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Introduction
In previous meetings [1][2], L1-SINR measurement and reporting based on dedicated resource(s) has been agreed. In this paper, we provide our views on the details of L1-SINR measurement and reporting. 

Agreement of AH 1901
For L1-SINR, interference can be measured based on dedicated resource(s) for interference measurement.
· FFS: UE assumes interference signal on the REs of the RS for signal part and REs for dedicated resource(s) for interference measurement similar to specified in 38.214
· FFS: whether resource(s) for interference measurement can be NZP based or ZP based or both
· FFS: whether/how to reuse NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement

Agreement of 96
For interference measurement of L1-SINR, down select one of the following in RAN1#96bis
· Alt 1: dedicated ZP IMR 
· Alt 2: dedicated NZP IMR 
· Alt 3: dedicated ZP IMR and dedicated NZP IMR
Companies are encouraged to provide use cases and benefit, e.g. throughput and gNB/UE complexity benefit for different alternatives
L1-RSRP/CSI based beam selection could be baseline

Background of inter-beam interference
In Rel-15, L1-RSRP is reported for beam selection and data is normally transmitted via the best beam with the largest L1-RSRP. This works well in SU-MIMO based transmission as no inter-beam interference is involved in the transmission. However, in MU-MIMO based transmission where inter-beam interference is involved, the performance of data transmission will degrade when the scheduled beams have strong mutual interference. Let us take the example shown in Figure 1. Beam 1, 2 and 3 are the serving beams of UE 1, 2 and 3 respectively. Beam 1 can also be received by UE 2 with the same Rx beam used to receive beam 2. In other words, Beam 1 can cause strong interference to UE 2. With only L1-RSRP information, the gNB is unaware of such interference information and thus is not able to avoid the interference. As a result, the gNB may schedule Beam 1 and Beam 2 for UE 1 and UE 2 in the same slot, which leads to transmission error and throughput loss. 
The CSI measurement framework in Rel-15 can be used to address this issue. However, without any preliminary information about the interference, it is difficult to obtain accurate information on inter-beam interference under an acceptable overhead and latency. For example, in order to measure the interference information of a channel measurement resource, the gNB should assume each interference measurement resource as the interference and configure UE to measure the CQI of the channel measurement resource under each interference measurement resource. This brings not only large configuration and computation overhead, but also long measurement latency as the CQIs under different interference hypothesis can only be reported through different reporting instances.
In this case, Rel-16 intends to study L1-SINR measurement and reporting in BM stage, which can provide some preliminary interference information about the reported beam. Such preliminary interference information can be directly used for MU scheduling, multi-beam/TRP transmission, or used for reducing the CSI measurement overhead and latency.


Figure 1. Example of inter-beam interference in MU-MIMO based transmission
Resource configuration
In the last meeting, it was agreed that dedicated resource(s) for interference measurement can be used for L1-SINR measurement. But how to configure the dedicated interference measurement resource has not been determined yet. Basically, there are two alternatives.
· Alt 1: Channel measurement resources (CMRs) and interference measurement resources (IMRs) are configured in the same resource setting.  
· Alt 2: CMRs and IMRs are configured in two independent resource settings similar to the CSI measurement framework specified in 38.214.



Figure 2. Beams for channel measurement and beams for interference measurement 
In order to compare the two alternatives, we take the following example. From the perspective of implementation, the beams configured for channel measurement are normally the current serving beam and the beams around the serving beam, and the beams configured for measuring the interference are normally the serving beams of other UEs, as only the serving beams of other UEs have the chance to be scheduled and cause interference to the UE. As shown in Figure 2, beam #33 is the current serving beam of the UE, beam {#17, #32, #34, #49} are the 4 beams around the serving beam. Beam {#22, #25, #43, #53, #56} are the serving beams of other UEs. For the simplicity of description, we assume beam #i is mapped to resource #i. It can be found that the CMRs {#17, #32, #33, #34, #49} and the IMRs {#22, #25, #43, #53, #56} usually belong to two independent sets of resources with little overlap. In this case, if the gNB want to measure the interference from other UE beam pairs, it is more reasonable to configure the IMRs in an individual resource setting like the CSI measurement framework specified in 38.214. This is because if the CMRs and IMRs are mixed in one resource setting, the UE will not know which resource is CMR and which resource is IMR, and the UE may have to calculate L1-SINR in an exhaustive manner. This not only increases the computational complexity but also causes the problem of invalid reporting.
Table 1 Computational complexity of Alt-1 and Alt-2
	
