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Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In RAN1#87 and RAN1 NR ad-hoc, the QCL related issues for the downlink have drawn a lot of attention [1][2]. However, since similar multiple-antenna schemes with hybrid beamforming architecture would be adopted at both Tx and Rx sides, the corresponding QCL for the UL should also be considered to assist UL transmission including beam training. In this contribution, firstly, the so-called beam correspondence is discussed with the consideration of channel reciprocity. Then, the proposed QCL/QCB design for UL MIMO is discussed.
Discussion on beam correspondence and channel reciprocity 
For compensating the significant pathloss at high frequencies, beam pair(s), which provides beamforming gain obtained at both TX and RX sides, would be considered for both DL and UL transmission. Therefore, similar to DL operation, many studies have been conducted to identify the best UL beam pair with high efficiency.  Moreover, the so-called beam correspondence is proposed for Tx and Rx, respectively [3][4]:

· Tx/Rx beam correspondence at TRP holds if at least one of the following is satisfied:
· TRP is able to determine a TRP Rx beam for the uplink reception based on UE’s downlink measurement on TRP’s one or more Tx beams.
· TRP is able to determine a TRP Tx beam for the downlink transmission based on TRP’s uplink measurement on TRP’s one or more Rx beams
· Tx/Rx beam correspondence at UE holds if at least one of the following is satisfied: 
· UE is able to determine a UE Tx beam for the uplink transmission based on UE’s downlink measurement on UE’s one or more Rx beams.
· UE is able to determine a UE Rx beam for the downlink reception based on TRP’s indication based on uplink measurement on UE’s one or more Tx beams.
· More refined definition can still be discussed

According to the agreement on NR ad-hoc meeting, the UE beam correspondence related information will be reported to TRP as UE capability. However, the validation of the beam correspondence at both UE and TRP sides are easily influenced by the RF imperfection, and which should be considered as the major factor during the definition of UE capability. In the perspective of TRP, we should assume that the RF condition is known by the TRP-self and not dedicated definition for capability is required.


For demonstrating the significant influence of RF impairments, the phase error, which is introduced by phase quantization, is considered in the following performance evaluation.  For example, the phase error is assumed to be uniformly distributed within  if the  bits quantizer is adopted. It is obvious that for the equipments with higher RF quality (namely, the better capability), more bits will be adopted. In addition, the mismatch among beams is represented by the spherical distance (or so-called great-circle distance) between the boresight direction of target beams, which are identified from UL beam training and reciprocity-based assignment. Moreover, the significant mismatch among the beam directions will lead to the longer spherical distance.

The simulated results of 20 UEs with various orientations are illustrated in Figure 1 and Figure 2. It can be found that the mismatch occurs when the hardware imperfection is involved, even at one side.  Besides, we can also find that this phenomenon would be generally alleviated when the equipment with high quality is adopted.  
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[bookmark: _Ref470767147]Figure 1 DL/UL beam association with phase error at both TRP and UE sides
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[bookmark: _Ref470768189]Figure 2 DL/UL beam association with phase error at UE side


[bookmark: _Ref477887363]Figure 3 Illustration of the process for validation

[bookmark: _GoBack]As an example illustrated in Figure 3, the process can be used to validate beam correspondence.  First the UE measures CSI-RS for BM and reports RSRP metrics of multiple beams based on the measurement.  After reception of reports on DL measurement, the TRP initializes the UL sounding procedure by sending the configuration for the transmission of UL RS to UE.   As proposed in [7], RS association between CSI-RS and SRS can be established.  SRS can be used to sweep beams in certain range of angles based on the best DL beams observed from CSI-RS.     The range corresponds to the uncertainty of accuracy on beam correspondence which can potentially be decided by UE capability.   TRP measures SRS and obtain some measurement metrics to compare with the DL RSRP reports.  These metrics can be decided by TRP implementation.  For example, metrics like the difference between RSRPs for UL and DL, can be used to evaluate differences between best DL link and reversed UL link with different capability conditions appear at both TRP and UE sides. If absolute comparison is not possible, relative comparison between multiple beam pairs can be done.  For simplicity, the metric of RSRP difference can be calculated as: 
 

,

Where the  (x = [DL UL]) refers the received RSRP. 
The simulated results are depicted in Figure 4. After comparing with Figure 2, it can be observed that:

1. When more bits are used to quantize the phase at both TRP and UE sides (which refers to excellent capability), non- (Slight) difference between RSRPs occurs since the beam pair alignment holds. It should be highlighted than the slight difference would appear due to the existence of noise.
2. 
When fewer bits are used to quantize the phase at both TRP and UE sides (which refers to poor capability), medium or significant difference between RSRPs occurs since the beam pair alignment is not held. It means that the directly usage of beam-pairs based on DL training is not optimized. Moreover, poor capability case could be further divided into subcases if certain principle (per company based, e.g., = 5dB) is introduced:,
a) 

