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1. Introduction
At the RAN1#NR AH meeting, support of monitoring NR-PDCCH on multiple beam pair links (BPLs) was agreed for robust transmission against link blockage [1]. In addition, during the last RAN1 meeting, it was further agreed that the configuration of QCL for UE-specific NR-PDCCH is by RRC signalling and MAC CE [2]. 

	Agreements in RAN1 #NR AH

1. NR-PDCCH transmission supports robustness against beam pair link blocking
0. [bookmark: OLE_LINK370][bookmark: OLE_LINK371]UE can be configured to monitor NR-PDCCH on M beam pair links simultaneously, where
0. M≥1. Maximum value of M may depend at least on UE capability.
0. FFS: UE may choose at least one beam out of M for NR-PDCCH reception
0. [bookmark: OLE_LINK374][bookmark: OLE_LINK375]UE can be configured to monitor NR-PDCCH on different beam pair link(s) in different NR-PDCCH OFDM symbols
1. FFS: NR-PDCCH on one beam pair link is monitored with shorter duty cycle than other beam pair link(s). 
1. FFS: time granularity of configuration, e.g. slot level configuration, symbol level configuration
1. FFS: Note that this configuration applies to scenario where UE may not have multiple RF chains
0. FFS: The definition of monitoring NR-PDCCH on beam pair link(s).
0. [bookmark: OLE_LINK341][bookmark: OLE_LINK340]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
3. FFS: Required parameters
3. FFS: Need to support both higher layer signaling and MAC CE
1. [bookmark: OLE_LINK381]Support transmission of DL signal for allowing the UE to monitor the beams for identifying new potential beams
1. [bookmark: OLE_LINK379][bookmark: OLE_LINK380]FFS: Transmission of a beam swept control channel is not precluded
1. This mechanism(s) should consider tradeoff between performance and DL signaling overhead

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




In this contribution, we will discuss multi-beam based NR-PDCCH including association between BPL and NR-PDCCH monitoring, NR-PDCCH transmission scheme when multiple BPLs configured and the monitoring of the multiple BPLs. Based on the discussion, our views on these issues will be revealed accordingly. 
2. Discussion
For frequency band above 6GHz, beamforming at both eNB and UE side is one effective way to compensate the severe path loss and guarantee coverage. On the other hand, the beams in high frequency is easy to be blocked. To address the potential blockage issue and to ensure the robustness of the NR-PDCCH, it was agreed that UE can be configured to monitor PDCCH on multiple beam pair links (BPL) simultaneously or on different BPLs in different OFDM symbols. In the following part, we will discuss the multi-beam related operation for NR-PDCCH. 
2.1. Understanding of PDCCH monitoring over one or multiple BPLs
For a given set of PDCCH candidates, UE performs PDCCH blind decodes. Once a PDCCH is detected based on the CRC check, the UE considers the PDCCH is transmitted. One PDCCH is formed by one or multiple CCEs, and one CCE is formed by 6 REGs. Then, REG-bundle is defined as consecutive 2 or 3 or 6 REGs. UE assumes the same precoder (or Tx beam-forming) is applied to a REG-bundle.

Assuming the UE has single Rx antenna port (i.e., no Rx beam-forming is available), a BPL is equivalent to a specific Tx beam at the gNB side. So far, following two PDCCH transmission schemes for a UE are supported.
· All REGs forming a PDCCH are consecutive within a CORESET in non-interleaved manner.
· REGs forming a PDCCH are distributed over a CORESET in interleaved manner.
Note: Precoder granularity in frequency-domain is equal to the REG-bundle size in the frequency-domain.

Therefore, it is up to gNB to choose any precoding (or Tx beam-forming) for a given REG-bundle. By applying different and multiple precoding (or Tx beam-forming) across REG-bundles forming a PDCCH, precoder-cycling (or Tx beam-cycling) can be performed. By applying a specific precoding (or Tx beam-forming) across REG-bundles forming a PDCCH, UE-specific precoding (or Tx beam-forming) can be performed. Therefore, in this case, it is completely up to gNB whether to transmit a PDCCH over one or multiple BPLs (i.e., applying one or multiple Tx precoding/beam-forming).

The above discussion for the UE having single Rx antenna port is also true for the UE having multiple Rx antenna ports with digital Rx antenna diversity. UE can perform Rx antenna combining across received PDCCH at the Rx antenna ports with any weights after receiving the PDCCH (or after obtaining digital PDCCH received signals at each antenna port). gNB has a freedom to choose any precoding (or Tx beam-forming) for a given REG-bundle.

