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Introduction
In the previous RAN1 meetings 3GPP several agreements have been made regarding multi-beam control operation. Some of them are listed below. 

RAN #87Adhoc

Agreements:
· NR-PDCCH transmission supports robustness against beam pair link blocking
· UE can be configured to monitor NR-PDCCH on M beam pair links simultaneously, where
· M≥1. Maximum value of M may depend at least on UE capability.
· FFS: UE may choose at least one beam out of M for NR-PDCCH reception
· UE can be configured to monitor NR-PDCCH on different beam pair link(s) in different NR-PDCCH OFDM symbols
· FFS: NR-PDCCH on one beam pair link is monitored with shorter duty cycle than other beam pair link(s). 
· FFS: time granularity of configuration, e.g. slot level configuration, symbol level configuration
· FFS: Note that this configuration applies to scenario where UE may not have multiple RF chains
· FFS: The definition of monitoring NR-PDCCH on beam pair link(s).
· Parameters related to UE Rx beam setting for monitoring NR-PDCCH on multiple beam pair links are configured by higher layer signaling or MAC CE and/or considered in the search space design
· FFS: Required parameters
· FFS: Need to support both higher layer signaling and MAC CE
RAN 89 QCL indication for PDCCH 
Agreements:
· Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling
· Note that MAC-CE is not always needed
· FFS: necessity of DCI signalling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters

RAN 1 88:
Agreements:
· Study further multi-beam based NR-PUCCH transmission for robustness against beam pair link blocking
· E.g., UE transmits NR-PUCCH on different UL Tx beams in different NR-PUCCH OFDM symbols
· FFS: multi-beam triggering condition/mechanism (e.g. event-triggered, network configured, etc.)
· FFS: number of OFDM symbols for each beam

In this contribution, we discuss some details of multi-beam control operation. 
Discussion
A key aspect of mm wave communication is the use of beamforming. Beamforming provides significant SNR gain that helps to compensate the huge path loss observed at high carrier frequencies. However, the beams obtained via beamforming are susceptible to blockage effects. Some examples are human blocking, movement of objects in the environment, etc.  This necessitates the need to develop systems that are robust to blocking. From a control channel perspective, strategies to improve NR-PDCCH robustness to blocking were discussed and some agreements were made in one of the past meetings. A key idea is to monitor NR-PDCCH on multiple beam pair links (BPLs). In this contribution, we provide some details on the configuration aspects for monitoring multi-beam NR PDCCH, and aspects of transmission of UL PUCCH for robustness to beam pair link blocking.  


Figure 1: An example scenario where UE receives control from multiple TXPs over Beam Pair Links
Association of BPL with Time-Freq Resource
The Beam Pair Links (BPLs) can be associated with the time-frequency resources to monitor PDCCH at the granularity of CORESET level.
CORESET Level Granularity:
A natural approach is to configure via RRC/MAC CE a set of CORESETS and a set of (BPLs), where a at a given slot/mini-slot will be associated with only a single . The  in principle can be indicated to be QCL with a CSI-RS port(s) or SS block port(s). This need not be a static association, and can be dynamically changed to point to a new CSI-RS/SS port(s). An example of an association is shown in the figure below. 


Association of a BPL with time-freq resource at CORESET level granularity has several advantages. It provides a lot of flexibility but with simpler signaling. Configurations such as TDM/FDM and even overlapping of time-freq resources (since two CORESETs can overlap in time-frequency) can be realized via CORESET level granularity. CORESET level granularity association with BPL provides large flexibility in terms of search space design. Minimizing the total number of blind decodes can be easily applied via configuration of search spaces, and number of PDCCH candidates per search space. In addition, CORESET configuration can be matched to SNR levels of the BPL. For example, gNB may configure the CORESET associated with BPL having lower SNR with PDCCH candidates having larger aggregation level, compared to the BPL having higher SNR.    
Candidate Level Granularity:
It might be also possible to associate different PDCCH Candidates within a CORESET to different BPLs. This will require configuration of association between subsets of PDCCH candidates within CORESET and BPLs. If two BPLs are mapped in an FDM manner, UE capability to receive simultaneously from two beams under analog beam forming constraint should be considered. 
Observation 1: BPL (beam pair links) can be associated with time-frequency resources to monitor PDCCH at the granularity of a CORESET or optionally at PDCCH Candidate level granularity.
There is no clear use case for supporting CCE/REG bundle level granularity, but these aspects can be further studied.
Derivation of PUCCH Beams 
A key aspect for supporting robustness is to configure different PDCCH beam monitoring patterns, which can be dynamically changed via DCI/MAC CE. A PDCCH beam monitoring pattern is a function that maps the CORESET/PDCCH candidate in a given slot/mini-slot to a BPL. 
Proposal 1:  PUCCH Beam Determination: NR shall support gNB configuration of UE to transmit PUCCH using one or more beams derived from Rx Beams corresponding to SS/CSI-RS port sets or PDCCH DMRS Ports. PUCCH Beam derivation can also be indicated via QCL relationship with SRS ports.  
 A PUCCH beam derivation rule is a mapping from the subset of monitored PDCCH beams in a slot/mini-slot to a subset of PUCCH beams. gNB may choose a beam monitoring pattern for monitoring PDCCH and configure UE with the monitoring pattern. gnB can also define a set of rules for deriving the PUCCH beam to transmit based on the monitored beams on a given slot/minislot. For example a rule could be:  if UE monitors PDCCH beam k for PDCCH in the current slot, then it should transmit PUCCH beam derived from PDCCH DMRS ports corresponding to PDCCH beam k. Another example of a rule is, UE always transmits PUCCH beam derived from PDCCH DMRS port of Beam 1, irrespective of the DL PDCCH beam monitored in the current slot. The configuration of these rules could be performed in RRC or MAC CE. Another approach is gNB directly indicating via PDCCH the PUCCH beam to use. For instance, PUCCH beam associated with PDCCH beam 2 is degraded, PDCCH transmitted over beam 2 can signal the use of PUCCH beam 1 in DCI.
Proposal 2: Support PDCCH and PUCCH pairing by RRC configuration and signaling through DCI.

