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Introduction
In prior meetings, the following agreements have been made related to beam indication:
Agreement 1:
· RAN1 to study the relation (if any) between a measurement and/or reporting on a reference signal and a subsequent beam indication for beam management purposes
· Study the indicator(s) used for PDCCH and PDSCH 
· Study whether there is a relationship between the indicator types e.g. same type of indicator or different types
Agreement 2:
· Aim for low-overhead indication for spatial QCL assumption to assist UE-side beamforming/receiving
· FFS details (e.g., tag-based where the tag refers to previous CSI-RS resources, BPL-based, referring to previous measurement reports, indication one resource (set) out of multiple resource (set)s configured by RRC, CSI-RS resource/port index based, etc.)
Agreement 3:
· For reception of unicast DL data channel, support indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel: Information indicating the RS antenna port(s) is indicated via DCI (downlink grants)
· The information indicates the RS antenna port(s) which is QCL-ed with DMRS antenna port(s) 
· FFS: Indication details
· E.g. explicit indication of RS port/resource ID, or implicitly derived 
· …
Agreement 4:
· …
· Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signaling
· Note that MAC-CE is not always needed
· FFS: necessity of DCI signaling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters

In this contribution, we elaborate on the relation between a measurement and/or reporting on a reference signal and a subsequent beam indication for beam management purposes, as suggested in Agreement #1.
[bookmark: _Ref178064866]Discussion on slow RAN1 progress on beam indication
Agreement #1 above from the previous meeting states that RAN1 should study the relation between measurement and/or reporting on a reference signal and subsequent beam indication, despite the fact that beam indication has been discussed now for many meetings. The other agreements above capture the fact that beam indication is supported for both PDCCH and PDSCH, and they capture what signals (DCI or MAC-CE) should be used to convey beam indication. However, what is lacking is a concrete agreement on a detailed design for the beam indication message itself, and how exactly the message should be interpreted by the UE. Although these agreements were made several meetings ago there has not been any significant progress. 
[bookmark: _Toc490227571]The most important missing agreement in beam management discussions is how the UE should interpret the beam indication, i.e., what does it refer to?
One of the complicating factors may be that beam management may be based on different types of reference signals. CSI-RS has been agreed, and this can be configured in several ways: aperiodic (a-CSI-RS), semi-persistent, or periodic (p-CSI-RS). Periodically transmitted SSB is also being discussed. Each signal type adds a slightly new twist to the beam indication issue. While different companies have different views on how the RSs should be configured and how beam management procedures should work, there appears to be at least one common thread. The purpose of signalling a beam related indicator to the UE in either DCI (e.g., for PDSCH) or MAC-CE (e.g., for PDCCH) is to help the UE to set its analog Rx beam to receive the PDCCH/PDCCH. Such an indicator can thus be seen as a spatial QCL indicator, consistent with Agreements 2, 3, and 4 above. 
Beam indicator definition 
In the design of a suitable beam indication message, we adopt the terminology QRI = QCL Reference Indicator. A QRI informs the UE about which particular previously transmitted reference signal resource (SSB, p-CSI-RS, or a-CSI-RS) the DMRS is spatially QCL with for the purposes of PDSCH/PDCCH reception. In this contribution, we propose that QRI may be used for beam indication for various different reference signal types in a consistent way. In some sense, this is analogous to the PQI bits in DCI format 2D in LTE which also indicate a QCL assumption to a reference signal (periodic). Note that in previous contributions we referred to a measurement indicator (MI) in our discussions on beam indication; however, we believe that the term QRI is more meaningful.
[bookmark: _Toc490227572]Beam indication through a QCL reference indicator (QRI) is analogous to PQI indication in DCI format 2D in LTE which also indicates a QCL assumption to a reference signal.
At its heart, a QRI points to the index of an RS resource, which the UE used for measurements at some prior point in time. Since measurements for beam management may be performed on RSs of various different types, e.g., periodic CSI-RS, aperiodic CSI-RS, SSB (if agreed), we propose that different QRI states refer to different RS types as illustrated in the example table in Figure 1. For example, one QRI state could be associated with the preferred SSB index determined during the RACH procedure performed during initial access, e.g., QRI = 0. Several states could be associated with indices of p-CSI-RS resources or SSB indices measured and/or reported during a P1 or P2 procedure. Finally, several states could be associated with indices of a-CSI-RS resources measured and/or reported during a P2 or P3 procedure.
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[bookmark: _Ref489984013]Figure 1: Example of different QRI states for both periodically transmitted reference signals (SSB, p-CSI-RS) and aperiodically transmitted reference signals (a-CSI-RS). The reference signal index-to-QRI association is either explicitly signalled to the UE or implicitly determined.
