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Introduction
RAN1 has discussed the design of NR QCL for several meetings. The following agreements were achieved [1].
	Agreements:
· 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.
· 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


There are other use cases wherein QCL assumption can be helpful. In this case, we discuss the necessity of introducing the QCL assumptions and the signalling framework.
QCL Design Requirements for NR
The original motivation of introducing the QCL concept in LTE was to support UE’s receiving process wherein the data and its associated reference signals may come from transmission point which are not located closely, and thus cause different channel characteristics in terms of average gain, average delay, Doppler shift, delay spread, and Doppler spread. In NR, transmission from multiple TRP, located geographically separated, is still a typical use case of QCL indication. Like in LTE, the BS can easily judge the QCL assumptions based on BS deployment. 
Observation 1: NR QCL design shall support QCL association indication for multi-TRP transmission.
However, in NR, there is a new use case for multi-beam based operation, especially for high frequency band. With beam management, the BS and the UE shall align their TX and RX beams. With the necessity of analog beamforming in high frequency band, appropriate RX analog beam shall be firstly aligned in order to ensure the received signal quality. Therefore, an indicator, which is used to align the RX beam, was introduced in NR, name as spatial QCL parameters. Note that such indication is applicable for both single-TRP transmission/reception and multi-TRP transmission/reception. As mentioned previously, in LTE, signals from separately located transmission points may lead to different channel characteristics in terms of average gain, average delay, Doppler shift, delay spread, and Doppler spread. The QCL assumption is mainly specified per TRP, due to the underlying reason that those channel characteristics are derived from CRS and CSI-RS, which are mainly transmitted targeting at cell-wise coverage. In NR, due to the introduction of the multi-beam transmission, many of the channel characteristics shall be derived from reference signals transmitted in beam-wise. Such change of RS transmission granularity may impact the QCL design with respect to average gain, average delay, Doppler shift, delay spread, and Doppler spread, e.g., whether RS conveyed by different beams or panels share the same or similar characteristics of average gain, average delay, Doppler shift, delay spread, and Doppler spread, shall be investigated.
Observation 2: NR QCL design shall consider the impact of multi-beam transmission, especially the impact of analog beamforming.
Based on the above discussion, it can be identified that spatial QCL indication is necessarily supported to assist RX beamforming. However, for other parameters, e,g,. average gain, average delay, Doppler shift, delay spread, and Doppler spread, it is yet not clear how they are affected by multi-beam transmission. One way to design the system is to assume that RS conveyed in different beams are mutually not QCLed. However, it may lead to larger RS overhead. It can be also noticed that different QCL parameters may be sensitive to beamforming in different levels. This may impact the QCL signaling design.
Observation 3: It is necessary to define spatial QCL to indicate appropriate RX beams.
Observation 4: Evaluation is needed to investigate the impact of multi-beam transmission on channel characteristics w.r.t. average gain, average delay, Doppler shift, delay spread, and Doppler spread. 
The QCL design in LTE mainly targets at providing information to assist UE side reception. It was assumed that BS has fixed TRXU to antenna array mapping and UE has omni-directional antenna. So it is not necessary to provide information concerning the spatial filtering of the signal. However, in NR, both BS and UE shall adjust their spatial filtering for receiving signals correctly. On one hand, the BS shall inform the UE the appropriate RX beam for received downlink (DL) signals, i.e., via spatial QCL parameters. On the other hand, the simplify the BS reception of UL signal, it may be desired that the BS controls the UE TX beam which is aligned to BS’s RX beam. Such indication to mandate somehow UE transmit behavior is a new requirement for NR. It can be considered within the QCL framework.
Observation 5: Indication to assist UE TX beamforming can be considered for NR QCL design.
As mentioned above, the QCL design in LTE assume fixed BS TXRU to antenna element mapping and omni-directional antenna at UE side. As a consequence, the QCL assumption is mainly affected by location of the transmission point. However, with directional antenna and analog beamforming, the channel characteristics experienced by different UE may differ a lot. Therefore, the QCL assumption may need to rely on some UE reporting. For instance, if two TX beams from a single TRP shall be received by different RX beams at the UE side, the characteristics of the channel associated with these two beam pair links may be different. 