	Resource configuration
	SINR computation complexity
	Complexity reduction

	Alt-1
	Setting 1 {17, 32, 33, 34, 49, 22, 25, 43, 53, 56}
	10 * 9 = 90 (25 valid L1-SINR, 65 invalid L1-SINR)
	

	Alt-2
	Setting 1 {17, 32, 33, 34, 49}
Setting 2 {22, 25, 43, 53, 56}
	5 * 5 = 25 (25 valid L1-SINR)
	72%



As shown in Table 1, if the UE wants to get the overall inter-beam interference information, it needs to calculate the L1-SINR of each CMR under the interference of each IMR. If CMRs and IMRs are configured in one resource setting, 90 L1-SINRs need to be calculated. While, if they are configured in different resource settings, only 25 L1-SINRs need to be calculated. The computational complexity can be reduced by 72%. Actually, among the 90 L1-SINRs, only 25 L1-SINRs are valid. The remaining 65 L1-SINRs are invalid as they are calculated either with a CMR as the IMR, or with an IMR as the CMR. For example, the L1-SINR of resource #22 under the interference of resource #25 is invalid as resource #22 is an IMR. Moreover, as the UE does not know which L1-SINR is valid, it may report some invalid L1-SINRs to the gNB. Hence, in order to measure the interference from other UE beam pairs, Alt-2 should be supported. Combined with BM procedure, some overhead reduction methods can be considered. For example, when CMR is configured with repetition “off”, the configured IMR resources can be shared by each of the configured CMRs for L1-SINR calculation.
Observation 1: Configuring CMR and IMR in the same resource setting will lead to large measurement complexity and invalid information reporting.
Proposal 1: For L1-SINR, support configuring CMRs and IMRs in two separate resource settings.
Reusing CMR as IMR
According to the agreement in the previous meeting, one remaining issue is whether/how to reuse NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement. In our view, NZP CMR can be reused as IMR in some situations. For example, when group based beam reporting is enabled, the UE will report two CMR(s) to the gNB and the gNB may use the two corresponding Tx beams for data transmission. Likely there will be interference between the two CMR/beam(s). Hence, L1-SINR should take the interference between the two CMRs into consideration. In this case, when the UE calculates the L1-SINR of one CMR, the other CMR should be assumed as the interference source.
Proposal 2: When group-based beam reporting is enabled for L1-SINR reporting, support reusing NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement. 
Dedicated resource type
Another remaining issue is the type of the dedicated resource used for interference measurement. Three alternatives are provided for down-selection: NZP IMR, ZP IMR or both. 
The enhancement of L1-SINR based beam management is to select suitable beams for multiple users in the network considering the impact of inter-user or inter-beam interference among different UEs. With ZP IMR, only the mixed interference can be estimated. It is impossible to distinguish the strength of inter-beam interference and inter-cell interference. Besides, according to R15, ZP IMRs should be resource-wise associated with the CMRs, which makes it infeasible to emulate inter-beam interference when multiple candidate beams are to be measured. In addition, even more than one ZP IMR can be associated with one CMR, to estimate interference for each beam, a dedicated ZP IMR (cannot overlap in REs) is required, so huge resources for ZP IMR can be expected.   
Different from ZP IMR based L1-SINR, NZP IMR is more efficient and accurate to reflect the exact interference from different beams. As discussed in Rel-15, NZP IMR can be used to emulate the beam interference from gNB side. So, the interference from different beams can be estimated accurately, which is not only the average power as ZP IMR does. Then, from the RS overhead perspective, the overhead can be reduced significantly by using NZP IMR, compared with the case using multiple non-overlapping ZP IMRs. It is due to the reason that NZP CSI-RS based interference estimation can be performed based on channel or channel covariance estimation, so different UEs could share common NZP CSI-RS resources. It means that the gNB transmission on the REs of one NZP CSI-RS resource can be configured as NZP CMR for one UE and NZP IMR for the others. Therefore, the BM RS overhead is reduced from the network perspective. 
As for the inter-cell interference, there are also several alternatives. One simple solution is to estimate by calculation of residual power distribution on NZP CMR RE(s). Another solution is similar as in [3] from Rel-15 discussion that NZP CSI-RS resources can be pre-allocated or predefined in the overlapped resources, and then the inter-cell interference can be accurately estimated by subtracting the estimated signal channels from total estimated channels. In this case, it is worth noting that ZP CSI-RS based interference estimation is a mixed interference and also outdated, since the estimated interference is a mixed interference but may not the same as the interference during the follow-up data transmission.
