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Introduction
In this paper, multiple use cases of the CSI/beam management framework are considered with the goal of analysing the signalling overhead. It is an open question what overhead to expect for the CSI framework considering dynamic selection of report settings and resource sets within a resource setting. While multi-TRP is out of scope until after the December release of NR, we still investigate this use case since we are interested in finding an upper bound on the signalling overhead, and our presumption is that this use case could drive overhead dimensioning. Hence it is best to be thinking of forward compatibility.
[bookmark: _Ref492931147]Signalling Overhead Analysis
In a previous contribution [1], we considered typical values for the number of reporting settings N, number of resource settings M, number of resource sets per resource setting S, and the number of resources per set Ks for several typical use cases. We considered beam management, LTE Class B-like operation, LTE Class A-like operation, use cases with hybrid CSI reporting, multi-TRP use cases, and use cases with carrier aggregation (CA). Note that an email discussion on this topic was held prior to and during the RAN1 NR Ad Hoc #2 meeting in Qingdao. A summary of that email discussion is contained in [2].
In this contribution, we extend the analysis of [1] to consider signalling and overhead requirements for dynamic selection of report settings and CSI-RS resource sets within one or more resource settings. Previously, we found that two of the more demanding use cases that drive the overhead are beam management and multi-TRP operation. For convenience, we repeat the analysis from [1] for those two use cases here, but leave-out the analysis for the less demanding use cases.
 
