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1 Introduction
In previous RAN1 meetings, the following were agreed on beam management related to NR-PDCCH [1, 2].
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
Agreements:
· Beam failure event occurs when the quality of beam pair link(s) of an associated control channel falls low enough (e.g. comparison with a threshold, time-out of an associated timer). Mechanism to recover from beam failure is triggered when beam failure occurs

· Note: here the beam pair link is used for convenience, and may or may not be used in specification

· FFS: whether quality can additionally include quality of beam pair link(s) associated with NR-PDSCH

· FFS: when multiple Y beam pair links are configured, X (<=Y) out of Y beam pair links falls below certain threshold fulfilling beam failure condition may declare beam failure 

· FFS: search space (UE-specific vs. common) of the associated NR-PDCCH

· FFS: signaling mechanisms for NR-PDCCH in the case of UE is configured to monitor multiple beam pair links for NR-PDCCH

· Exact definition of such threshold is FFS and other conditions for triggering such mechanism are not precluded

· The following signals can be configured for detecting beam failure by UE and for identifying new potential beams by UE

· FFS the signals, e.g., RS for beam management, RS for fine timing/frequency tracking, SS blocks, DM-RS of PDCCH (including group common PDCCH and/or UE specific PDCCH), DMRS for PDSCH

· If beam failure event occurs and there are no new potential beams to the serving cell, FFS whether or not the UE provides an indication to L3. 

· Note: the criterion for declaring radio link failure is for RAN2 to decide.

· FFS: The necessity of such indication

· NR supports configuring resources for sending request for recovery purposes in symbols containing RACH and/or FFS scheduling request or in other indicated symbols

This contribution considers multi-beam transmission for NR-PDCCH.
2 Multi-beam transmission for NR-PDCCH
NR operation, at least over 6GHz, is expected to use multi-beam based transmissions. Due to the large path loss and large penetration loss, the NR system utilizes multiple narrow beams to cover the whole cell area. The beam could be an analog beam formulated through phase shifter in RF chain or a hybrid beam that includes an analog beam and a digital beam. Due to fundamental characteristics of analog beams, multiple beams cannot be supported within a symbol, and multiple symbols are needed for multi-beam transmissions. A limited number of finer digital beams when hybrid beamforming is utilized can be further used in a symbol in an FDM manner.
Depending on the types/usages of control channels, multi-beam operation can be supported for NR-PDCCH transmissions with different purposes in different ways. Figure 1 describes some examples of multi-beam transmissions for NR-PDCCH. In Figure 1(a), multi-beam transmission can apply for UE-common control channels, i.e., in the CORESET for common search space (CSS). In Figure 1(b), multiple UE-specific control channels for geometrically spaced different UEs can be transmitted via multi-beam. In Figure 1(c), a UE-specific control channel can be transmitted by multiple beams to achieve robustness against beam pair link blocking. 
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Figure . Use cases of multi-beam transmission for NR-PDCCH, (a) multi-beam transmission for UE-common control channels, (b) multi-beam transmission for multiple UE-specific control channels, (c) multi-beam transmission for a UE-specific control channels.
Observation 1: Different multi-beam transmission scenarios can be considered to support different types of control channels such as UE-common /UE-specific NR-PDCCH.