In order to down-select, we further study the performance of ZP IMR based L1-SINR and NZP IMR based L1-SINR in comparison with R15 baseline. MU-MIMO transmission is adopted as the transmission mode. More simulation parameters are given in our companion paper [4].
· R15 baseline: RSRP based beam selection is evaluated as the R15 baseline.
· ZP IMR: ZP IMRs are assumed to be resource-wise associated with CMRs similar to R15. In this case, ZP IMR cannot be used to emulate inter-beam interference when multiple candidate interference beams are to be measured. The only use case of ZP IMR based L1-SINR is for beam selection (selecting CMR with largest L1-SINR). Hence, L1-SINR based beam selection is evaluated to exploit the performance of ZP IMR based L1-SINR.
· NZP IMR: L1-RSRP based beam selection is executed. Then the L1-SINR of each selected beam/CMR is calculated with each NZP IMR as the interference to emulate the inter-beam interference. With the inter-beam interference information, MU scheduling enhancement is executed. 
[image: ]
Figure 3. ZP IMR based L1-SINR vs. NZP IMR based L1-SINR
Simulation results in Figure 3 shows that, the ZP based L1-SINR fails to obtain any performance gain comparing to R15 baseline due to the following reasons. Firstly, ZP IMR based L1-SINR ignores the inter-beam interference. Hence, the measured L1-SINR is inaccurate (different with the SINR in MU scheduling). Secondly, inter-cell interference in HF usually appears with a small probability due to the fact that the signal power of nearby cell is limited in a small range of direction. Hence, the benefit of emulating inter-cell interference is very limited. Thirdly, the beam with the largest L1-SINR usually has a lower signal power than the beam with the largest L1-RSRP.  
In another case, NZP based L1-SINR obtains a significant performance gain of 22.1% due to the fact that, with the inter-beam interference information, the gNB is able to perform interference avoidance to alleviate the interference between the beams scheduled simultaneously in MU scheduling.
The difference between NZP IMR based L1-SINR and ZP+NZP IMR based L1-SINR lies in the fact that inter-cell interference is measured via NZP IMR/CMR or ZP IMR. Basically, this has little impact on the MU scheduling procedure. Hence, it can be expected that ZP+NZP IMR based L1-SINR can have the similar performance as NZP IMR in MU scheduling. The drawback of it is that it leads to extra configuration/resource overhead.
Observation 2: There is no gain from L1-SINR based beam selection if ZP IMR is used, and, 22% performance gain can be obtained by adopting NZP IMR. 
It has been argued by some companies that inter-beam interference can be measured via CSI measurement procedure, and there is no need to measure it in BM stage. However, as we have mentioned in Section 2 that, without any preliminary information, it is impossible to obtain accurate inter-beam interference information under an acceptable overhead and latency. For example, for beam 1 transmitting on antenna port 1, in order to determine the best beam to transmit on port 2, the UE needs to calculate and report the CQI of beam 1 under the interference of every other beam. For example, 63 CQIs are needed to be reported if there are 64 BS beams. The overhead and latency can be very large as only one CQI can be reported in one measurement report. While, if NZP IMR based L1-SINR is reported in BM state, the CSI measurement overhead and latency overhead can be largely reduced. For example, the beams with small interference to the reported CMR can be identified via L1-SINR reporting. With such information, the UE only needs to measure a small number of CQI (e.g., only 3 CQI need to be measured).
Proposal 3: Support at least NZP CSI-RS based interference measurement resources for L1-SINR.
Report content
According to the discussion of all the companies in previous meetings, there are basically two usages of L1-SINR: beam selection and MU scheduling. In order to study the performance of these two usages of L1-SINR, the following two cases are evaluated in comparison with R15 baseline.
· R15 baseline: RSRP based beam selection is evaluated as the R15 baseline.
· Beam selection: L1-SINR (NZP IMR only) based beam selection is evaluated.
· MU scheduling: The UE selects 1/2/4 (according to RRC configuration) CMR(s) with the largest L1-RSRP for reporting. For each CMR, UE calculates its L1-SINR under each configured IMR and reports the smallest k L1-SINR. The ID of the IMR used to calculate the reported L1-SINR is also reported. With such information, the gNB can know which k IMRs can cause the strongest interference to the reported CMR and can thus avoid scheduling two beams with strong interference, which can enhance the performance of MU scheduling.
