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1. Introduction
The work item on Rel-16 MIMO enhancements has been specified [1]. 
MIMO WI from RP-182067
	The work item aims to specify the enhancements identified for NR MIMO. The detailed objectives are as follows. 

· Extend specification support in the following areas [RAN1]
· (A) Enhancements on multi-beam operation, primarily targeting FR2 operation: 
· (B) Perform study and, if needed, specify enhancement(s) on UL and/or DL transmit beam selection specified in Rel-15 to reduce latency and overhead 
· (C) Specify UL transmit beam selection for multi-panel operation that facilitates panel-specific beam selection
· (D) Specify a beam failure recovery for SCell based on the beam failure recovery specified in Rel-15
· Specify measurement and reporting of either L1-RSRQ or L1-SINR


[bookmark: _Hlk525732985]The WI for Rel-16 covers several key features aimed at enhancing multibeam operation which we have categorized into features (A), (B), (C) and (D) as shown above. In this contribution we discuss some potential enhancements for beam management for Rel-16. Section 2 discusses feature (D) on beam failure recovery for SCell. Section 3 discusses feature (A) focussing on robustness improvement for multi-beam operation.  Sections 4, 5 and 7 focus on feature (B), while section 6 discuss feature (C) of the approved WI.
2. SCell Recovery
In this section we discuss feature (D) of the approved work item, for specifying SCell BFR procedure. For intra-band CA operation where PCell  and SCell may share the same QCL, beam failure recovery for SCell can be derived from the PCell BFR in Rel-15. For FR1+FR2 operation where for example PCell is FR1 and SCell is FR2, it may not be possible to determine the quality of SCell link from the PCell beams. This serves as a good use case for supporting and specifying SCell beam failure recovery.
SCell beam failure detection and recovery could be derived from existing Rel-15 and performed in implementation specific manners for inter-band CA operations. SCell beam failure detection (BFD) could be based either on the absence of ACK/NACK feedback for the scheduled DL transmission in SCell or depending on CQI report in SCell. These, however, incur latency and overhead. Once beam failure is detected, BFR could be attempted directly on SCell recovery resources as in Rel-15. 
As a baseline option, a standalone SCell-based beam failure recovery may be defined in Rel-16, like the BFR procedure in Rel-15 for SpCell. This does not consider the advantage of having an active connection to the gNB and control channel via the PCell. Additionally, recovery resources need to be explicitly configured for the SCell and results in latencies incurred in typical beam recovery procedure. The overheads involved include dedicated RACH resources for SCell BFR, identification of candidate beam by the UE and RACH procedure-based recovery attempts on SCell without any PCell assistance.
We want to use PCell resources to indicate SCell beam failure to the gNB, thereby reducing overhead and efficiently utilizing channel resources. Natural choices of UL resources are SR (PUCCH)/PUSCH/RACH. PUSCH or MAC-CE requires an UL grant, which may not be available all the time. RACH is probably expensive resource given that PCell is operational. Hence our preference is to use SR (PUCCH) which has very low resource utilization. 
The proposal includes first detecting SCell failure by monitoring the configured (virtual) CORESETs in the SCell. Once the beam failure is detected, the UE sends uplink signal such a usual SR or a dedicated SR to the gNB in the PCell. In response, the gNB may request for beam report in the PCell. Once the UE sends the corresponding L1 report regarding the SCell beams in the PCell, gNB activates/pairs the (new) CORESETs. The high-level call flow is summarized in Figure 1.
Detection of SCell Failure
R16 SCell failure report via PCell
SCell beam activation/pairing by gNB

[bookmark: _Ref525641157]Figure 1: Rel-16 SCell Beam Failure Recovery
For SCell failure report via PCell, two key proposals for Rel-16 are
· Dedicated SR in PCell for SCell failure indication, in response to which gNB may request L1 report and UE reports the preferred candidate beam of SCell
· Reusing existing SR in PCell for SCell failure indication. This requires defining additional triggering conditions for transmitting SR and new MAC-CE definition along with PUSCH that contains SCell recovery information.

Proposal  UE signalling of SCell beam failure can be based on dedicated SR in PCell or reusing an existing PCell SR mechanism to additionally report SCell beam failure.

Further procedure for SCell beam activation/pairing depends on whether beam correspondence is assumed or not. 
When beam correspondence is available 
· Based on the L1 report/MAC-CE information from the UE about the SCell, the gNB performs SCell CORESET TCI state activation via the PCell. 

