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[bookmark: _Toc116995841]Introduction
In this contribution we continue the discussion on the RRM aspects related to the multi-RX chain reception in FR2 for Rel-18, in particular those concerning potential improvements in the existing scheduling restrictions for L1 and L3 RRM measurements. 
We base the discussion on the way forward agreed in the last RAN4 meeting [4], where the following objectives were listed to clarify the work on scheduling restrictions:
	Companies are encouraged to bring further analysis on the feasibility of making changes to the measurement restrictions currently defined:
	- concrete examples of scenarios under which restrictions are not needed 
	- how is the network aware that UE does not need these restrictions and how it will take advantage of it
	- conditions under which the restrictions can be relaxed/not needed at all
	- need for additional signaling/capability
	- system level performance gain (e.g. improved throughput)
	- specification impact
	- relationship with enabling multi-Rx (i.e. whether this enhancement is necessary to enable multi-Rx or not)
	- other aspects are not precluded.




Discussion
Analysis of scheduling restrictions
The existing scheduling restrictions apply to PUCCH/PUSCH/SRS transmission and PDCCH/PDSCH/TRS/CSI-RS for CQI transmission on SSB symbols to be measured, and, for L3 measurements, on data symbol(s) before and after each consecutive SSB symbols to be measured within the SMTC window duration.
Figure 1 shows one example of the scheduling restrictions for L3 measurements when considering pure 120 kHz SCS numerology, i.e. SSB and PDSCH using 120 kHz SCS, according to clause 9.2.5.3.3. As described in this clause, one symbol before and after the SSB symbols are not available for the UE to be scheduled, since with one Rx the UE might be changing the spatial filter parameters while doing RRM measurements in other directions. From that only 4 out of 14 symbols are still available for scheduling. If we consider that the SMTC window may be at most 5 ms, that means that if all SSB positions are used inside the SMTC window, only 28% of the resources – in time - are available during that window. Additionally, since the SMTC is the same for several UEs in the network, most of the UEs will be restricted to the same symbols and that leaves very small room for the network to schedule UEs. As a result, this restriction can generate quite large network impact when considering a busy network. 
[image: ]
[bookmark: _Ref124164030]Figure 1 Scheduling restrictions example for a slot with 120 kHz SCS SSB pattern considering 120 kHz SCS for PDSCH.
[bookmark: _Toc118746079][bookmark: _Toc127550270][bookmark: _Hlk115446475][bookmark: _Toc131949141]Scheduling restrictions in FR2 can impact most of the OFDM symbols inside a SMTC window for measurements without gaps.
[bookmark: _Toc118746080][bookmark: _Toc127550271][bookmark: _Toc131949142]Scheduling restrictions in FR2 can apply to 10 out of the 14 OFDM symbols of a slot with 2 SSB occasions configured. 
[bookmark: _Toc118746081][bookmark: _Toc127550272][bookmark: _Toc131949143]Most UEs in a network would have the same SMTC configuration, resulting in inefficient use of resources with scheduling restrictions. 

Performance gains associated with scheduling restrictions improvements
During the last RAN4 meeting, it was included in the L1 WF and requested by some companies to bring analysis on the advantages related to improving scheduling restrictions. In order to do so, we are using one scenario where 32 UEs are served by 2 different TRPs configured with 64 SSB indices between them. In this example it is assumed that the distribution of UEs is such that there is one UE for each DL beam, and that SSB beams are QCL-D with 32 TCI states from each of the TRPs. If scheduling restrictions are applied as in current specification, the resource allocation would be similar as the one shown in Figure 3, where, if all SSB indexes are configured, inside the SMTC window there are barely no opportunity for DL reception, since only few symbols in a slot do not have restrictions, as shown in Figure 1. 
