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Introduction
In RAN1 #89, NR Ad-Hoc #2 and RAN1 #90, the following agreements were made [1-2].
QCL assumption across carriers and bandwidth parts
· For QCL, NR supports:
· QCL assumption across carriers and bandwidth parts for DL
· FFS details for indication, the applicable RS(s), the applicable QCL parameters, and configurability
· FFS whether or not to have UE assisted management

NR-PDCCH QCL Indication
Agreements:
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

QCL parameter sets
Agreements:
· For single CC/BWP and single TRP, at least the following is supported:
· Antenna port(s) of NZP CSI-RS can be QCL-ed with antenna port(s) of other RS wrt to the following parameters:
· TRS w.r.t . {average delay, delay spread, Doppler shift, Doppler spread} and one of SSblock w.r.t {spatial Rx parameters} or NZP CSI-RS w.r.t. {spatial Rx parameters)
· FFS Antenna ports of DM-RS can be QCL-ed with SSblock w.r.t. to the following parameters {average delay, delay spread, Doppler shift, Doppler spread, spatial Rx parameters} for PDSCH demodulation before TRS configuration
· FFS for PDCCH
· FFS the case where antenna port(s) of NZP CSI-RS can be QCL-ed with antenna port(s) of other RS: 
· SS block: w.r.t .{average delay, FFS delay spread, Doppler shift, FFS Doppler spread, spatial Rx parameters}
· Especially regarding whether this case must be supported if there is potential absence of TRS or not
· FFS Antenna ports of DM-RS can be QCL-ed with NZP CSI-RS w.r.t. to the following parameters {average delay, delay spread, Doppler shift, Doppler spread, spatial Rx parameters}
· FFS Antenna ports of DM-RS can be QCL-ed with TRS w.r.t. to the following parameters {average delay, delay spread, Doppler shift, Doppler spread, FFS spatial Rx parameters}
· Other cases are FFS
· Companies are encouraged to perform analysis and evaluations to finalize the supported case(s)


Agreements:
· FFS the indicator state referred in below text may or may not be the indicator state defined in R1-1714885
· Following ways of configuring QCL relations between a reference RS and a targeted RS are supported
· If configured, at least spatial QCL relation between SS Block (ref) and at least P/SP CSI-RS is signaled 
· FFS signaling details, e.g., by RRC, etc.
· FFS: AP CSI-RS for targeted RS
· If configured, at least spatial QCL relation between a P/SP CSI-RS resource (ref) and another (different) at least P/SP CSI-RS resource is signaled 
· FFS signaling details, e.g., by RRC, etc.
· FFS: AP CSI-RS for targeted RS
· FFS : Other candidate relations
In this contribution, we discuss remaining open issues of QCL, including QCL parameters for various RS pairs and QCL assumption across component carriers.
Discussion
QCL assumption across CC/BWP 
In NR, carrier aggregation can be used to further increase the available bandwidth and data rates.   At higher frequencies, the challenge of heavy path loss necessitates analog beamforming.  With analog beamforming, the multiple component carriers(CCs) that share the same antenna panel may be carried by a common analog beam at the same time. This relationship across CCs can be exploited to enhance system operation. This motivates the signaling of QCL assumption across CCs/bandwidth parts (BWPs). In recent RAN meetings, it has been agreed that NR supports QCL assumption across carriers and bandwidth parts for DL. In this section, we discuss cross-carrier QCL parameters, the applicable RS, configurability and details for indication. 
Cross Carrier QCL Parameters and RS Pairs
 We present below a few cases where cross carrier QCL indication can be applied. A key benefit of cross carrier QCL indication common to these use cases is overhead reduction.
Beam Management:  One use case is that gNB can trigger CSI-RS P2 procedure on Carrier B, based on cross-carrier QCL relationship with CSI-RS P1 beam on Carrier A. This has the benefit of reducing RS transmission overhead. 
DL Transmission: If two CC/BWPs share the common oscillator and are carried by the same analog beam, and transmitted from the same panel cross-carrier QCL indication between a CSI-RS port on one CC/BWP with PDSCH DMRS on another CC/BWP can be provided. This can help in identifying the parameters for channel estimation for receiving DL transmission. 
UL Transmission: DL can be transmitted in one carrier while UL in another carrier. A natural use case is where DL grant and data allocation is received in Carrier A while UL ACK is sent in Carrier B. gNB can indicate UE to transmit ACK on Carrier B based on Tx beam derived from Rx beam corresponding to PDCCH on Carrier A. We could have the notion of reciprocal spatial QCL across the two CCs to enable this signaling of UL in one carrier based on DL from another carrier.
Based on the above discussions we envision at least 3 types of QCL parameter sets namely:
·  for beam management use case.
·  for DL transmission 
·   in the reciprocal sense for UL transmission

