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Introduction
In RAN1 NRAH3, the following agreement was made:
Agreement #1:
A UE is RRC configured with a list of up to M candidate Transmission Configuration Indication (TCI) states at least for the purposes of QCL indication
· Whether M equal to or larger than 2N is for further study, where N is the size of the DCI field for PDSCH
· FFS: Mapping between the candidate states to the states described by N bit DCI field for PDSCH
· Each TCI state can be configured with one RS Set
· Each ID (FFS: details of ID) of DL RS at least for the purpose of spatial QCL in an RS Set can refer to one of the following DL RS types:
· SSB
· Periodic CSI-RS
· Aperiodic CSI-RS
· Semi-persistent CSI-RS
· ….
Agreement #2:
The QCL configuration for PDCCH contains the information which provides a reference to a TCI state
· Alt 1: The QCL configuration/indication is on a per CORESET basis
· The UE applies the QCL assumption on the associated CORESET monitoring occasions. All search space(s) within the CORESET utilize the same QCL.
· Alt 2: The QCL configuration/indication is on a per search space basis
· The UE applies the QCL assumption on an associated search space. This could mean that in the case where there are multiple search spaces within a CORESET, the UE may be configured with different QCL assumptions for different search spaces.
· Note: The indication of QCL configuration is done by RRC or RRC + MAC CE (FFS: by DCI)
Note: The above options are provided as input to the control channel agenda item discussion
Agreement #3:
· For QCL indication for PDSCH:
· When TCI states are used for QCL indication, the UE receives an N-bit TCI field in DCI
· The UE assumes that the PDSCH DMRS is QCL with the DL RS(s) in the RS Set corresponding to the signaled TCI state
· FFS: whether or not a QCL type is configured, configuration details are for further study
·  Whether or not the TCI field is always present in a given DL-related DCI is FFS
· FFS: Whether or not the TCI field is in the same DCI as that containing the PDSCH scheduling assignment
· FFS: Timing between when the UE receives a QCL configuration/indication and the first time that the QCL assumption may be applied for demodulation of PDSCH or PDCCH

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.
This is a revision of R1-1716367.
[bookmark: _Ref178064866]Discussion
The need for beam indication mainly comes from the use of analogue 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 analogue 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 analogue 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 one or more of the following:
· 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. 
Agreement #1 introduces the Transmission Configuration Indicator (TCI) to represent and convey at least the QCL assumption to the UE so that the UE can store the information. As stated in agreements #2 and #3, the TCI is applicable both for the PDCCH and PDSCH beams, although the indication mechanisms could be different. 
In [3], we provided a signalling error analysis for PDSCH beam indication over DCI. We will now investigate the various signalling options for PDCCH.
[bookmark: _Ref485380586]PDCCH beam configuration/indication
We will now discuss general properties and requirements for MAC CE-based signalling.
[bookmark: _Ref490215017]General MAC CE requirements for beam indication
In LTE, MAC CE is used to convey control information to the UE over MAC. Signalling over MAC CE have some properties that differ from the L1 signalling RAN1 usually defines:
1. Since the messages are transmitted over MAC, they rely on HARQ. This means that the message is protected by a CRC, and that retransmissions are possible. Furthermore, the NW will know when the UE has successfully received the message.
2. Due to the retransmissions, the time it takes to transmit a MAC CE message is unknown. The delay depends on how many retransmissions are required. In general, of course, the delay of transmitting the MAC CE message is (at least) one slot. The time it takes until the NW receives the ACK/NAK depends on how the transmissions are allocated in the frame structure, and also on the time alignment between UL and DL. This means that it becomes somewhat tricky to use MAC CE for synchronous configurations.
In some cases, beam indication signalling can be very sensitive. If the UE loses a beam indication message, it could mean that beams become misaligned and that the UE would need to perform beam recovery, since the NW loses its ability to communicate with the UE. Hence, it is very important that beam indications reach the UE, and if the message is lost, it is important that the NW understands that. Here, the fact that the MAC CE is acknowledged helps.
It is also important that the gNB and the UE updates their beams at the same time. Any data that is sent during periods when the beams are misaligned may be lost. E.g., if the gNB updates its TX beam in slot 27, and the UE updates its RX beam in slot 35, everything the NW sends to the UE in slots 28-34 may be lost. Hence, it is important that the NW and the UE have a common understanding on when the beams should change. We note that some MAC CE messages in LTE don’t have this property: e.g., for the secondary cell activation [4], the time when the UE is required to perform the action varies within an interval. 
Finally, the beam indication signalling needs to be fast. The RX beam needs to be updated to compensate for UE movement. If the beams are narrow, and the UE is travelling fast, the NW may need to update the beams rather rapidly. We will study this situation in more detail in the following subsection
Delay requirements for beam indication
To investigate the delay requirements for PDCCH beam indication, we study the scenario depicted in Figure 1.

