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1 Introduction

In the last two meetings, the following agreements were achieved [1][2]

 REF _Ref488304622 \r \h 
[3]:
RAN1#88b
· 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.)
RAN1#89
· Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell 

· The other QCL parameters not precluded 

· FFS: indication either explicit or implicit or configurable or a default

· Note: default assumption may be no QCL

· 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

RAN1 Ad Hoc Meeting NR#2

· 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

In this paper, further details of beam indication for control and data channels are discussed. 
2 Beam indication framework

Beam indication is intended to provide useful information for UE beamforming when analog beams are applied. In this section, as a starting point, we firstly discuss how the beam indication framework can be established and maintained, in scenarios with/without beam correspondence, for DL and UL respectively.
2.1 Without beam correspondence

Without beam correspondence, a simple and straightforward solution is to do beam management for DL and UL separately to find fine DL Rx beam and UL Tx beam, from UE perspective. In this subsection, we start from DL and extend similar mechanism to UL.
2.1.1 For DL
It was agreed that, at least for DL unicast data channel, a low-overhead indication (LOI) can be used to indicate the spatial QCL assumption to assist UE-side beamforming/receiving. The similar mechanism can be applied in other scenarios if beam indication is needed, for example, downlink control channel transmission, CSI-RS measurement. A logical mapping between Tx and Rx beams and LOI can be beneficial for subsequent beam indication. 

In particular, an example of the logical (and reduced) mapping is given in Table 1. Note that here the bit width for information indicating gNB Tx beams (e.g., CRI and/or port ID) may be far more than 2 bits and such a reduced mapping can help to suppress the signaling overhead in DCI. 

Table 1 Mapping between indicator, CSI-RS resource and/or port ID and UE Rx beam
	LOI
	Info. on gNB Tx beams
	Info. on UE Rx beam(s)

	[00]
	CRI and/or port ID
	Rx beam(s)

	…
	…
	…

	[10]
	CRI and/or port ID
	Rx beam(s)

	…
	…
	…


The establishment and maintenance of the logic and reduced mapping table as in Table 1 can be done during beam management. An example is shown as follows and for simplicity we use CRI only to represent gNB Tx beam information.

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.
Table 2 Initial Mapping between LOI, CRI and UE Rx beam
	LOI
	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 mapping table between LOI 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 or control channel. Of course CRI#0 or RS QCLed with CRI #0 should be transmitted in advance for the UE determining the Rx beam. 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 beam associated with LOI [00]. 
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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. The gNB could select a subset of Tx beams based on some performance criteria which can be left to gNB implementation. Some low signaling overhead methods can be used to convey the selected Tx beams to the UE. Further, for mapping between LOIs and the selected Tx beams, some implicit mapping rules can be used to further reduce the signaling overhead. In this case, the gNB only need to convey the selected Tx beams information to the UE. As shown in Table 3, gNB selected Tx beams associated with CRI #2, #3, #4 and mapped them to LOIs [01], [10], [11] respectively based on e.g. the UE reported RSRPs. In this case, we use [image: image3.png]


 bits to convey the information in Table 3.
Table 3 Mapping between LOI, CRI at gNB

	LOI
	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.

Table 4 Mapping between LOI, CRI and UE Rx beam at UE

	LOI
	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 LOI, CRI and UE Rx beam has been established. 

Proposal 2: Support a configurable mapping table between low overhead indicators and UE reported information, e.g. CRI or beam group ID, conveyed by a low overhead signalling method.
2.1.2 For UL

Beam management can also be conducted for UL alone if beam correspondence is not assumed. Analogy to its DL counterpart, a low-overhead indication (UL-LOI) can be used to indicate the spatial QCL assumption to assist UE-side beamforming/transmitting. And a logical mapping between UE Tx and gNB Rx beams and UL-LOI can be beneficial for subsequent UL beam indication. In particular, an example of such mapping is given in Table 5.
Table 5 Mapping between indicator, SRS resource and UE Tx beam
	UL-LOI
	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.
Table 6 Initial Mapping between UL-LOI, SRI and UE Tx beam
	UL-LOI
	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-LOIs, SRIs and/or UE Tx beams (if any) as in Table 7. 
Table 7 Mapping between UL-LOI, SRI at gNB

	UL-LOI
	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.

Table 8 Mapping between UL-LOI, SRI and UE Tx beam at UE

	UL-LOI
	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-LOI, SRI and UE Tx beam has been established. 

2.2 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 1 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 indicators to indicate spatial QCL assumption between scheduled UL transmission and UL SRS/PRACH, and UL beam indication by low overhead indicators referring to DL RS if beam correspondence holds. 
3 Beam indication for control and data channel
3.1 For DL
3.1.1 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.
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Figure 2 Association between gNB Tx beams for common PDCCH and SS/PBCH 
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.
3.1.2 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 resources and UE Rx beams can be established as in Table 1, 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 LOI 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 [image: image6.png]
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 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 LOIs in Table 1. 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. 
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Figure 3 Association of search space and beam pair for multi-beam PDCCH transmission
Proposal 5: Support QCL association between DMRS ports of UE specific search space and CSI-RS resources/ports, and configuration/indication of such QCL association by RRC/MAC-CE signalling.

3.1.3 DL data channel
LOI in DCI signaling for indicating spatial QCL between DL RS and DM-RS of DL data channel was supported, similar schemes by using the logical mapping as in Table 1 between Tx and Rx beams and LOI can be beneficial for beam indication of data channel too. 
In addition to the beam indication introduced above to assist UE Rx beamforming for PDSCH reception, to assist PDSCH demodulation, other QCL information are needed and indicated by a separated DCI field.  For example, the QCL assumptions between PDSCH-DMRS and CSI-RS with respect to the parameters like average gain, average delay, delay spread, Doppler shift, Doppler spread should be known at UE side to help the demodulation.

Moreover, the bit length of beam indication may not be limited to 2 bits. 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. 

Proposal 6: Support a configurable bit length for beam indication in DCI.
3.2 For UL

3.2.1 UL control channel
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 7: Support the association between beam indication for PUCCH and the identifier of PDCCH CORESET or the identifier of CSI reporting setting.

4 Conclusions
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 beam associated with LOI [00]. 
Proposal 2: Support a configurable mapping table between low overhead indicators and UE reported information, e.g. CRI or beam group ID, conveyed by a low overhead signalling method.

Proposal 3: Support a common DL/UL beam indication signaling format including UL low overhead indicators to indicate spatial QCL assumption between scheduled UL transmission and UL SRS/PRACH, and UL beam indication by low overhead indicators referring to DL RS 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 of UE specific search space and CSI-RS resources/ports, and configuration/indication of such QCL association by RRC/MAC-CE signalling.

Proposal 6: Support a configurable bit length for beam indication in DCI.
Proposal 7: Support the association between beam indication for PUCCH and the identifier of PDCCH CORESET or the identifier of CSI reporting setting.
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