The results shown in Figure 4 shows that only 4.9% throughput gain can be obtained with L1-SINR based beam selection comparing to R15 baseline. This is due to the fact that, although the selected beam may suffer less interference from other beam in average, the loss of signal power (i.e., the beam with the largest L1-SINR has a lower signal power than the beam with the largest L1-RSRP if they are different) will also leads to performance degradations. While, one the other hand, with L1-SINR and corresponding IMR ID reported, the enhanced MU scheduling scheme can achieve significant performance gain of 22.1%.
 [image: ]
Figure 4. Performance with different report content
Observation 3: L1-SINR based beam selection can only provide marginal performance gain comparing to R15 baseline. While, around 22% SE gain can be achieved if the IMR used to measure the reported L1-SINR is reported along with the L1-SINR. 
Proposal 4: Consider to support reporting the IMR used to measure L1-SINR along with the L1-SINR. 
Furthermore, to achieve better performance, reporting L1-RSRP and L1-SINR in the same report was proposed in the previous meeting. It was mentioned that when L1-SINR is low, gNB does not know whether it is caused by low signal power or high interference power, and UE need to report L1-RSRP information for assisting subsequent data transmission. However, the reporting overhead will be doubled and reporting both L1-RSRP and L1-SINR have some information redundancy. Thus, UE can report either L1-RSRP or L1-SINR based on the channel condition. If L1-SINR is low, UE can report L1-RSRP, otherwise UE report L1-SINR. In such case, if low L1-SINR is caused by interference, data transmission can fallback to single beam SU transmission, which will bring better system performance for current channel condition. Especially, within beam management procedure, UE can recommend the transmission mode, such as single-beam SU transmission or multi-beam MU transmission. For example, if L1-SINR is high, UE can recommend multi-beam MU transmission; if L1-SINR is low, UE can recommend single-beam SU transmission, by reporting corresponding L1-RSRP.
Proposal 5: Support UE to report L1-RSRP or L1-SINR based on channel condition (e.g., L1-RSRP is reported if the measured L1-SINR is below a threshold).
L1-SINR definition
In order to minimize specification impact, the definition of CSI-SINR in 38.215 can be adopted for L1-SINR definition with only a small revision on interference measurement.  One example is given below to show the revision on interference measurement.
CSI signal-to-noise and interference ratio (CSI-SINR), is defined as the linear average over the power contribution (in [W]) of the resource elements carrying CSI reference signals divided by the linear average of the noise and interference power contribution (in [W]) over the resource elements carrying CSI reference signals used for interference measurement within the same frequency bandwidth.
In [5], another definition of L1-SINR is proposed, in which the SINR obtained by the method above is further weighted by the RSRP of the beam pair. This definition emphasizes the role of signal power in L1-SINR and the beam with large RSRP can win out in beam selection even through it suffers from large interference. Such definition is not aligned with the definition of CSI-SINR. Hence, such L1-SINR can only be used for beam selection, and cannot facilitate subsequent CSI acquisition and data transmission.
Summary of proposals
Based on the discussions above, we have the following proposals:
Observation 1: Configuring CMR and IMR in the same resource setting will lead to large measurement complexity and invalid information reporting.
Observation 2: There is no gain from L1-SINR based beam selection if ZP IMR is used, and, 22% performance gain can be obtained by adopting NZP IMR. 
Observation 3: L1-SINR based beam selection can only provide marginal performance gain comparing to R15 baseline. While, around 22% SE gain can be achieved if the IMR used to measure the reported L1-SINR is reported along with the L1-SINR. 
Proposal 1: For L1-SINR, support configuring CMRs and IMRs in two separate resource settings.
Proposal 2: When group-based beam reporting is enabled for L1-SINR reporting, support reusing NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement. 
Proposal 3: Support at least NZP CSI-RS based interference measurement resources for L1-SINR.
Proposal 4: Consider to support reporting the IMR used to measure L1-SINR along with the L1-SINR. 
Proposal 5: Support UE to report L1-RSRP or L1-SINR based on channel condition (e.g., L1-RSRP is reported if the measured L1-SINR is below a threshold).
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