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Figure 2 Example scenario for evaluation of impact of scheduling restrictions

[bookmark: _Ref126671398]
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Figure 3 Overview of resource usage if scheduling restrictions considered assuming equal usage of TCI states
On the other hand, Figure 4 shows an example of the available resources when scheduling restrictions are removed in the SS-burst. This example assumes a busy network with 64 SSB indexes configured, 32 SSB per TRP, where the 64 configured TCI states use the same special setting as the configured SSBs. The figure shows with green color the resources that can be used for transmitting in DL to UE#0, which has TCI#0 and TCI#32 indicated for DL reception. 
In this example one can notice that outside of the SS-burst, 1 out of 32 slots are allocated for each TCI state. If we consider that the slots are distributed equally for all the TCI states, one UE that supports mTRP reception will receive PDSCH in 1 out of 32 slots used for DL, which is equivalent to 3.125% of the resources. 
Figure 4 also shows the resources that are available for scheduling for each UE during the SS-burst. In this example the gNB would be transmitting in the direction of TCI#0 during the OFDM symbols where it is transmitting SSB#0 and SSB#32, which means that in two occasions the gNB would be able to schedule data for the UE during this SS-burst with 64 configured SSB indexes. That equals to a total of 3.125% of the OFDM symbols that would be available for each pair of TCI states. In this case, the same percentage of OFDM symbols are available during the SS-burst as outside of the SS-burst, with the difference that the available number of PRBs is reduced in order to avoid scheduling PRBs with SSBs, .  

[bookmark: _Ref126333409][bookmark: _Ref126333406]
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Figure 4 Overview of resource usage if scheduling restrictions are avoided assuming equal usage of TCI states
Considering that example, the theoretical achievable capacity by removal of scheduling restrictions can be calculated based on the formula below:

Where  is the SSB periodicity,  is the SS-burst length. If we consider one example where  and ,  28.8 MHz, and  100 MHz, the theoretical achievable capacity is 123.8% of the capacity considering scheduling restrictions. 
Additionally, if we consider a network with low number of UEs supporting reception with multiple RX chains, the gains related to the removal of scheduling restrictions can be further improved. If we consider that only UE#0 is capable of reception with multiple Rx chains in Figure 4, all the OFDM symbols without SSB transmission from TRP1 and TRP2 could be used for transmitting PDSCH/PDCCH to UE#0. In that case, while one TRP would send SSBs with one special filter, the other TRP could adapt its spatial filter to send 2 layers to UE#0. This is equivalent to assuming that in all OFDM symbols in the SS-burst either TRP1 or TRP2 would be capable of sending data to UE#0, which would mean also reducing the number of layers from 4 to 2 during those symbols. 
In order to analyze that case, we need to consider the percentage number of OFDM symbols available outside of the SS-burst window, which is , where  is the number of TCI states per TRP. Likewise, the percentage of resources available for  UEs inside the SS-burst is . Therefore, the theoretical capacity increase without scheduling restrictions for 1 UE would be 

If we consider  UEs supporting multi Rx, , , ,  28.8 MHz, and  100 MHz, =176%. 
[bookmark: _Toc127550273][bookmark: _Toc131949144]If all scheduling restrictions are removed, and OFDM symbols without SSB transmission from a TRP are used for sending data, a theoretical capacity increase of 76% can be achieved considering one example of SS-burst of 5 ms, SSB periodicity of 20 ms, 100 MHz total bandwidth if resources for TCI states are distributed among 5 TCI of 32 states with UE capable UEs. 
L1 aspects 
When FR2 is considered, the existing Rel-15 to Rel-17 requirements consider no scheduling restriction when L1 reference signal is CSI-RS which is QCL-D with active TCI state for PDSCH. 
[bookmark: _Toc127550276][bookmark: _Toc131949145]For CSI-RS QCL-D with active TCI state no scheduling restrictions are defined for Rel-15 to Rel-17 requirements. 
In the case of SSB-based L1 requirements, and CSI-RS based measurements on RS that is not QCL-D with the active TCI state, scheduling restrictions apply. In that case, as shown in the analysis made above, there might still be room for improvements, since the number of slots with SSB or CSI-RS can be very large in comparison to the reference signal periodicity. 