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). A summary of cross-carrier QCL parameters and RS pairs are presented in Table 1 below. 
Table 1: Summary of Cross Carrier QCL parameters for different pairs of RSs/RS resources.
	Pairs of RSs /RS resources
	QCL parameters
	Application case

	CSI-RS-P1 of CC/BWP A
	CSI-RS-P2 of CC/BWP B
	(6)
	Training new CSI-RS P2 beam in Carrier B based on previous CSI-RS P1 beam in Carrier A.

	SS or CSI-RS of CC/BWP A
	DMRS or PTRS of CC/BWP B
	(2) (3) (4) (5) (6)
	Indicating of derivation of Channel estimation parameters such as Doppler for one CC based on CSI-RS from a different CC/BWP

	SS or CSI-RS of CC/BWP A
	UL Control/Data DMRS of CC/BWP B
	Reciprocal (6) 
	Spatial QCL in reciprocal sense for indicating of PUCCH/PUSCH beam for UL based on DL grant reception in another CC

	Note: QCL Parameters are (1) average gain, (2) average delay, (3) Doppler shift, (4) delay spread, (5) Doppler spread, and (6) spatial RX parameter(s)


Proposal 1: NR shall support cross carrier QCL indication between the RS pairs w.r.t to their corresponding QCL parameter sets as described in Table 1.
Signaling Aspects
There are several ways to enable signaling of QCL relationships across component carriers. Signaling can utilize a mix of semi-static and dynamic signaling. A way to enable this feature is by introducing cross-carrier QCL groups. Each cross-carrier QCL group is composed of a set of CCs/BWPs and cell IDs across which cross-carrier QCL indication can be applied. The gNB may choose these groups based on several aspects, where one such example is selection based on whether the CCs are co-located and may use the same analog beam. gNB can for example configure multiple cross-carrier QCL groups, where for example the CCs in each cross-carrier QCL group are co-located. 
As seen from the discussion in the previous section, explicit signaling of the QCL parameter sets, i.e. QCL_SetA, QCL_SetB or QCL_SetC may not be required, and this can be known from the context where the signaling is used, i.e. whether it is for beam management, DL transmission or UL transmission. Each cell ID in a cross-carrier QCL group during configuration (of the cross-carrier QCL group) can be provided a unique Tag occupying a few bits, which can be used for dynamic indication of cross-carrier QCL relationships across CC by uniquely identifying the CC. This helps to minimize overhead during dynamic DCI based signaling. An example of Component Carrier groups is shown in the table below:
Table 2: Example of Cross-Carrier QCL group Configuration
	Cross-carrier QCL group A
	CC 1
	Cell ID: 30, unique Tag: 00, Other CC details

