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Introduction
[bookmark: _In-sequence_SDU_delivery]With respect to QCL definitions, some open issue areas were nicely summarized in [1]:
1. QCL Parameters
2. QCL types 
3. QCL assumptions related to Component Carriers (CC)
4. QCL Assumptions for different DL and UL RS and Channels
5. QCL Indication/Signaling Aspects 
These five issues are discussed in this paper. 
QCL parameters
[bookmark: _Toc477965479][bookmark: _Toc477971796][bookmark: _Toc478137902][bookmark: _Toc478140206]So far, it has been agreed to support 6 different QCL parameters, where spatial QCL at the receiver is a new parameter compared to LTE.  
Definition of Spatial QCL 
Quasi co-location is a natural way to describe the relation between the two different signals originating from the same TRP and that can be received using the same multi antenna precoder. The piece that is missing from the definition is a channel property that can be used by the receiver to allow for improved receiver processing. As the name suggests, the channel property must capture some sort of spatial distribution as it will be used for spatial receiver filtering. As an example, the UE should be able to assume it can use the same analog receive beam when receiving the two different signals using this property. This was a common understanding among companies at meeting #86bis and it lead to the agreement:
· 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.)

In a way forward [2], two options were presented on how to capture the spatial QCL properties:
· Option A: Receive angle of arrival (exact wording is FFS)
· Option B: Spatial correlation
While in another way forward [3], a proposal similar to Option A was proposed
· Angle of arrival/departure, angular spread
First order moments of channel realizations, such as amplitude and phase, are most likely too detailed and unpredictable to be used as QCL parameters. Parameters describing angle of arrival distribution parameters such as mean angle and angle spread are also not suitable as non-straightforward estimation algorithms capturing arbitrary receiver antenna arrays, digital as well as analog precoding/beamforming and the channel multi-path would be needed to accompany such QCL parameters. 
In non-LOS channels with multiple scattering clusters with comparable strength there will by multiple angle of arrivals, and there is not a unique definition of angle of arrival. For instance, how to measure angle of arrival in the case of two well separated, equally strong multipath components? Is it the average of the angles? Does it make sense to point a receive beam in that direction? 
Moreover, in the case of non-ULA/non-Uniform Planar Array antennas, which will be the case for terminals with multiple receive antennas, how to define the beams forming main-lobes in angles and with specific spread in this case? These are problems associated with the angle of arrival definition for QCL. 
One may argue that 3GPP will not need to define such estimation algorithm anyway since it will not be specified and we have not defined corresponding algorithms for the other parameters. However, our view is that we should not base QCL framework on parameters that is not obvious and that we don’t understand how to estimate in principle. For the other parameters (average gain, average delay, delay spread, Doppler shift and Doppler spread) there is an established method for these estimators.
Moreover, angle of arrival is a fast fading property, and some averaging is needed for robustness.   
[bookmark: _Toc473868435]Angle of arrival and angular spread are unsuitable as spatial QCL parameters
On the other hand, second order statistics between antenna ports are simple, straightforward to estimate and inherently has averaging. The method to estimate a spatial correlation matrix is well known and the method is independent of how antennas are placed relative to each other. The same estimation algorithm is used irrespectively of whether the channel is LOS with a dominant path or rich scattering around the UE with many different simultaneous angles of arrivals.   
For receiver purposes, it is often sufficient to use QCL assumption with respect to receiver side correlation of the channel. Using such second order statistics automatically includes the averaging, by definition. 
[bookmark: _Toc473868436]Second order channel statistics is a well-suited candidate for spatial QCL properties
[bookmark: _Toc462953262][bookmark: _Toc473868439][bookmark: _Toc481598480][bookmark: _Toc481598521][bookmark: _Toc481598577][bookmark: _Toc481598794][bookmark: _Toc481598822][bookmark: _Toc462997229][bookmark: _Toc462997906][bookmark: _Toc465163955][bookmark: _Toc465166428][bookmark: _Toc465236896][bookmark: _Toc481740559][bookmark: _Toc481740631]Spatial QCL is defined as corresponding to spatial channel correlation 
[bookmark: _GoBack]QCL with respect to channel correlation can also be useful for applications where the UE is expected to estimate a channel based on a reference signal with many ports, e.g., a non-precoded CSI-RS type of reference signal. Assuming the UE knows that a non-precoded CSI-RS is QCL with respect to channel correlation to a previously transmitted non-precoded CSI-RS (possibly with a higher pilot density), then it may use spatial channel correlations obtained from the previously transmitted CSI-RS to acquire spatial processing gain. 
Reciprocal spatial QCL
Another QCL parameter that likely is needed to describe expected UE behavior is the reciprocal spatial QCL. For nodes that have reciprocity-calibrated transmitter and receiver chains it may be useful to know when a signal that will be transmitted is the reciprocal response to another signal that was received earlier or vice versa. 
As one example, at millimeter wave frequencies, the SS block framework is built upon the assumption that the UE will transmit PRACH in response to a detected SS block in the corresponding uplink direction as it received the SS block in the downlink. In this way, the gNB knows how to tune its analog RX beam to receive the particular PRACH. To specify this in standard text, some notion of expected reciprocal behavior at the UE is needed, and we believe reciprocal spatial QCL would serve this purpose.
[bookmark: _Toc481598481][bookmark: _Toc481598522][bookmark: _Toc481598578][bookmark: _Toc481598795][bookmark: _Toc481598823][bookmark: _Toc481740560][bookmark: _Toc481740632]Support reciprocal spatial quasi co-location at a node, where a transmitted signal received at a node and a transmitted signal from the same node, are related by reciprocal spatial QCL assumption.