This flexibility allows for the network to deploy any combination of reference signals, and still use the same type of beam indication. One network could deploy only periodic CSI-RS, and base beam indication only on that. Another network may deploy only aperiodic CSI-RS, and base indication on those. Providing that beam management based on SSBs is agreed, one network could use only SSBs for beam management purposes, and base beam indication on references to SSBs. Furthermore, a network may use any combination of SSBs, p-CSI-RS and a-CSI-RS, and still use the same beam indication signalling.
Such flexibility further allows for the network to dynamically switch from transmitting data/control in wider, more robust beams, e.g., based on measurements of SSB or p-CSI-RS to narrower, UE specific refined beams, e.g., based on measurements of a-CSI-RS when they are available. This flexibility also allows fallback to the more robust beams if the UE specific beams based on aperiodic measurements become outdated. Furthermore, such flexibility can allow data/control to be transmitted over different beams, e.g., PDCCH on wider, more robust beams and PDSCH on narrower, more refined beams.
While gNB flexibility is desired for beam indication based on QRI, this must be balanced with overhead. This is particularly true since beam indication for PDSCH has been agreed to be carried on DCI (Agreement #3). This low overhead requirement is also pointed out in Agreement #2. For this reason, we propose that the number of bits to signal QRI is chosen to be quite small. For example, 3 bits could allow up to 8 different QRI states. This could allow 2 or 3 states each corresponding to p-CSI-RS, SSB, and a-CSI-RS. Of course, if the network is designed to use only p-CSI-RS, all 8 QRI states could be used to indicate periodic CSI-RS resources. 
Beam indication based on QRI essentially consists of a mapping, or re-indexing, of the RS indices (CRI or SSB indices) from a larger index space to a much smaller index space (QRI states). For example, in the case of periodic transmission of a large number of periodic RS resources (large beam sweep), say with 64 beams, the index space is reduced from 6 bits down to the smaller number used for QRI, e.g., 3. For aperiodic RS (a-CSI-RS), the number of resources in a set is not typically as large, hence the index space reduction is not as important itself; however, the remapping is still inherent (and important) through an implicit association of a CRI to a QRI through measurements performed by the UE as described next.
A key difference between QRI states corresponding to periodic RS resources (p-CSI-RS, SSB) and those corresponding to aperiodic RS resources (a-CSI-RS) is how the UE is informed of the RS index associated with a given QRI state, i.e. CRI/SSB index to QRI association. In the former case (periodic), the association can be signalled to the UE explicitly, e.g., through higher layers (RRC or MAC-CE, depending on latency requirements) based on prior measurements and/or reports provided to the gNB from the UE. See Section 4 for a discussion on latency requirements. For the latter case (aperiodic), the association need not be signalled to the UE explicitly. Rather it can be determined implicitly based on the most recent measurement on a set of aperiodic CSI-RS resources. This suggests that the message triggering the aperiodic measurement should include the QRI so that the UE knows to what QRI it should associate a preferred RS index. In other words, this informs the UE on what beam pair link is being updated. 
Figure 1 shows an example of the implicit/explicit distinction for different QRI states. Explicit and implicit association will be elaborated on in the next two sections. In either case, however, the key is that the UE remembers a receiver configuration, e.g., spatial Rx configuration (or Rx beam), corresponding to the RS index which is associated with the QRI based on a prior measurement and/or report on this RS resource. In this way, when QRI is received at a later point in time, the UE can use the stored configuration to aid in reception of PDCCH/PDSCH.
Figure 1 shows an example of several different QRI states that could be configured in the case that QRI consists of 3 bits. The first state could be used, for example, for indication of the best beam discovered during the RACH procedure during initial access. If the UE is configured to report L1-RSRP based on periodically transmitted SSB, then QRI states 1 and 2 may be used for indication of good beams according to the RSRP reports. QRI states 3, 4, and 5 could be used based on similar measurement and/or reporting based on periodically transmitted CSI-RS (p-CSI-RS). Finally, QRI states 6 and 7 could be used for indication of the preferred beams measured and/or reported based on aperiodically transmitted CSI-RS (a-CSI-RS). As discussed in the next section, QRI states 1 – 5 require explicit signalling of the reference signal index-to-QRI association to the UE based on prior measurements/reporting of these RSs.
Based on the above discussion, we propose the following:
[bookmark: _Toc489992089][bookmark: _Toc489992327][bookmark: _Toc489992976][bookmark: _Toc489993289][bookmark: _Toc490220588][bookmark: _Toc490221039][bookmark: _Toc490227573][bookmark: _Toc490228050]NR supports signalling an X-bit QCL reference indicator (QRI) for beam indication purposes for both PDCCH and PDSCH. Different QRI states correspond to either periodically transmitted reference signals (e.g., CSI-RS, SSB) or aperiodically transmitted CSI-RS. For PDSCH, signalling of QRI is over DCI. For PDCCH, signalling method is FFS, e.g, DCI or MAC-CE depending on signalling latency requirements. X is FFS, e.g., 3.
