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In prior meetings, the following agreements have been made:
Agreement 1:
· Aim for low-overhead indication for spatial QCL assumption to assist UE-side beamforming/receiving
· FFS details (e.g., tag-based where the tag refers to previous CSI-RS resources, BPL-based, referring to previous measurement reports, indication one resource (set) out of multiple resource (set)s configured by RRC, CSI-RS resource/port index based, etc.)
Agreement 2:
· For reception of unicast DL data channel, support indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel: Information indicating the RS antenna port(s) is indicated via DCI (downlink grants)
· The information indicates the RS antenna port(s) which is QCL-ed with DMRS antenna port(s) 
· FFS: Indication details
· E.g. explicit indication of RS port/resource ID, or implicitly derived 
Agreement 3:
· …
· Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling
· Note that MAC-CE is not always needed
· FFS: necessity of DCI signalling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters

In this contribution, we will analyse the signalling mechanisms regarding beam indication for PDSCH and PDCCH and describe the error cases. We will also list open issues, and propose solutions.
[bookmark: _Ref178064866]Discussion
The need for beam indication mainly comes from the use of analog beamforming in the UE receiver. With such a receiver, the UE can only receive data from a certain direction, due to that spatial prefiltering is performed in the analog parts of the receiver. This leads to that signals that impinge at the UE from a direction outside its receive beam are suppressed. 
However, the use of analog receivers does not by itself motivate beam indications. In fact, it is possible to operate beam management without beam indication, as demonstrated in [1]. The situations when beam indication is needed are:
· Several BPLs are maintained
· Simultaneous P2/P3 procedure is applied
· Beam grouping is used
 In all other cases, beam indication is unnecessary.
Several agreements on beam indication have been made. In agreement #1, it is stated that beam indication should come in the form of a low-overhead QCL indicator. The UE will interpret the beam indicator that the DMRS of either the PDCCH or the PDSCH will be spatially QCL with a previously transmitted reference signal. 
In our paper [2], we introduce a measurement indicator (MI) to represent and store the QCL assumption at the UE. The MI should be applicable both for the PDCCH and  PDSCH beams, although the indication mechanisms could be different. 
We will now investigate the various signalling options for PDSCH and PDCCH.
PDSCH beam indication signalling
In agreement #2, it is stated that for reception of unicast DL data channel, the beam indicator is conveyed over DCI. The UE will decode the PDCCH, and interpret the DCI. The UE will then utilize the QCL indication to adjust its Rx beam. However, since PDCCH decoding will take some time, it will not be possible for the UE to apply the new Rx configuration in the same slot, but it will be applied in future slots. The exact delay is FFS. In all the signalling diagrams in this contribution, this delay will be indicated by the starting and restarting a timer.
We interpret the beam indication such that it will be valid until further notice. Since for most cases, the beam will not change, we can send it in DCI only when it’s necessary. Hence, we propose:
[bookmark: _Ref485381322]The UE will consider the QCL assumption for the PDSCH provided in DCI to be valid until the next beam indication is received. 
[bookmark: _GoBack]Note that this does not stop the NW from repeating the transmission. The alternative to Proposal 1 would be to assume that the indication applies to the scheduled PDSCH only. Since there is a delay associated with the application of the beam, this would imply that forward scheduling is always applied, which increases delay and complicates scheduler design.  We now proceed to look at the signalling details, and the error cases. 
No signalling error 
The case where the DCI is correctly decoded by the UE is depicted in Figure 1. When the TRP transmits the DCI, it starts a timer, and when the UE decodes the DCI, it starts a timer. Once the timer expires, the TRP and the UE applies their new beams.


[bookmark: _Ref485369616]Figure 1: Beam indication for PDSCH: no error.
Signalling error: PDCCH not detected
The case where the DCI is correctly decoded by the UE is depicted in Figure 2. When the TRP transmits the DCI, it starts a timer. Since the UE never receives the DCI, it is unaware of that the TRP will change its beam. Once the timer expires at the TRP, it changes the beam. Since the UE will not make the corresponding update, future PDSCHs will be received with lower SINR. Note that the PDCCH beam remains functional, so the UE can still receive L1 control. The TRP may notice the degraded quality, depending on what measurement reporting is configured, and if PUCCH and PUSCH remain functional or not. In any case, it will not be obvious for the NW that the reduced quality is due to that the UE missed the beam indication. 



