), respectively
· Each RS set refers to one or more RS(s) which are QCLed with DM-RS ports within corresponding DM-RS group
· Note: The RSs within a RS set may be of different types
· If there are more than one RS per RS set, each of them may be associated with different QCL parameters, e.g. one RS may be associated with spatial QCL while another RS may be associated with other QCL parameters, etc
· Configuration of RS set for each state can be done via higher layer signaling
· E.g., RRC/RRC + MAC CE
· FFS the timing when the QCL is applied relative to the time of the QCL indication

With this extension, each indicator state is associated with one or two RS sets, where each RS set refers to one or two DMRS port groups, respectively. This facilitates QCL indication in the case that multi-TRP transmission (DL CoMP) is configured. Different states may correspond to different TRP pairs supporting, e.g., non-coherent joint transmission (NC-JT) from a pair of TRPs. Indicator states configured with only a single RS set may be used to support QCL indication either in the case of basic single-TRP transmission or in the case of multi-TRP transmission with, e.g., dynamic point selection (DPS).
In any case, an RS set contains at least an index to either an CSI-RS or SSB. In addition, it may contain an index of one or more other RSs, e.g., a configured TRS. As discussed in a companion paper on QCL details [1], the PDSCH DMRS could be configured to be QCL with CSI-RS/SSB with respect to spatial parameters, but QCL with TRS with respect to non-spatial (time/frequency) parameters. Further discussion on this type of configuration is needed once the TRS design details have settled.
Clearly, the functionality supported by the N-bit indicator is analogous to PQI in LTE which is used for the purposes of QCL and PDSCH rate matching indication in DCI format 2D supporting CoMP operation. For NR, dynamic spatial QCL indication for mm-wave is beneficial not only to support CoMP, but also for single-TRP transmission. In this case, signalling of rate matching parameters with the N-bit indicator may not be necessary. Hence we propose adopting a more general term for the N-bit indicator, namely Transmission Configuration Indicator (TCI), to capture the notion that the QCL configuration for a PDSCH transmission is indicated dynamically. In a companion paper [2], we discuss multi-TRP transmission in more detail.
Figure 1 shows an exemplary set of TCI states that may be RRC configured to a UE. With N-bits, up to 2N TCI states may be defined, some containing a single RS set and others containing multiple RS sets to support multi-TRP transmission. In the case of basic single TRP operation, all TCI states would contain only a single RS set. A default TCI state is also shown which may be used, for example, for QCL indication referring to the SSB beam index determined by the UE during initial access. As discussed previously, different TCI states may be used for QCL indication referring to different RS types, i.e., SSB, periodic, semi-persistent, or aperiodic CSI-RS. It is up to the network implementation to configure the states depending on what mix of DL RSs are used for beam management, and what configurations of multi-TRP transmission are enabled.
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[bookmark: _Ref492567644]Figure 1: TCI states used for QCL indication for PDSCH and PDCCH
Unified QCL indication for PDSCH and PDCCH
One of the FFS items in Agreement #1 above is regarding whether or not QCL indication for PDCCH may be based on the beam indication states for PDSCH. In our view, it makes very much sense to harmonize the QCL indication functionality for PDSCH and PDCCH as much as possible. The common thread for both PDSCH and PDCCH demodulation is that a QCL reference is needed in both cases. Furthermore, for mm-wave operation, the spatial QCL reference may need to be indicated dynamically to track UE movement/rotation. This motivates configuration of a common set of 2N states where one subset may be used for the purposes of PDCCH QCL indication, and another, potentially overlapping subset of states used for PDSCH QCL indication. Examples of two such subsets are illustrated in Figure 1. 
Where there are differences between PDSCH and PDCCH QCL indication are
(1) The notion of two different DMRS port groups is relevant only for PDSCH; 
(2) CORESET configuration is relevant only for PDCCH;
(3) PDCCH may employ a wider beams than PDSCH; and
(4) The signalling method used to convey the QCL indication to the UE may be different for PDSCH and PDCCH
The first three points of difference may be addressed by network implementation with appropriate configuration of the TCI states. For example, point (1) is handled by the gNB ensuring that QCL indication for PDCCH is signalled only for TCI states that contain a single RS set. Point (2) is handled by the gNB semi-statically configuring potentially different CORESETs with the different TCI states used for PDCCH QCL indication. Point (3) may be handled by the gNB associating some TCI states with indices of DL RSs that are beamformed based on wider beams and some with narrower beams.