[bookmark: _Toc127550277][bookmark: _Toc131949146] RAN4 to define no scheduling restrictions for L1 measurements on a RS which is QCL-D with an active TCI state. 
In the case of L1 measurements on reference signals that are not QCL-D with the TCI state for PDCCH or PDSCH scheduling restrictions apply in the existing RRM requirements. In that particular case, it is possible for a UE to take advantage of its multiple Rx capability in order to reduce the scheduling restrictions. 
One challenge for the reduction of scheduling restrictions for L1 measurements is that the UEs may be adopting different beam sweeping strategies. In one approach, the UE might perform a first step of measurements using rough beams in order to down select panel, followed by measurements using fine beams as described in [15]. In another approach, the UE might be using all beams to cover the entire coverage area of the UE using rough beams or the UE could be using narrow beams around a pre-selected area. Considering those options, it is not always guaranteed that the UE can monitor SSB/CSI-RS using one beam while receiving data on another beam, since the angle of arrival between the TCI state used for PDCCH/PDSCH and the SSB/CSI-RS might be too narrow for detection. If we consider the scenario where the UE is receiving data from 2 sources with different QCL-D, there will be 2 TCI states used for PDCCH/PDSCH with an AoA difference that is sufficient for simultaneous reception. In this situation at least one of the TCI states will have enough AoA separation for reception of data and SSB/CSI-RS at the same time. 
[bookmark: _Toc131949147]During L1 measurements might use different beam sweeping strategies, including a combination of wide and narrow beams for beam sweeping. 
For the reduction of L1 scheduling restriction for non QCL-D reference signals, it is important to adopt an approach where some flexibility is possible for the UE to perform beam sweeping. If we consider that the UE is using one of its Rx chains for performing measurements, while the other can be used for data, the network would need to schedule the UE
A UE that supports multi TRP reception from 2 TRPs on 2 Rx chains for simultaneous reception would perform measurements on 1 Rx chain and use the remaining Rx chain for data reception. For such a UE, whenever the UE is scheduled using multiple TRPs for achieving 4 layers, the UE can still be scheduled with 2 layers during the measurement time. As an example, if a UE is scheduled with 4 layers from 2 different TRPs during normal DL symbols, the number of layers that the UE is assumed to be able to receive is reduced to two, and the gNB may schedule that other multiple TRPs for the UE without knowledge of which panel is active.
[bookmark: _Toc131949148]For L1 measurements on a RS which is not QCL-D with an active state, remove scheduling restrictions assuming the network schedules data from 2 TRPs with a reduced number of layers. 
In single DCI scenario, if we don’t consider SFN nor PDCCH repetition schemes, the PDCCH is being carried by one TRP which uses a single codeword for scheduling the UE. In that case, the UE might be able to receive PDSCH from either of the activated TRPs if two layers are being transmitted, independently on which of the panels are used for data by the UE. On the other hand, since the PDCCH is only received from one TRP, the UE must have the panel on the direction of the PDCCH available for data in order to receive it. Therefore, PDSCH restrictions can be removed with the limitation of maximum 2 layers can be scheduled, while the PDCCH restriction would need to be kept. 
[bookmark: _Toc131949149]PDSCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when single DCI is configured considering that the UE can receive PDSCH with a reduced number of layers from at least one TRP when TCI states for 2 TRPs are activated.  
[bookmark: _Toc131949150]In single DCI scenario PDCCH is received from only one TRP unless in deplyments with SFN or PDCCH repetition.
[bookmark: _Toc131949151]PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are maintained when single DCI is configured in non-SFN scenario.
It is still open whether SFN is considered for multiRx in Rel 18. If it is decided to support it, the decision on scheduling restrictions would need to be revisited for the PDCCH. In the case of SFN or PDCCH repetition, two TRPs are used for sending the same DCI to the UE from different directions. In that case, if the UE is performing measurements on one direction which conflicts with receiving data from one TRP, it can easily receive data from the other TRP. Therefor, for SFN or PDCCH repetition, the PDCCH scheduling restrictions can be removed as well. 
