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Introduction

This contribution relates to the following agreements from RAN1-89AH
Agreements:
· RAN1 to study the relation (if any) between a measurement and/or reporting on a reference signal and a subsequent beam indication for beam management purposes
· Study the indicator(s) used for PDCCH and PDSCH 
· Study whether there is a relationship between the indicator types e.g. same type of indicator or different types
· Study L1-RSRP reporting of multiple beams considering
· Differential L1-RSRP for multiple beams
· Reference RSRP for L1-RSRP differential report,e.g., predefined or configurable
· Bit-width of reporting, 
· Number of groups/beams per group 
· UCI design of the beam reporting, 
· FFS: Other issues

Beam related indication

The relationship between a DL RS measurement, the associated reporting and subsequent beam indication is governed by the following steps:

i. Each measurement of DL RS by the UE involves a beam pair link (BPL) between UE and gNB. 
ii. The UE decides whether the beam pair link warrants reporting based on its configuration.
iii. The set of all reports generated over time provides a pool of BPLs. Not all of them will be used by beam management. Rather beam management will work with a small subset, which for the sake of discussion we will call the working set. As new reports are generated the working set will be updated. Old BPLs maybe removed and new beam pair links will be added.  (Either the gNB or the UE can maintain the working set.)   
iv. The BPLs of the working set need each to be associated with an indicator that can be used in DCIs for CSI-RS, SRS, PDSCH or PUSCH and in RRC messages to determine the beam pair links used for PDCCH or PUCCH. The indicator for a beam pair link may depend only on the gNB beam of the beam pair link as described in [2, 3] or can depend only on the UE-beam of the beam pair link as outlined in [4].
It is conceivable to partition the working set of beam pair links into two or more subsets, where each subset contains the BPLs required for a certain functionality. E.g. one subset contains the BPLs for control channels (PDCCH) and another one contains the BPLs for data channels (PDSCH). Then the indicator for each subset require less bits as opposed to an indicator for the entire working set. So the beam indicator part of the DCI for PDSCH could be reduced by 1 bit, as long as the subsets for data and control are disjoint, which is not very practical for basic beam management. Further, the beam indication field for a DCI that schedules an aperiodic CSI-RS burst to conduct a P2 procedure has to be able to address the entire working set. A reduction of the bitfield by partitioning of the working set cannot be achieved here.
Observation 1:  The benefits of using different indicator types for PDSCH and PDCCH are not clear.
Proposal 1: NR supports only one indicator type, which is used for PDSCH and PDCCH.

UE beam based indication of beam pair link
In [2] and [3] BPL it is suggested that the gNB assigns indicators to the BPLs of the working set. Thereby the gNB is not aware of the beam the UE uses for the BPL. Thus, the indicator is independent of the UE-beam of the BPL. The indicator is solely a function of the gNB beam. The gNB maintains a table that establishes a one to one mapping between the gNB-beam of the BPLs and their associated indicators. Figure 1 visualizes two examples of BPL indication with a bipartite graph, where the beams are vertices, the BPLs are edges, and the indicators are tags of the edges. The example to the left depicts a case where the indicator is solely a function of the gNB-beam.
Some benefits can be reaped by involving the UE in the assignment of an indicator to a BPL such that the indicator is solely a function of the UE-beam involved (see example to the right in Figure 1). Such an indication system implicitly informs the gNB, if two or more BPLs are received with the same UE-beam, because such BPLs share the same indication (see gNB beams 3,4 and 5 in the right graph of Figure 1). This offers some flexibility to the gNB as it can switch between those BPLs in a UE transparent manner. Another advantage is that the gNB can employ such BPLs for MIMO with transmit diversity. Finally, since these BPLs share the same indication, the gNB can maintain a larger working set for the same number of bits used for the indicators: in the example of Figure 1, we need four different indicators for the gNB-beam based indication versus only two indicators for the UE-beam based indication. 



