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Introduction
In the latest meeting, the following agreements were achieved [1]:
RAN1#90
· 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
· After entering RRC CONNECTED mode, UE assumes the DM-RS ports of UE-specific PDCCH to be spatially QCL-ed with the SS block identified during initial access by default unless indicated otherwise
· Note: The above QCL assumption may or may not be used for MSG2 and MSG4 – for discussion in initial access session
· FFS: Details
· FFS: Whether or not the default QCL assumption is contained in a default indicator state if supported
· Note: This does not necessarily mean that the PDCCH beam indication is through DCI
· 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
· [bookmark: _GoBack]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
Good progress were made on beam indication in RAN#90. However, there are still plenty of FFS to be addressed. In this paper, we provide answers to some FFS, and discuss further details of beam indication including beam indication for data channel, control channel, and for others such as reference signals.
Beam indication for data channel
Without beam correspondence
For DL
It was agreed that, at least for DL unicast data channel, an N-bit indicator field in DCI can be used to provide a reference to a DL RS which is spatially QCLed with at least one PDSCH DMRS port group. A logical mapping between Tx and Rx beams and indicator state can be beneficial for subsequent beam indication, as in Table 1.
Note that here the bit width for indicator state may be varied. Depending on a different carrier frequency, for example, beams in 70GHz may be narrower than beams in 30GHz, or depending on a different deployment scenario, for example, UE may benefit from a richer reflecting indoor environment than being outdoor, the optimal number of beams used per UE may vary and a different bit length for the beam indication can be considered. 
[bookmark: _Ref492567295]Table 1 Mapping between indicator, DL RS index 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)

	…
	…
	…


For UE to obtain Table 1, let’s start from the very beginning that a simple mapping table with only one entry is maintained between gNB and UE as in Table 2, in which CRI#0 is spatially QCLed with the SS block beam that UE accessed. Note that UE Rx information is not necessary to be known at gNB.
[bookmark: _Ref487816920]Table 2 Initial Mapping between indicator state, DL RS index and UE Rx beam
	indicator state
	Info. on gNB Tx beams
	Info. on UE Rx beams

	[00]
	CRI#0
	Rx beam#0


Based on the implicit initial beam pair link, gNB can schedule some spatially QCLed and/or spatially non-QCLed CSI-RS resources. Then gNB configures UE to do CSI-RS measurement and report for beam management by notifying UE to measure CRI #1, #2, #3, #4. Also the spatial QCL assumptions among CRI #0 – CRI #4 are informed. Upon receiving the request, UE shall measure and report the configured number of CRIs with corresponding RSRPs. 
A simple mapping table with only one entry can be maintained between gNB and UE as in Table 2, if the gNB prefers to keep it simple or without updating of Rx beam. Also, a default beam indication can be considered, with some predefined rules known at both gNB and UE, and without explicit beam indication in DCI or high layer configuration. If the association between the indicator state and UE reported beam information is not setup by the gNB and therefore not indicated to the UE, one option is that both gNB and UE can assume the transmission and reception is based on the best beam reported most recently where the time line will be specified with further details. 
The other option is that the default beam corresponds to CRI#0, i.e., CRI #0 QCLed with a wide beam used in initial access. Of course CRI#0 or RS QCLed with CRI #0 should be transmitted in advance for the UE determining the Rx beam. Yet another option is that the default PDSCH beam corresponds to the PDCCH beam, it is especially useful for those PDSCH which is FDMed with PDCCH. If the mapping table has been setup by the gNB and indicated to the UE by high layer signaling, the UE may assume the default beam as the beam associated with the default value of [00], which can be the beam used for control channel or other channels if needed so that a certain operational complexity can be reduced.  
Proposal 1: Support a predefined rule to maintain a default beam pair link for DL reception, e.g., the best beam reported most recently, wide beam used in initial access, the control channel beam, the beam associated with indicator [00].
[image: ]
[bookmark: _Ref489622921]Figure 1 Beam indication establishment and maintenance
Alternatively, as in Figure 1, gNB would select a subset of Tx beams for further beam management and downlink data/control transmission. Each Tx beam can correspond to a DL RS index (e.g., CRI, SSB index). The gNB would signal to the UE, the association of the selected DL RS indices to indicator states. For the illustration in figure 1, the association can be represented as in Table 3. Especially when L1/L2 signalling is considered as the signalling method, the overhead should be addressed. Let us have a close look at the information we need to convey. The information content of Table 3 can be split into two parts: i) information about the selected Tx beams; ii) mapping of the selected Tx beams to the indicator states. For conveying the selected Tx beams among the UE reported Tx beams, a similar mechanism as in LTE can be reused to simplify the design work. For example, a combinatorial index indicating the combination of the selected Tx beams can be conveyed to the UE. The mapping rule of the selected Tx beams to the indicator states can be, for instance, by a predefined ordering, more specifically, this can be based on the reported signal strengths of the selected Tx beams or the order of the beams in the beam report.
[bookmark: _Ref487816927]Table 3 Mapping between indicator state, CRI at gNB
	indicator state
	Info. on gNB Tx beams