It is useful to note that a CORESET in NR takes the role of an E-PDCCH in LTE. Like for LTE, different CORESETs associated with different TCI states can allow for dynamic point switching of control channel transmissions in the case of multi-TRP transmission. Even for single TRP transmission, use of different CORESETs for different TCI states can allow for PDCCH robustness through the UE monitoring the different CORESETs transmitted on different beams either simultaneously or in TDM fashion.
[bookmark: _Toc492922118][bookmark: _Toc492924619]A UE-specific CORESET in NR takes the role of an E-PDCCH in LTE. Different CORESETs associated with different Transmission Configuration Indicator (TCI) states allows for dynamic beam switching of control channel transmissions either within a single TRP or between multiple TRPs.
Finally, point (4) is already addressed in existing agreements. Specifically, at least spatial QCL indication for PDSCH is carried by DCI as discussed above. According to Agreement #3 below from RAN1#90 (Prague), QCL indication for PDCCH is by RRC only or through a combination of RRC + MAC-CE signalling. While QCL indication by DCI is FFS in this agreement, there appears to be no fundamental reason why DCI cannot be used to carry QCL indication for PDCCH. In a companion contribution [2], we discuss the various signalling methods for beam indication and observe that a robust version of DCI-based signalling could provide similar reliability as MAC-CE signalling. In Section 2.3 below we discuss use cases where the same beam is used for both PDCCH and PDSCH. In this case, since PDSCH beam indication is carried by DCI, it is natural that if the PDCCH beam should “follow” the indicated PDSCH beam, then PDCCH beam indication is effectively carried over DCI, at least implicitly.
Agreement #3:
· …
· In RRC CONNECTED mode, 
· RRC only or RRC+ MAC CE signaling is used to indicate QCL relation (at least w.r.t spatial RX parameters) between DMRS port(s) of UE-specific PDCCH and either SS Block or P/SP CSI-RS resource(s)
· FFS: necessity of DCI signalling
· FFS: Use of Aperiodic CSI-RS 
· 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

Another FFS item in Agreement #3 is whether or not QCL indication for PDCCH may refer to an aperiodic CSI-RS resource. Since aperiodic CSI-RS resources are supported for PDSCH beam management procedures; from a network flexibility standpoint, there appears to be no fundamental reason why aperiodic CSI-RS resources should be precluded for PDCCH beam management. This is further motivated by use cases where both PDCCH and PDSCH utilize the same beam (see Section 2.3 below).
Based on the above discussion we make the following comprehensive proposal for unifying QCL indication for PDSCH and PDCCH:
[bookmark: _Toc492556177][bookmark: _Toc492921922][bookmark: _Toc492922046][bookmark: _Toc492922153][bookmark: _Toc492922191][bookmark: _Toc492922252][bookmark: _Toc492922434][bookmark: _Toc492922631][bookmark: _Toc492924621]Unified DL beam indication for PDSCH and PDCCH (details below)
· [bookmark: _Toc492554353][bookmark: _Toc492554531]A list of up to 2N Transmission Configuration Indication (TCI) states is defined for the UE at least for the purpose of QCL indication for PDSCH DMRS and PDCCH DMRS
· Each TCI state can have one or two RS sets, as per previous agreement
· FFS: Value of N, e.g., N = [3]
· For PDSCH QCL indication:
· The UE is signalled the N-bit TCI field in DCI that selects one of the 2N defined TCI states which provides a reference to one or two RS set(s) which are QCL with DMRS port(s) of the PDSCH scheduled to the UE, as per previous agreement
· For PDCCH QCL indication:
· The UE is configured by RRC only or configured by RRC and signalled by MAC-CE with a one of the 2N defined TCI states which provides a reference to an RS set which is QCL with the DMRS port(s) of the PDCCH in a configured CORESET containing a UE specific search space
· FFS: CORESET containing common search space
· Note: different CORESETs may be configured for different TCI states, e.g., for multi-TRP operation
· A configuration is supported whereby beam indication for PDSCH is also valid for PDCCH
· Each RS set within a TCI state refers to one or more DL RS(s) which are QCL with the port(s) within a PDSCH DMRS port group or are QCL with the PDCCH DMRS port(s)
· A TCI state with two RS sets is only used in the case of two DMRS port groups for PDSCH
· A TCI state with one RS set is always used in the case of DMRS for PDCCH
· An RS in an RS set can refer to any of the following DL RS types:
· SSB
· Periodic CSI-RS
· Aperiodic CSI-RS
· Semi-persistent CSI-RS
· FFS: TRS depending on outcome of discussions in the QCL agenda item
· During initial access, the UE associates the TCI = 0 state with the SSB acquired during the initial access procedure
Procedures for defining/updating TCI states
The above discussion and proposals focus on the harmonization of QCL indication for both PDSCH and PDCCH through signalling of a Transmission Configuration Indicator (TCI) value. However, what is still open is the signalling mechanism for defining/updating the DL RS index (CSI-RS Resource Index or SSB index) associated with each RS set of a TCI state. This is needed in order to establish/update the spatial QCL reference in a TCI state before beam indication signalling is carried out based on signalling a particular TCI.
