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Introduction
In RAN1 #89, the following agreements were made [1].
· Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell 
· The other QCL parameters not precluded 
· FFS: indication either explicit or implicit or configurable or a default
· Note: default assumption may be no QCL

· 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

· PDSCH DMRS ports in a PDSCH DMRS group per [bundled PRB] in CC are implicitly assumed QCLed w.r.t average gain, delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial Rx parameters). 
· PTRS port and PDSCH DMRS port can be assumed QCL 
· w.r.t average gain, delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial Rx parameters (e.g. PTRS and PDSCH DMRS sharing the same beam)
· w.r.t Doppler spread, Doppler shift  (e.g. PTRS and PDSCH DMRS sharing the same RF chain)
· FFS impact due to configurable association between PTRS port and PDSCH DM-RS port (if supported)
· CSI-RS ports within a CSI-RS resource have at least two types of QCL assumptions
· QCL w.r.t average gain, delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial Rx parameters
· Not QCL’ed (e.g. for beam selection based on beamformed CSI-RS codebook)
· FFS whether some parameters can still be QCL’ed
In this contribution, we discuss remaining open issues of QCL, including QCL parameters for various RS pairs, QCL assumption across component carriers, QCL assumptions for coherent joint transmission, and DCI signaling aspects of QCL indication for NR-PDCCH.
Discussion
QCL parameters for RS pairs
In addition to the QCL parameters defined in LTE, it is agreed to include spatial RX parameter(s) as QCL parameter(s) to describe the spatial channel properties of the antenna ports observed at the receiver.  Therefore, there are at least 6 QCL parameters in NR, including (1) average gain, (2) average delay, (3) Doppler shift, (4) delay spread, (5) Doppler spread, and (6) spatial RX parameter(s).  Depending on the use case, two antenna ports can be assumed to be QCL w.r.t. a subset of these parameters.  Typical use cases include 
· Time/frequency tracking
· Channel estimation for demodulation
For time/frequency tracking, the UE needs to determine the receive timing and frequency shift.  A UE may need to maintain multiple time/frequency tracking loops to support multi-TRP transmission.  A UE can estimate average delay and Doppler shift based on SS block and/or tracking RS (TRS) [3].  The receive timing and frequency shift obtained from SS block or TRS can be applied to other RS ports, if these other RS ports and the SS block or TRS are QCL w.r.t. average delay and Doppler shift.
For PDSCH DMRS channel estimation, UE needs to obtain Doppler spread, delay spread.  The delay spread may be estimated from CSI-RS with sufficient density in frequency.  For example, the density of 1RE/RB/port can work with subcarrier spacing of 15kHz, but may not be dense enough for larger subcarrier spacing.  The Doppler spread estimation based on CSI-RS can be inaccurate due the sparse density of CSI-RS in time-domain.  So, for both delay spread and Doppler spread estimation, tracking RS (TRS) can be used to enhance the estimation accuracy.  Besides Doppler spread and delay spread, phase error from PTRS is also needed for DMRS channel estimation.  
For one symbol PDCCH demodulation, Doppler information may not be explicitly needed for DMRS channel estimation.  But some coarse frequency offset can be estimated from SS block for receiving PDCCH.  Different Doppler shift in SS block and PDCCH DMRS will show up as frequency error. So, it is important to have QCL of SS and PDCCH DMRS w.r.t. Doppler shift/spread.
In Table 1, we summarize QCL parameters for different pairs of RSs/RS resources.
Table 1: Summary of QCL parameters for different pairs of RSs/RS resources.
	Pairs of RSs /RS resources
	QCL parameters
	Application case

	SS or CSI-RS
	TRS
	(2) (3) (4) (5) (6)
	Time/frequency tracking

	SS or CSI-RS
	DMRS or PTRS
	(2) (3) (4) (5) (6)
	Channel estimation for demodulation

	SS
	CSI-RS
	(3) (5) (6)
	UE can receive CSI-RS beam using same beam used to receive a certain SS.  Training new CSI-RS beam based on previous SS beam.