	[00]
	CRI #0

	[01]
	CRI #2

	[10]
	CRI #3

	[11]
	CRI #4


Based on Table 3, UE updates the maintained mapping table to the format like Table 4. Note that the exact corresponding Rx beams can be known at UE side only.
[bookmark: _Ref487817150]Table 4 Mapping between indicator state, CRI and UE Rx beam at UE
	indicator state
	Info. on gNB Tx beams
	Info. on UE Rx beams

	[00]
	CRI #0
	Rx beam#0

	[01]
	CRI #2
	Rx beam#1

	[10]
	CRI #3
	Rx beam#2

	[11]
	CRI #4
	Rx beam#3


Till now, a logic and reduced mapping between indicator state, CRI and UE Rx beam has been established. 
Proposal 2: Support explicitly signal the association of a DL RS index to an indicator state, e.g., by conveying selected DL RS indices through a combinatorial index.
For UL
Beam management can also be conducted for UL alone if beam correspondence is not assumed. Analogy to its DL counterpart, UL indicator state can be used. And a logical mapping between UE Tx and gNB Rx beams and UL indicator state can be beneficial for subsequent UL beam indication. In particular, an example of such mapping is given in Table 5.
[bookmark: _Ref488246368]Table 5 Mapping between UL indicator, UL RS index and UE Tx beam
	UL indicator state
	Info. on gNB Rx beams
	Info. on UE Tx beam(s)

	[00]
	SRI
	Tx beam(s)

	…
	…
	…

	[10]
	SRI
	Tx beam(s)

	…
	…
	…


The establishment and maintenance of Table 5 can be done during UL beam management. An example starts from the very beginning that a simple mapping table with only one entry is maintained between gNB and UE as in Table 6, in which SRI#0 is spatially QCLed with the PRACH beam that UE used for access. Note that UE Tx information is not necessary to be known at gNB.
[bookmark: _Ref488246681]Table 6 Initial Mapping between UL indicator, UL RS index and UE Tx beam 
	UL indicator state
	Info. on gNB Rx beams
	Info. on UE Tx beams

	[00]
	SRI#0
	Tx beam#0


Then gNB configures UE to send SRS on several SRS resources per UE request (say SRI#1, #2, #3, #4). Based on SRS measurement, gNB can updates the mapping table by associating UL-indicator states, SRIs and/or UE Tx beams (if any) as in Table 7. 
[bookmark: _Ref488247068]Table 7 Mapping between UL indicator, SRI and UE Tx beam 
	UL indicator state
	Info. on gNB Rx beams

	[00]
	SRI #0

	[01]
	SRI #2

	[10]
	SRI #3

	[11]
	SRI #4


Later, gNB sends Table 7 to update UE maintained mapping table to the format like Table 8. Note that the exact corresponding Tx beams can be known at UE side only.
[bookmark: _Ref488307890]Table 8 Mapping between UL indicator, SRI and UE Tx beam 
	UL indicator state
	Info. on gNB Rx beams
	Info. on UE Tx beams

