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Introduction
The agreements on beam management for NR-PDCCH are as follows [1, 2]:
	Agreements in RAN1 NR Ad-Hoc#1:
· 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 in RAN1#89:
· 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




The agreements on multi-TRP and multi-panel transmission are as follows [2, 3]:

	Agreements in RAN1#89:
· Adopt the following for NR reception:
· Single NR-PDCCH schedules single NR-PDSCH where separate layers are transmitted from separate TRPs
· Multiple NR-PDCCHs each scheduling a respective NR-PDSCH where each NR-PDSCH is transmitted from a separate TRP 
· Note: the case of single NR-PDCCH schedules single NR-PDSCH where each layer is transmitted from all TRPs jointly can be done in a spec-transparent manner
· Note: CSI feedback details for the above case can be discussed separately
Agreements in RAN1 NR Ad-Hoc#2:
· The maximum supported number of unicast and dynamically scheduled NR-PDSCHs a UE can be expected to simultaneously receive is 2 on a per component carrier basis in case of one bandwidth part for the component carrier
· FFS in case of two or more bandwidth parts for the component carrier
· FFS the max number of corresponding NR-PDCCH



[bookmark: _GoBack]In this contribution, we discuss further issues on multi-beam operation for NR-PDCCH. Only the UE-specific PDCCH will be considered in this paper, as in the case of common PDCCH, a single BPL may provide sufficient reliability due to coarse beam utilization. This contribution is re-submission of R1-1713813.

Discussion
Scenarios
For UE-specific NR-PDCCH, there are two scenarios where multi-beam PDCCH transmission is required. The first one (Scenario 1) is when UE is configured with multiple BPLs for the PDCCH to increase the beam pair link reliability, and the second one (Scenario 2) is the multi-TRP scenario where non-coherent JT is applied under non-ideal backhaul assumption. Fig. 1 illustrates the two scenarios where two TRPs participate in the DL transmission. But for Scenario 1, it is also possible that a single TRP transmits multiple PDCCHs via multiple BPLs.



Fig. 1. Illustration of multi-beam PDCCH transmission scenarios
In Scenario 2, independent schedulers operate at each TRP. Thus, multiple DCIs can schedule multiple TBs which are independent at least from the L1/L2 perspective. On the contrary, in Scenario 1, since the purpose is to increase the link reliability, it can be assumed that multiple DCIs schedule a single TB. In this case, one issue is whether a single PDSCH is sufficient or multiple PDSCHs, one for each DCI, are needed for some cases. In our view, both the two cases are relevant for Scenario 1, which are explained based on Fig. 2.



Fig. 2. Two different cases for Scenario 1

Fig. 2(a) tries to describe cases where the PDSCH beam is uncorrelated with any PDCCH beam. This can mainly happen when the PDSCH is transmitted from a different TRP or when the beamwidths of the PDCCH and the PDSCH are different. In this case, the PDSCH reception fail event may not be much dependent on the PDCCH reception fail event. Thus, transmitting multiple DCIs for a single PDSCH helps to obtain the diversity gain in the PDCCH reception which also results in better PDSCH reception performance.
However, as in Fig. 2(b), it is highly expected that NR supports the beamformed PDCCH, in which case a PDCCH beam is the same as or highly correlated with the beam of the corresponding PDSCH. In this case, if UE fails to receive the DCI, then it is very likely that the UE will also fail to receive the corresponding PDSCH. In this situation, transmitting another DCI with different BPL to schedule the same PDSCH does not help the reception of it. Therefore, to appreciate the BPL diversity gain, another DCI should schedule another PDSCH, or at least the same PDSCH with different beam indication. The two cases are the same in terms of UE PDCCH monitoring since in both cases the DCI payloads for multiple PDCCHs can be different to each other.
The discussed multi-beam PDCCH scenarios are summarized in Table 1.

Table 1. Summary of multi-beam PDCCH scenarios
	
	Scenario 1: Multi-BPL configuration
	Scenario 2: NC-JT with non-ideal BH

	Purpose
	To support robustness against BPL blockage
	To increase the throughput

	TB
	A single TB
	Different TBs

	DCI
	Same DCI payload (Scenario 1-1) or different DCI payloads (Scenario 1-2)
	Different DCI payloads

	PDSCH
	A single PDSCH (Scenario 1-1) or different PDSCHs (Scenario 1-2)
	Different PDSCHs




PDCCH blind decoding complexity
From now, it is assumed that the spatial QCL is configured per CORESET. When UE is configured with multiple CORESETs, e.g., CORESET 1 and CORESET 2, with different spatial QCLs, UE can basically perform PDCCH monitoring for each CORESET in a sequential way. In this case, if UE successfully decodes a DCI in CORESET 1, then UE should determine whether to monitor CORESET 2 or not. This may depend on the scenario aforementioned.
For Scenario 1-1 (in Table 1), since the same DCI but multiple copies are transmitted, UE does not need to monitor CORESET 2 in the above example. While in Scenario 1-2 (in Table 1), since the DCIs can be different and the DCIs may schedule different PDSCHs, it is good for UE to search CORESET 2 even if it already received a DCI from CORESET 1. If the UE obtains two DCIs then it has potential to perform soft-combining of two PDSCHs. To increase the combining gain, the gNB can assign different RVs for the two PDSCHs. Lastly, in Scenario 2, UE should monitor CORESET 2 because each CORESET is managed by an independent scheduler.
When UE should perform PDCCH blind decoding on multiple CORESETs, the blind decoding complexity can be increased which results in increasing of UE power consumption. Hence, some mechanism to manage the number of PDCCH blind decodes is required.