Agreement #1 identifies two mechanisms for further study (FFS) for updating a DL RS index in a RS set: (1) explicit signalling of the RS index, and (2) implicit association of the RS index(es) with the RS set based on UE measurement. In our view, Mechanism-1 (explicit update of a TCI state) is straight forward and should be supported. For example, a periodic  beam sweep, either based on a large number of SSBs (up to 64 allowed for mm-wave) or a large number of periodic CSI-RS (p-CSI-RS) resources may be used during a P1 procedure. The UE may be configured to periodically report the N largest RSRPs and corresponding reference signal indices, e.g., CRIs, SSB indexes. The gNB decides what subset (or all) RS index(es) should be associated with which TCI state(s). The gNB then signals the TCI(s) and the associated DL RS index(es) to the UE which can update its own TCI state configuration with the signalled RS index(es). Updates are required, e.g., to track UE movement/rotation. Clearly, the required update rate depends on how fast the UE is moving. Details of the method for explicit signalling of the TCI-to-RS Index associations are FFS.
Note that is important to consider the timing details of when the UE receives updated QCL references vs. when it can apply them. If the UE receives the explicit signalling in slot n, it should be specified that the first time that the UE may actually apply the updated QCL assumption for demodulation of PDSCH of PDCCH is in slot n + d1 where the value of d1 is FFS. It is also FFS whether or not separate values of d1 for PDSCH and PDCCH are needed. For example, for use cases in which both PDSCH and PDCCH share the same TCI state, the same value of d1 could be used for both physical channels. One example is that the updated QCL assumption can be applied 1 slot after the first DCI signalling of a TCI.
Mechanism-2 (implicit update of a TCI state) is required for aperiodically triggered P2 or P3 procedures and should also be supported. In Mechanism-2, the UE is triggered to perform a measurement on a set or sets of aperiodic CSI-RS resources for the purposes of beam management either on the Tx side or Rx side. The UE receives by DCI the measurement trigger plus a TCI state index. In the example above, the TCI state can be the same one that was initialized explicitly. When the UE receives the TCI state index along with the measurement trigger, the UE shall interpret this as instruction to perform the measurement, and it can update the RS index in each RS set with the preferred CRI from each resource set on which it measures, respectively. These RS index(es) can then become the new QCL references for the signalled TCI state and remain valid until the next time a measurement trigger with the same TCI index is received. Again, it is important to consider the timing details. If the UE receives the explicit signalling in slot n, it should be specified that the first time that the UE may actually apply the updated QCL assumption for demodulation of PDSCH of PDCCH is in slot n + d2 where the value of d2 is FFS.
While Mechanism-2 is intended for aperiodic CSI-RS, this does not preclude use of Mechanism-1 for initializing the spatial QCL reference for a TCI state that will be updated at a later time with a QCL reference to an aperiodic CSI-RS resource. This is useful, for example, when a periodic DL RS, e.g., SSB or p-CSI-RS, is used for new beam discovery and aperiodic CSI-RS is used for beam refinement, either through a P2 or P3 procedure. When a new beam is discovered by the gNB based on UE reporting, the gNB explicitly signals a TCI and the RS index corresponding to the new beam to the UE. The UE then updates its own TCI state configuration with the signalled RS index. For the case of a P2 beam refinement, the initialized QCL reference to the periodic resource is useful for the UE to help it set its Rx beam for receiving the aperiodic CSI-RS resources during the P2 refinement step.