On QCL types
At meeting #88, it was agreed :
· Indication of QCL assumption associated with subset of QCL parameters between the antenna ports of two RS resources is supported based on following alternatives, and RAN1 will down select it
· Alt. 1: Which of the subset of QCL parameters are configured by gNB
· Alt. 2: Which of QCL type is configured by gNB where multiple QCL types are pre-defined
· Alt. 3: QCL types are pre-defined

And following #88bis, there has been an email discussion to capture QCL parameters and QCL parameter sets and Types of sets. It should be noted that QCL is used to aid the channel estimation and the use of analog beamforming (spatial filtering). To aid the channel estimation, there is an ongoing discussion of RS for fine time and frequency tracking and the decision on which signals to use for this purpose is central in the following QCL discussion. To describe QCL relations between e.g. CSI-RS and DMRS is premature since we don’t know yet whether CSI-RS, SS blocks or some other RS will be used as a reference to aid the receiver to perform channel estimation.
[bookmark: _Toc481598482][bookmark: _Toc481598523][bookmark: _Toc481598579][bookmark: _Toc481598796][bookmark: _Toc481598824][bookmark: _Toc481740561][bookmark: _Toc481740633]Decide on the RS to use for fine time and frequency tracking before agreeing further on the QCL framework. 

In the table below we give some preliminary examples of pre-defined QCL parameter sets which can be divided into gain, time, frequency and spatial domains. It should be noted that for demodulating PDSCH, the DMRS port may be QCL with one RS with respect to delay parameters while another RS with respect to Gain parameter. Hence, multiple sets and thus RSs may thus be in effect simultaneously. In addition, for some demodulation cases, the DMRS may be sufficient for e.g. delay estimation (due to a large scheduling bandwidth and high SNR), and for this case there is no need for the DMRS to be QCL with e.g. a time tracking RS. While for low SNR and small resource allocation, an RS that is QCL with DMRS may be necessary. This is part of the investigations in the frequency tracking agenda and when requirements and the need for QCL assistance is known, we can proceed the discussions according such table as exemplified below. 
Table 1 Example of subsets of QCL parameters
	Type of QCL parameter set
	QCL parameters
	Example pairs of RSs/RS resource
	Example application case

	Gain
	{Average gain}
	DMRS ports within one DMRS group
CSI-RS ports within one resource;
DMRS and associated PTRS
	When the pair of RSs are transmitted from the same TRP or UE panel