[bookmark: _Ref490224690]Explicit reference signal index-to-QRI association
Periodic beam sweeps, either based on a large number of SSBs (up to 64 allowed for mmWave) or a large number of periodic CSI-RS resources may be used, for example, during a P1 procedure. The UE is typically configured to periodically report the N largest RSRPs and corresponding reference signal indices, e.g., CRI in the case of p-CSI-RS. Since the index space of CRI is necessarily large if the number of measured resources is large, CRI itself is not suitable for beam indication since it requires too many bits. Beam indication overhead can be reduced instead if a subset of the reported CRIs are associated with a small number of configured QRI states (one CRI per QRI state). The choice of the subset of N reported CRIs is up to the gNB. However, once the association is made, it can be explicitly signalled to the UE. This allows future beam indication based on QRI since the UE remembers the receiver configuration, e.g., Rx spatial configuration (Rx beam), associated with reach reported CRI. When a QRI is received at a later point, the Rx spatial configuration can be retrieved since the UE knows the association of QRI to CRI. This process is exemplified in Figure 2. Note that the UE assumes that the CRI-to-QRI association remains valid until it is updated at a later time. Updates are required, e.g., to track UE movement/rotation which resulting in a change of the suitable beams. Clearly, the required update frequency depends on how fast the UE is moving.
[bookmark: _Toc489992090][bookmark: _Toc489992328][bookmark: _Toc489992977][bookmark: _Toc489993290][bookmark: _Toc490220589][bookmark: _Toc490221040][bookmark: _Toc490227574][bookmark: _Toc490228051]To enable beam QRI-based beam indication, NR supports explicit signalling of reference signal index-to-QRI association to a UE for the case of a set of periodically transmitted reference signals, e.g., CSI-RS, SSB. FFS: signalling method, e.g., RRC, MAC-CE depending on signalling latency requirements.
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[bookmark: _Ref489988773]Figure 2: Example of explicit signalling of CRI-to-QRI association for the case of periodically transmitted CSI-RS (p-CSI-RS).
Implicit reference signal index-to-QRI association
Aperiodically triggered beam sweeps, typically based on a relatively small set of aperiodic CSI-RS resources, may be used, for example, during a P2 or P3 procedure for UE-specific beam refinement purposes. Depending on the set size and the specific beam management procedure, the UE may or may not be configured to report RSRP/CSI + CRI. In either case, the UE may determine a preferred CRI based on the measurements regardless of whether the UE is selecting amongst CSI-RS resources for the purposes of reporting a preferred Tx beam (P2) or adjusting its own Rx beam (P3). Beam management based on aperiodic CSI-RS is discussed further in [1].
In the case of aperiodic CSI-RS measurements, it is desirable to update the CRI-to-QRI association quickly, such that a refined beam can be indicated by the gNB as soon as possible. Hence, it is not desirable to wait for the gNB to explicitly signal the association, since such an association could typically happen on a relatively slow basis (compare to the case of p-CSI-RS). To avoid this, the gNB may include one of the configured QRI states corresponding to aperiodic CSI-RS (e.g., QRI state 5 or 6 in Figure 1) in the message that dynamically triggers the aperiodic CSI-RS measurement. In this way, as soon as the UE determines a preferred CSI-RS resource (preferred CRI), the CRI-to-QRI association is made. In this sense, the reference signal index-to-QRI mapping is signalled to the UE implicitly. The association is based on the most recent measurement performed on a set of resources in which the measurement trigger contains that QRI state. As soon as the QRI association is made, that QRI state is now available for beam indication purposes. This process is exemplified in Figure 3. Note that the UE assumes that the CRI-to-QRI association remains valid until the next time a measurement is triggered based on the same QRI state.
[bookmark: _Toc489992091][bookmark: _Toc489992329][bookmark: _Toc489992978][bookmark: _Toc489993291][bookmark: _Toc490220590][bookmark: _Toc490221041][bookmark: _Toc490227575][bookmark: _Toc490228052]To enable QRI-based beam indication, NR supports signalling of a QRI state within the DCI that dynamically triggers a UE measurement on a set of aperiodic CSI-RS resources. The UE determines the CRI-to-QRI association based on the determination of a preferred CSI-RS resource.
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[bookmark: _Ref489991390]Figure 3: Example of implicit signalling of CRI-to-QRI association for the case of aperiodically transmitted CSI-RS (a-CSI-RS).