	[00]
	SRI #0
	Tx beam#0

	[01]
	SRI #2
	Tx beam#1

	[10]
	SRI #3
	Tx beam#2

	[11]
	SRI #4
	Tx beam#3


Till now, a logic and reduced mapping between UL-indicator state, SRI and UE Tx beam has been established. 
With beam correspondence
With beam correspondence, for example, spatial QCL assumptions hold for {CR1#0, SRI#0} - {CR1#4, SRI#4} respectively in aforementioned examples of DL and UL reference signals, beam indication established and maintained in DL beam management based on DL RS measurement and report can be used in UL, and vice versa. More specifically, Table 5 can be used for DL beam indication, which implies the UE Tx beam used for SRS transmission should be used for DL reception. Similarly, Table 2 can be used for UL beam indication, which implies the UE Rx beam used for CSI-RS reception should be used for UL transmission.
Although these two scenarios (with and without DL/UL beam correspondence) are targeting at different use cases, the signaling format for DL/UL beam indication can be common, but referring to different meaning in different scenarios. When DL/UL beam correspondence holds, such an indicator can refer to the DL RS. When DL/UL beam correspondence does not hold, such an indicator can refer to the DL RS and UL RS respectively. 
Proposal 3: Support a common DL/UL beam indication signaling format including UL low overhead indicator to indicate spatial QCL assumption between UL transmission and UL SRS/PRACH, and indicating UL beam by DL indicator if beam correspondence holds. 
Beam indication for control channel
The similar beam indication mechanism for DL unicast data channel can be applied in other scenarios if beam indication is needed, for example, downlink control channel transmission, CSI acquisition and SRS transmission.
For DL
Common DL control channel
A common DL control channel discussed in this section can be a DL control channel targeted at all UEs or a group of UEs carrying common signaling, e.g., RACH response, system information update, paging. The CRCs of such control channels are likely scrambled by specific RNTIs, e.g., RA-RNTI, SI-RNTI, P-RNTI. 
From gNB perspective, both common PDCCH and SS/PBCH are broadcasted and can be sent with the same swept beams. From UE perspective, as shown in Figure 2, during RACH procedure, UE can use the beam for receiving SS/PBCH to monitor common PDCCH indicating RACH response (msg. 2). To enable such operations, association between gNB Tx beams for common PDCCH and SS/PBCH should be supported.
[image: ]
[bookmark: _Ref485374031]Figure 2 Association between gNB Tx beams for common PDCCH and SS/PBCH 
[bookmark: OLE_LINK148][bookmark: OLE_LINK149]To be specific, after determining the best SS/PBCH beam by monitoring SS blocks, a UE can transmit RACH preamble according to the association between SS blocks and RACH occasions, with which the preferred gNB Tx beam is implicitly indicated. By monitoring RACH preamble, gNB can determine the SS/PBCH Tx beam preferred by this UE and then apply this Tx beam to common PDCCH indicating RACH response. With such implicit association, UE can continue to monitor common PDCCH on the Rx beam used for SS/PBCH reception. 
Proposal 4: Support implicit association between gNB Tx beams for common PDCCH and SS/PBCH.
UE-specific DL control channel
If multiple beam pair links are maintained between gNB and UE, as shown in Figure 1, beam indication is needed to assist UE-side beamforming. With the mapping between indicators, CSI-RS index and UE Rx beams can be established, gNB may use one of the beams trained during beam management, and indicate to UE that PDCCH DMRS is spatially QCLed with certain CSI-RS by signaling indicator state in MAC-CE. When UE receives this indication, it would check the table and find the associated Rx beam.
To achieve robust PDCCH transmission, a UE can be configured to monitor  beam pair links simultaneously or on different PDCCH symbols. To this end, the UE can be configured with multiple search spaces, and each search space is associated with a beam pair consisting of a gNB Tx beam and/or a UE Rx beam, i.e., DMRS of each search space is spatially QCLed with CSI-RS transmitted over a previous used beam pair. One example is given in Figure 3, where DMRS of three UE-specific search spaces are configured by higher layer signaling like RRC/MAC-CE to be QCLed with CSI-RS resources/port 1/2/3, respectively, and the utilized search space(s) are signaled to UE by using the indicator states. As beam indication for PDCCH is expected to be with a longer valid period compared to that for PDSCH which is carried in DCI, MAC-CE signaling is preferred for beam indication for PDCCH, which can provide a better balance between latency and overhead. 
 [image: ]
[bookmark: _Ref485378798][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Figure 3 Association of search space and beam pair for multi-beam PDCCH transmission
[bookmark: OLE_LINK146][bookmark: OLE_LINK147]Proposal 5: Support QCL association between DMRS ports/port groups of UE specific search space and CSI-RS resources, and configuration/indication of such QCL association by RRC/MAC-CE signalling.
For UL
In NR, the PUCCH may convey HARQ-ACK, CSI, and SR. The HARQ-ACK corresponds to PDSCH reception, the CSI may correspond to CSI reporting setting, while the SR may be triggered by UE itself. For non-coherent joint transmission, multiple PUCCHs are transmitted towards different TRPs, and thus the Tx beams of these PUCCHs may be different. In this case, gNB should indicate the UE Tx beam for each PUCCH by referring to previously transmitted DL/UL RS.  
To this end, different methods can be used to indicate (implicitly or explicitly) the UE Tx beam for PUCCHs conveying different contents, such as  
· HARQ-ACK: gNB can assign one UE Tx beam for one PDCCH CORESET.
· CSI reporting: gNB can assign one UE Tx beam for one CSI reporting setting.
· SR: gNB can assign one UE Tx beam for PUCCH carrying the corresponding SR.
If more than one type of control information are conveyed by one PUCCH, UE may choose the Tx beam based on the predefined priority of those control information. 