	Delay
	{average delay, delay spread}
	DMRS ports QCL with RS(s) used for time tracking;
DMRS ports QCL with CSI-RS;
DMRS ports QCL with SS;
	Demodulation, possibly only in case of narrow scheduling BW

	Doppler
	{Doppler shift, Doppler spread}
	DMRS ports QCL with RS(s) used for frequency tracking;
DMRS ports QCL with CSI-RS;
	Demodulation 

	Spatial RX
	{receive spatial}, e.g. receive spatial correlation measured across multiple antennas and averaged across time and frequency
	DMRS QCL-ed with CSI-RS resource
DMRS QCL with SS
CSI-RS resource 1 QCL-ed with CSI-RS resource 2
CSI-RS QCL with SS
	Beam management 
Demodulation

	Spatial RX/TX
	{reciprocal spatial}, e.g. receive vs transmit spatial correlation measured across multiple antennas and averaged across time and frequency
	QCL between UL SRS and DL CSI-RS;
QCL between PRACH and SS block 
QCL between UL DMRS and DL DMRS
	UL MIMO;
Initial access



QCL assumptions related to Component Carriers (CC)
[bookmark: _Toc481598486][bookmark: _Toc481598526]It is important for gNB implementation of very wide bandwidths compared to LTE to have the possibility to use independent calibration circuits, clocks and oscillators per CC. Therefore propose that it should be possible to operate beam management procedures and thus spatial QCL per carrier, independently. 
[bookmark: _Toc477965478][bookmark: _Toc477971795][bookmark: _Toc478137901][bookmark: _Toc478140205][bookmark: _Toc481598487][bookmark: _Toc481598527][bookmark: _Toc481598581][bookmark: _Toc481598798][bookmark: _Toc481598826][bookmark: _Toc481740562][bookmark: _Toc481740634]The default assumption is that QCL assumptions are independent per component carrier. 
[bookmark: _Toc481598488][bookmark: _Toc481598528]Whether to be able to configure QCL dependencies between CCs can be further discussed after RAN1 has agreements and understanding of the framework for a single CC. 
QCL Assumptions for different DL and UL RS and Channels
RAN1 need to discuss and agree on the QCL assumptions necessary to take the UE from IDLE to CONNECTED. In [4],[5], we discuss the QCL assumptions made between a detected SS block and PRACH and RAR. Also, QCL assumptions to receive system information is needed. PDCCH and PDSCH is used both to receive system information and to receive eMBB data and likely the QCL assumptions need to be different depending on these shared data channel use cases.
The QCL assumptions for PDCCH and PDSCH will likely depend on the type of content it carries and in what stage of the connection the UE receives these channels (e.g. SIB reception vs. eMBB data reception).
For example, before configuration of RS for time/frequency tracking and/or CSI-RS, only SS blocks are available for QCL but after this configuration, UE specifically configured RS can be used in QCL relations to aid UE channel estimation.