[bookmark: _Toc131949152]PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when single DCI is configured in SFN scenario or with PDCCH repetition.
In multi DCI scenario some more flexibility can be achieved for the scheduling of PDCCH and PDSCH. If we consider that the same data can be sent by two TRPs simultaneously, the network could make sure that it is sending from a beam in which the UE is capable of receiving. In that case, the data sent from one of the TRPs would not be received by the UE, but this is compensated by the fact that the UE is receiving data (PDSCH+PDCCH) from the other TRP. 
[bookmark: _Toc131949153]PDSCH and PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when multi DCI is configured considering that the UE can receive PDSCH/PDCCH from at least one TRP when TCI states for 2 TRPs are activated.  

L3 enhancement
In the case of L3 measurement, we consider for this section intra and inter-frequency measurements without gaps. When those requirements are considered, the scheduling restrictions apply during SMTC window configured for L3 measurements. During the SMTC window it is assumed that the UE is performing beam sweeping, and therefore a UE equipped with a single RX chain needs to steer its spatial filter in a different direction than the one used for data reception. As a result, when this assumption is considered, a single Rx UE cannot be expected to receive DL physical signals from the serving cell while performing measurements, since its receive beam might be pointing to a different direction. 
When multiple receive chains are considered, the assumption used for existing single panel UE does not apply anymore, since the UE is now capable of receiving from multiple directions. One example is already shown in Figure 6. From that figure, one can notice that the UE would use rough beams distributed on panels A1 to A4, and that data reception is performed using panels A1 and A3. Depending on the UE hardware capability, it might not be able to perform L3 measurement on a rough beam and receive on the same physical panel. 
Another aspect regarding scheduling restrictions is how they can be implemented when the UE has two indicated TCI states used for 4-layer MIMO. In Figure 6 (a) the UE has 2 beams dedicated for data reception. That could be possible by configuring 2 active TCI states, which could be connecting the UE to different non-collocated TRPs. In Figure 6 (b) the UE is able to maintain one of its Rx chains in DL demodulation (data Rx) mode, such that the data from one TRP e.g., the primary serving TRP, can be received while performing measurement using 2nd receiver. Hence, the UE performs measurements (including sweeping) using the second Rx chain using the panels A2, A3, and A4. In case the UE needs to perform measurements on the direction covered by the panel A1, the UE will need to switch to the spatial Rx configuration on panel A1 as shown in Figure 6 (c). From Figure 6  it is possible to notice that simultaneous data and measurement reception is possible in a multi-Rx architecture, and the implication of such an enhancement is that only one of the Rx chains can be used for data instead of two during measurements. 
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[bookmark: _Ref113625091]Figure 5 Scenarios for multi Rx DL receptions where in (a) the UE is able to receive two DL streams and achieve 4 layer MIMO (b,c) the UE is able to receive data in one of its Rx chains while it is using another Rx chain for performing RRM measurements
[bookmark: _Toc118746084][bookmark: _Toc127550278][bookmark: _Toc131949154]Simultaneous reception of data and SSB measurements implies using 1 Rx instead of 2 for data and reduction from 4 layers to 2 layers. 
[bookmark: _Toc127519191][bookmark: _Toc118746085][bookmark: _Toc127550279][bookmark: _Toc131949155]For multiRx UEs, during L3 measurements, scheduling restrictions can be relaxed during the SMTC by temporarily reducing to only 1 indicated TCI state (instead of 2), i.e. reduction of 4-layer to 2-layer. 