	
	CC 2
	Cell ID: 46, unique Tag: 01, Other CC details

	
	CC 3
	Cell ID: 74, unique Tag: 10, Other CC details

	Cross-carrier QCL group B
	CC 4
	Cell ID : 4, unique Tag : 00, Other CC details

	
	CC 5
	Cell ID : 8, unique Tag : 01, Other CC details


  
The unique tag can be used to minimize overhead during dynamic signaling of cross-carrier QCL assumption.  NB can configure a set of CC groups whose associated reference signals/Ports (e.g SS/CSI-RS etc) can be assumed to be QCLed with each other w.r.t a set of QCL parameters. 
Dynamic Signaling:
Apart from the configuration of cross-carrier QCL groups in RRC, dynamic signaling can be employed for fast beam indication. Key motivation for dynamic signaling is improved flexibility for gNB in scheduling UE.  NR already supports DCI based indication of spatial QCL assumption between DL RS antenna port(s) and DM-RS antenna port(s) of a DL data channel. It is natural to extend this concept across CCs and BWPs, where the unique tag in the cross-carrier QCL group could be indicated in the DCI.  The UE when configured by higher layers to enable cross-carrier signaling, will interpret the unique tag in the DCI, and identify the cross-carrier QCL CC.  The cross-carrier QCL group can be implicitly derived from the CC that is scheduled, if the cross-carrier QCL groups do not overlap. Some examples are provided below. 
· Example scenario: CC1 schedules CC2 PDSCH using cross-carrier QCL CSI-RS from CC3
· CC1 can cross-carrier schedule CC2 PDSCH as in CA in LTE, and add tag 10 in the DCI along with the CSI-RS resource/port tag  
· UE will receive DCI in CC1, and interpret that PDSCH is transmitted on carrier CC2. From this it knows that CC2 belongs to group A
· UE from the tag 10, knows it has to refer to CSI-RS from CC3
· Note: that cross-carrier QCL group derivation is implicit. If CC2 appeared in both group A and B, then the group index will also have to be signaled.
· Example scenario: CC1 schedules CC4 PDSCH using cross-carrier QCL CSI-RS from CC5
· CC1 can cross-carrier schedules CC4 PDSCH, and add tag 01 in the DCI along with the CSI-RS resource/port tag  
· UE will receive DCI in CC1, and interpret that PDSCH is transmitted on carrier CC4. From this it knows that CC4 belongs to group B
· UE from the tag 01, knows it has to refer to CSI-RS from CC5
Thus, we observe that for very low additional overhead, cross-carrier QCL indication can be performed dynamically via DCI. Based on this we have the following proposal,
Proposal 2: NR shall support DCI based dynamic indication of cross-carrier QCL relationship between SS/CSI-RS port of one CC/BWP with PDSCH DMRS port of another CC/BWP.
Reciprocal QCL Derivation of UL Beam based on DL RS 
Consider the scenario of receiving a PDCCH/PDSCH and transmitting an ACK in the uplink via PUCCH. The uplink ACK can be transmitted using a Tx beam derived from the Rx beam corresponding to PDCCH or PDSCH. Each may have its own use case, namely when gNB is expecting an ACK from only one UE from a certain direction, then it may be useful to receive the ACK using the narrow beam used to transmit PDSCH. This can improve UL control performance. Another case is if gNB is expected to simultaneously receive ACK from multiple UEs from a certain direction, then it may be beneficial to receive the ACK using a wider beam such as PDCCH beam compared to a narrower beam. Another use case is a deployment, where UL control is received on one TRP, while data is received on another TRP. To satisfy all the above use cases specification is needed to indicate the PUCCH beam that the UE can utilize for transmission. A natural approach is to specify a “Reciprocal spatial QCL”  relationship between a DL port and an UL port. gNB can indicate that UE can transmit the UL signal, using a UL port such as PUCCH/PUSCH DMRS port that is reciprocal spatial QCL with a DL port (such as PDSCH DMRS, PUCCH DMRS or generally SS/CSI-RS Port).
Another common scenario in Carrier Aggregation (CA) is signaling of UL Data/Control in one carrier based on DL grant on another carrier. This requires signaling to UE to derive its Tx beam for transmission of UL control/Data. The reciprocal QCL concept can be extended to the cross-carrier QCL indication case also for this purpose. Dynamic indication can be supported for maximum flexibility. An example scenario in the cross carrier context described in previous section is provided below
· Example scenario: CC1 schedules CC1 PDSCH and expects ACK from CC4 using cross-carrier QCL with CSI-RS from CC5
· CC1 can cross-carrier schedules CC4 PDSCH, and add tag 01 in the DCI along with the CSI-RS resource/port tag  
· UE will receive DCI in CC1, and interpret that UL PUCCH is transmitted on carrier CC4. From this it knows that CC4 belongs to group B
· UE from the tag 01, knows it has to refer to reciprocal CSI-RS from CC5
We have the following proposal.
Proposal 3: NR shall support mix of RRC and DCI based dynamic indication of reciprocal QCL relationship between uplink PUSCH/PUCCH beam on one CC/BWP and DL CSI-RS/SS ports on same or another CC/BWP
DCI Based PDCCH Beam Switch 
It has already been agreed that 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: 	In high-speed scenarios, it may be necessary to signal QCL assumption between NR-PDCCH and DL RS antenna port(s) for NR PDCCH beam switch, with very low latency.
Below DCI and MAC CE based PDCCH beam switch are compared in terms of robustness/reliability and latency. 
Robustness 
MAC-CE based beam switch signaling is confirmed by the ACK of the PDSCH used to carry the MAC CE. For DCI based indication, there also exist reliable confirmation as listed below.
· Dedicated DCI containing only beam switch signal: ACK alone to indicate beam switch signal reception 
· DCI grant containing 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 beam switch signal and UL allocation: PUSCH transmission. gNB can infer reception of beam switch signal from UL PUSCH transmission.
Observation 3: DCI based beam switch with ACK/NACK based confirmation provides similar robustness as MAC CE based indication. 
Latency 
For PDCCH beam switch operation, the signaling latency is the time duration between the time of corresponding DL signal transmission and the earliest slot when actual beam switch can safely take place at gNB. To calculate signaling latency, following  delays associated with receiving DL transmission and sending UL signal need to be considered:  
· K0: Delay in slots between DL grant and corresponding DL data (PDSCH) reception,
·  K1: Delay in slots between DL data (PDSCH) reception and corresponding ACK transmission on UL,
·  K2: Delay in slots between UL grant reception in DL and UL data (PUSCH) transmission, or between a dedicated DCI and corresponding ACK.
· K3: Delay in slots between A/N reception in UL and corresponding retransmission of data (PDSCH) on DL.
· KL2: Processing time to interpret the MAC payload and configure the lower layers based on interpreted payload
The PDCCH and PDSCH processing at UE should be performed within . For MAC CE there will be an additional processing time of slots required for interpreting the MAC payload and configuring the lower layer based on the interpreted payload. This delay depends on UE implementation and could be 4 to 12 slots. 