Figure 1: gNB-beam based versus UE-beam based tagging
The following steps illustrate an implementation of the UE-beam based indication:
1. The gNB maintains/controls a working set of BPLs each of which is associated with an indicator. They are depicted as edges in Figure 1. The UE has knowledge of the indicators assigned to the BPLs of the working set and maintains the mapping of these indicators to the corresponding UE-beams. It does not know whether two or more BPLs are assigned to one indicator. The gNB has knowledge of the BPLs of the working set. It maintains for each BPL the associated gNB beam and indicator. 
2. The UE reports about gNB beams observed from SS-blocks or CSI-RS symbols. Each entry of the report represents a BPL. The gNB determines if any of the reported BPLs should be added to the working set. If so it sends message to the UE in which it identifies any new BPL by referring to the associated entry of the report. 
3. The UE will assign an indicator to each new BPL following the objective of a UE-beam based indication. UE and gNB now have to perform the bookkeeping involved with adding a new edge in the bipartite graph of Figure 1. If the UE-beam of a new BPL b equals the UE-beam of an existing BPL b’ from the working set, the new BPL b will be associated to the indicator which was assigned to b’. Conversely, if the UE-beam of b is not used by any BPL of the working set, it is assigned a new indicator. The UE may send a message with new indicators to the gNB. Note that one can cut down on this messaging, by invoking it only if the UE-beam of any new BPL is already used by a BPL of the working set. This is possible since in the remaining cases all new BPLs will all receive new indicators, hence the gNB can compute which indicators the UE will assign them by simply mirroring the indication assignment algorithm of the UE. 
4. The size of the working set of BPLs should stay small and therefore from time to time the gNB has to remove a BPL b. This is equivalent of removing an edge in the bipartite graph of Figure 1. The gNB removes BPL b with indicator i from the working set by deleting the associated entry in its table. The UE only needs to be notified if it needs to remove the entry related to tag i from its table. Therefore, the gNB checks, whether there exists a BPL in the working set which also uses indicator i. If so, the UE does not need to be notified.  Otherwise the UE needs to be notified and it will remove the associated entries from its table.
5. When the gNB schedules a P2 sweep, the DCI will contain the BPL indication and the UE knows which beam to use. After the sweep the UE will report the best performing gNB beam, which will be the new gNB beam of the BPL. This equivalent to moving an edge in the bipartite graph of Figure 1 such that only gNB vertex changes. Therefore, the BPL indication does not change.
6. When the gNB schedules a P3 sweep for BPL b, the DCI will contain the associated indication and the UE knows which beam u to use. After the sweep the UE will determine the best UE-beam u’. In terms of the bipartite graph of Figure 1, the edge with indication i is moved such that only the UE vertex changes from u to u’. Then, there are two cases to consider. In the first case the new best UE-beam u’ is also used by another BPL b’. Then BPL b is assigned the indicator of b’, which we call i’. For bookkeeping, the UE has to remove the entry for indication i but only if indication i is not used by any other BPL. This information has to be provided by the gNB in form of a bit in the DCI. In the second case the new beam u’ is not used by any other BPL. If indication i is not shared by any other BPL then the BPL b can keep its indication i. The UE will modify the table entry for i such that i is associated to u’. If indication i is shared by another BPL, BPL b will have to be assigned a new tag i’’ and a new entry into the UE table has to be created, which maps i’’ to u’. Finally, the UE has to send back to the gNB the indication of the refined BPL, be it i, i’ or i’’. 
In summary the UE-beam based BPL tagging requires occasional short messages for three occasions
1. After the gNB adds new BPLs to the working set, the UE may have to send a message containing the indications assigned to the new BPLs. 
2. After the gNB removes BPLs from the working set, it may have to send a message containing the indications of the removed BPLs.
3. The DCI for a P3 sweep has to contain a 1-bit field indicating whether refined BPL shares the same indication with any other BPL in the working set. Further for a P3 sweep the UE has to message to the gNB the new indication of the refined BPL.
Observation 2: Indication of BPLs based on UE-beams versus gNB-beams offers benefits similar to those of beam grouping for a modest overhead in signaling. 
Proposal 2: Consider UE-beam based indication of BPLs for NR.