2.1 Multi-beam transmission for UE common control channel
Initial access signals need to be received by all UEs without any knowledge of Tx/Rx beams since there does not exist any beam alignment between gNB and UEs. For this reason, NR SS-blocks composed of PSS/SSS/PBCH are transmitted through multiple beams with beam sweeping over multiple OFDM symbols. Each SS-block is repeatedly transmitted via a different directional beam for each symbol. The beam width used for initial access signals is determined by gNB implementation, for example considering a trade-off between coverage and beam sweeping overhead. After detecting a SS-block, a UE need to receive common DCIs for initial access such as for SI and RAR scheduling (details on CSS configuration are discussed in companion contribution [3]). Since there is no uplink transmission chance for a UE to report the preferred Tx beam (or preferred beam pair link) to the gNB for beam management, multi-beam transmission (i.e., beam sweeping) is necessary for common control transmissions, similar to SS-block transmissions.
There are a few approaches for configuring CORESETs for CSS with multi-beam operation. In a first approach, a single CORESET comprising multiple OFDM symbols is configured, and a UE is configured to blindly search for PDCCH in the CORESET. In this case, the specification does not provide any further information than the CORESET and a UE needs to blindly find a beam pair link that enables PDCCH detection. The UE complexity can be comparable to that of the SS block detection which is not desirable. Alternatively, the specification can enable a UE to use beam pair link information obtained from the SS block detection. The UE may assume that the PDCCH in an OFDM symbol in the CORESET is QCL’ed with an SS block in the spatial parameters, so that the UE can use an Rx beam set that the UE used for SS block detection for the PDCCH reception in the corresponding OFDM symbol in the CORESET [4]. In a second approach, multiple CORESETs (can have same configuration) that correspond to transmitted SS blocks are configured and a UE can assume that PDCCH in a CORESET is QCL’ed with an SS block in the spatial parameters. Both approaches can be used for the multi-beam cases, but the second approach is preferred due to its flexibility as transmissions from different beams are not joined in a same CORESET.
For a paging message, an IDLE UE should be able to receive respective DCI configured scheduling the PDSCH with the paging message from the cells within a tracking area without any knowledge of Tx/Rx beams. Therefore, beam sweeping is also needed for paging. A paging occasion can include multiple slots and in each slot a same paging message is transmitted by NR-PDCCH/PDSCH, with multiple distinct TX beams. Assuming that there is one antenna panel dedicated to paging transmissions in a slot, the time to finish one paging transmission with N beam sweeping would be N slots. More details on paging design considering multi-beam operation can be found in [5].
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Figure 2. Multi-beam transmission based on beam sweeping for UE-common control channel
Proposal 1: For a UE-common CORESET containing DCIs related to initial access and paging, beam sweeping based multi-beam transmission is supported.
2.2 Multi-beam transmission for multiple UE-specific control channels
After initial access procedure, a UE in CONNECTED mode can start beam management procedures including P-1, P-2, and P-3, to build a fine beam alignment with a gNB [6]. During beam management procedure of P-1, the UE measures RSRPs of configured beams and reports the best M beams to the gNB. Between P-1 procedures, the gNB can configure a UE-specific P-2/P-3 procedure to enable a UE to do Tx/Rx beam refinement. P-1 is cell-specific/periodic and P-2/P-3 is UE-specific and aperiodic. After the beam management procedure, single or multiple beam pair link(s) are established between a gNB and a UE where a beam pair link is defined as a link corresponding to a gNB Tx beam and a UE Rx beam.
UE-specific NR-PDCCH and PDSCH can be transmitted via corresponding beam pair link(s). If there are multiple UEs having different beam pair links, multi-beam transmission can be considered for transmitting UE-specific NR-PDCCH as shown in Figure 1(b). For this, two alternatives can be considered as shown in Figure 3 where two CORESETs are configured for two UEs, respectively, with monitoring period over a number of symbols such as a ‘slot’. 
In Alt 1, UE-specific NR-PDCCHs are transmitted first and scheduled PDSCHs follow after NR-PDCCH transmission. For Alt 1, the gNB needs to configure different CORESETs having different beam pair links to be transmitted in different symbols and each UE monitors its own CORESET based on the configuration, e.g., UE#1 monitors CORESET#1 in the first symbol and UE#2 monitors CORESET#2 in the second symbol. Each UE obtains PDSCH scheduling information from DCI and each PDSCH has different starting positions and durations depending on gNB scheduling since multiple PDSCHs using different beams should be transmitted in different symbols. Since it was already agreed that data channel can have arbitrary duration and starting position [7], the operation of Alt 1 is transparent to the UE if DCI includes indications for data duration and starting position. 
In Alt 2, a pair of NR-PDCCH and PDSCH is transmitted in a first number of OFDM symbols and NR-PDCCH and PDSCH for the other UE using different beam is transmitted in a second number of OFDM symbols. The gNB can inform CORESET configuration and NR-PDCCH monitoring periodicity to the UE. A UE may not need additional indicators for data starting positions and durations caused by multi-beam operation if the UE knows all CORESET configurations within a slot and transmissions are confined within the slot and the multi-beam operation of Alt 2 is also transparent to that UE. 