Based on the above discussion make the following comprehensive proposal:
[bookmark: _Toc492556178][bookmark: _Toc492921923][bookmark: _Toc492922047][bookmark: _Toc492922154][bookmark: _Toc492922192][bookmark: _Toc492922253][bookmark: _Toc492922435][bookmark: _Toc492922632][bookmark: _Toc492924622]Procedures for defining/updating TCI States (details below)
· For a UE in RRC CONNECTED mode, an RS within an RS set of any TCI state may be dynamically updated through either of the following two mechanisms
· Mechanism-1 (Explicit update of a TCI state)
· The UE receives a signalling message with a TCI value and the index of a DL RS to be assigned to an RS set belonging to the TCI state
· The RS index can be an
· SSB index
· Index of a periodic, semi-persistent, or aperiodic CSI-RS resource
· If measurement restriction is ON (for periodic/semi-persistent CSI-RS) the index refers to the most recent measurement of the indicated resource
· For aperiodic CSI-RS, the index refers to the most recent measurement of the indicated resource
· FFS: Additionally support a time-stamped measurement of a CSI-RS resource
· If the UE receives the signalling message in slot n, the first time that the UE may apply the updated QCL assumption for demodulation of PDSCH or PDCCH is in slot n + d1
· FFS: Value of d1 
· Note: The signalling can simultaneously update two RS sets in which case two RS indexes would be signalled. Furthermore, the signalling can simultaneously update more than one TCI state.
· FFS: Further signalling details, e.g., RRC, MAC-CE, DCI, or a combination
· Mechanism-2 (Implicit update of a TCI state)
· The UE receives by DCI a measurement trigger for one or two resource sets of aperiodic CSI-RS resources in the same slot, plus a TCI value
· Note: a resource set in this context refers to a set of CSI-RS resources configured within a  resource setting in the agreed CSI framework
· The UE associates the preferred CSI-RS resource from each triggered resource set with the TCI state of the signalled TCI value and thus assigns the preferred CSI-RS(s) to the RS set(s) within the TCI state
· If the UE receives the DCI measurement trigger in slot n, the first time that the UE may apply the updated QCL assumption for demodulation of PDSCH or PDCCH is in slot n + d2
· FFS: Value of d2
· FFS: Further signalling details, e.g., joint or separate encoding of the measurement trigger and TCI value in DCI
[bookmark: _Ref492917535]Single-beam operation 
Many of the procedures on beam indication have been designed under the assumption that the UE should adjust its Rx beams differently for PDCCH and PDSCH reception. However, in many cases, this level of freedom is not needed. Both the PDCCH and PDSCH can be transmitted with beams that provide the best SINR at the receiver. In many cases, this is the narrowest beam. Then, the target BLER for the PDCCH and the PDSCH are likely to be different, and that will be achieved by suitable selection of the aggregation level for PDCCH and MCS for PDSCH. 
[bookmark: _Toc492924620]A very common realization is that the PDCCH and PDSCH are transmitted using the same beam.
Furthermore, the implementation of independent PDCCH and PDSCH beams can lead to increased signalling. The extra amount depends on how often then the PDCCH and PDSCH beams are updated. In addition, introducing the possibility to switch between the PDCCH and the PDSCH leads to a more complex UE implementation than if the Rx beam switches are constrained to be between slots. For these reasons, we propose
[bookmark: _Toc492922633][bookmark: _Toc492924623]NR should support a configuration that beam indications for PDSCH are valid also for PDCCH.
UL Beam Indication
In the previous section, DL beam indication is discussed both for PDSCH and PDCCH. DL beam indication consists of signalling a TCI to the UE which provides one or more spatial QCL references which can be used by the UE to adjust its Rx spatial configuration, i.e., spatial filter/spatial precoder/beam for the purposes of demodulation of PDSCH and PDCCH. Maintenance of several different TCI states allows flexibility to the gNB to dynamically switch between different Tx beams either within a TRP or between TRPs. This is beneficial, e.g., for MU-MIMO operation by being able to schedule different users in different candidate beams, and multi-TRP operation to support either or both dynamic point selection (DPS) or non-coherent joint transmission (NC-JT).