A schematic of beam switching operation using MAC-CE vs DCI is shown in the figure below. 
Figure 2‑1 Timeline of DCI and MAC CE based Beam Switching
The latency for DCI-Based beam switch is   if the DCI carries grant or   (K2+1) if the DCI does not carry DL/UL grant, where a 1 slot delay for switching the beam after sending the ACK is assumed. The latency for MAC CE based indication is  if the first transmission is successful or if a retransmission is required. For simplicity, we have assumed that PDCCH+PDSCH CRC requires (K0+K1) slots. 
Noting that data channel has higher target BLER as compared to PDCCH and ACK. We compare the average latency below. For MAC-CE, the average delay taking into account retransmission and ignoring multiple retransmissions is  * + (1-*. Similarly, for DCI based operation , the average latency is approximated by ignoring multiple retransmissions and assuming TargetBLER =1%. 
Table 3: Latency Comparison of MAC CE vs DCI
	
	(K0+K1, K3, KL2, PDSCH Target Bler)
	[bookmark: _GoBack]Average Latency  for  MAC CE in slots
	Average Latency for DCI Based in slots (% Improvement w.r.t MAC -CE)
*Note K3=2
	Average Latency for Dedicated DCI in slots (% Improvement w.r.t MAC -CE)
*Note K2 = 1, K3 =2 