[bookmark: _Ref485371133]Figure 2: Beam indication for PDSCH: PDCCH missed.
[bookmark: _Ref485380586]PDCCH beam configuration via MAC CE
In agreement #3, it is stated that configuration of QCL for UE-specific PDCCH is by RRC and MAC-CE signalling. In [2], we describe how configuration via RRC would work in conjunction with the measurement indicator, whereas we focus on MAC-CE configuration in this section.
As for PDSCH, the configuration of the QCL relation for PDCCH will not be instantaneous, but will be applied some time after the reconfiguration has taken place. Hence, we realize that the beam switch will be associated with a delay, and we indicate this in the signalling diagrams with a timer. The details of this timer are FFS.
Again, as for the PDSCH, we interpret the beam configuration such that it will be valid until further notice. Since we are discussing reconfiguration, this is a reasonable assumption, and hence, we propose:
[bookmark: _Ref485381334]The UE will consider the QCL assumption for the PDCCH provided in MAC CE to be valid until the next beam indication is received. 
We now proceed to look at the signalling details, and the error cases. 
No signalling error
The case where the MAC CE is correctly decoded by the UE is depicted in Figure 3. When the TRP transmits the MAC CE, it starts a timer, and when the UE decodes the MAC CE, it starts a timer. Once the timer expires, the TRP and the UE apply their new beams. 



[bookmark: _Ref485373693]Figure 3: Beam indication for PDCCH over MAC CE: no error.
PDCCH received, PDSCH decoding failed
The case where the UE receive the PDCCH but fails to decode the PDSCH is depicted in Figure 4. Since the UE decoded the PDCCH, it understands that the NW tried to send data, and sends a NAK over PUCCH to indicate that. The NW realizes that the beam switch did not reach the UE, and retransmits the MAC CE, relying on HARQ. Typically, the NW would have to restart the timer, to make sure that the UE will have time to adjust its beam once it has successfully decoded the beam indication.
Once the TRP receives an ACK of the MAC CE, it may proceed with the beam switch.



[bookmark: _Ref485374051]Figure 4: Beam indication for PDCCH over MAC CE: PDSCH decoding failed.

[bookmark: _Ref485377863]PDSCH decoded, ACK missed
The case where the UE receives the PDSCH, but the NW misses the PUCCH ACK is depicted in Figure 5. The NW is expecting a response to the MAC CE sent over PDSCH, but it is never received. After some time, the NW will retransmit the MAC CE containing the beam indicator, this time not relying on HARQ.  The NW would have to restart the timer, to make sure that the UE will have time to adjust its beam once it has successfully decoded the beam indication. 
Once the UE receives the retransmission of the beam switch command, it will stop the pending beam switch, and restart the timer, to make sure that its beam switch time instant coincides with that of the TRP.
Once the TRP receives an ACK of the MAC CE, it may proceed with the beam switch when the timer expires.



[bookmark: _Ref485374525]Figure 5: Beam indication for PDCCH over MAC CE: ACK missed.

[bookmark: _Ref485380116]PDCCH missed
The case where the UE fails to decode the PDCCH is depicted in Figure 6. The NW is expecting a response to the MAC CE sent over PDSCH, but since the UE does not understand that it was scheduled, no response is sent. After some time, the NW will realize that the PDCCH never reached the UE, and retransmit the MAC CE containing the beam indicator.  The NW would have to restart the timer, to make sure that the UE will have time to adjust its beam once it has successfully decoded the beam indication. 
Once the UE receives the retransmission of the beam switch command, it will stop the pending beam switch, and restart the timer, to make sure that its beam switch time instant coincides with that of the TRP.
Once the TRP receives an ACK of the MAC CE, it may proceed with the beam switch when the timer expires.



[bookmark: _Ref485374950]Figure 6: Beam indication for PDCCH over MAC CE: PDCCH missed.

[bookmark: _Ref485380129]Unresolved error case: ACK missed, retransmitted PDSCH missed
As have been shown in the above signalling diagrams, the beam indication signalling is able to quite robust to lost messages, as long as only a single message is lost. In this section, we will describe an error case, where beam misalignment may occur. This situation will happen if two consecutive messages are lost.
In Figure 7, the UE decodes the MAC CE, but the ACK is lost, just as described in section 2.2.3. Note that UE starts preparing for a beam switch, and starts the timer. In this case, the UE also misses the MAC CE the NW retransmitted since it never received the ACK. Since the UE never received the retransmission, it will proceed with the beam switch as planned. Once the timer expires, the UE will change its Rx beam, but since the TRP never changed its Tx beam, subsequent PDCCH transmissions will be lost. 