Medium level of capability since the obtained   will be smaller than  in statistical sense.
b) 

Poor capability since the obtained   will be larger than  in statistical sense.
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[bookmark: _Ref470791870]Figure 4 Difference of channel gain and correlation between precoder with phase error at both TRP and UE sides
Based on these observations, the quality of channel reciprocity could be determined by the TRP according to the joint analysis with the reported UE capability and the RF condition at its own side. Basically, at least in two-levels of channel reciprocity can be identified as listed in Table 1.  Then, the indication can be done through the QCL/QCB association among the ports for DL/UL by either TRP.  More specifically, as listed in [6], “Quasi-Co-beam” QCB is proposed to group the beams/ports which have similar spatial channel properties.  The similar association can be adopted on relationship between UL and DL beams/ports.   

[bookmark: _Ref470789646]	Table 1 Categories and indication of quality of channel reciprocity	
	Quality
	Examples
	QCL/QCB indication (e.g.,)

	Level 1
	ideal channel reciprocity/beam correspondence at both TRP and UE sides
	QCL w.r.t. all QCL parameters

	Level 2
	Non ideal reciprocity/No beam correspondence at either TRP or UE sides
	At least not QCLed w.r.t spatial parameters or average gain



It can be studied further to explore whether we need to define more quality levels e.g. based on spatial correlation or based on RSRP difference.

Observation 1: Different level of the TRP and/or UE RF condition will lead to different level of re-usage of the beam pair based DL training.

Observation 2: The capability of the UE w.r.t the beam correspondence can be defined based on the RF condition.

Proposal 1: QCL/QCB association between DL and UL ports should be supported to indicate the quality of beam correspondence/channel reciprocity.
 
Potential QCL/QCB design for UL MIMO
According to the above analysis, the quality of channel reciprocity could be know at TRP side once the capability of UE is reported. For enhancing the beam training and data transmission in UL, the indication of the channel reciprocity with different level should be well considered in QCL/QCB design. Meanwhile, for reducing the complexity of QCL/QCB mechanism, the unified methodology should be shared for both DL and UL. Moreover, the detailed implementations are elaborated for different quality levels in this section.
Ideal channel reciprocity
In this case, due to the existence of channel reciprocity, the best DL beam pair (s) would be directly adopted by the UE for the UL transmission once the corresponding QCL/QCB indication is received. Moreover, this QCL/QCB association for the UL RS, or the DL and UL RS could be jointly configured by the TRP via the procedure shown in Figure 5. One case that demonstrates the QCL/QCB configuration for DMRS based transmission is taken as an example for detailed description:

· Step 1: The potential QCL/QCB pool for a UL DMRS port (e.g. the 1st port) is configured via RRC signalling.
· Step 2: Based on the measurement results or transmission schemes, the required QCL/QCB association for this RS port would be activated via the MAC CE signalling..
· Step 3: The configuration would be indicated to the UE via DCI indication. 

After indicating the above information, the subsequent UL operations could be conducted correspondingly. For example, the UL DMRS is assumed to be QCLed with the x-th CSI-RS as well as z-th SRS, and it means that the direction of DL transmission beam can be reused by UL transmission based on the 1st UL DMRS port directly. 


[bookmark: _Ref470797940]Figure 5 Illustration of the configuration of QCL/QCB for the 1-st UL DMRS port with multiple-stages
Partial or No Channel reciprocity
In this case, since the channel reciprocity/beam correspondence does not hold, the dedicated UL beam training is required. More specifically, two kinds of training could be considered for partial and non- reciprocity cases according to the aforementioned implementations.

· In the partial reciprocity case:
The UL beam training can be conducted with the smaller candidate beam set, which includes the beam around best DL beam-pair. 
· In the non-reciprocity case:
The independent UL beam training can be conducted gradually, which will lead to similar RS overhead as DL training.

Under this assumption, QCL/QCB association among the UL RSs (e.g., DMRS including phase error compensation, SRS) can be configured by UE independently or by TRP joint with DL according to the multiple-stages approach in [5]. 

Proposal 2: Unified QCL/QCB design, e.g., multiple-stages configuration, for both DL/UL should be supported in NR.
Conclusion 
In this contribution, the characteristics of the beam correspondence/channel reciprocity have been discussed. And the configurations of the QCL/QCB for the UL under the unified framework with DL are elaborated. The following observation and proposals highlighted:

Observation 1: Different level of the TRP and/or UE RF condition will lead to different level of re-usage of the beam pair based DL training.

Observation 2: The capability of the UE w.r.t the beam correspondence can be defined based on the RF condition.

Proposal 1: QCL/QCB association between DL and UL ports should be supported to indicate the quality of beam correspondence/channel reciprocity.

Proposal 2: Unified QCL/QCB design, e.g., multiple-stages configuration, for both DL/UL should be supported in NR.
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