The only case where the use of BPL(s) for a PDCCH transmission is not transparent to the UE is that a BPL is formed by the combination of a specific Tx beam and a specific Rx beam, where the Rx beam cannot be formed after receiving the PDCCH (i.e., where the received PDCCH cannot be combined across multiple Rx antenna ports with antenna combining weights). This is the situation where the ADC capability of the UE receiver is limited but the Rx beam-forming is necessary to receive a PDCCH, in which case the UE shall form a Rx beam before receiving PDCCH (or before obtaining digital PDCCH received signals at each antenna port). In order to obtain the beam-forming gain realized by a specific combination of Tx beam and Rx beam in such situation, UE needs to know which Rx beam has to be used. Taking into account that the gNB is able to perform precoding (or Tx beam-forming) per REG-bundle in UE transparent manner, in reality, Rx beam-forming is associated with a specific resource(s), where the minimum granularity of the Rx beam-forming in theory is REG-bundle. Whether to form Rx beam and which Rx beam shall be formed should be determined by the gNB and should be informed to the UE.

Observation 1: 
· PDCCH monitoring over BPL(s) is not transparent to the UE only in the following case:
· The UE does not have sufficient ADC capability but the Rx beam-forming is necessary to receive a PDCCH (therefore UE needs to form a Rx beam before receiving PDCCH, i.e., analog beam-forming).

In the following, our discussion focuses on the case where PDCCH monitoring over BPL(s) is not transparent. The case where PDCCH monitoring over BPL(s) is transparent (i.e., single Rx antenna port or multiple Rx antenna ports for digital Rx antenna diversity) is enabled by the agreements we made so far at the RAN1 meetings.

2.2. Association between BPL and NR-PDCCH monitoring
UE monitors one or multiple NR-PDCCH candidates in one or multiple control resource sets. For multiple BPLs for NR-PDCCH monitoring, following options are possible. 

· Option 1: One control resource set is associated with one BPL. If the UE is configured with multiple BPLs, then multiple control resource sets should be configured accordingly. 
· Option 2: One NR-PDCCH candidate is associated with one BPL. One control resource set could include multiple NR-PDCCH candidates associated with different BPLs 
· Option 3: One REG bundle or CCE is associated with one BPLs. Then one NR-PDCCH will be transmitted over multiple BPLs. 

Among the above the 3 options, Opt. 3 is expected to provide spatial diversity gain. At the same time, the exact mapping between REG bundles and BPLs within one NR-PDCCH should be known by UE to facilitate the NR-PDCCH detection. For Opt. 1 and Opt. 2, both split the NR-PDCCH candidates among multiple BPLs. However, Option 2 may complicate the NR-PDCCH scheduling especially in the multi-TPR scenario. Multiple TRPs should be well aligned in time-domain and certain coordination is further required on the scheduling of NR-PDCCH in the common CORESET, which restrict the scheduling flexibility. Hence, Opt.1 is preferable from our perspective. 


[image: ]
Figure 1 Example for Opt.1 (One BPL for one CONRSET)

[image: ]
Figure 2 Example for Opt.2 (One CORESET contains multiple NR-PDCCH candidates associated with different BPLs)
[image: ]
Figure 3 Example for Opt.3 (one NR-PDCCH is transmitted over multiple BPLs)
Proposal 1: 
· Support one CORESET associated with one BPL
· Support one REG bundle/CCE associated with one BPL and one NR-PDCCH candidate associated with multiple BPLs 
2.3. Multi-beam based NR-PDCCH transmission 
When multiple BPLs are configured for one UE, how to transmit NR-PDCCH by using multiple BPLs should be further clarified. The straightforward method is to transmit on the best BPLs among the multiple BPLs, which is prospective to provide best performance and coverage for stable channel status. However, for UE fast-moving scenario, this method may have the risk of blockage, and this also require gNB’s quick BPL switching ability when detecting blockage to avoid the subsequent transmission failure. In order to tackle the blockage risk of UE fast-moving scenario, it is beneficial to utilize multiple beams for NR-PDCCH transmission, such as the options of:
· Option 1: One NR-PDCCH is transmitted over multiple BPLs
· Option 2: One NR-PDCCH is repeated multiple times by using different BPLs

In order to further compare the performances between two multiple-beam options, link-level BLER evaluations are conducted under the assumptions of 60/20-bits payload and 4/8/16-CCEs. For Option 2, joint decoding combining multiple repetitions are adopted at the receiver. The simulation parameters and blockage modeling methodology are listed in Appendix, wherein the blockage modeling A in TR 38.901 is adopted. The evaluation results w/o blockage effects are provided in Fig. 4-6, respectively.
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Figure 4  BLER performances of 4-CCE multi-beam PDCCH transmission
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Figure 5  BLER performances of 8-CCE multi-beam PDCCH transmission
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Figure 6  BLER performances of 16-CCE multi-beam PDCCH transmission

Observation 2: For most cases of middle/code equivalent code rate, similar performances are observed between Option 1 and 2 under both blockage and non-blockage assumptions.
Observation 3: For high equivalent code rate (60-bits, 4-CCEs, etc), Option 1 outperforms Option 2 under both blockage and non-blockage assumptions, mainly due to better coding structure and larger coding gain.

