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1.  Introduction

In RAN1# 86b and RAN1#87 meeting, RAN1 discussed beam correspondence and UL beam management. Following working assumption and agreements are made [1][2]:
Working assumption:

· 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.

Agreements:
· UL beam management is to be further studied in NR

· Similar procedures can be defined as DL beam management with details FFS, e.g.:

· U-1: is used to enable TRP measurement on different UE Tx beams to support selection of UE Tx beams/TRP Rx beam(s)

· Note: this is not necessarily useful in all cases

· U-2: is used to enable TRP measurement on different TRP Rx beams to possibly change/select inter/intra-TRP Rx beam(s)

· U-3: is used to enable TRP measurement on the same TRP Rx beam to change UE Tx beam in the case UE uses beamforming

Agreements:
· Companies are encouraged to refine the definition of beam correspondence, if necessary 

· Note: whether or not to introduce this definition in NR is a separate topic

· Under the refined definition of beam correspondence (if any), study whether or not mechanism(s) for determining UE’s beam correspondence is needed. 

· the study may consider the following aspects - 

· e.g. metrics to be considered SNR/Power (beam-quality), CSI, and others

· e.g. values of the metrics at which beam correspondence is declared

· e.g., complexity/overhead 

· e.g., possibility of supporting reporting to the gNB about beam correspondence at the UE

It is understandable that the assumption on UE beam correspondence has significant implication on beam management procedure and overhead. However, maintaining UE beam correspondence is not a one-time job, as it may be subject to environmental chagnes as well as agin issue. Besides, based on RAN1#86b working assumption, beam correspondence requirement is not clear since it may be existent for a coarse beam, but not so for a refined resolution beam. In this contribution, we discuss aspects of beam correspondence.

2.  Beam correspondence uncertainty
In principle, TX and RX paths of individual antenna elements in antenna array are not the same, even antenna array is reused for both TX and RX, as illustrated in Figure 1. As baseline, PA is needed for TX path and LNA is used for RX path.  Although phase shifter used for phase steering can be shared between the TX and RX paths of an antenna element, there is in general a complex gain difference between the two paths. The complex gain difference can be temperature sensitive and may be subject to aging effect. For precise beamforming, individual RX paths should be calibrated to have very similar input-output response, and the same principles apply to TX paths.
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Figure 1: Illustration of TX and RX paths of antenna array elements.
Beam steering relies on the control on gain and phase of individual antenna array elements. For beam correspondence, theoretically, only an unknown but fixed complex gain can exist between TX/RX paths of an antenna element. However, variation between RF components impede UE from making precise control. With intention to assure UE beam correspondence, certain calibration procedure can be conducted so that beam correspondence can be assumed after manufacturing. However, this does not address the issue that TX and RX path response may vary with environment and aging. Even with state-of-art manufacturing technique, slight variation between RF components is common. 

With slight variation to TX and RX path response, one can assume that beam correspondence is maintained for a beam that is coarse enough to ignore the difference. However, it is clear that this may not hold when beam resolution increases. That is to say, one can only assume partial beam correspondence unless additional operation is introduced to maintain beam correspondence. It is noted that based on current working assumption, beam correspondence is only a quantitative description, rather than a qualitative metric.
Observation 1: UE beam correspondence condition can be affected by environmental changes and aging.
Observation 2: Partial beam correspondence can be assumed, that is, UE beam correspondence can be assumed for coarse-enough beam, but not necessarily for beams with high resolution. 
3.  Methods to address partial beam correspondence
As discussed earlier, partial beam correspondence can be assumed during UE life time cycle and can be used as starting point for connection. This may also fulfil the needs during initial access where coarse beam is usually used. Based on the assumption, we further discuss how to provide UL connection with refined beam resolution in this section.