It is noted that by configuring to a UE the CORESET/PDCCH monitoring period and indicating in the DCI the first symbol and the last symbol or the duration of the PDSCH transmission, Alt 1 and Alt 2 can be a network implementation issue and can be transparent to a UE.
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Figure 3. Multi-beam transmission for different UE-specific control channels
Observation 2: Multi-beam transmission for multiple UE-specific NR-PDCCHs can be transparent to the UEs.

2.3 Multi-beam transmission for a UE-specific control channel
Due to the high penetration loss through objects and poor diffraction around object edges at high frequencies, a directional narrow beam is sensitive to blocking. Blocking can occur either slowly/gradually or very suddenly depending on the UE movement, UE rotation, and the motions of objects in the link environment. When blocking for a specific beam pair link(s) occurs, gNB and/or UE need to be aware of a beam failure event for the link(s) and be able to initiate beam recovery mechanism. The beam failure recovery mechanism includes beam failure detection, new candidate beam identification, beam failure recovery request transmission, and response for beam failure recovery request at the UE [7]. 
To cope with a beam failure event efficiently, it should be guaranteed that at least a control channel can be monitored by a UE under unfavourable conditions. For this reason, it was agreed that a UE can be configured to monitor NR-PDCCH on multiple beam pair links simultaneously to achieve robustness against beam pair link blocking. In Figure 1(c), a UE-specific NR-PDCCH is transmitted through two different beam pair links. Then, when the one of the beam pair links is blocked (red beam pair link), the additional beam pair links (blue beam pair link) can be used for NR-PDCCH transmission to that UE. To efficiently support multi-beam operation for a UE-specific control channel, at least following aspects need to be considers: 
1) how to configure CORESETs for multiple beam pair links
2) how to transmit the same DCIs repeatedly via multiple beam pair links

3) how to transmit (e.g. time granularity of configuration) control channels for multi beam pair links
4) how to configure monitoring periodicity for each beam pair link

CORESET configuration aspects
Figure 4 shows some alternatives for CORESET configuration for multi-beam operation of a UE-specific NR-PDCCH. In Figure 4, it is assumed that a UE operates in single beam transmission mode for its UE-specific NR-PDCCH by monitoring CORESET#1 transmitted via Beam #1. The gNB can configure multi-beam operation mode for the NR-PDCCH transmission to the UE and assign additional beam (Beam #2) to the UE. At the same time, gNB can configure additional CORESET for the additional beam pair link. 
In Alt1, the original CORESET can be re-used as an additional CORESET for the additional beam pair link. Indeed, Alt 1 can be regarded as a repetition operation of the DCI transmission for the multiple beam pair links like beam sweeping. If N beam pair links are used for NR-PDCCH transmission, the UE can assume that there would be N repeated transmission for the NR-PDCCH. Therefore, gNB does not need to configure dedicated CORESET, and instead, it is enough to inform the number of repetitions. 
In Alt 2, the gNB can configure new CORESETs for the added beam pair links. In Figure 4, CORESET#2 is configured to the UE for Beam#2 link monitoring. The UE needs to blindly decode PDCCHs for both CORESETs. Blind decoding complexity should be carefully managed to minimize additional power consumptions caused by multi beam operation. 
In Alt 3, a single CORESET can be configured by the gNB which is transmitted over the multiple beam pair links (equal to multiple symbols). To obtain robustness on beam blocking, the UE can expect that the gNB transmits the same DCI via different beam pair links within a CORESET. For this purpose, it should be supported to configure dedicated search space for each beam pair link, i.e., beam-specific search space. 