[bookmark: _Ref490224350]Discussion on latency requirements for beam indication
As discussed above, there may be use for higher layer signaling, e.g., MAC-CE, for two of the steps in the beam indication process:
1. Explicit signaling of one or more reference signal index-to-QRI associations as described in Section 3.1 for the case of periodic RSs (p-CSI-RS and/or SSB)
2. Signaling of QRI to aid the UE in reception of PDCCH as mentioned in Agreement #4 above
By nature, these steps are sequential – Step #1 must take place before beam indication in Step #2 may occur. Hence any delays in either signaling step will impact how fast any new beam that is discovered as part of the beam management procedures can actually be used (indicated) to the UE. For fast moving UEs, latencies on the order of ms or 10’s of ms have the potential to impact performance significantly. Hence, before making agreements on the use of higher layer signaling such as MAC-CE for Steps 1 and 2, it is important to first quantify what requirements the beam indication process places on signaling latency to maintain a desired level of performance. While latency is one aspect to consider; another related aspect is ambiguity time that is inherent in MAC-CE signaling. Is it known to both the gNB and UE when a control message transmitted by the gNB is applied at the UE? This can be important for beam management where the gNB may need to know exactly what slot a UE receives a beam indication control message so that the gNB knows when it can safely adjust its Tx beam.
[bookmark: _Toc481106959][bookmark: _Toc481108973][bookmark: _Toc481592568][bookmark: _Toc481592627][bookmark: _Toc481610139][bookmark: _Toc481610431][bookmark: _Toc481612471][bookmark: _Toc481620992][bookmark: _Toc481622290]In LTE, MAC CE is used to convey control information to the UE over MAC. Originally, a small number of MAC CE messages were defined, e.g., TA command in DL and PHR in UL. During the development of the LTE standard, more messages were defined.  Signaling over MAC CE have some properties that differ from the L1 signaling RAN1 usually defines:
1. Since the messages are transmitted over MAC, they rely on HARQ. This means that the message is protected by a CRC, and that retransmissions are possible. Furthermore, the NW will know when the UE has successfully received the message but it does not know when (which slot) the UE implements the instructions in the message unless a requirement is placed on this behaviour.
2. Due to retransmissions, the time it takes to transmit a MAC CE message is unknown. The delay depends on how many retransmissions are required. In general of course, the delay of transmitting the MAC CE message is (at least) one slot. The time it takes until the NW receives the ACK/NAK depends on how the transmissions are allocated in the frame structure, and also on the time alignment between UL and DL. This means that it becomes somewhat tricky to use MAC CE for synchronous configurations (meaning that the exact slot when the MAC CE command is applied is known to both gNB and UE).
Hence, for NR, RAN1 should first discuss the requirements on using higher layer signaling, e.g., MAC CE, for beam indication related procedures. Requirements such as tolerable configuration delay, tolerable configuration time ambiguity window length, and reliability/consequences of a misaligned gNB/UE configuration understanding should be considered. Based on the discussion, we make the following proposal:
[bookmark: _Toc490214813][bookmark: _Toc490215807][bookmark: _Toc490251175][bookmark: _Toc490227576][bookmark: _Toc490228053]RAN1 should determine the requirements on MAC CE signaling for beam indication related procedures, at least with respect to error probability, synchronized procedures, and latency.
It is encouraged that RAN1 can conclude these requirements on MAC CE by the next RAN1 NR meeting.
Conclusions
In this contribution, we observe the following:
Observation 1	The most important missing agreement in beam management discussions is how the UE should interpret the beam indication, i.e., what does it refer to?
Observation 2	Beam indication through a QCL reference indicator (QRI) is analogous to PQI indication in DCI format 2D in LTE which also indicates a QCL assumption to a reference signal.

Based on the discussion in this contribution we propose the following:
[bookmark: _GoBack]Proposal 1	NR supports signalling an X-bit QCL reference indicator (QRI) for beam indication purposes for both PDCCH and PDSCH. Different QRI states correspond to either periodically transmitted reference signals (e.g., CSI-RS, SSB) or aperiodically transmitted CSI-RS. For PDSCH, signalling of QRI is over DCI. For PDCCH, signalling method is FFS, e.g, DCI or MAC-CE depending on signalling latency requirements. X is FFS, e.g., 3.
Proposal 2	To enable beam QRI-based beam indication, NR supports explicit signalling of reference signal index-to-QRI association to a UE for the case of a set of periodically transmitted reference signals, e.g., CSI-RS, SSB. FFS: signalling method, e.g., RRC, MAC-CE depending on signalling latency requirements.
Proposal 3	To enable QRI-based beam indication, NR supports signalling of a QRI state within the DCI that dynamically triggers a UE measurement on a set of aperiodic CSI-RS resources. The UE determines the CRI-to-QRI association based on the determination of a preferred CSI-RS resource.
Proposal 4	RAN1 should determine the requirements on MAC CE signaling for beam indication related procedures, at least with respect to error probability, synchronized procedures, and latency.
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