Figure 2 shows the proposed solution for Rel-16 that leverages PCell connection for performing SCell recovery under beam correspondence.
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[bookmark: _Ref525746519]Figure 2: PCell-aided SCell Recovery for Rel-16 under beam correspondence
In the absence of beam correspondence, we need RACH procedure to enable UL beam pairing. Leveraging the active PCell connection, the proposal is as follows:
· PCell triggers dynamic RACH resources associated with SSB index derived from UE SCell recovery report. 
A high-level solution/proposal is shown in Figure 3.
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[bookmark: _Ref525820586]Figure 3: SCell Recovery with dynamic RACH for Rel-16 in the absence of beam correspondence
2.1 Latency and Overhead comparison
For different parameter combinations, the following table looks at the latency numbers for supporting the baseline, standalone SCell-based beam failure recovery and the PCell-aided SCell recovery proposal. 
[bookmark: _Ref525824347]Table 1: Latency comparison between baseline scheme and the proposed SCell recovery mechanism
	Parameter Combinations (Value in Slots for 120Khz numerology)
	Average Latency (#slots)

	# RS occasions for averaging
	RS periodicity
	SR/PUCCH periodicity
	SR to PDCCH triggering L1 Report
	RACH occasion periodicity
	Dynamic RACH periodicity
	# RACH ReTx
	RAR Delay
	Delay to Activate dynamic RACH
	MAC-CE Delay after CORESET activation
	Baseline option
	PCell aided SCell recovery

	1
	16
	1
	1
	80
	40
	1
	8
	8
	24
	80
	70

	1
	16
	1
	1
	80
	80
	1
	8
	8
	24
	80
	90

	2
	40
	40
	1
	40
	40
	4
	16
	16
	24
	240
	258

	1
	160
	80
	1
	160
	80
	8
	80
	8
	24
	1384
	794

	2
	80
	160
	1
	320
	160
	2
	8
	8
	24
	632
	402

	4
	8
	1
	1
	80
	40
	4
	4
	8
	24
	336
	206

	2
	160
	640
	1
	40
	40
	1
	2
	8
	24
	366
	376



Observation 1: Considerable latency benefits when the dynamic RACH periodicity is smaller than regular RACH occasion periodicity.
Even when dynamic RACH periodicity is assumed to be same as the regular RACH periodicity, the increase in latency is marginal using the proposed PCell-aided SCell recovery. 
The amount of channel resources needed for the baseline scheme and the proposed PCell-aided SCell recovery is shown below:
Table 2: Resource overhead between baseline scheme and the proposed SCell recovery mechanism
	Averaging duration (ms)
	RS periodicity (#slots)
	SCell failure probability
	#RACH resources per 5ms
	# SR resources
	Average resource overhead per 5 ms

	
	
	
	
	
	Baseline option
	PCell aided SCell recovery

	100
	16
	1%
	8
	1
	8
	0.1

	1000
	16
	2%
	16
	1
	16
	2

	100
	8
	2%
	8
	1
	8
	0.4

	100
	8
	5%
	16
	1
	16
	1

	1000
	16
	5%
	16
	1
	16
	5



Observation 2: Significant reduction in overhead and efficient utilization of resources can be obtained with the proposed PCell aided SCell recovery since the RACH resources are activated only after SCell BFD is indicated to the gNB via the PCell.
When existing SR resource is utilized for indicating SCell beam failure on the PCell, there is no extra resource overhead. If dedicated SR is used for this purpose then additional overhead is required for the proposed scheme, which however, is marginal compared to the gain from having dynamic RACH resources. 
A summary comparison between extending the existing Rel-15 BFR for SCell recovery in Rel-16 v/s using the proposed procedure is shown below.
	
	Duplicating PCell Recovery in SCell
	SCell Recovery with PCell assistance

	Spec impact
	Minimal change
	Change to enable dynamic RACH resources

	Resources
	Dedicated RACH resource needed per candidate beam per UE
	Lower resource usage due to dynamic RACH

	Latency
	High; function of RACH periodicity
	Lower, since the RACH periodicity could be smaller due to the on-demand nature