Beam Grouping
In the realm of beam reporting the gNB can configure the UE to indicate which gNB beams it can receive simultaneously.  Two approaches, A1 and A2, have been suggested (see [5] in section 1). In both, the UE reports groups of beams. In A1 a group contains gNB beams that the UE can receive simultaneously. In A2 a group contains gNB beams that the UE cannot receive simultaneously. But the UE can receive gNB beams from different groups simultaneously.
In the following, both concepts are applied to the UE antenna architectures shown in Figures 2 and 3 below. We assume that two beams are considered to be received simultaneously, if a MIMO multiplexing gain can be achieved, i.e. the waveforms of the two beams can be picked up by two separate TXRUs and fed into the modem. Each of the two beams will be associated with two waveforms transmitted on opposite polarization such that the simultaneous reception enables up to four layer MIMO transmission.
The architectures in Figures 2-3 allow for that if the receiving antenna structures are viewed as panels and each TXRU is viewed as containing two RF chains. Many of the first available MMW UEs will not be able to support 4 layers but rather only 2 layers. To capture a situation like that the receiving antenna structures in Figures 2-3 should be considered subarrays and from each beam only a single polarized component is picked up. Each TXRU consists then of a single RF chain. Two simultaneously received beams allow for a 2-layer spatial MIMO reception. 


Figure 2: Example 1 of an antenna architecture
In the course of normal operation, panels/subarrays of UEs may be blocked by a body part (hand, head …) or they may become temporarily useless due to an unfortunate orientation of the UE. To mitigate those cases a TXRU can be connected through a switch to another subarray/panel as shown in Figures 2 and 3. Due to assumed complexity reasons the switch cannot connect TXRU0 to panel 2 or panel 3. TXRU1 is constrained in a similar fashion. The switches are controlled by the beam management algorithm which is part of the baseband processing block.
Figure 2 assumes that gNB beams  can be picked up with sufficient strength. Following A1, the UE partitions the gNB beams into the following groups:
	Group#
	1
	2
	3
	4
	5
	6

	Group
	
	
	
	
	
	


Table 1: Groups according to A1 for Figure 2
In this example, it is easy to see that condition C1 as introduced in [5] is violated. C1 stipulates that 2 beams taken from different groups cannot be received together. For example, one can take from  from group 1 and  from group 4. If C1 holds and  cannot be received together, but this is contradicted by the existence of group 2.
Note that every gNB beam is member of two groups. Table 2 shows the associated report (assuming that it is legitimate for the UE to report two groups per gNB beam).
	Beam
	
	
	
	
	

	Group#
	
	
	
	
	


Table 2: A1 based report for Figure 2
In Table 2, the entry for beam  is  since this beam is member of group 1 and 2 (see Table 1). 
Upon closer look it turns out that for Figure 2 all groups consist of a first beam that can be picked up by either panel 0 or panel 1 and a second beam that can be picked up by either panel 2 or panel 3. So, therefore for the purpose of A2 based reporting one defines the following two groups:
	Group#
	1
	2

	Group
	{,,}
	{}


Table 3: A2 groups for Figure 2
The UE report would convey the following simple table
	Beam
	
	
	
	
	

	AntennaGroup#
	1
	
	
	
	


Table 4: Alt.2 report for Figure 2
It is clear that for the Figure 2 the overhead for A2 is less than the overhead for A1.
The architecture in Figure 3 differs from its counterpart in Figure 2 by the fact that the switches are no longer independent but they are ganged: they are either both in the upper of the lower position. Practically such a constraint may come from the fact that panel 0 and panel 2 are part of one module and panel 1 and panel 3 are part of another module. Ganging the switches makes sure that only one module has to be switched on at any given time, which may translate into power savings and the production of less heat. 
Tables 5 and 6 shows the A1 based groups and the associated report for the situation depicted in Figure 3. Also, here   is member of two Rx-beam groups.
	Group#
	1
	2
	3