3.1 Passive means to maintain UL connection

Clearly, with no active means to maintain beam correspondence during UE life time, UL beam management may be needed to sustain UL connection. Assuming at least partial beam correspondence, U-2 procedure can be used for TRP to perform local beam search centered at a TRP beam that is decided by e.g., DL beam management. Similarly, U-3 procedure can be used for UE to perform local beam search centered at a UE beam that is decided by e.g., DL beam management. In case both TRP and UE require to refine beams due to partial beam correspondence, U-2/U-3 can also be used together for such purpose.
On the other hand, UE with beam correspondence assumption needs to learn when this assumption does not hold. It means that some sort of beam correspondence determination procedure is needed. To determine UE beam correspondence, UE needs to compare if preferred RX beam is the same as preferred TX beam. This requires local beam search which implies similar operation as U-2/U-3 procedures. Another possibility is to check if the realized RSRP by using same beam in DL and UL is the same. For this, UE can transmit UL RS signal for NW to measure UL RSRP while feeding back measured DL RSRP to NW. However, using DL/UL RSRP to decide beam correspondence requires more involved mechanism to balance DL and UL link budget, and is also more vulnerable to RSRP measurement accuracy.
Observation 3: UL beam management U-2/U-3 can be used to check beam correspondence status, and used to refine UL beam resolution when partial beam correspondence can be assured.
3.2 Active means to maintain beam correspondence

Alternatively, more active means can be used to maintain beam correspondence during UE life time, for example, UE internal calibration or over-the-air calibration procedure. For TX paths calibration based on UE internal calibration, reference signal generated from TX path is coupled back to RX path to generate a calibration loop and use it for calculating calibration weights. The RX path can be additional hardware used for receiving transmission from existing TX paths from each antenna element. Or, the RX path in the calibration loop can reuse existing RX paths. The coupling can be achieved by coupler in UE circuit, or can be measured through the air. In either coupling case, it is possible to perform UE internal calibration without NW assistance. As UL data transmission is unlikely to take place at the same time during internal calibration, UE may need to create autonomous gap for such operation. 

On the other hand, if additional UE complexity is to be avoided, over-the-air calibration procedure can be considered. In such case, the procedure can be designed to run in the background when UL transmission takes place. There is thus minimized overhead for calibration. What’s needed is for NW to be aware of the process, and feedback the correction factors for UE. As this feedback is not urgent signaling, higher layer signaling rather than physical layer signaling can be considered. It is noted that by assuming over-the-air calibration to take place as background operation of UL transmission, partial beam correspondence assumption is used. Also, as channel is not static, additional considerations are needed for correcting the introduced bias.
For RX paths calibration, similar procedure can be applied. With aforementioned calibration procedure, TX paths and RX paths are subject to an unknown complex weight. While this is a problem for using channel reciprocity e.g., to decide DL precoder based on UL channel estimation, it has no impact to beam correspondence. 
Another issue that comes with active calibration operation is when to trigger it. For both calibration means, the easiest way would be for UE to trigger the operation periodically, or setting e.g., temperature variation threshold for turning it on. It is also possible to define beam correspondence determination procedure to examine the status for efficiently executing calibration operation. 

Figure 2 illustrates how beam correspondence states change and related actions to be taken in individual states.
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Figure 2: Beam correspondence state diagram.
Observation 4: Beam correspondence can be maintained with proper calibration method

Observation 5: Beam correspondence state determination is beneficial for deciding when to trigger calibration procedure, if any.
Proposal 1: NR to consider UL beam management as safety net for imperfect beam correspondence, and for beam correspondence state determination.

4. Conclusion

In this contribution, we discussed the uncertainty of beam correspondence state and possible approaches to address it. Based on the above discussion we have the following observations and proposals:

Observation 1: UE beam correspondence condition can be affected by environmental changes and aging.
Observation 2: Partial beam correspondence can be assumed, that is, UE beam correspondence can be assumed for coarse-enough beam, but not necessarily for beams with high resolution. 
Observation 3: UL beam management U-2/U-3 can be used to check beam correspondence status, and used to refine UL beam resolution when partial beam correspondence can be assured.

Observation 4: Beam correspondence can be maintained with proper calibration method
Observation 5: Beam correspondence state determination is beneficial for deciding when to trigger calibration procedure, if any.

Proposal 1: NR to consider UL beam management as safety net for imperfect beam correspondence, and for beam correspondence state determination.
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