2.4. Monitoring of BPLs
When multiple BPLs are configured, the potential blockage issue can be solved. However, on the other hand, some restriction would be imposed as well. As we discussed in section 2.2, NR-PDCCH candidate will be split among multiple BPLs or transmitted over multiple BPLs. For the case of transmitting one NR-PDCCH over multiple BPLs, it removes the possibility of employing one best BPLs for transmission to harvest the high spectral efficiency. For the case of splitting NR-PDCCH candidates among multiple BPLs, it would potentially increase the NR-PDCCH blocking probability no matter one NR-PDCCH is just transmitted once with the best beam or repeated on multiple beams. When one NR-PDCCH is transmitted with the best beam, only the NR-PDCCH candidates associated with this best beam are available for transmission and the provided capacity is limited. Therefore, the NR-PDCCH blocking would increase accordingly. When NR-PDCCH is repeated on multiple BPLs or the NR-PDCCH is transmitted across resources associated with multiple BPLs, obviously, the NR-PDCCH consume more resource and thereby incur high blocking probability. 
To balance the robustness and the scheduling flexibility, it is considerable that UE just monitor multiple BPLs in certain specific time occasions instead of monitoring multiple BPLs in all time occasions. As shown in the example of Fig. 7. This kind of configure could ensure UE to benefits from high spectral efficiency in the time occasions associated with best BPL and enable UE to connect to another BPLs in the time occasions associated with multiple BPLs once the best BPL is blocked. 

[image: ]
Figure 7 UE only monitor multiple BPLs during specific time occasion

Proposal 2: UE can be configured to monitor multiple BPLs only in some specific time occasions 
3. Conclusion
In this contribution, we discussed the multi-beam operation for NR-PDCCH. Based on the discussion, our views are summarized as follows. 
Observation 1: 
· PDCCH monitoring over BPL(s) is not transparent to the UE only in the following case:
· The UE does not have sufficient ADC capability but the Rx beam-forming is necessary to receive a PDCCH (therefore UE needs to form a Rx beam before receiving PDCCH, i.e., analog beam-forming).
Observation 2: For most cases of middle/code equivalent code rate, similar performances are observed between Option 1 and 2 under both blockage and non-blockage assumptions.
Observation 3: For high equivalent code rate (60-bits, 4-CCEs, etc), Option 1 outperforms Option 2 under both blockage and non-blockage assumptions, mainly due to better coding structure and larger coding gain.

Proposal 1: 
· Support one CONRSET associated with one BPL
· Support one REG bundle/CCE associated with one BPL and one NR-PDCCH candidate associated with multiple BPLs 
Proposal 2: UE can be configured to monitor multiple BPLs only in some specific time occasions 
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Appendix
The parameters for BLER evaluations are listed in Table 1.

Table 1  Evaluation parameters

	NR-CCE size
	6 REGs

	Aggregation level
	4/8/16

	Bandwidth
	160MHz

	Sub-carrier spacing
	120kHz

	Carrier frequency
	28GHz

	Channel estimation
	MMSE

	DCI payload
	60/20 bits

	Channel model
	CDL-A (DS 100ns)

	Antenna configurations
	BS: 32Tx, UE: 2Tx

	Beam selection
	Based on CSI

	DMRS density
	1/3

	UE velocity
	3km/h




Blockage modeling A in TR 38.901





The blocking region in UT LCS is defined in terms of elevation and azimuth angles, (,) and azimuth and elevation angular span (, ).


where the parameters are described in Table 2 below.

Table 2  Self-blocking region parameters.
	
	

	

	

	


	Portrait mode
	260o
	120o
	100o
	80o

	Landscape mode
	40o
	160o
	110o
	75o







The attenuation of each cluster due to self-blocking corresponding to the centre angle pair (,), is 30 dB provided that  and . Otherwise, the attenuation is 0 dB.
In the implemented blockage modelling for evaluations, portrait-mode blocking region parameters are selected.
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