Based on the latency and overhead benefits we have the following proposal.
Proposal  Support PCell triggered dynamic RACH on SCell for SCell beam failure recovery. 
The FR1+FR2 proposals mostly extend to FR2+FR2 case as well. Specifically, for robustness, the dedicated SR indicating SCell failure to PCell (in FR2) may be sent via multiple beams. Further, the recovery signal may be linked to SRs in multiple PUCCH resource IDs.
3. Enhancements to multi-beam operation for robustness
In this section we consider feature (A) of the approved WI looking at enhancements to multi-beam operation. Signals in NR systems may suffer from a sudden dramatic RSRP loss due to blockage effects, e.g. from a passing-by human body or a moving vehicle near a UE device. One effective approach to overcome such blockage effects, is to leverage macro-diversity, by receiving from multiple beams of different angular directions. In this section, we discuss enhancements to multi-beam receptions of control and data channels. 
3.1  Control Channel Robustness 
In Figure 4, we illustrate the diversity gain in PDCCH reception from multiple beams using CDL-B channel model and Blockage Model A defined in 3GPP TR 38.901. The simulation assumptions are described in the Appendix. Numerical results indicate that in the presence of blockage effects, it is essential to exploit angular diversity from beams in different directions, which significantly outperforms using a higher aggregation level on a single beam in the PER curves. In the simulation, the multiple beams for a PDCCH are assumed to come from a single TRP. Of course, in the case where the channel from a single TRP does not offer sufficient angular diversity, PDCCH reception from multiple TRPs becomes a natural choice of solution. It, however, can be made transparent to UE whether the multiple beams are from a single or multiple TRPs. Therefore, we have the following proposal.
Proposal   For enhanced reliability and robustness, support single DCI transmission over multiple TCI states
[image: ]
[bookmark: _Ref525819627]Figure 4: Comparison of PER performance between single beam and multi-beam PDCCH
In general, soft-combining of the received PDCCHs from multiple beam is not required to achieve the angular diversity gain. For instance, as a more direct method, gNB can simply send multiple PDCCHs scheduling the same PDSCH assignment without informing UE the existence of the repetition; at UE side, it suffices to decode at least one PDCCH. Compared with the method that requires soft-combining, the direct method saves the overhead to convey the PDCCH repetition to UE.
Improving DL control channel robustness/reliability alone is not sufficient, since for closed loop communication, both the UL as well as the DL control channel should be reliable. Hence enhancements to UL control channel for robustness/reliability should be specified for Rel-16. Similar to PDCCH transmission via multiple beams, PUCCH can also be repeated across multiple beams for improved UL reliability. Another UL power efficient approach is to allow PUCCH resource selection at the UE. The UE can be configured with multiple PUCCH resources, each associated with different TCI states and the UE may select one or more of the resources to transmit PUCCH. The resource selection can be up to UE implementation.   
Proposal  Study and specify PUCCH repetition/ selection across multiple beams for enhanced reliability and robustness
3.2  Data Channel Robustness
Rel-16 should also study enhancements to date channel robustness, especially when retransmission is not possible, e.g. Message 2, and when the maximum number of the retransmissions becomes limited, e.g. in a URLLC use case. Like the control channel case, data channel can leverage diversity from multiple TCI beams to improve robustness to both fading and blockage effects. For example, in Rel-15, slot aggregation has been supported in data channel to improve coverage, where all the aggregated data slots are sent on the same TCI beam. In Figure 5, we compare the BLER performance between using a single beam and 2 beams to transmit 2 aggregated slots. The simulation setup is provided in the Appendix. The results show an approximate 2 dB gain at a targeting BLER of 10^-2 when using 2 beams. In the simulation, we assume no blockage effects for simplicity. Therefore, the gain of using multiple beams solely comes from a lack of beam diversity in a single beamformed channel. A larger performance gain, however, is expected in the presence of blockages; as multiple beams can provide additional diversity in the angular domain.
Proposal  Study and specify multi-TCI transmission for data channels.
[image: ]
[bookmark: _Ref525819738]Figure 5: Comparison of BLER performance between single beam and multi-beam PDSCH