Observation 6: It is necessary in some cases that the QCL assumption is derived based on UE reporting, e.g., of RX beam information.
Discussion on QCL Associations
As discussed in the previous session, QCL shall be designed for the following purposes.
Case 1: to assist UE for appropriate reception wherein QCL parameters include:
· Spatial parameter;
· Average gain;
· Doppler shift;
· Doppler spread;
· Average delay;
· Delay spread.
Case 2: to assist UE for appropriate transmission wherein QCL parameters include:
· Spatial reciprocal parameter.
For Case 1, the QCL parameters shall be defined to be associated with two sets of DL RS ports. Then based on the detailed use cases, it can be further discussed the possible combinations of different RS types or different RS groups of a same type that shall have the QCL association.
For DL beam management, there will be P1, P2 and P3 processes. After the initial access procedure, a UE shall be able to identify an appropriated TX/RX beam pair based on the reception of a preferred SS-block. This can be a starting point for control/data transmission without additional beam management. In this case, there can be association between DMRS for PDCCH/PDSCH and SS-block, at least with respect to spatial QCL parameter. If additional beam management is desired, it shall be based on CSI-RS transmission by gNB and measurement by UE. Then whatever spatial QCL assumptions achieved during the initial access progress can be applied for the transmission of CSI-RS for beam management. It was already agreed to support spatial QCL assumption between antenna ports within a CSI-RS reousce and antenna port of an SS-block of a cell. If we consider multi-level of beam management, e.g., CSI-RS based P1 followed by CSI-RS based P2. Then it is also possible to establish a spatial QCL connection between CSI-RS used in a previous beam management and CSI-RS used in a succeeding beam management.
Observation 7: Spatial QCL association between SS-block and CSI-RS, or between CSI-RS ports transmitted for separated beam management procedure, is necessary for DL beam management. 
Observation 8: Spatial QCL association between SS-block and PDCCH/PDSCH DMRS, or between CSI-RS and PDCCH/PDSCH DMRS, is necessary for identifying DL RX beam.
For UL beam management, one discussion point is whether and how to exploit beam correspondence. Without beam correspondence, separate DL and UL beam management may cause large RS overhead and complicated procedure. By exploiting the beam correspondence, the UL beam management can benefit a lot from DL beam management. If beam correspondence holds, the gNB can use QCL indication to request UE’s TX beam, which is has a beam correspondence to UE’s RX beam of DL RS ports. As SS-block and CSI-RS are used for DL beam identification or beam management, and SRS is used for UL beam management, then there can be QCL connection between SS-block/CSI-RS and SRS. For DMRS for UL control or data transmission, they can also be associated with DL beam identification/management RS, i.e., SS-block or CSI-RS.
Observation 9: Spatial reciprocal QCL association between SS-block and SRS, or between CSI-RS and SRS, is necessary for UL beam management to exploit beam correspondence.
Observation 10: Spatial reciprocal QCL association between SS-block and PUCCH/PUSCH DMRS, or between CSI-RS and PUCCH/PUSCH DMRS, is necessary for identifying UL TX beam to exploit beam correspondence.
The derivation of QCL assumptions for Doppler shift, Doppler spread, average delay and delay spread can be based on tracking RS (TRS) as it provides sufficient time/frequency samples. For correct reception of the TRS, it may be necessary to indicate the spatial QCL assumption for TRS. However, it shall be further discussed when both shall be supported or a single one suffice.
Observation 11: QCL association w.r.t. Doppler shift, Doppler spread, average delay and delay spread between TRS and PDCCH/PDSCH DMRS, is useful for demodulation.
Observation 12: Spatial QCL association between SS-block and TRS, or between CSI-RS and TRS, is necessary for the reception of TRS.
Based on the above discussion and observations, the following QCL associations are proposed for NR.
Proposal 1: The following QCL association is supported in NR.