While DL beam indication has been discussed extensively, UL beam indication has not received very much attention. Clearly, if DL beam indication is used, some form of beam indication in the uplink is beneficial to aid the UE in adjusting its Tx spatial configuration, i.e., spatial filter/spatial precoder/beam for the purposes of transmitting UL signals (PUSCH, PUCCH, and SRS). This simplifies gNB operation in the demodulation of PUSCH and PUCCH in that the received signals at the gNB are aligned with a desired gNB analog beam direction. Since a framework for DL beam indication has already been agreed, it makes sense to leverage that framework as much as possible for UL beam indication.
To enable a UE to adjust its Tx spatial configuration for the transmission of PUSCH/PUCCH/SRS, a spatial QCL reference is needed. In the case of UEs with UL/DL beam correspondence, a natural candidate is the DL RS (CSI-RS or SSB) that is associated with a signalled TCI. The UE can then adjust its spatial Tx configuration such that it is reciprocal to the spatial Rx configuration with the DL RS. Here reciprocal can mean that a UE Tx beam is oriented in the reciprocal direction of an Rx beam. It could also mean that ports of the transmitted uplink reference signal (PUSCH/PUCCH DMRS or SRS) are reciprocally and spatially quasi-co-located with the ports of the DL RS. However, the notation of reciprocal QCL has not been agreed in RAN1. Regardless, the notion of reciprocal beam directions is quite natural.
In the case of DL beam indication the TCI field is signalled in the same DCI as a DL grant which schedules PDSCH. For the case of UL beam indication, it makes sense to extend this framework such that the TCI field can be included in the same DCI as an UL grant which schedules PUSCH.
[bookmark: _Toc492921924][bookmark: _Toc492922048][bookmark: _Toc492922155][bookmark: _Toc492922193][bookmark: _Toc492922254][bookmark: _Toc492922436][bookmark: _Toc492922634][bookmark: _Toc492924624]To enable UL beam indication, NR supports signalling a TCI in a DCI message containing an UL grant to aid the UE in adjusting its spatial Tx configuration (beam) for the purposes of transmitting PUSCH/PUCCH/SRS.
In the above discussion, the UE makes use of a DL RS (CSI-RS, SSB) as the spatial QCL reference to adjust its spatial Tx configuration. However, there are at least two use cases where it is beneficial for the UE to make use of an UL RS (e.g., SRS) as the spatial QCL reference: (1) UL beam indication for UEs lacking UL/DL beam correspondence, and (2) DL beam indication for reciprocity-based operation. To support these use cases, it makes sense to extend the beam indication framework such that UL RSs can be associated with TCI states, e.g., as yet another type of RS to be included in the RS Set of a TCI state. The particular SRS that is associated with the TCI state can be based on a prior measurement at the gNB on a set of SRS resources transmitted by the UE, e.g., in a U3 procedure. Based on this measurement, the gNB explicitly signals the UE with an SRS resource indicator (SRI) indicating the preferred SRS resource along with the TCI to which the UE should associated the indicated SRI. In this way, when TCI is signalled in DCI at a later point in time for the purposes of either DL or UL beam indication, the associated UL RS provides the UE with the needed spatial QCL reference.
For use case (1), the UE adjusts its spatial Tx configuration such that it aligns with the spatial Tx configuration associated with the UL RS (SRS) contained in the TCI state signalled over DCI in an UL grant. In this way, the gNB can control the receive direction for PUSCH/PUSCH/SRS for UEs lacking UL/DL beam correspondence. For use case (2), the UE adjusts its spatial Rx configuration such that it is reciprocal to the spatial Tx configuration associated with the UL RS (SRS) contained in the TCI state signalled over DCI in a DL grant. In this way, the gNB can base its DL beamforming decisions for transmission of PDSCH/PDCCH/CSI-RS/PTRS/TRS based on SRS measurements (reciprocity), while simultaneously providing the UE with the needed spatial QCL reference for adjusting its spatial Rx configuration for reception of the transmitted DL signals.
[bookmark: _Toc492921925][bookmark: _Toc492922049][bookmark: _Toc492922156][bookmark: _Toc492922194][bookmark: _Toc492922255][bookmark: _Toc492922437][bookmark: _Toc492922635][bookmark: _Toc492924625][bookmark: _Toc492902597]To enable either (1) DL beam indication for reciprocity operation or (2) UL beam indication for UEs lacking UL/DL beam correspondence, NR supports inclusion of an SRS resource in an RS Set associated with a TCI state to provide the UE with a spatial QCL reference for adjusting its spatial Rx/Tx configuration (beam).