Proposal 6: Support the association between beam indication for PUCCH and the identifier of PDCCH CORESET or the identifier of CSI reporting setting.
Others
Beam indication for CSI-RS
Beam indication can be adopted in scenarios other than control and data transmission. During CSI acquisition, it is also beneficial to provide UE Rx beamforming guidance. For example, gNB can configure the port, time and frequency resource and related time domain behavior for a CSI-RS (say #x as the index). In addition, by indicating UE that CSI-RS#x is spatially QCLed with CRI#1 which UE measured and reported previously, UE could find the right spatial domain information and adjust its Rx parameter for a successful CSI-RS measurement. Similar concerns as the beam indication for data channel, on the overhead of such beam indication by explicitly using CRI, may raise when the CSI-RS triggering is done by DCI. Thus, it is reasonable to reuse schemes introduced in Section 2, that the information on CSI-RS receiving beam can be conveyed by an indicator state.
Proposal 7: Support beam indication via an indicator state when triggering CSI-RS transmission. 
Decoding delay of beam indication
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 adjusting RF parameters. 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. We need carefully specify at least the minimum values considering different UE capabilities, different scenarios, different numerologies, etc.
On the other hand, UE can be assumed to apply a default beam before the application of the indicated beam. Noted that the default beam may be the PDCCH beam, the least PDSCH beam in a most recent slot, etc.
Proposal 8: Support a time offset between beam indication and the application of beam indication for scheduled transmission/reception. 
Beam indication for SRS
For periodic/semi-persistent SRS transmission, dynamic indication of UE Tx beam is not preferred, and MAC CE can be the signaling method, which can be a different signaling from SRS configuration on physical resource mapping. If gNB needs to dynamically change the Tx beam of periodic/semi-persistent SRS, it can trigger aperiodic SRS transmission instead. By this design, the SRS Tx beam can be changed during its periodic transmission. For aperiodic SRS transmission, gNB can dynamically configure its Tx beam for fast beam measurement. Hence, it is preferred to use DCI for aperiodic SRS Tx beam configuration. 
As introduced in Section 2, UL beam indicator can also be used to assist UE Tx beamforming of SRS transmission. In addition to that, time-related information should be defined, and they can be pre-defined or indicated by gNB.
· A time offset (k1) between UL beam indicator and the application of UL beam indicator. For example, if the UE receives the indicator at slot n, the SRS transmission instance can be the first transmission after slot n+k1
· A timing information (k2) to give UE correct information on Tx beam. This is due to that same RS index may correspond to a different beam during beam management. For example, if the UE receives the UL beam indicator based on SRI at slot n, UE should assume to use the last Tx beam before slot n-k2. 
Proposal 9: Support use UL beam indicator with timing information (k2) and support a time offset (k1) between UL beam indicator and the application of UL beam indicator.
Additionally, since SRS resource group is agreed and can be used for beam management, beam indicator for SRS group should also be considered. If r SRS resources are included in the SRS resource group, r beam indicators are needed, and the association between beam indicators and SRS resources should be known by UE. Moreover, for different values of r, the number of beam indicators are also different, which will lead to variable size of signalling or large size of reserved bits for beam indication, especially for DCI. To limit the DCI overhead, if more than one SRS resource are included in the SRS resource group, one option is to allow DCI to trigger a beam indicator group from multiple beam indicator groups pre-configured by high layer signalling, where each beam indicator group contains corresponding number of beam indicators.
Observation 1: The number of required beam indicators is related with the number of SRS resource within the SRS resource group, and the corresponding signaling design should consider the variety of beam indicator number.
Summary of proposals
In this paper, we have the following proposals:
Proposal 1: Support a predefined rule to maintain a default beam pair link for DL reception, e.g., the best beam reported most recently, wide beam used in initial access, the control channel beam, the beam associated with indicator [00].
Proposal 2: Support explicitly signal the association of a DL RS index to an indicator state, e.g., by conveying selected DL RS indices through a combinatorial index.
Proposal 3: Support a common DL/UL beam indication signaling format including UL low overhead indicator to indicate spatial QCL assumption between UL transmission and UL SRS/PRACH, and indicating UL beam by DL indicator if beam correspondence holds. 
Proposal 4: Support implicit association between gNB Tx beams for common PDCCH and SS/PBCH.
Proposal 5: Support QCL association between DMRS ports/port groups of UE specific search space and CSI-RS resources, and configuration/indication of such QCL association by RRC/MAC-CE signalling.
Proposal 6: Support the association between beam indication for PUCCH and the identifier of PDCCH CORESET or the identifier of CSI reporting setting.
Proposal 7: Support beam indication via an indicator state when triggering CSI-RS transmission. 
Proposal 8: Support a time offset between beam indication and the application of beam indication for scheduled transmission/reception. 
Proposal 9: Support use UL beam indicator with timing information (k2) and support a time offset (k1) between UL beam indicator and the application of UL beam indicator.
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