	Group
	
	
	


Table 5: A1 groups for Figure 3
	Beam
	
	
	
	
	

	         Group#
	
	
	
	
	


Table 6: A1 based report for Figure 3



Figure 3: Example 2 of an antenna architecture
For A2 we cannot define groups as outlined in table 3 because  can no longer be simultaneously received with  even though they belonged to different antenna groups. So, is it possible to redefine the antenna groups in some appropriate way? It turns out that this is not the case. To prove it, we assume that it is possible to find suitable groups. Then  is in a first group which we enumerate with 1. Now all beams that cannot be simultaneously received with  have to be member of antenna group 1. These are the beams ,  and . The remaining beam  has to be in a different antenna group which we label as 2. According to the rules of A2 any beam of group1 must be simultaneously receivable with any beam of group 2. This is violated because  is not simultaneously receivable with .
Observation 3: While A2 reporting may have little overhead for some antenna architectures, its viability is not guaranteed for all antenna architectures. 
Observation 4: A1 based beam grouping works for all antenna architectures but an exhaustive report might have a high overhead. The condition C1 is not always fulfilled.
The overhead of A1 based reporting can be reduced by forcing the UE to report only the most promising beam groups. Along these lines one can achieve that for a given gNB beam only a single beam group is reported. 
So far, a requirement for a simultaneous reception of beams was that they can be mapped to different TXRUs (to achieve a multiplexing gain if used in a MIMO transmission). But there are other important use cases where it is enough that the UE can just receive the beams simultaneously without the need to map them to different TXRUs. The UE can still monitor those beams simultaneously, i.e. the gNB can switch between them without prior notification. The beam pair  and  in Figure 2 or 3 fulfills this condition, if the angles of arrival of both beams are not too far apart. Also, such beams are appropriate for MIMO with diversity gain. 
Proposal 3: The UE shall report beam groups based on either method, A1 or A2, and indicate whichever method it has chosen. The UE may be provisioned either to report beams it can monitor simultaneously and or beams that are suited for spatial MIMO with multiplexing gain. 
Proposal 4: The size of A1 based reports can be scaled by provisioning the UE to only report about the N best rx-beam groups.


Restrictions related to CSI-RS scheduling and reporting
Timing of DCIs and reporting for CSI-RS
For proper reception of a CSI-RS burst for beam management, the UE has to apply the appropriate Rx-beam for each symbol. In the case of an aperiodic CSI-RS burst for a P3 procedure the UE needs to form a different Rx-beam for each symbol. The DCI for scheduling a CSI-RS burst will have a beam indication for the beam pair link that the gNB intends to use. The UE will use this information together with other beam procedure information to determine the Rx-beams for the appropriate symbols. The decoding of PDCCH and the subsequent preparation of the antenna coefficients for the Rx-beams requires some time. This time depends on the hardware of the UE and the duration of the CSI-RS burst. To keep the size and power consumption of the hardware reasonable, it makes sense for the NR spec to define a guaranteed time separation between the CSI-RS burst for beam management and the associated DCI (see Figure 4). 
In general, the DCI and the CSI-RS burst should be separated by K slots. For CSI-RS bursts for CQI acquisition it has been agreed that the CSI-RS burst and the associated DCI occur in the same slot. Yet, those CSI-RS bursts may also require a UE-beam change and thus a guaranteed time separation between DCI and CSI-RS burst is needed. NR can achieve that by requiring that CSI-RS for CQI acquisition starts at or after symbol S of the slot, whereby it is assumed that the first symbol of the slot is symbol 0. 



