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[bookmark: _GoBack]Introduction
In RAN1#86bis, Quasi-co-location for NR has been discussed with the following agreements [1]:
Agreements:
· QCL framework in NR is extended with new spatial QCL parameter(s) to support UE side beamforming/receiving procedure
· FFS details (e.g., receive angle of arrival, transmit angle of departure, spatial correlation of receiver antennas, Rx/Tx beamforming, etc.)
· For DM-RS antenna ports, NR supports:
· All ports are QCL-ed
· Not all ports are QCL-ed
· FFS on details
· FFS, e.g.:
· QCL between antenna ports transmitted on different CCs
· QCL between CSI-RS antenna ports within one CSI-RS resource
· All ports are QCL-ed
· Not all ports are QCL-ed
· QCL between CSI-RS antenna ports within two or more CSI-RS resources
· All ports are QCL-ed
· Not all ports are QCL-ed
· QCL of a DM-RS antenna port with other RS types
· QCL considering channel reciprocity
· Flexible configuration/indication of the QCL assumption should be studied in NR:
· Possible grouping  of the QCL parameters should be studied: 
· e.g., average gain, average delay
· e.g., angle of arrival/ departure, delay spread, Doppler spread
In this contribution, further discussion on additional QCL parameters, potential solutions are provided along with the corresponding simulation results.
Additional QCL/QCB parameters
Considering hybrid beamforming architecture in NR, the channel properties of each signals, e.g., DMRS and CSI-RS, are sensitive to changes of beam direction at both Tx and Rx sides [2]. For well describing the QCL relationship among these RS signals, the new parameters, e.g., angle of arrival/departure and spatial correlation, which can indicate the channel characteristics in spatial domain are considered [2][3].  In this section, we provide analysis on spatial parameters including spatial correlation, angle of arrival considering UE receive beamforming. .  In addition, indication of channel reciprocity using QCB/QCL is proposed since it is essential to the application of multiple beam operations in NR.
Some of these channel parameters can be better known at the UE side e.g. angle of arrival, delay.  These parameters are UE specific so that it relies more on each UE to interpret whether the beams seen by the UE have similar properties.  So it’s more desirable to have the UE feedback and tell the NR TRP which ports/beams have similar properties rather than relying solely on configuration from the network.  Moreover, it is more accurate to say similar properties shared by a group of beams are “Quasi-Co-beam”.  Grouping of antenna ports according to these quasi-co-beam properties is fed back by the UE. 
Proposal 1: Introduce a new set of “Quasi-Co-beam” parameters e.g. angle of arrival, delay to QCL parameters.  Grouping of antenna ports according to quasi-co-beam properties is fed back by the UE.
Spatial QCL parameters 
To conduct study on spatial parameters, simulation based on CDL-A model is performed. Beamforming is considered at both TX and Rx with the corresponding antenna structures (M, N, P, Mg, Ng) =(8,4,1,1,1) and (4,2,1,1,1) respectively. Some patterns shown in Figure 1 are taken as examples.
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[bookmark: _Ref465857876]Figure 1  Illustration of the beam pattern for both Tx and Rx
The measured channel for each Tx-Rx beam pair are demonstrated in Figure 2. It can be observed that:
1. The main channel parameters vary with the direction of Rx beam;
2. Similar spatial parameters can be found when the adjacent Rx beam are used, e.g., Rx code index 5-8;
Meanwhile, channel correlations among these 8-beam pairs are also calculated based on collected channel samples within 1s.  From the 8th subfigure below, it can be observed that neighboring Rx beams tend to have higher correlation (Warm color). 
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[bookmark: _Ref465857977]Figure 2 Analysis on channel properties per beam pair
Similar correlation pattern can also be found among all the Tx-Rx beam pairs. The results demonstrate that:
Both angle of arrival/departure and spatial correlation can reflect the channel spatial information which fundamentally refers to the distribution of multiple-paths in spatial domain. Defining spatial parameters in terms of angles seems to be more straightforward.
Angle of arrival can be directly obtained during beam training procedure if the angle of arrival is defined as the angle which aligns with the receive beam direction with maximum received power. 
Observation 1: Both angle of arrival/departure and spatial correlation can reflect the channel spatial information which fundamentally refers to the distribution of multiple-paths in spatial domain. Defining spatial parameters in terms of angles seems to be more straightforward.
Proposal 2: Angle of arrival should be captured as spatial parameters in QCL/QCB parameter set.
Channel reciprocity
In TD-LTE system, the channel reciprocity is exploited to obtain performance advantage of MIMO techniques over FDD system.  For NR, due to the introduction of hybrid beamforming architecture, the complexity and time consumption of beam training for both DL and UL highly depend on the level of channel reciprocity. As shown in Figure 3, both Tx and Rx can reuse the best receive beam as the optimal transmit one, the corresponding overhead for training is dramatically reduced.