	Case 1: Nominal Operation with 10% Target BlER
	(4,4,8,10%)
	12.8
	5.07(60%)
	2.04(84%)

	Case 2: Lower L1 Processing Delay
	(2,2,8,10%)
	10.4
	3.05(71%)
	2.04(80%)

	Case 3: Scheduling constraint due to Analog BF (larger K3)
	(4,12,8,10%)
	13.6
	5.07(63%)
	2.04(85%)

	Case 4: Self-Contained Operation
	(1,1,4,10)
	5.2
	2.04(61%)
	2.04(60%)


[bookmark: _Toc485453288]The above table indicates that latency improvement can be quite significant using DCI based switch compared to MAC CE based indication. With subcarrier spacing of 60 kHz, MAC-CE based signaling can have a latency more than 2 ms if a retransmission is required, which could be problematic in high-speed scenarios.   Based on the above discussions we have the following proposal. 
Proposal 4: 	Support DCI Based NR-PDCCH beam switch. 
· FFS PDCCH beam switch signaling via dedicated DCI with ACK/NACK. 
A few of the existing PDCCH payload formats could be repurposed to also transmit beam switch information. To minimize specification impact a dedicated RNTI can be specified for carrying beam switch signals. DCI based signaling can complement MAC-CE based switching for high mobility scenarios and for applications that require low latency.  
QCL Assumptions within a CC/BWP
In this section, we provide a summary of QCL parameters for different pairs of RSs. 
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).  In Table 1, we summarize QCL parameters for different pairs of RSs/RS resources 
Typical use cases include 
· Time/frequency tracking
· Channel estimation for demodulation
· UL Data/Control Transmission

Table 3: Summary of QCL parameters within CC for different pairs of RSs/RS resources.
	Pairs of RSs /RS resources
	QCL parameters
	Application case/Comments

	SS or CSI-RS or DMRS
	TRS
	(2) (3) (4) (5) (6)
	Time/frequency tracking. QCL between CSI-RS and TRS has been already agreed w.r.t to (2-5) in RAN1#90 while (6) is not yet agreed. 

	SS or CSI-RS
	DMRS or PTRS
	(2) (3) (4) (5) (6)
	Channel estimation for demodulation. DMRS includes both PDCCH and PDSCH.  

	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.  SS has been agreed to be QCL with CSI-RS w.r.t to (6). For bootstrapping CSI-RS w.r.t to SS for beam management, it is preferable to have only additionally QCL w.r.t (3) and (5) 

	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


Note: QCL Parameters are (1) average gain, (2) average delay, (3) Doppler shift, (4) delay spread, (5) Doppler spread, and (6) spatial RX parameter(s)

Proposal 5: Within a BWP/CC, NR shall support QCL indication between the RS pairs w.r.t to their corresponding QCL parameter sets as described in Table 3.
Conclusions 
In this contribution, we have discussed issues related to QCL including signalling of QCL and have the following proposals. 
Proposal 1: NR shall support cross carrier QCL indication between the RS pairs w.r.t to their corresponding QCL parameter sets as described in Table 1.
Proposal 2: NR shall support DCI based dynamic indication of cross-carrier QCL relationship between SS/CSI-RS port of one CC/BWP with PDSCH DMRS port of another CC/BWP.
Proposal 3: NR shall support mix of RRC and DCI based dynamic indication of reciprocal QCL relationship between uplink PUSCH/PUCCH beam on one CC/BWP and DL CSI-RS/SS ports on same or another CC/BWP.
Proposal 4: 	Support DCI Based NR-PDCCH beam switch. 
· FFS PDCCH beam switch signaling via dedicated DCI with ACK/NACK.
Proposal 5: Within a BWP/CC, NR shall support QCL indication between the RS pairs w.r.t to their corresponding QCL parameter sets as described in Table 3.
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