Figure 4: Timing for DCI, CSI-RS burst and report
[bookmark: _GoBack]Another hardware related topic is the time between the CSI-RS bursts and the associated report (see Figure 4). It makes sense if NR guarantees a minimum separation of R slots.
Proposal 5: NR should guarantee the following timing related parameters: 
i. the time between an aperiodic CSI-RS burst for beam management and the associated DCI shall be at least K slots. K may depend on the starting symbol of the CSI-RS burst. 
ii. an aperiodic CSI-RS shall not start before symbol S of a slot.
iii. the time between an aperiodic CSI-RS bursts and the associated report shall be at least R slots.

Limitation of the number of UE-beam changes within a slot
To further limit hardware complexity and power consumption of the UE, the gNB should be aware of and limit the maximum number of Tx/Rx-beam switches, the UE may have to conduct during a slot. The gNB should assume that UE Tx/Rx-beam changes are necessary between symbols which have been scheduled with different beam indications. Additionally, for CSI-RS bursts executing a P1 or P3 procedure, the gNB should assume UE-beam switches are required for each symbol.  NR should guarantee that the maximum number of UE-beam changes during a slot should be limited by some number B.
Proposal 6: NR should guarantee that the maximum number of UE-beam changes per slot should be limited by some number B.
Limitation of the number of CSI-RS reports
Multiple TRPs from different cells or the same cell may schedule CSI-RS bursts and associated reports in a slot. To limit the resulting computational complexity for the UE, we propose an upper bound T for the number of CSI-RS processes per component carrier, which the UE has to process for the configured reporting mode. 
Proposal 7: NR should limit the total number T of CSI-RS processes per component carrier, which the UE needs to process for the configured reporting mode.
Restriction on the number of ports for CSI acquisition
For MMW, the slot duration is a lot shorter than for lower center frequencies. Hence, CSI-RS bursts and reports can occur at a higher rate. One approach to limit the computational complexity for CSI-RS bursts for CQI acquisition, is to restrict the number P of the antenna ports for channel measurement per CSI-RS burst. We suggest P=4.
Proposal 8: For MMW and CQI acquisition, NR should set an upper bound P for the number of antenna ports per CSI-RS burst for which the UE is configured to make channel measurements. 
Summary

The table below summarizes the proposals of this section
	Topic
	Suggested value

	Time between aperiodic CSI-RS for beam management and its DCI shall be at least K slots. 
	K= [1].

	Aperiodic CSI-RS for CQI acquisition should start at or after symbol S, assuming a slot starts with symbol 0.
	S= [10].

	The number of slots between a CSI-RS burst and the associated report shall be at least R slots.
	R= [1].

	Maximum number of beam changes a UE has to conduct during a slot shall not exceed B.
	B = [7].

	The total number T of CSI-RS processes per component carrier the UE needs to process for the configured reporting mode.
	T = [2].

	The number of CSI-RS reports per slot, per TRP, per component carrier shall not exceed C.
	C = [1].

	For MMW and CQI, the number of antenna ports per CSI-RS burst, for which the UE measures the channel, shall not exceed P.
	P = [4].


Table 7: Proposed restrictions for NR to limit complexity and power consumption of the UE

Proposal 9: Send a LS to RAN4 that outlines the proposed NR solutions which aim at limiting the complexity and power consumption of the UE.
Conclusions