Beam Measurement and Reporting
[bookmark: _Ref492899780]Measurement and Reporting on SSB
In RAN1#90 (Prague), the following agreements/working assumptions were made regarding L1-RSRP measurements based on SSB and configuration of CSI-RS resources for beam management.
Agreements:
· Support L1-RSRP reporting of measurements on SS block for beam management procedures
· The following configurations for L1-RSRP reporting for beam management are supported 
· SS block only (with mandatory support by UE)
· CSI-RS only (with mandatory support by UE)
· SS block + CSI-RS independent L1 RSRP reporting
· Joint L1-RSRP using QCL-ed SS-block + CSI-RS is optionally supported by UE (with optionally support by UE)
Working assumption:
· For 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”
· Note: In this context, repetition “on/off” means:
· “On”: The UE may assume that the gNB maintains a fixed Tx beam
· “Off”: The UE can not assume that the gNB maintains a fixed Tx beam
· Note: This does NOT necessarily mean that the CSI-RS resources in a set occupy adjacent symbols

Here we consider the 3rd approach listed in the first agreement: SS block + CSI-RS with independent L1 RSRP reporting. In our view, it is very natural to extend the CSI and beam management framework to include resource and report settings that are based on SSB in an analogous fashion to settings that are based on CSI-RS. 
We consider a use case in which SSB is used for the purposes identifying new beams as they appear due to UE movement and/or rotation. Since the SSB beams typically sweep most of the coverage area of a TRP, use of the SS blocks for beam management can relieve some of the burden on configuration of UE-specific CSI-RS. Here we consider CSI-RS used in an aperiodic fashion to refine coarse beams identified through SS block measurements, thus avoiding configuring CSI-RS to sweep the entire coverage area.
Figure 2 shows a configuration example to support this use case. In this diagram there are two aperiodic report settings linked to a resource setting containing two sets of aperiodic CSI-RS resources used for the purposes of beam refinement. One set is configured with the repetition IE set to OFF (see above working assumption), and the other with repetition set to ON. DCI jointly selects the Report Setting 1 + Set 1 when a P2 procedure (gNB Tx beam sweep) is triggered, and jointly selects Report Setting 2 + Set 2 when a P3 procedure (UE Rx beam sweep) is triggered.
In addition, the diagram shows Resource Setting 2 which contains a set of periodic SSB resources. This is linked to Report Setting 3 which in this example is configured as periodic. Similar configurations may be constructed in a straight forward manner for the case of semi-persistent or aperiodic reporting on SSB. In this example, the UE is configured to report the top two SSBs and corresponding SSB indexes on a periodic basis, e.g., once per 20 ms.
[image: ]
[bookmark: _Ref492823453]Figure 2: CSI / Beam management framework extended to include report and resource settings based on SSB
A key consideration in configuring L1-RSRP reporting based on SSB is the uplink signalling overhead (UCI). In order to uniquely identify an SS block from an arbitrary unknown TRP, a fairly large number of bits could be required. The PSS and SSS together uniquely identify a cell ID, and it has been agreed to support in the order of 1000 cell IDs (approximately double that of LTE). Hence this requires on the order of 10 bits. Up to 64 SS blocks can be configured in an SS burst set, meaning up to additional 6 bits are required to identify the SS block time index. This results in 16 bits, and if one accounts for an additional 7 bits to represent an RSRP value, a minimum of 23 bits are required to signal an SS beam index and a corresponding RSRP measurement. This is a fairly large value considering what payload sizes are being considered for PUCCH. Even if reporting is restricted to within cell, 6 bits will be required to identify the SS beam index. Note that the UL signalling must be dimensioned to handle the situation where all 64 SSB are transmitted, although a much smaller number of SSBs will typically be used.
One approach for overhead reduction is to configure the UE using RRC with a table containing a mapping between full SS block identities and short measurement identities. The full SS block identity would include the ~10bits representing the PSS/SSS identity and the up to 6 bits representing the SS block time index, whereas the short measurement identity would be 6 bits or less, depending on how many SSBs are configured. The short identity would be the one used in the measurement report. By using a short identity in this way, it would also be possible to perform measurements on a preconfigured subset of the available SS block beams, rather than the full set. This approach is similar to the CSI framework, where the UE is configured with one or more sets of CSI-RS resources via RRC. Each CSI-RS resource within a set is then identified by a short identifier, the CRI.