In order to achieve best performance when removing scheduling restrictions, the restrictions can be defined per TCI state. In the case the restrictions are not specified per TCI state, the network would have to schedule from both TRPs with a reduced number of layers, e.g. repeating the same layers from both TCI states, and the UE would receive using one of the TCI states without knowledge from the network. A more efficient way of removing the restrictions is if those are defined to a given SMTC occasion could apply only to the TCI states related to one TRP. For example, if an UE has 2 indicated TCI states for 2 TRPs, TCI#0 and TCI#1, scheduling restrictions for TCI#0 could apply in half of the SMTC occasions, while the other half of the SMTC occasions would apply for TRP#1. Additionally, it might be the case that TCI#0 has a much better link quality than TCI#1, which means that the UE would achieve a better throughput it is it not scheduled with TCI#0 only at the SMTC occasions where it needs to monitor a direction where it can’t receive on TCI#0. 
[bookmark: _Toc127550280][bookmark: _Toc131949156]RAN4 to define requirements where 1 TCI state is expected to be available for data while another is unavailable for measurements during an SMTC occasion. 
[bookmark: _Toc127550281][bookmark: _Toc131949157]The link quality of 2 TCI states used for 4 layer DL reception might differ, and prioritization of TCI state with best quality could lead to optimized throughput gains. 
[bookmark: _Toc127550282][bookmark: _Toc131949158]RAN4 to define requirements where TCI state with lower RSRP or QCI is unavailable in more SMTC occasions than TCI state with higher RSRP or QCI. 
In order to determine which TCI state would or would not have scheduling restrictions for a given SMTC occasion, the SFN (system frame number) can be used as a reference. Since the SFN has a time reference of 10 ms, and the SMTC may have a periodicity TSMTC from 5 ms to 160 ms (but in practice 5ms is not often used), with offset in the same range, the reference index for the SMTC occasion can be determined using the first SFN from the SMTC window as
· ISMTC = SFN*10ms/TSMTC

Considering the SMTC index, ISMTC, it is possible to use a rule to determine which SMTC occasions have scheduling restrictions related to TCI #1 and TCI#2 as:
· If mod(ISMTC, L+M) < M
· Scheduling restrictions apply for TCI #2 and TCI#1 have no scheduling restrictions
· Else
· Scheduling restrictions apply for TCI#1 and TCI#2 have no scheduling restrictions
Figure 6 shows one example of a UE with 4 antenna panels, where M=6 and L=2, where N=L+M =8 is the total beam sweeping scaling factor required by the UE to perform the L3 measurements. In that example it is assumed that TCI#1 has a higher RSRP than TCI#2, and therefore 6 out of 8 SMTC occasions can be used to schedule data for TCI#1, whereas the other 2 are used for scheduling data for TCI#2. 
[bookmark: _Toc131949159]RAN4 to define a rule based on SFN to determine which TCI state is experiencing scheduling restrictions.
[bookmark: _Toc131949160] Determine scheduling restrictions based on the following rule:
a. [bookmark: _Toc131949161]If mod(ISMTC, L+M) < M, Scheduling restrictions apply for TCI #2 and TCI#1 have no scheduling restrictions, otherwise scheduling restrictions apply for TCI #1 and TCI#2 have no scheduling restrictions
b. [bookmark: _Toc131949162]Where ISMTC = SFN*10ms/TSMTC it he SMTC index
c. [bookmark: _Toc131949163]L and M are the number of SMTC occasions used for TCI#1 and TCI#2, which are termined as
i. [bookmark: _Toc131949164]L=6 and M=2 is RSRP_1-RSP_2 > X dB
ii. [bookmark: _Toc131949165]L=2 and M=6 is RSRP_2-RSRP_1 > X dB
iii. [bookmark: _Toc131949166]L=M=4 otherwise

[image: ]
[bookmark: _Ref113971812]Figure 6 Example of panel, beam and Rx chain usage for each SMTC occasion where in SMTC window 1 to 6 the first RF chain is using Panel A1 for demodulation with TCI#1 while a second Rx chain is used for RRM measurements in panels A2, A3 and A4. In SMTC window 7 and 8 panel A3 is used for data with TCI#2 while panel A1 is used for RRM measurements
[bookmark: _Toc116995848]Conclusion
In this contribution we have made the following observations and proposals:
Observation 1: Scheduling restrictions in FR2 can impact most of the OFDM symbols inside a SMTC window for measurements without gaps.