Beam Management Use Case
Figure 1 shows a concrete example of the CSI configuration for beam management. Beam management typically consists of different procedures (P1, P2, P3) executed potentially at different times. P1 is for establishment of an initial beam pair link (BPL) between the gNB and UE. One approach for this is to make use of beamformed SS resources during the RACH procedure. Another is to configure the UE with a set of periodic CSI-RS resources on which to measure and report an initial gNB Tx beam. These resources may also be used to find new beam(s) as the UE moves/rotates. Figure 1 shows such a configuration where Report Setting 3 (periodic) is linked to Resource Setting 2 which contains a single set of 64 periodic CSI-RS resources. These could be used, for example, to perform a beam sweep of 64 beams each period.
The diagram also shows two other report settings configured for aperiodic CSI reports when the P2 or P3 procedures are executed, e.g. for UE-specific beam refinement purposes. P2 is for beam refinement of the initial coarse Tx beam, and P3 is for refinement of the UE Rx beam while the gNB Tx beam is held fixed. The aperiodic report settings are both linked to a resource setting that contains 3 sets of aperiodic CSI-RS resources. The multiple CSI-RS resource sets can be configured, for example, with different numbers of resources, corresponding to different length beam sweeps. For example, for a P2 sweep, the UE could be aperiodically triggered to measure on 3 or 5 beams (corresponding to 3 or 5 CSI-RS resources) depending on the level of refinement desired. A 3rd CSI-RS resource set is shown with 4 resources that could be used, for example, for a P3 refinement procedure where the UE tries 4 different Rx beams while the gNB holds its Tx beam constant.
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[bookmark: _Ref485388992][bookmark: _Ref490143924]Figure 1: Example setup of CSI configuration framework for beam management
In general, for the beam management use case, the  CSI-RS resources within CSI-RS resource set  can be mapped to different OFDM symbols in the slot in case analog beamforming is used at the UE/gNB.  A CSI-RS resource is contained in one OFDM symbol and consists of either 1 or 2 ports. Additionally, Np resources can be frequency division multiplexed to support beam sweeping from Np different antenna panels/TRPs simultaneously. Hence, the number of resources  depends on Np as well as the number of available OFDM symbols in a slot that can be dedicated to CSI-RS. In a previous paper on CSI-RS design [3], we suggest up to 8 possible symbol locations in a slot for beam management CSI-RS, hence values of  to be considered could be up to 8*Np. While it is up to the implementation on exactly what sets to configure, an upper bound could be on the order of .  This could allow configuration of sets enabling beam sweeps over 2 – 8 OFDM symbols. Assuming up to Np = 4 antenna panels are used for beam sweeping, we make the following proposal:
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Perhaps one of the more demanding use cases in terms of number of settings is a multi-TRP scenario, e.g., for NC-JT or CoMP. While multi-TRP is out of scope until after the December release of NR, we still investigate this use case since we are interested in finding an upper bound on the signalling overhead, and our presumption is that this use case could drive overhead dimensioning. Hence it is best to be thinking of forward compatibility.
Figure 2 shows an exemplary CoMP scenario with 4 TRPs in a CoMP cluster. The diagram also illustrates one NZP CSI-RS transmitted from each TRP along with a total of 4 ZP CSI-RS. An NZP CSI-RS for a given TRP overlaps the ZP CSI-RSs for the other 3 TRPs. The ZP CSI-RS resources may be used by the UE for intra-cluster interference measurement purposes when forming multiple interference hypotheses, e.g., for dynamic point selection (DPS). One additional ZP CSI-RS resource is shown (white) for the purposes of interference measurement from outside the CoMP cluster
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[bookmark: _Ref485393954]Figure 2: Exemplary CoMP scenario with 4 TRPs within a CoMP cluster
Figure 3 shows an exemplary setup of the CSI configuration framework for the 4-TRP CoMP scenario in Figure 2. The framework includes Resource Settings 1 – 4, each containing a single NZP CSI-RS resource corresponding to a given TRP. These are used for the purposes of channel measurement. Resource Setting 5 – 8 contain a single ZP CSI-RS resource used for intra-cluster interference measurement for various hypotheses of which TRPs may or may not be active. Resource Setting 9 contains a ZP CSI-RS resource for the purposes of inter-cluster interference measurement. The framework also includes 4 different report settings with one per TRP. This setup is analogous to the configuration of 4 different CSI processes in LTE. The diagram also shows dynamic selection of 1 or more report settings at a time.
The report settings can be configured in different ways depending on the use case. For a DPS use case, the UE could be triggered to report CSI corresponding to each TRP separately by triggering all 4 CSI report settings. For a given report setting corresponding to a particular TRP, the UE computes a single hypothesis by selecting the appropriate CSI-RS resource set in Resource Setting 5 which consists of the ZP CSI-RS resources corresponding to the other 3 TRPs. In a previous paper [3] we discussed this use case in more detail.
Another use case is co-ordinated scheduling/link adaptation in which the UE reports multiple hypotheses corresponding to each report setting, where the multiple hypotheses correspond to different combinations of the 3 other TRPs being on or off. Based on the multiple hypotheses, the gNB scheduler can determine the optimal combination for a given set of users. In this case, the gNB can schedule the appropriate rate since it has CSI for all hypotheses in hand.
Yet another use case is NC-JT which can use a framework quite similar to that shown in Figure 3, but with different links between the report settings and resource settings. This is discussed further in [3].
Regardless of the use case, the important observation is that in a multi-TRP scenario, both the number of report settings and the number of resource settings scales with the number of TRPs. In addition, the number of ZP-CSI-RS resources contained in some of the resource settings scales with the number of TRPs. Note that while this basic scaling is inherent for this use case, there may be ways to optimize the configuration and associated signalling overhead. Such optimizations are FFS.
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[bookmark: _Ref485394898]Figure 3: Exemplary setup of the CSI configuration framework for the 4-TRP CoMP scenario in Figure 2.
Preliminary Analysis of Signalling Overhead
In the previous sections we have discussed typical values N, M, S, and Ks for the beam management and multi-TRP use cases. As per the framework agreement above, one or multiple of the N reporting settings may be selected dynamically. Furthermore, one or multiple of the S resource sets may be selected dynamically from at least one of the M resource settings. Dynamic selection is relevant only in the context of aperiodic and semi-persistent reporting/resources. Periodic reporting/resources are semi-statically configured by RRC, thus dynamic selection does not apply. As always, overhead is an important consideration for dynamic signalling, especially in the case of DCI. Here we make a preliminary analysis of overhead and discuss signalling options.
Since both reporting settings and resource sets are dynamically selected, what drives the overhead is the number of reporting settings N, the total number of sets Stot contained in the union of resource settings that contain more than one set, as well as how many settings/sets are selected simultaneously, i.e., in the same signalling message. While semi-persistent reporting can affect the signalling overhead, we believe that the dominant driver for overhead will be aperiodic reporting/resources. One could expect that semi-persistent reporting is not triggered often, and thus could be triggered separately (at different times) from aperiodic reporting/resources. Hence, if the signalling overhead is dimensioned for aperiodic reporting/resources as a worst case, the overhead should be sufficient to handle semi-persistent.
As mentioned previously, two of the more demanding use cases in terms of the numbers of settings and sets are the multi-TRP use case and the beam management use case. Hence we consider the joint configuration of these two use cases in this analysis. Note that we do not consider carrier aggregation (CA) at this point, since CA has been discussed very little in the context of the CSI framework. This can be revisited at a later time. The beam management use case is demanding since it contains multiple report settings which link to a resource setting that contains multiple sets. Since both a report setting and a resource set are selected “jointly,” the number of combinations can be large, thus driving the overhead requirements. What offsets this to some extent is that typically only a single report setting is selected at a given time. In contrast, for the multi-TRP use case, more than one report setting can be selected simultaneously. However, unlike the beam management case, no set selection is required.
Despite the fact that both beam management for multi-TRP and CSI acquisition for multi-TRP would be configured jointly resulting in the number of settings and sets being the sum of those for the two use cases, it is likely that beam management and CSI acquisition for the multi-TRP scenario would be triggered in two steps at different times. This observation allows one to consider the signalling overhead requirements for each use case individually, which is what we do here.
Overhead for Multi-TRP Beam Management
For the beam management use case summarized in Proposal 1, the number of aperiodic report settings is N = 2, which both link to the same resource setting containing S = 8 resource sets (see Figure 1). For exemplary purposes, assume that two of the resource sets are used for a P3 beam sweep, corresponding to Report Setting 2, and the other 6 sets are used for a P2 beam sweep, corresponding to Report Setting 1. This results in 8 different combinations as shown in Table 1.
For exemplary purposes, assume that the two resource sets selected for the P3 beam sweep both contain 4 two-port CSI-RS resources FDM multiplexed per OFDM symbol. Here we assume the case of J = 4 TRPs. The first set contains CSI-RS resources configured in two contiguous OFDM symbols, and the second set in 4 contiguous symbols. This covers the case of a length-2 and length-4 aperiodic Rx beam sweep.
Further assume that the remaining 6 resource sets selected for a P2 beam sweep are similar, except assume that the CSI-RS resources are only single-port. Furthermore, assume that the 6 sets contain CSI-RS resources configured in 3, 4, 5, 6, 7, and 8 OFDM symbols, thus supporting various length aperiodic Tx beam sweeps.
[bookmark: _Ref490146836]Table 1: Reporting Setting / Set Index combinations required for dynamic signalling for beam management use case with J = 4 TRPs and S = 8 sets.
	Combination
	Selected
Report Setting
	Selected
Set Index
	Number of CSI-RS
Resources in set (Ks)