Alt. 1 offers specification and complexity advantages over Alt. 2 and Alt. 3 but further evaluation is needed.
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Figure 4. Alternatives of CORESET configuration for multi-beam operation
Observation 3: For multi-beam transmission for a UE-specific NR-PDCCH, same/different CORESET(s) and single/multiple CORESET(s) can be configured for the additional beam pair links. Pros and cons for each alternative should be further studied.
Proposal 2: For multi-beam transmission for a UE-specific NR-PDCCH, a UE can expect that same DCIs are transmitted repeatedly for multiple beam pair links.
Transmitting/monitoring configuration aspects
Two alternatives for transmitting/monitoring configuration for multi-beam transmission of a UE-specific NR-PDCCH are depicted in Figure 5. 
In Alt 1, multiple NR-PDCCHs using different beam pair links are transmitted over consecutive symbols. Alt 1 has benefits that robustness on beam blockage can be achieved and fast beam recovery is possible based on beam failure detection and beam recovery request reporting by the UE. However, multiple transmissions of a NR-PDCCH consume a lot of symbols and, depending on CORESET configuration option as discussed through Figure 4, the number of blind decoding operations or the blocking probability can increase. 
In Alt 2, a single NR-PDCCH using a specific beam pair link is transmitted and  NR-PDCCH using different beam pair link is transmitted in different PDCCH monitoring occasions. For Alt 2, the gNB needs to configure the beam pair link to use for each monitoring occasion. The operation of Alt 2 is same as single beam operation except that different beams can be used at different PDCCH monitoring occasions to minimize beam blockage events. Furthermore, if a UE uses omni-directional beams, Alt 2 can be supported in a transparent manner as Tx beamforming can be transparent when DMRS is used. Alt 2 does not require additional control channel overhead or blind decoding operations but is less robust against beam blocking compared to Alt 1 and higher beam recovery latency is expected.
To efficiently manage overhead caused by multi-beam transmission, it can be further considered to apply different monitoring periodicity for different beam pair links. For example, Beam#1 can be transmitted in every 7 symbols and Beam#2 can be transmitted in every 14 symbols as shown in Alt 3 in Figure 5. This configuration can be done by gNB depending on the priority of each beam pair link. 
For separate configuration of the PDCCH monitoring periodicity for CORESETs of each beam pair link, all alternatives in Figure 5 can be realized by gNB implementation.
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Figure 5. Alternatives of monitoring configuration for multi-beam operation
Observation 4: Trade-off between overhead and robustness against beam blocking should be considered to determine how to transmit NR-PDCCH via multi-beam pair links and how to configure monitoring intervals for the NR-PDCCH.
Proposal 3: For multi-beam transmission of UE-specific NR-PDCCH, the PDCCH monitoring periodicity is separately configured for CORESETs of each beam pair link.
3 Conclusion
This contribution discussed on multi-beam transmission for NR-PDCCH based on the agreements in the previous RAN1 meeting. Following observations were captured as below.

Observation 1: Different multi-beam transmission scenarios can be considered to support different types of control channels such as UE-common /UE-specific NR-PDCCH.

Observation 2: Multi-beam transmission for multiple UE-specific NR-PDCCHs can be transparent to the UEs.
Observation 3: For multi-beam transmission for a UE-specific NR-PDCCH, same/different CORESET(s) and single/multiple CORESET(s) can be configured for the additional beam pair links. Pros and cons for each alternative should be further studied.
Observation 4: Trade-off between overhead and robustness against beam blocking should be considered to determine how to transmit NR-PDCCH via multi-beam pair links and how to configure monitoring intervals for the NR-PDCCH.
And followings are proposed as below.
Proposal 1: For a UE-common CORESET containing DCIs related to initial access and paging, beam sweeping based multi-beam transmission is supported.
Proposal 2: For multi-beam transmission for a UE-specific NR-PDCCH, a UE can expect that same DCIs are transmitted repeatedly for multiple beam pair links.
Proposal 3: For multi-beam transmission for a UE-specific NR-PDCCH, the PDCCH monitoring periodicity is separately configured for each beam pair link.
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