Observation 2: Scheduling restrictions in FR2 can apply to 10 out of the 14 OFDM symbols of a slot with 2 SSB occasions configured.
Observation 3: Most UEs in a network would have the same SMTC configuration, resulting in inefficient use of resources with scheduling restrictions.
Observation 4: If all scheduling restrictions are removed, and OFDM symbols without SSB transmission from a TRP are used for sending data, a theoretical capacity increase of 76% can be achieved considering one example of SS-burst of 5 ms, SSB periodicity of 20 ms, 100 MHz total bandwidth if resources for TCI states are distributed among 5 TCI of 32 states with UE capable UEs.
Observation 5: For CSI-RS QCL-D with active TCI state no scheduling restrictions are defined for Rel-15 to Rel-17 requirements.
Proposal 1: RAN4 to define no scheduling restrictions for L1 measurements on a RS which is QCL-D with an active TCI state.
Observation 6: During L1 measurements might use different beam sweeping strategies, including a combination of wide and narrow beams for beam sweeping.
Proposal 2: For L1 measurements on a RS which is not QCL-D with an active state, remove scheduling restrictions assuming the network schedules data from 2 TRPs with a reduced number of layers.
Proposal 3: PDSCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when single DCI is configured considering that the UE can receive PDSCH with a reduced number of layers from at least one TRP when TCI states for 2 TRPs are activated.
Observation 7: In single DCI scenario PDCCH is received from only one TRP unless in deplyments with SFN or PDCCH repetition.
Proposal 4: PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are maintained when single DCI is configured in non-SFN scenario.
Proposal 5: PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when single DCI is configured in SFN scenario or with PDCCH repetition.
Proposal 6: PDSCH and PDCCH scheduling restrictions during L1 SSB/CSI-RS measurements on a RS which is not QCL-D with an active state are removed when multi DCI is configured considering that the UE can receive PDSCH/PDCCH from at least one TRP when TCI states for 2 TRPs are activated.
Observation 8: Simultaneous reception of data and SSB measurements implies using 1 Rx instead of 2 for data and reduction from 4 layers to 2 layers.
Proposal 7: For multiRx UEs, during L3 measurements, scheduling restrictions can be relaxed during the SMTC by temporarily reducing to only 1 indicated TCI state (instead of 2), i.e. reduction of 4-layer to 2-layer.
Proposal 8: RAN4 to define requirements where 1 TCI state is expected to be available for data while another is unavailable for measurements during an SMTC occasion.
Observation 9: The link quality of 2 TCI states used for 4 layer DL reception might differ, and prioritization of TCI state with best quality could lead to optimized throughput gains.
Proposal 9: RAN4 to define requirements where TCI state with lower RSRP or QCI is unavailable in more SMTC occasions than TCI state with higher RSRP or QCI.
Proposal 10: RAN4 to define a rule based on SFN to determine which TCI state is experiencing scheduling restrictions.
Proposal 11: Determine scheduling restrictions based on the following rule:
a.	If mod(ISMTC, L+M) < M, Scheduling restrictions apply for TCI #2 and TCI#1 have no scheduling restrictions, otherwise scheduling restrictions apply for TCI #1 and TCI#2 have no scheduling restrictions
b.	Where ISMTC = SFN*10ms/TSMTC it he SMTC index
c.	L and M are the number of SMTC occasions used for TCI#1 and TCI#2, which are termined as
i.	L=6 and M=2 is RSRP_1-RSP_2 > X dB
ii.	L=2 and M=6 is RSRP_2-RSRP_1 > X dB
iii.	L=M=4 otherwise
[bookmark: _Toc116995849]
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