· SS-block and CSI-RS w.r.t. spatial QCL (already supported);
· SS-block and PDCCH/PDSCH DMRS w.r.t. spatial QCL;
· CSI-RS and PDCCH/PDSCH DMRS w.r.t. spatial QCL;
· FFS: SS-block and TRS w.r.t. spatial QCL and/or CSI-RS and TRS w.r.t. spatial QCL;
· SS-block and PUCCH/PUSCH DMRS w.r.t. spatial reciprocal QCL;
· CSI-RS and PUCCH/PUSCH DMRS w.r.t. spatial reciprocal QCL;
· SS-block and SRS w.r.t. spatial reciprocal QCL;
· CSI-RS and SRS w.r.t. spatial reciprocal QCL;
· TRS and PDCCH/PDSCH DMRS w.r.t. Doppler shift, Doppler spread, average delay and delay spread.
Note that the following QCL association has already been agreed.
CSI-RS ports within a CSI-RS resource w.r.t. average gain, Doppler shift, Doppler spread, average delay and delay spread, spatial QCL.
PTRS and DMRS 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)
PTRS and DMRS w.r.t Doppler spread, Doppler shift (e.g. PTRS and PDSCH DMRS sharing the same RF chain)
QCL Configuration Mechanism
Based on the discussion in Section 3, it is observed that there are quite a lot of different QCL assumptions. In LTE, there are several RRC configured QCL states and DCI can indicate one of the state. For NR, such a design can be a starting point for consideration. Further study is needed to determine in which use case, such dynamic signaling is not needed, and also whether QCL states is combined with other transmission configuration parameters for RRC configuration or dynamic signalling.
Proposal 2: At least support a mechanism of QCL signalling via RRC configuration and DCI indication.
Summary
In this contribution, we discuss the QCL design for NR, including the design target, detailed QCL assumptions and CQL configuration mechanism. Based on the discussion, the following observations and proposals are made.
Observation 1: NR QCL design shall support QCL association indication for multi-TRP transmission.
Observation 2: NR QCL design shall consider the impact of multi-beam transmission, especially the impact of analog beamforming.
Observation 3: It is necessary to define spatial QCL to indicate appropriate RX beams.
Observation 4: Evaluation is needed to investigate the impact of multi-beam transmission on channel characteristics w.r.t. average gain, average delay, Doppler shift, delay spread, and Doppler spread. 
Observation 5: Indication to assist UE TX beamforming can be considered for NR QCL design.
Observation 6: It is necessary in some cases that the QCL assumption is derived based on UE reporting, e.g., of RX beam information.
Observation 7: Spatial QCL association between SS-block and CSI-RS, or between CSI-RS ports transmitted for separated beam management procedure, is necessary for DL beam management. 
Observation 8: Spatial QCL association between SS-block and PDCCH/PDSCH DMRS, or between CSI-RS and PDCCH/PDSCH DMRS, is necessary for identifying DL RX beam.
Observation 9: Spatial reciprocal QCL association between SS-block and SRS, or between CSI-RS and SRS, is necessary for UL beam management to exploit beam correspondence.
Observation 10: Spatial reciprocal QCL association between SS-block and PUCCH/PUSCH DMRS, or between CSI-RS and PUCCH/PUSCH DMRS, is necessary for identifying UL TX beam to exploit beam correspondence.
Observation 11: QCL association w.r.t. Doppler shift, Doppler spread, average delay and delay spread between TRS and PDCCH/PDSCH DMRS, is useful for demodulation.
Observation 12: Spatial QCL association between SS-block and TRS, or between CSI-RS and TRS, is necessary for the reception of TRS.
Proposal 1: The following QCL association is supported in NR.
· SS-block and CSI-RS w.r.t. spatial QCL (already supported);
· SS-block and PDCCH/PDSCH DMRS w.r.t. spatial QCL;
· CSI-RS and PDCCH/PDSCH DMRS w.r.t. spatial QCL;
· FFS: SS-block and TRS w.r.t. spatial QCL and/or CSI-RS and TRS w.r.t. spatial QCL;
· SS-block and PUCCH/PUSCH DMRS w.r.t. spatial reciprocal QCL;
· CSI-RS and PUCCH/PUSCH DMRS w.r.t. spatial reciprocal QCL;
· SS-block and SRS w.r.t. spatial reciprocal QCL;
· CSI-RS and SRS w.r.t. spatial reciprocal QCL;
· TRS and PDCCH/PDSCH DMRS w.r.t. Doppler shift, Doppler spread, average delay and delay spread.
Proposal 2: At least support a mechanism of QCL signalling via RRC configuration and DCI indication.
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