4. Enhancements to Beam Selection in RACH Procedure
In this section we consider feature (B) of the approved WI looking at beam selection enhancements for lower latency and overhead reduction. Before the UE can initiate the RACH procedure, the UE has to identify a gNb-UE beam pair to transmitting and receiving the RACH signals.  In R-15, the UE has two options for this; both options are illustrated in Figure 6.  The first option is for the UE start the RACH procedure as soon as it identifies a gNb-UE beam pair that is “suitable”, i.e., exceed certain minimum quality threshold; with this option, the UE does not have to wait until all gNb-UE beam pairs are scanned, and will result in reduced RACH latency.  However, the disadvantage of this option is that the beam pair may be sub-optimal.
[image: ]
[bookmark: _Ref525819834]Figure 6: Beam selection options in current R-15 RACH procedure.
The second option is for the UE to complete the gNb-UE beam pair measurement for all possible beam pairs, and then to initiate the RACH procedure using the best beam pair.  This option is guaranteed to result in the optimal beam pair, but the disadvantage is the latency penalty associated with scanning all possible beam pairs.
A natural strategy is to combine the lower latency of the first option with the improved beam selection of the second option.  Figure 7 below illustrates our proposal for the enhancement to the beam selection in RACH.  The UE initiates the RACH procedure with the earliest gNb-UE beam pair that is good enough, as in the first option currently available in R-15, and later transmits the better beam pair information in the msg 3.  
[image: ]
[bookmark: _Ref525819953]Figure 7: This figure illustrates the beam selection enhancement for RACH
In Figure 7, the UE initiates the RACH procedure using the blue beam pair that corresponds to the earliest RACH occasion and that also exceeds a minimum quality threshold.  However, the green beam pair is of better quality, and the UE indicates this in msg3.  Upon reception of this indication, the gNb and the UE may start using the better beam pair starting with msg4 exchange.
4.1 Latency Reduction and SNR Improvement 
In Figure 8, we illustrate the latency reduction of our beam selection enhancements for RACH compared against R-15 baseline scheme.  
In R-15 baseline scheme, after initiating and completing the RACH procedure with the gNb-UE beam pair that is “good enough”, the number of slots required to identify a better beam pair and to switch to the new beam pair is minimum 144 slots.  In comparison, our enhancement has identified a better beam pair by the time msg3 is transmitted, and the gNb and the UE can use the better beam pair starting with msg4.  Thus, by using beam report in msg3, the UE and the gNb can switch to a better beam pair minimum 144 slots sooner and with less signalling overhead. 
[image: ]
[bookmark: _Ref525820105]Figure 8: Comparison between R-15 Baseline Scheme and our Rel-16 Enhancement in terms of latency
Apart from latency improvements, beam report in msg3 can provide performance gains. We make the following observation and proposal based on the discussion above:
Proposal  Enable beam report in Msg3 for improvement in latency and performance.  
5. Fast Beam Selection via L1- Event Trigger
In this section we consider feature (B) of the approved WI looking at beam selection enhancements for lower latency and overhead reduction. Beam failure recovery in Rel-15 is triggered when all the beams in the failure detection set fall below a threshold within a timer duration. To maintain beams proactively and to support partial beam failure recovery, Rel-15 implementation may be leveraged to switch away from failing beams. For this the gNB may trigger L1-RSRP report and accordingly switch to a better beam. This involves considerable amount of latency and overhead penalties. For Rel-16, we propose study of UE triggered L1-reporting for switching beams and partial beam failure recovery, thereby reducing latency.
The main motivation in this proposal is that instead of waiting till all the beams in the failure detection set fall below a threshold, we look at early indication to the gNB based on L1 events in a subset of the monitored beams. This can enable the gNB to proactively switch to better TCI states ahead of a full beam failure. Additionally, this can be event triggered from the UE side rather than from the gNB side which might ensue higher latency. Using L1-event triggered beam switching, the issue of limited link utilization during the time-consuming Rel-15 BFR procedure can be mitigated, as illustrated in Figure 10.
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[bookmark: _Ref525819517]Figure 10: L1-event triggered fast beam selection