	PDCCH-DMRS
	PUCCH-DMRS
	(6)
	QCL in reciprocal sense. e.g., signaling to use the RX beam of PDCCH to transmit PUCCH

	CSI-RS
	SRS
	(6)
	QCL in reciprocal sense


[bookmark: _Toc485453285]Proposal 1:	Support QCL parameter subsets in Table 1.
QCL assumptions for antenna ports across component carriers
Just as in case of LTE, carrier aggregation can be used to further increase the available bandwidth and data rates.  In LTE, due to frequency selectivity across multiple CCs, the UE measurement and reporting is done separately for each CC.  So, there’s no need for QCL antenna ports across different component carriers (CCs).  In NR, especially for higher frequencies, the challenge of heavy path loss necessitates analog beamforming.  With analog beamforming, the multiple (CCs) sharing the same antenna panel may be carried by a common analog beam at the same time.  This can be exploited to make beam related UE measurements combined across multiple CCs, if a UE can assume antenna ports on those CCs are QCL w.r.t. spatial parameters.    
[bookmark: _Toc485453286]Proposal 2:	NR supports QCL indication across carriers.
QCL assumptions for coherent joint transmission
In case of coherent joint transmission, a UE may need to report co-phasing between antenna ports from different TRPs.  To enable the co-phasing measurement, a UE need to measure the channels from different TRPs within coherence time.  Two options can be considered.
Option 1: A UE is configured with multiple CSI-RS resources.   Each CSI-RS resource is associated with one TRP.  The network needs to configure the time-domain behavior of these CSI-RS resources such that a UE can observe the channels from different TRPs within coherence time.
Option 2: A UE is configured with a single CSI-RS resource.  The CSI-RS ports within a CSI-RS resource are divided into multiple CSI-RS port groups.  Each CSI-RS port group is associated with a TRP.  So, CSI-RS ports within the same group can be assumed to be QCL, while the CSI-RS ports in different CSI-RS port groups cannot be assumed to be QCL.  This allows a single configuration of time-domain behavior, i.e., a UE can observe channels from different TRPs in the same slot.
[bookmark: _Toc485453287]Proposal 3:	NR support CSI-RS port grouping within a CSI-RS resource.  A UE can assume that CSI-RS ports within the same CSI-RS port group are QCL.  A UE cannot assume that CSI-RS ports form different CSI-RS port groups are QCL. 
QCL indication for PDCCH
For NR-PDCCH reception, 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. 
[bookmark: _Toc485453219]Observation 1: 	DCI based signaling of QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR PDCCH beam switch, can have much lower latency compared to MAC-CE/RRC based indication.
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.  An additional requirement for DCI based indication of QCL assumption for NR-PDCCH is need for ACK based confirmation.  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.
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
[bookmark: _Toc485453220]Observation 2:	ACK/NACK based confirmation for DCI based NR-PDCCH beam switch can provide improved robustness.
[bookmark: _Toc485453288]Proposal 4: 	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.
Conclusions 
To summarize, we discussed remaining open issues of QCL.  Our observation is as follows.
Observation 1: 	DCI based signaling of QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR PDCCH beam switch, can have much lower latency compared to MAC-CE/RRC based indication.
Observation 2:	ACK/NACK based confirmation for DCI based NR-PDCCH beam switch can provide improved robustness.
In addition, we propose:
Proposal 1:	Support QCL parameter subsets in Table 1.
Proposal 2:	NR supports QCL indication across carriers.
Proposal 3:	NR support CSI-RS port grouping within a CSI-RS resource.  A UE can assume that CSI-RS ports within the same CSI-RS port group are QCL.  A UE cannot assume that CSI-RS ports form different CSI-RS port groups are QCL.
Proposal 4: 	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.
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