[bookmark: _Ref465841421]Figure 3 Illustration of channel reciprocity
However, the quality of channel reciprocity can be easily distorted due to the imperfection of hardware, e.g., un-calibrated antennas.  To support different degree of reciprocity, flexible QCL association among RS ports used for DL and UL could be considered.  In Table 1, three QCL configurations are proposed to represent the corresponding level of reciprocity. 
[bookmark: _Ref465952592][bookmark: _Ref465952588]Table 1 Indication of reciprocity level by QCL
	Reciprocity Level
	Configurations
	Potential case

	Perfect 
	QCL w.r.t. all QCL parameters
	Same Beam direction/Same or calibrated RF chain

	Medium
	QCL w.r.t. all QCL parameters except for Doppler spread and shift
	Same Beam direction/Different RF chain

	N/A
	Not QCL
	Different Beam direction, RF chain



Observation 2: Channel reciprocity among UL and DL can be represented through combinations of QCL parameters.
Proposal 3: QCL association among antenna ports which used for UL/DL should be supported for indication of channel reciprocity in NR.
Potential solutions of QCL
Configurable QCL parameters
The following three factors have significant influence on the characteristics of experienced channel for each RS:
1. TRP location
Similar as the legacy LTE, the RS ports which transmit RS signal from different TRPs are not QCL-ed at least w.r.t average delay and average gain due to geographic separation among these TRPs [2]. 
2. Antenna configuration and calibration
The influence of the antenna structure mainly originated from the structure and the corresponding calibration of RF hardware.
1. RS ports which correspond to the antenna panel with different RF chain or oscillator are not QCL-ed at least w.r.t the Doppler spread and Doppler shift since these parameters are distorted by frequency offset and phase noise of the RF hardware;
2. RS ports which correspond to the antenna panel with different orientation are not QCL-ed at lease w.r.t to average delay, Doppler spread and shift since only a fractional of channel can be captured by each panel.
3. Tx/Rx beam direction
According to the analysis, channel properties vary with Tx/Rx beam direction. RS ports which transmit/receive the signal with similar Tx/Rx beams may be QCL-ed w.r.t average gain, delay and Doppler spread and shift.
Considering the various combinations of above factors in the application of multiple-beam operation, the channel condition for each RS signal is time varying according to the required transmission schemes as well as QCL relationship among these RS ports. Some examples for DMRS and CSI-RS are shown in Figure 1,  Since the transmission configuration of RSs are different, e.g., five cases illustrated in Figure 1, the QCL association would be established w.r.t to different QCL parameter (Red double arrow line). Moreover, the potential QCL parameter combinations in case 5 can be further defined according to the measurement results or width of Tx or Rx beam, e.g., in single beam operation cases as LTE, the CSI-RS and DMRS will be QCL-ed w.r.t all parameters.  
In this case, more flexible mechanism for the QCL configuration and indication should be introduced.  QCL parameter subsets can be flexibly configured and QCL signaling is done per subset.  It can be interpreted that LTE only has two cases i.e. QCL Type A and Type B which are semi-statically configured.  In NR, in order to support dynamic switching between different types of TRP/panels and between different transmission schemes, more flexible QCL association should be supported.
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Figure 1 Potential QCL association w.r.t configurable parameters sets

Proposal 4: Configurable QCL parameters should be supported in NR.
Proposal 5: QCL association among different RS ports with regard to various combinations of QCL parameters should be dynamically signalled to UEs.
TX/UE centric QCL association 
In legacy system, since UE side is mainly equipped with quasi-Omni directional antenna, the variation of experienced channel among different RS is mainly determined by different locations or implementation of antenna ports at TX side. Consequently, QCL association among different RS ports is only determined by TX. However, in multiple beam operation in NR, channel characteristics vary with changes of beam direction at UE sides as shown in Figure 2.  
1. TX centric:
In this way, the QCL association is still determined at TX sides with the following principle:
· E.g., according to transmission mode
· E.g., according to Tx antenna structure
· E.g., according to Tx beam direction
· E.g., according to channel reciprocity
· E.g., according to the UE feedback
2. UE centric:
In this way, the QCL association is purely determined by the UE with considering of the channel measurement results for each RS, the following principle could be considered:
· E.g., according to Rx antenna structure
· E.g., according to Rx beam direction
· E.g., according to channel reciprocity
· E.g., according to measured CSI
· E.g., according to delay
As shown in Figure 4, implementation of TRP/UE centric QCL/QCB association can be done in separated steps.  When the cell specific beam training is initialized, the TRP can first assign the QCL relationship for the RS which are used for beam measurement procedures. After the beam measurement at UE side, the UE can perform QCB association according to the measurement and the corresponding QCB grouping is reported to the TRP side.  We call this as part of group based beam management in which beams sharing with similar QCL/QCB properties are grouped into a subset.  Note that grouping at TRP and UE are done differently.   More details can be found in our companion contribution [4].
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[bookmark: _Ref465956031]Figure 4 Illustration of the QCL association in two ways
Proposal 6: Both TRP/UE centric QCL/QCB associations should be supported in NR to indicate channel accuracy information.
Conclusions
In this contribution, analysis of the QCL related issues for NR have been conducted with the following observations and proposal:
Observation 1: Both angle of arrival/departure and spatial correlation can reflect the channel spatial information which fundamentally refers to the distribution of multiple-paths in spatial domain. Defining spatial parameters in terms of angles seems to be more straightforward.
Observation 2: Channel reciprocity among UL and DL can be represented through combination of QCL parameters.
Proposal 1: Introducing a new set of “Quasi-Co-beam” parameters e.g. angle of arrival, delay to QCL parameters.  Grouping of antenna ports according to quasi-co-beam properties is fed back by the UE.
Proposal 2: Angle of arrival should be captured as spatial parameters in the QCL/QCB parameters set.
Proposal 3: QCL association among antenna ports which used for UL/DL should be supported for indication of channel reciprocity in NR.
Proposal 4: Configurable QCL parameters should be supported in NR.
Proposal 5: QCL association among different RS ports with regard to various combinations of QCL parameters should be dynamically signalled to UEs.
Proposal 6: Both TRP/UE centric QCL/QCB associations should be supported in NR to indicate channel accuracy information.
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