Observation 1:  The benefits of using different indicator types for PDSCH and PDCCH are not clear.
Proposal 1: NR supports only one indicator type, which is used for PDSCH and PDCCH.
Observation 2: Indication of BPLs based on UE-beams versus gNB-beams offers benefits similar to those of beam grouping for a modest overhead in signaling. 
Proposal 2: Consider UE-beam based indication of BPLs for NR.
Observation 3: While A2 reporting may have little overhead for some antenna architectures, its viability is not guaranteed for all antenna architectures. 
Observation 4: A1 based beam grouping works for all antenna architectures but an exhaustive report might have a high overhead. The condition C1 is not always fulfilled.
Proposal 3: The UE shall report beam groups based on either method, A1 or A2, and indicate whichever method it has chosen. The UE may be provisioned either to report beams it can monitor simultaneously and or beams that are suited for spatial MIMO with multiplexing gain. 
Proposal 4: The size of A1 based reports can be scaled by provisioning the UE to only report about the N best rx-beam groups.
Proposal 5: NR should guarantee the following timing related parameters: 
i. the time between an aperiodic CSI-RS burst for beam management and the associated DCI shall be at least K slots. K may depend on the starting symbol of the CSI-RS burst. 
ii. an aperiodic CSI-RS shall not start before symbol S of a slot.
iii. the time between an aperiodic CSI-RS bursts and the associated report shall be at least R slots.
Proposal 6: NR should guarantee that the maximum number of UE-beam changes per slot should be limited by some number B.
Proposal 7: NR should limit the total number T of CSI-RS processes per component carrier, which the UE needs to process for the configured reporting mode.
Proposal 8: For MMW and CQI acquisition, NR should set an upper bound P for the number of antenna ports per CSI-RS burst for which the UE is configured to make channel measurements. 
Proposal 9: Send a LS to RAN4 that outlines the proposed NR solutions which aim at limiting the complexity and power consumption of the UE.

References
R1-1705581,”Beam management for NR,” Qualcomm, RAN1#88b, April 2017. 
R1-1705891,”Beam management details,” Ericsson, 3GPP TSG-RAN WG1 #88b, April 2017. 
R1-1702674, “Beam management overview”, Ericsson, 3GPP TSG-RAN WG1 #88, February 2017
R1-1711160, “Beam management for NR,” Qualcomm, RAN1#89ah, June 2017. 
R1-1709774, ” Potential agreements on beam management”, Qualcomm, 3GPP TSG-RAN WG1 #89, May 2017 

image1.emf
1

2

3

4

1

2

3

4

5 5

UE-

beams

gNB-

beams

gNB-beam based indication

i

n

d

i

c

a

t

i

o

n

 

=

0

i

n

d

i

c

a

t

i

o

n

 

=

3

i

n

d

i

c

a

t

i

o

n

 

=

1

indication =2

1

2

3

4

1

2

3

4

5 5

UE-

beams

gNB-

beams

UE-beam based indication

i

n

d

i

c

a

t

i

o

n

 

=

0

i

n

d

i

c

a

t

i

o

n

 

=

1

indication =1

i

n

d

i

c

a

t

i

o

n

 

=

1


oleObject1.bin
indication =1


1


2


3


4


1


2


3


4


5


5


UE-beams


gNB-beams


gNB-beam based indication


indication =0


indication =3


indication =1


indication =2


1


2


3


4


1


2


3


4


5


5


UE-beams


gNB-beams


UE-beam based indication


indication =0


indication =1


indication =1



image2.emf
TXRU 0

TXRU 1

Baseband 

processing

(Modem)

Antenna

panel/subarray 0

Antenna

panel/subarray 1

Antenna

panel/subarray 2

Antenna 

panel/subarray 3

0

b

1

b

2

b

3

b

4

b


oleObject2.bin
Antenna
panel/subarray 0


Antenna
 panel/subarray 1


Antenna
panel/subarray 2


Antenna 
panel/subarray 3


TXRU 0


TXRU 1



image3.emf
Antenna

panel/subarray 0

Antenna

panel/subarray 1

Antenna

panel/subarray 2

Antenna 

panel/subarray 3

TXRU 0

TXRU 1

Baseband 

processing

(Modem)

0

b

1

b

2

b

3

b

4

b


oleObject3.bin
Antenna
panel/subarray 0


Antenna
 panel/subarray 1


Antenna
panel/subarray 2


Antenna 
panel/subarray 3


TXRU 0


TXRU 1



image4.emf
DCI for 

CSI-RS

slot n

CSI-RS 

burst

slot n+K

Report for 

CSI-RS

slot n+K+R

 


oleObject4.bin
DCI for CSI-RS


slot n


CSI-RS burst


slot n+K


Report for CSI-RS


slot n+K+R