Dynamic switching of monitoring Patterns 
A key component to enable robustness to beam-blocking is the dynamic switching of PDCCH monitoring patterns and PUCCH beams. This can provide very good robustness to BPL blocking in a very short period of time. Consider the following example.
gNB configures two PDCCH Beams  and  that are transmitted over ports, that are QCL with CSI-RS ports  and , respectively. gNB also configures two PUCCH Tx beams  and , which are derived from the rx beams corresponding to the CSI-RS ports  and , respectively. In other words, the PUCCH Tx beams are derived from the PDCCH Rx beams. Beams  and  are associated with the same CORESET but at different instances in time in a TDM fashion. In our example the CORESET occupies the first OFDM symbol of every slot, and spans 96 RBs
gNB can configure a few PDCCH beam monitoring patterns, for example 
· ,   with periodicity (1,1):  B1 on Even slot and B2 on odd slot.
· : ,   with periodicity (N,1): B1 on first N slots, followed by B2, 
· : ,   with periodicity (1, N): B2 on first N slots, followed by B2, 

gNB in this case configures a default rule for determining beam for PUCCH, as : use  Tx beam if PDCCH beam is .
For example, say the default monitoring pattern is  based on UE reports of SNR of the beams, etc. If there is a failure in the BPL corresponding to , the gNB can potentially identify this through few DTXs on this beam. gNB can quickly change the monitoring pattern to a new pattern for example  via DCI/MAC CE. In this manner, the amount of time that data transmission is lost is minimized, by this dynamic switch of monitoring patterns.  
Continuing with our example if suppose the UE has the capability to monitor two PDCCH beams simultaneously on the same time-freq resource every slot, the UE can indicate this capability to gNB. gNB can configure just one monitoring pattern, which is simultaneously monitoring both beams  and  in every slot. In this example, the PUCCH beam to be used for transmission is indicated via DCI. For this same example if one of the beams is blocked, the gNB does not have to indicate a beam monitoring pattern switch to UE. gNB can utilize a working beam to signal PDCCH and UE will be able to still receive PDSCH data without interruption. Hence there is a tradeoff between UE capability/complexity and additional DCI signaling. 
DCI Based Beam Switch/Beam Monitoring Pattern Switch
It has already been agreed that NR supports indication of spatial QCL assumption between an DL RS antenna port(s) and DMRS port of DL control channel.  It has also been agreed that configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling. RRC and MAC-CE based signalling of QCL indication for NR-PDCCH suffers from increased latency, taking into account NR-PDSCH re-transmission when operating at a low SNR condition.  Multiple factors determine the frequency of control beam switch.  Some example factors include user speed, gNB and UE beam widths, signal blockage, etc.  For robustness to varied deployment scenarios and use cases, fast beam switching is preferable.  DCI based indication of spatial QCL indication between DL RS antenna ports(s), (for example CSI-RS ports/SS Ports) and NR-PDCCH DMRS ports can improve latency significantly compared to RRC/MAC CE based signaling.  
PDCCH processing can be performed within a few OFDM symbols in a slot and ACK provided even within one slot. gNB may need to just retransmit PDCCH if NACK was received. PDCCH retransmission may require less processing time at gNB compared to PDSCH transmission for MAC CE. Let M slots be the processing delay for UE to process PDSCH and send ACK, and M the processing delay for gNB to retransmit the PDSCH when NACK is received. M is a function of UE capability and is for instance 4 slots in LTE. This could be lower in NR for some UEs based on capability, but it might be worthwhile to design for the worst case. For instance, for M = 4 with 4 retransmissions the latency could be as much as 32 slots, vs just 4X2 = 8 slots (assuming <1 slot processing for DCI grant and < 1 slot for PDCCH retransmission) or lower for DCI based beam switch. This provides a latency improvement of as much as 75%.
[bookmark: _Toc485453219]Observation 2: 	In high-speed scenarios, it may be necessary to signal QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR PDCCH beam switch, with very low latency.