Such an approach is shown in Figure 2 in which the UE is configured to measure on a set of 8 SSB resources, and the set configuration within Resource Setting 2 contains an IE specifying the short ID configuration, i.e., mapping between long and short IDs. In this case, since only 8 SSB resources are configured, the short ID is only 3 bits. Using the example of 7 bits per RSRP value, the total overhead per reporting instance in this example would be 2*7 + 2*3 = 20 bits. If the RSRP resolution is reduced and/or if differential RSRP reporting is used, this may be reduced further. 
Based on the above discussion we propose the following
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Measurement and Reporting Parameters
In RAN1#90 (Prague), the following agreement was made regarding parameters for measurement and reporting:
Agreements:
· At least for non-grouping based beam reporting, taking the following parameter values for further consideration
· For maximal TX beam numbers for a UE to measure for a given reporting instance: candidate value is, e.g., around K = [64]
· For maximal TX beam numbers reported by a UE per reporting instance are, e.g., N = [1, 2, 4, 8]
· For L1-RSRP levels, candidate value is, e.g., around [100]
· Considering maximal L1-RSRP range, e.g., from X dBm to Y dBm
· Considering step-size of L1-RSRP, e.g., Z dB
· …

In the above agreement, the maximum number of beams on which a UE is expected to measure in advance of reporting is [64]. This number corresponds to the maximum number of SSBs in one cell, so in this context this seems reasonable, since the UE will be able to hear all the transmitted SS blocks during one SS burst set. However, it is important to note that for aperiodic CSI-RS measurements which are often used for refinement purposes, the number is significantly less, perhaps less than 10. Also note that if the SSB measurement and reporting scheme proposed in section 4.1 is adopted, the UE would only be required to measure on the SS blocks actually configured.
The maximum number of reported resource indices (beams) is stated above as N = [1,2,4,8]. Considering uplink overhead, it would be very natural to support 1 or 2 as a starting point, and perhaps up to 4. However, 8 seems questionable. It is not clear what the gNB should do with such a large report. In a MU-MIMO context, having flexibility to schedule users in different beams is useful; however, considering typical traffic models, how often can 8 users be found that are suitable for co-scheduling? Also note that for analog beamforming, hardware typically limits the co-scheduling possibilities. Moreover, specifying that the UE always reports N values may not be desirable in case that some values are quite low compared to the maximum reported value.
For L1-RSRP levels, a number that is often quoted is 7 bits, corresponding to 128 levels. This number comes from L3-RSRP reporting for RRM purposes. RAN4 is still evaluating the RSRP accuracy requirements for beam management based on CSI-RS considering different density values, so it is too early to decide on a suitable value. However, one observation is that differential reporting can lower the overhead. For example, if N RSRPs are reported, the largest one can be quantized, e.g., with 7 bits, and the differential values with a smaller number of bits. 
Conclusions
In this contriution, we made the following observations:
Observation 1	A UE-specific CORESET in NR takes the role of an E-PDCCH in LTE. Different CORESETs associated with different Transmission Configuration Indicator (TCI) states allows for dynamic beam switching of control channel transmissions either within a single TRP or between multiple TRPs.
Observation 2	A very common realization is that the PDCCH and PDSCH are transmitted using the same beam.

In this contribution, we made the following proposals:
Proposal 1	Unified DL beam indication for PDSCH and PDCCH (details below)
Proposal 2	Procedures for defining/updating TCI States (details below)
Proposal 3	NR should support a configuration that beam indications for PDSCH are valid also for PDCCH.
Proposal 4	To enable UL beam indication, NR supports signalling a TCI in a DCI message containing an UL grant to aid the UE in adjusting its spatial Tx configuration (beam) for the purposes of transmitting PUSCH/PUCCH/SRS.
Proposal 5	To enable either (1) DL beam indication for reciprocity operation or (2) UL beam indication for UEs lacking UL/DL beam correspondence, NR supports inclusion of an SRS resource in an RS Set associated with a TCI state to provide the UE with a spatial QCL reference for adjusting its spatial Rx/Tx configuration (beam).