	0
	2
	1
	8

	1
	2
	2
	16

	2
	1
	3
	12

	3
	1
	4
	16

	4
	1
	5
	20

	5
	1
	6
	24

	6
	1
	7
	28

	7
	1
	8
	32



Here, emphasize that one may configure report settings and resource sets to be dynamically selected in a joint manner, by considering typical combinations as shown in Table 1. It is not necessary to independently trigger a report setting selection and a resource setting selection, as this could be wasteful in terms of overhead. Hence we propose the following
[bookmark: _Toc494576019][bookmark: _Toc494576246][bookmark: _Toc494576672][bookmark: _Toc498709266]To conserve DCI overhead, report settings and resource sets an be dynamically selected in a joint fashion through mapping desired combinations to a single CSI request field in DCI. The size of the field is FFS, but a starting point is 3 bits. 
Based on this analysis, we observe the following:
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Clearly, this is not a large overhead requirement, and is within the same range as the CSI request field in DCI for LTE (2 to 5 bits).
Overhead for Multi-TRP CSI Acquisition
For the multi-TRP CSI acquisition use case summarized in Proposal 2, the number of report settings is N = J = 4 for the case of 4 TRPs (see Figure 3). The key difference between this and the beam management use case considered previously is that more than one report setting may be selected simultaneously, i.e., in the same message. However, this is offset by the fact that for this use case, each resource setting contains only a single set of resources, hence dynamic set selection is not required.
For complete flexibility, it should be possible to arbitrarily select any combination of 1, 2, 3, …, N report settings. For example, with N = 4 report settings, there are a total of 15 combinations: 4 combinations of only 1 setting {1, 2, 3, 4}, 6 combinations of 2 settings {(1,2), (1,3), (1,4), (2,3), (2,4), (3,4)}, 4 combinations of 3 settings {(1,2,3), (1,2,4), (1,3,4), (2,3,4)}, and 1 combination of all 4 settings {(1,2,3,4)}. In general, the number of combinations is given by

which requires N bits to represent. So, 4 bits would be required for the case of 4 TRPs. This level of flexibility may not always be desired, so a subset of the combinations could be used instead. Say that due to UE complexity considerations, only 2 report settings are selected at the same time. In this case there would be 6 combinations, thus requiring only 3 bits to signal selection of all possible pairs of report settings. In [4], we discussed UE CSI computation capability in terms of the agreed CSI framework.
Based on the analysis here, we observe the following:
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Again, this is not a large overhead requirement, and is within the same range as the CSI request field in DCI for LTE (2 to 5 bits).
Based on the above analysis, we propose that DCI be considered as the signalling method, similar to the CSI request mechanism in LTE for aperiodic CSI reporting. This is consistent with the previous proposals in this paper.
Conclusions
We make the following observations:
Observation 1	For the beam management use case, consider S = 8 CSI-RS resources sets per resource setting, and Ks = 2 – 32 aperiodic CSI-RS resources per resource set as a starting point.   Consider N = 3 different report settings and M = 2 different resource settings as a starting point.
Observation 2	For the multi-TRP use case with J TRPs, as a starting point consider N = J report settings, M = 2J + 1 resource settings, where some of the resource settings contain Ks = J - 1 resources each.
Observation 3	To conserve DCI overhead, report settings and resource sets an be dynamically selected in a joint fashion through mapping desired combinations to a single CSI request field in DCI. The size of the field is FFS, but a starting point is 3 bits.
Observation 4	For the multi-TRP beam management use case with configuration of up to J = 4 panels/TRPs and S = 8 resource sets, use 3 bits as a starting point for the overhead required to dynamically select a report setting and corresponding resource set.
Observation 5	For the multi-TRP CSI acquisition use case with configuration with up to J = 4 TRPs, 3 bits can be used as a starting point for the overhead required to dynamically select 2 out of 4 report setting simultaneously.
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