QCL Indication/Signaling Aspects 
In RAN1#Ad-hoc, it was agreed to support indication of QCL between the antenna ports of two CSI-RS resources. An open issue is the dynamics of this indication. We agree in principle with the view in [6] to support the dynamic indication of gNB and UE side partial QCL assumptions between the CSI-RS beam sweeps P1 and P2/P3. Whether it should be downlink grant or uplink grant can be further discussed. Hence, when triggering an aperiodic CSI-RS beam sweep and associated aperiodic CSI report containing CRI the triggering DCI may contain a reference to a previously transmitted CSI-RS resource so that the UE may utilize this information to tune its RX beam. 
Moreover, we propose to use a proxy, the beam pair link (BPL) identity when referring to a previous CSI-RS resource. Hence, when triggering a P2/P3, then a BPL index is included in the triggering DCI and that BPL is in turn linked to a certain CSI-RS resource that the UE has measured and reported on at a previous point in time. 
[bookmark: _Toc481598489][bookmark: _Toc481598529][bookmark: _Toc481598582][bookmark: _Toc481598799][bookmark: _Toc481598827][bookmark: _Toc481740563][bookmark: _Toc481740635]Support the dynamic indication in DCI of  spatial QCL assumptions between CSI-RS resources when triggering a CSI-RS measurement for beam management.  
[bookmark: _Toc473877627]In particular, when beam correspondence holds at the UE, which likely will be a default operation, then the UE could be signalled to transmit precoded SRS or a precoded PUSCH or PUCCH in the same direction as it has received a certain CSI-RS. Hence, the specification need to support reciprocal spatial QCL and in particular:
[bookmark: _Toc473877628][bookmark: _Toc477972995][bookmark: _Toc481598490][bookmark: _Toc481598530][bookmark: _Toc481598583][bookmark: _Toc481598800][bookmark: _Toc481598828][bookmark: _Toc481740564][bookmark: _Toc481740636]Support reciprocal spatial QCL at the UE between the reception of a SS block or a CSI-RS resource and a transmitted signal such as an SRS resource, PUCCH or PUSCH. 
[bookmark: _Toc473877629]This will ensure that a gNB knows the receive spatial correlation of a signal transmitted from the UE and the gNB can thus adapt its receiver accordingly. For non-codebook based UL transmission of data, i.e. where precoding is decided by the UE, it has been agreed to support the indication of DL measurement RS for UE to calculate candidate precoder. Hence, for this purpose we 
[bookmark: _Toc477972996][bookmark: _Toc481598491][bookmark: _Toc481598531][bookmark: _Toc481598584][bookmark: _Toc481598801][bookmark: _Toc481598829][bookmark: _Toc481740565][bookmark: _Toc481740637]In UL transmission scheme B, a DL indication defines which CSI-RS is reciprocally and spatially QCL with the scheduled PUSCH and PUCCH DMRS.
[bookmark: _Toc477972997][bookmark: _Toc481598492][bookmark: _Toc481598532]This signalling is at least included in the DCI carrying the UL grant. 
[bookmark: _Toc473877630]Moreover, when there is a problem with uplink interference where many UE transmit uplink data and sounding at the same time and the network is dense (many gNB in a small area) it is beneficial to reduce uplink interference by using uplink precoding based on channel reciprocity. The UL QCL framework and Proposal 1 can also be extended to cover this case:
[bookmark: _Toc473877631][bookmark: _Toc477972998][bookmark: _Toc481598493][bookmark: _Toc481598533][bookmark: _Toc481598585][bookmark: _Toc481598802][bookmark: _Toc481598830][bookmark: _Toc481740566][bookmark: _Toc481740638]Support suppression of uplink interference towards victim gNB using precoded transmitted signals from the UE, by defining that the transmission is not reciprocally spatially QCL with the reception of a CSI-RS resource transmitted from a victim TRP or gNB. 
The transmitted signal could here be for example PUSCH, PUCCH or SRS. Again, whether additional explicit signalling is needed to indicate which CSI-RS resource are victim and which are desired needs further study as it may already fit under the agreed CSI framework.

Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	Spatial QCL is defined as corresponding to spatial channel correlation
Proposal 2	Support reciprocal spatial quasi co-location at a node, where a transmitted signal received at a node and a transmitted signal from the same node, are related by reciprocal spatial QCL assumption.
Proposal 3	Decide on the RS to use for fine time and frequency tracking before agreeing further on the QCL framework.
Proposal 4	The default assumption is that QCL assumptions are independent per component carrier.
Proposal 5	Support the dynamic indication in DCI of  spatial QCL assumptions between CSI-RS resources when triggering a CSI-RS measurement for beam management.
Proposal 6	Support reciprocal spatial QCL at the UE between the reception of a SS block or a CSI-RS resource and a transmitted signal such as an SRS resource, PUCCH or PUSCH.
Proposal 7	In UL transmission scheme B, a DL indication defines which CSI-RS is reciprocally and spatially QCL with the scheduled PUSCH and PUCCH DMRS.
Proposal 8	Support suppression of uplink interference towards victim gNB using precoded transmitted signals from the UE, by defining that the transmission is not reciprocally spatially QCL with the reception of a CSI-RS resource transmitted from a victim TRP or gNB.
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