[image: ]
[bookmark: _Ref485377774]Figure 7: Beam indication for PDCCH over MAC CE: unresolved error case.
We note that the probability of this error event is low: it requires that one PUCCH and one PDCCH are lost in sequence. Also, it may be possible to improve this situation by delaying the beam switch further, to allow the TRP to perform more retransmissions of the MAC CE.
[bookmark: _Ref485380597]Robust PDCCH beam indication via DCI
In this section, we will address the FFS on DCI signalling in agreement #3. The reason why DCI was not agreed is a bit unclear, but one explanation could be that there is a concern that since DCI is unacknowledged, there is a higher risk for errors. Essentially, the situation depicted in Figure 2 would happen also for PDCCH.
However, it is easy to avoid the error cases, by simply transmitting data in the PDSCH associated with the PDCCH where the beam switch command comes. The NW would include data in the PDSCH, and if the NW did not have any data in the buffer, it may simply send dummy data and ask for an ACK of that data. Any response from the UE would mean that the UE could decode the DCI, and hence the beam switch command.
[bookmark: _Ref485379060]If an ACK or a NAK is received in response to data transmitted over PDSCH is an acknowledgment that the UE was able to decode DCI. 
We will use Observation 1 to design a robust beam switching command based on DCI.
No error case
As for the other signalling cases, we start with the no-error case, depicted in Figure 8. The TRP transmits a PDCCH containing the beam switch indicator, and at the same time, the TRP schedules data over PDSCH. When the TRP transmits the DCI, it starts a timer, and when the UE decodes the DCI, it starts a timer. When the TRP receives and ACK of the data transmitted over PDSCH, it knows that the PDSCH data was received, and also that the DCI was received. Hence, the TRP knows that the UE received the beam indicator, and may safely proceed with the beam switch, once the timer expires. Note that the timer must be set long enough to make sure that the UE will have time to send the ACK of the data. 


[bookmark: _Ref485379215]Figure 8: Beam indication for PDCCH over DCI.

PDCCH received, PDSCH decoding failed
We will now investigate the interesting case where the PDCCH was received, but the PDSCH decoding failed. This situation is depicted in Figure 9.



[bookmark: _Ref485379748]Figure 9: Beam indication for PDCCH over DCI. PDCCH reception is successful, but PDSCH decoding fails.
The interesting observation of the procedure in Figure 9 is that the PDSCH NAK the UE sent is still an acknowledgment that the DCI could be decoded. Hence, once the TRP received the NAK, it can proceed with the beam switch as planned! Once the timer expires, the TRP and the UE will switch to the new beam.
Other error cases
We realize that the analysis of the signalling cases described in section 2.2.3, 2.2.4, and 2.2.5 are applicable also for the DCI signalling. Basically, all the cases in section 2.2.3, 2.2.4, and 2.2.5 involve PDCCH decoding errors. Hence, the performance of DCI beam indication will never be worse than that of MAC CE.
Comparison of MAC CE and DCI beam indications
We have analysed MAC CE and DCI-based beam indication signalling in section 2.2 and 2.3, respectively. Based on the comparison we can conclude that 
[bookmark: _Ref485381275]A robust version of DCI-based signalling can provide the same robustness with the same performance as MAC CE signalling.
Hence, we cannot motivate the use of MAC CE by robustness: DCI provides the same robustness, at lower overhead and possibly lower delay. Additionally, the beam indication mechanisms for PDCCH and PDSCH will be quite similar, making it easier to reuse measurement procedures.
However, MAC CE has other advantages compared to DCI. MAC CE provides a larger payload making it possible to provide a wider range of QCL parameters. MAC CE may also provide QCL references to other reference signals than those represented by the measurement indicator (MI). 
Note that allowing PDCCH beam indication over DCI is a small addition to what is already agreed. Since the UE would anyway be required to decode the DCI to update the PDSCH beam, that functionality would anyway be implemented in the UE. Since we rely on the PDSCH ACK/NAK to achieve robustness, there is no additional UE implementation required. The functionality that the UE would cancel a pending Rx beam update when it receives a new beam switch command is required for the MAC CE scheme as well:
[bookmark: _Ref485381866]Support for DCI-based beam switch for PDCCH reuses components already agreed for NR.
Hence, we propose:
[bookmark: _Ref485381343]NR support beam indication for PDCCH using DCI, in addition to configuration via MAC CE and RRC. 
Conclusions
In this contribution, we made the following observations:
1. If an ACK or a NAK is received in response to data transmitted over PDSCH is an acknowledgment that the UE was able to decode DCI.
1. A robust version of DCI-based signalling can provide the same robustness with the same performance as MAC CE signalling.
1. Support for DCI-based beam switch for PDCCH reuses components already agreed for NR.
Based on the discussion in this contribution we propose the following:
1. The UE will consider the QCL assumption for the PDSCH provided in DCI to be valid until the next beam indication is received.
1. The UE will consider the QCL assumption for the PDCCH provided in MAC CE to be valid until the next beam indication is received.
1. NR support beam indication for PDCCH using DCI, in addition to configuration via MAC CE and RRC.

[bookmark: _In-sequence_SDU_delivery]References
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