Blind decoding skipping
Fig. 3 describes several ways to reduce the blind decoding complexity under the assumption that UE is configured with two different spatial QCLs (QCL 1 and QCL 2) for PDCCH. In this example, let’s assume that the total number of PDCCH candidates should not be increased much or at all. Opt. 1 and Opt. 2 are to split the PDCCH candidates into two spatial QCLs while preserving the total number of candidates. The difference of them is that both QCLs are configured within the existing CORESET in Opt. 1, and an additional CORESET is configured to support two spatial QCLs in Opt. 2. Since Opt. 2 can flexibly scale up or down the amount of control resources, a proper level of control capacity is guaranteed and the PDCCH blocking probability can be much smaller than that of Opt. 1. However, the blocking probability can be higher than the single spatial QCL case since the number of PDCCH candidates for each CORESET was decreased due to the split of them.
In order to further optimize the PDCCH blocking probability while preserving the number of blind decoding attempts, Opt. 3 can be considered. In Opt. 3, the PDCCH candidates from different CORESETs are mapped or associated to each other as shown in Fig. 3(c). For example, assuming 4 PDCCH candidates with indices 0 to 3 per CORESET, the PDCCH candidates 0 to 3 of CORESET 1 can respectively be associated with the PDCCH candidates 0 to 3 of CORESET 2 as in Fig. 4.



Fig. 3. Approaches to reduce PDCCH blind decoding complexity for multi-beam PDCCH
Then, based on the association of PDCCH candidates in Opt. 3, gNB can transmit multiple DCIs on the associated PDCCH candidates. In the case of Fig. 4, the gNB can transmit two DCIs on two PDCCH candidates of different CORESETs having the same index (index #1). Then, UE first monitors CORESET 1 and if finds a DCI from PDCCH candidate #1, then UE can try to detect another DCI in the associated PDCCH candidate in CORESET 2. In such way, UE can skip the PDCCH blind decoding in the second CORESET and the overall blind decoding complexity can be maintained. One advantage of Opt 3. is that the number of PDCCH candidates per CORESET can be two times larger than that of Opt. 1 and Opt. 2 for the two CORESET case. Therefore, better PDCCH blocking probability performance can be expected.



Fig. 4. Blind decoding skipping based on PDCCH candidate association
Fig. 5 provides a PDCCH blocking probability comparison among the three options, where CCE aggregation levels {1, 2, 4, 8} with probability {3/8, 3/8, 1/8, 1/8} are assumed. As explained, the number of PDCCH candidates for each aggregation level for Opt. 3 is {4, 4, 2, 2}, which is two times larger than that of Opt. 1 and Opt. 2, i.e., {2, 2, 1, 1} under the setting of similar blind decoding complexity. The number of CCEs per CORESET is 16 and 32 for Fig. 5(a) and Fig. 5(b), respectively. Based on the simulation, it is observed that Opt. 3 provides lower PDCCH blocking probability than Opt. 1 and Opt. 2 for both the cases of moderate and large number of CCEs, which proves that Opt. 3 provides a good balancing between the blind decoding complexity and the blocking probability.
Observation 1: Blind decoding skipping based on the PDCCH candidate association across multiple CORESETs can provide a good balancing between the PDCCH blind decoding complexity and the blocking probability.
Proposal 1: Consider association between PDCCH candidates across multiple CORESETs as a way to reduce the PDCCH blind decoding complexity for multi-beam PDCCH scenario.
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(a) 16 CCEs per CORESET                      (b) 32 CCEs per CORESET
Fig. 5. PDCCH blocking probability comparison among the schemes

Priority order
Opt. 3, i.e., the blind decoding skipping, can work under the condition that UE correctly received a DCI in the first monitored CORESET. If UE does not detect a DCI in the first CORESET, then UE should perform blind decoding in the second CORESET as well. Thus, the PDCCH detection performance of the first monitored CORESET is important in Opt. 3. To improve the first PDCCH detection performance, the PDCCH monitoring priority order among the CORESETs can be configured to UE. Then the gNB can transmit the PDCCH of the first monitored CORESET more reliably than the rest, e.g., by increasing the aggregation level or the transmit power.
Proposal 2: The PDCCH monitoring order among different CORESETs (or different spatial QCLs) can be configured to UE.

DCI monitoring indication
As discussed in Section 2.1, there can be multiple scenarios for multi-beam PDCCH with some differences therein. Therefore, to optimize UE’s PDCCH blind decoding behavior for each scenario, gNB can transmit an assisting information to UE to distinguish the cases.
For example, the number of DL or UL DCIs that UE can expect in the configured CORESETs can be indicated to UE. For example, if both the number of CORESETs and the number of DCIs are configured as two, then UE can expect one DCI in each CORESET. Based on this knowledge, UE can determine whether to monitor only the first CORESET or both CORESETs. In addition, whether the multiple DCIs have the same or different payloads, and/or whether the multiple DCIs schedule the same or different TBs can be indicated to UE. The indication can be based on the DCI itself, i.e., the DL/UL scheduling DCI can include a field to indicate those information.
Proposal 3: The number of DCIs, type of multiple DCIs, and/or the number of TBs can be indicated to UE.

Conclusion
In this contribution, we discussed issues regarding the support of multi-beam operation for the UE-specific NR-PDCCH, from which the following observations and proposals have been made:
Observation 1: Blind decoding skipping based on the PDCCH candidate association across multiple CORESETs can provide a good balancing between the PDCCH blind decoding complexity and the blocking probability.
Proposal 1: Consider association between PDCCH candidates across multiple CORESETs as a way to reduce the PDCCH blind decoding complexity for multi-beam PDCCH scenario.
Proposal 2: The PDCCH monitoring order among different CORESETs (or different spatial QCLs) can be configured to UE.
Proposal 3: The number of DCIs, type of multiple DCIs, and/or the number of TBs can be indicated to UE.
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