Proposal 6	Extend the CSI / Beam Management framework to enable configuration of a set of SSB resources within a resource setting on which the UE shall perform L1-RSRP measurements. The set of SSB resources may be all or a subset of transmitted SSBs from a TRP. Extend the framework to enable configuration of a report setting linked to the aforementioned resource setting. The report setting contains at least the following parameters: time domain behaviour = [periodic, semi-persistent, aperiodic], and N = the number of reported RSRPs. Maximum value of N is FFS.
Proposal 7	For L1-RSRP reporting on SSB, support configuring the UE with a mapping between the full SS block identity and a short measurement identity (6 or fewer bits). The short measurement identity is used in measurement reports and uniquely identifies a SSB resource within a configured set of SSB resources. An IE specifying the short ID configuration is associated with the configured set of SSB resources within a resource setting.

Details of Proposal 1
· A list of up to 2N Transmission Configuration Indication (TCI) states is defined for the UE at least for the purpose of QCL indication for PDSCH DMRS and PDCCH DMRS
· Each TCI state can have one or two RS sets, as per previous agreement
· FFS: Value of N, e.g., N = [3]
· For PDSCH QCL indication:
· The UE is signalled the N-bit TCI field in DCI that selects one of the 2N defined TCI states which provides a reference to one or two RS set(s) which are QCL with DMRS port(s) of the PDSCH scheduled to the UE, as per previous agreement
· For PDCCH QCL indication:
· The UE is configured by RRC only or configured by RRC and signalled by MAC-CE with a one of the 2N defined TCI states which provides a reference to an RS set which is QCL with the DMRS port(s) of the PDCCH in a configured CORESET containing a UE specific search space
· FFS: CORESET containing common search space
· Note: different CORESETs may be configured for different TCI states, e.g., for multi-TRP operation
· A configuration is supported whereby beam indication for PDSCH is also valid for PDCCH
· Each RS set within a TCI state refers to one or more DL RS(s) which are QCL with the port(s) within a PDSCH DMRS port group or are QCL with the PDCCH DMRS port(s)
· A TCI state with two RS sets is only used in the case of two DMRS port groups for PDSCH
· A TCI state with one RS set is always used in the case of DMRS for PDCCH
· An RS in an RS set can refer to any of the following DL RS types:
· SSB
· Periodic CSI-RS
· Aperiodic CSI-RS
· Semi-persistent CSI-RS
· FFS: TRS depending on outcome of discussions in the QCL agenda item
· During initial access, the UE associates the TCI = 0 state with the SSB acquired during the initial access procedure

Details of Proposal 2
· For a UE in RRC CONNECTED mode, an RS within an RS set of any TCI state may be dynamically updated through either of the following two mechanisms
· Mechanism-1 (Explicit update of a TCI state)
· The UE receives a signalling message with a TCI value and the index of a DL RS to be assigned to an RS set belonging to the TCI state
· The RS index can be an
· SSB index
· Index of a periodic, semi-persistent, or aperiodic CSI-RS resource
· If measurement restriction is ON (for periodic/semi-persistent CSI-RS) the index refers to the most recent measurement of the indicated resource
· For aperiodic CSI-RS, the index refers to the most recent measurement of the indicated resource
· FFS: Additionally support a time-stamped measurement of a CSI-RS resource
· If the UE receives the signalling message in slot n, the first time that the UE may apply the updated QCL assumption for demodulation of PDSCH or PDCCH is in slot n + d1
· FFS: Value of d1 
· Note: The signalling can simultaneously update two RS sets in which case two RS indexes would be signalled. Furthermore, the signalling can simultaneously update more than one TCI state.
· FFS: Further signalling details, e.g., RRC, MAC-CE, DCI, or a combination
· Mechanism-2 (Implicit update of a TCI state)
· The UE receives by DCI a measurement trigger for one or two resource sets of aperiodic CSI-RS resources in the same slot, plus a TCI value
· Note: a resource set in this context refers to a set of CSI-RS resources configured within a  resource setting in the agreed CSI framework
· The UE associates the preferred CSI-RS resource from each triggered resource set with the TCI state of the signalled TCI value and thus assigns the preferred CSI-RS(s) to the RS set(s) within the TCI state
· If the UE receives the DCI measurement trigger in slot n, the first time that the UE may apply the updated QCL assumption for demodulation of PDSCH or PDCCH is in slot n + d2
· FFS: Value of d2
· FFS: Further signalling details, e.g., joint or separate encoding of the measurement trigger and TCI value in DCI
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