[bookmark: _Ref492884891]Figure 1: Requirement scenario for PDCCH beam switch. A moving UE crosses a beam, and as the gNB updates its Tx beam, the QCL association changes.
In Figure 1, a fast-moving UE passes by a TRP with a Tx beam indicated by the dashed lines. As the UE moves across the beam, it discovers that the new beam becomes better, and transmits a measurement report to the NW. The NW receives the measurement report, and decides to update its Tx beam. The NW sends the beam indication to the UE. At a certain point in time, the TRP and the UE update their beams. The procedure should be completed as soon as possible, for sure it must be completed before the UE moves into the coverage area of another beam.
To make the situation in Figure 1 concrete, assume that a 120-degree sector is covered by 10 horizontal beams, implying that one beam is 12 degrees wide. Further assume that the UE passes 50m from the TRP. The distance over which the beam pointing in the broadside direction of the antenna can be calculate as

The beams at the TRP and the UE must be updated well before the UE has travelled 10m. For a UE travelling at 20m/s (72 km/h), this takes 500ms.
The chosen parameters are thought of as typical, rather than extreme values. Clearly, with narrower beams, the distance is shorter. If the UE passes closer to the TRP, the distance is shorter.
The required steps, and the estimated associated delays are summarized in  Table 1.
[bookmark: _Ref492887796]Table 1: Estimated delays for beam indication signalling


UE performs measurements on SS
0-20 ms

The UE reports SSRP periodically
2 ms
Reasonably aligned with 
SS transmissions
gNB processing + slot alignment:
5 ms

(Initial) PDCCH+PDSCH transmission
1 slot

PUCCH ACK: 1 slot

1 slot

Possible retransmissions
(3 x # of retransmissions) slots

Activation delay
5 slots
To discover missing ACK/NAK
Sum
7-27 ms + 7 slots + (reTx)



From Table 1, it is clear that the delay depends on the slot length. The beam indication procedures are mostly relevant for mmW, it is reasonable to assume a short slot length, say 125μs. With that assumption, we can state that the total delay is between 8ms and 29ms.
[bookmark: _Toc494372433]The delay for beam indication over MAC CE is between 8ms and 29ms.
Clearly, the delay is dominated by measurement delay. The measurement delay may actually be higher, if the UE fails to detect when a new beam becomes better. As with handover procedures, the NW may not update the beams based on an individual measurement. 
Note that the beam switch is associated with a relatively large activation delay. This value has been chosen to enable a coordinated switch at the TRP and the UE.
[bookmark: _Ref490214873]Signalling error analysis for beam indication signalling over MAC CE 
In this section, we provide a detailed analysis of the PDCCH beam indication signalling when MAC CE is used.
MAC CE: No signalling error
The case where the MAC CE is correctly decoded by the UE is depicted in the signalling diagram in Figure 1. 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 2: Beam indication to switch beam for PDCCH over MAC CE: no error.
MAC CE: PDCCH received, PDSCH decoding failed
The case where the UE receive the PDCCH but fails to decode the PDSCH is depicted in Figure 2. 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 3: Beam indication to switch beam for PDCCH over MAC CE: PDSCH decoding failed.

[bookmark: _Ref485377863]MAC CE: PDSCH decoded, ACK missed
The case where the UE receives the PDSCH, but the NW misses the PUCCH ACK is depicted in Figure 3. 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 4: Beam indication to switch beam for PDCCH over MAC CE: ACK missed.

[bookmark: _Ref485380116]MAC CE: PDCCH missed
The case where the UE fails to decode the PDCCH is depicted in Figure 4. 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 5: Beam indication to switch beam for PDCCH over MAC CE: PDCCH missed.

[bookmark: _Ref485380129]MAC CE: 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 5, the UE decodes the MAC CE, but the ACK is lost, just as described in section 2.2.2.3. 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 6: Beam indication to switch beam 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][bookmark: _GoBack]Robust PDCCH beam indication via DCI
In this section, we will address the FFS on DCI signalling in agreement #1. 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. 
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][bookmark: _Toc494372434]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 2 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 6. 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 7: Beam indication to switch beam for PDCCH over DCI: no error.

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 7.



[bookmark: _Ref485379748]Figure 8: Beam indication to switch beam for PDCCH over DCI. PDCCH reception is successful, but PDSCH decoding fails.
The interesting observation of the procedure in Figure 7 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 2.1.2.3, 2.1.2.4, and 2.1.2.5 are applicable also for the DCI signalling. Basically, all the cases in section 2.1.2.3, 2.1.2.4, and 2.1.2.5 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 PDCCH beam indications
Robustness:
We have analysed MAC CE and DCI-based beam indication signalling for PDCCH in section 2.2.2 and 2.2.3, respectively. Based on the comparison we can conclude that 
[bookmark: _Ref485381275][bookmark: _Toc494372435]A robust version of DCI-based signalling can provide the same robustness with the same performance as MAC CE signalling.
Possibility to perform synchronized switches:
DCI signalling is inherently synchronous, due to the lack of retransmissions. The NW knows during which slot the DCI is transmitted, and the UE knows in which slot it received it.
Delay:
DCI does not add any signalling delay: the DCI is transmitted during the PDCCH, and the UE decodes it during a fraction of the slot. The uncertainties related to retransmissions are then avoided.
Other aspects:
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. 
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][bookmark: _Toc494372436]Support for DCI-based beam switch for PDCCH reuses components already agreed for NR.
Hence, we propose:
[bookmark: _Ref485381343][bookmark: _Toc494372437]NR support beam indication for PDCCH using DCI, in addition to configuration via MAC CE and RRC. 
Note that this does not necessarily mean that a separate indication is introduced. An alternative realization is explained in 
Conclusions
In this contribution, we made the following observations:
Observation 1	The delay for beam indication over MAC CE is between 8ms and 29ms.
Observation 2	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.
Observation 3	A robust version of DCI-based signalling can provide the same robustness with the same performance as MAC CE signalling.
Observation 4	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:
Proposal 1	NR support beam indication for PDCCH using DCI, in addition to configuration via MAC CE and RRC.
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