Proposal  Study and specify L1 event trigger-based report for fast beam selection.
6. UL Beam Selection
In this section we consider feature (C) of the approved WI looking at UL beam selection enhancements In R-15, the DL and UL beam need not necessarily be the same beam, but the beam selection is controlled by the gNb.  However, for Rel-16, it might be beneficial for UE to assist in UL beam selection.  The motivations for UE aided UL beam selection are: 
· Based on UE architecture and power consumption considerations, certain UL beam may be preferable for UE. 
· To meet the maximum possible emission (MPE) requirement and still use the strongest beam for DL, the UE may prefer a different UL beam (not necessarily associated with same DL beam) to steer transmission away from human body.

We have the following proposal:
Proposal  For Rel-16, study UE aided UL beam selection.
7. Enhancements to Beam Selection in CDRX
In this section we consider feature (B) of the approved WI looking at beam selection enhancements for lower latency and overhead reduction. In CDRX operation fast beam selection is crucial for power efficient operation in FR2. An example R-15 beam selection during the CDRX ON duration is shown in the figure below. In the example operation gNB configures two CORESETS in each slot to monitor PDCCH. Each CORESET maybe associated with a different TCI state for robustness. 


When the gNB has some data to transmit in the ON duration, it may trigger AP CSI-RS via DCI. The UE may report its preferred beam, and further communication can continue based on the indicated report.  The latency for beam selection via this procedure for a few CSF combinations is provided below.
Table 4: Processing time in OFDM symbols (120Khz Numerology) for an example UE implementation
	
	RSRP (CRI/SSBIdx)
	Wideband 
CRI-RI-CQI
	Sub-band
CRI-RI-CQI

	Time from DCI to AP-CSI-RS Tx
	28
	28
	28

	Num CSIRS Symbols
	2
	2
	2

	: Time from end of AP-CSI-RS to First UL symbol CSI-Report
	28
	36
	140

	Total Latency of AP CSI-RS Based
	58
	66
	170



A component for the latency is the delay between the DCI trigger and AP-CSI-RS transmission. From a robustness aspect the DCI triggering the AP-CSI-RS might not be received due to potential blocking and may have to be retransmitted via a different beam. Hence schemes have to be studied and specified that have lower latency, at the same time good robustness for beam selection during CDRX operation. 
Proposal  Mechanisms to reduce latency in beam selection for CDRX operation shall be studied and specified.
8. Conclusion
In this contribution we discussed enhancements for Rel-16 NR MIMO beam management. Below are the observations and proposals
Observation 1: Considerable latency benefits when the dynamic RACH periodicity is smaller than regular RACH occasion periodicity.
Observation 2: Significant reduction in overhead and efficient utilization of resources can be obtained with the proposed PCell aided SCell recovery since the RACH resources are activated only after SCell BFD is indicated to the gNB via the PCell.

Proposal 1: UE signalling of SCell beam failure can be based on dedicated SR in PCell or reusing an existing PCell SR mechanism to additionally report SCell beam failure.
Proposal 2: Support PCell triggered dynamic RACH on SCell for SCell beam failure recovery. 
Proposal 3: For enhanced reliability and robustness, support single DCI transmission over multiple TCI states.
Proposal 4: Study and specify PUCCH repetition/ selection across multiple beams for enhanced reliability and robustness
Proposal 5: Study and specify multi-TCI transmission for data channels.
Proposal 6: Enable beam report in Msg3 for improvement in latency and performance. 
Proposal 7: Study and specify L1 event trigger-based report for fast beam selection.
Proposal 8: For Rel-16, study UE aided UL beam selection.
Proposal 9: Mechanisms to reduce latency in beam selection for CDRX operation shall be studied and specified.
9. Appendix
Table 3. Simulation Assumptions in Section 4.1
	Carrier frequency
	28 GHz

	Antenna config
	(1,1,8,16,2) (gNB), 
(1,1,2,2,2) (UE)

	Subcarrier Spacing 
	120kHz

	Duration of CP
	0.6µs

	DCI size
	48 bits

	Channel model
	CDL-B with DS RMS 100 ns

	PDCCH frequency allocation
	Localized

	Soft combine
	Enabled if using 2 beams

	Blockage model
	Blockage model A with linksim implementation of birth-death process of blockages w.p. 0.3

	Beamforming &
2nd beam selection
	BF to overall best beam if using 1 beam

	
	If using2 beams, BF to overall best beam as the 1st beam; select 2nd beam as best beam at least 10 deg different in AoA and AoD from the 1st beam



Table 4. Simulation Assumptions in Section 4.2

	Carrier frequency
	28 GHz

	Antenna config
	(1,1,8,16,2) (gNB), 
(1,1,2,2,2) (UE)

	Subcarrier Spacing 
	120kHz

	Duration of CP
	0.6µs

	Duration of a slot
	125µs (14 symbols)

	PDSCH RB allocations
	64 RB

	Payload
	1500 bits

	DMRS symbol index
	3  (front-loaded)

	PDSCH symbol index
	3-12

	PDCCH symbol index
	1,2

	HARQ
	0 retransmissions

	MIMO layers
	1

	MCS
	MCS 0

	Channel model
	CDL-B with DS RMS 100 ns

	Beamforming &
2nd beam selection
	BF to overall best beam if using 1 beam

	
	If using2 beams, BF to overall best beam as the 1st beam; select 2nd beam as best beam at least 10 deg different in AoA and AoD from the 1st beam
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