DCI based QCL indication is already agreed for indicating QCL assumption between DL RS antenna port(s) and NR-PDSCH DMRS port(s).  A similar DCI based indication can be applied for NR-PDCCH. A simple enhancement to DCI based indication can provide similar robustness as MAC-CE based indication. The robustness for MAC-CE is provided by the PDSCH ACK used to carry the MAC CE. The PDSCH ACK also implies that the PDCCH grant was received, implicitly providing a confirmation for the PDCCH. A confirmation for DCI based PDCCH based beam switch can also provide similar robustness as MAC CE. A confirmation could be via an explicit ACK for the PDCCH if it contains no DL data, but in addition it could be implicit via a ACK/NACK transmission for PDSCH. 
Some examples of confirmation for DCI grant indicating QCL assumption for the new NR-PDCCH beam are, 
· DCI grant containing only beam switch signal: ACK alone to indicate beam switch signal reception 
· DCI grant containing only beam switch signal and DL allocation: ACK/NACK transmission for PDSCH.  gNB can infer reception of beam switch signal, from the reception of PDSCH ACK/NACK.
· DCI grant containing only beam switch signal and UL allocation: gNB can infer reception of beam switch signal from UL PUSCH transmission
Observation 3: DCI based beam switch with ACK/NACK based confirmation provides similar robustness as MAC CE based indication. 
A schematic of DCI based beam switch using QCL indication is shown below.
[image: ]
The gNB can provide a DCI grant indicating that NR-PDCCH beam should be updated and also indicating the QCL assumption for the new NR-PDCCH beam.  The UE transmits a confirmation in the uplink  slots after reception of the DCI grant.  The UE shall assume that the PDCCH beam shall be switched to the new beam at slot  +  after reception of DCI grant.  The beam switch delay value  can be pre-configured via RRC or MAC CE.
[bookmark: _Toc485453288]Proposal 3: 	Support DCI Based QCL Indication for NR-PDCCH: In NR, gNB shall support DCI based signaling of QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR-PDCCH beam switch. For DCI based indication, additional PDCCH confirmation via ACK/NACK shall be supported.
Similar procedure can be employed for dynamic switch of PDCCH monitoring pattern
Proposal 4: Dynamic Switch of PDCCH Monitoring Pattern: In case of multiple PDCCH beams configured, gNB shall support dynamic signaling (MAC CE or DCI based), to indicate the new PDCCH beam monitoring pattern to monitor. For DCI based monitoring pattern switch, additional PDCCH confirmation via ACK/NACK shall be supported.
Conclusions
The elements of control beam determination, configuration of PDCCH beam monitoring patterns, ability to dynamically switch PDCCH/PUCCH beam monitoring patterns, dynamically switch PDSCH beam, leads to a transmission scheme which is very robust to BPL blocking.  In this contribution, we had the following observations.
Observation 1: BPL (beam pair links) can be associated with time-frequency resources to monitor PDCCH at the granularity of a CORESET or optionally at PDCCH Candidate level granularity.
Observation 2: In high-speed, it may be necessary to signal QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR PDCCH beam switch.
Observation 3: DCI based beam switch with ACK/NACK based confirmation provides similar robustness as MAC CE based indication. 

In addition, the following proposals have been made:
Proposal 1:  PUCCH Beam Determination: NR shall support gNB configuration of UE to transmit PUCCH using one or more beams derived from Rx Beams corresponding to SS/CSI-RS port sets or PDCCH DMRS Ports. PUCCH Beam derivation can also be indicated via QCL relationship with SRS ports.  
Proposal 2: Support PDCCH and PUCCH pairing by RRC configuration and signaling through DCI.
Proposal 3:  Support DCI Based QCL Indication for NR-PDCCH: In NR, gNB shall support DCI based signaling of QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR-PDCCH beam switch. For DCI based indication, additional PDCCH confirmation via ACK/NACK shall be supported.
Proposal 4: Dynamic Switch of PDCCH Monitoring Pattern: In case of multiple PDCCH beams configured, gNB shall support dynamic signaling (MAC CE or DCI based), to indicate the new PDCCH beam monitoring pattern to monitor. For DCI based monitoring pattern switch, additional PDCCH confirmation via ACK/NACK shall be supported.
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