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1 Introduction
Current NR specifications provide enormous flexibility in multiplexing physical channels and reference signals within a single CC. This design, by default, is understood to extend naturally to multi-CC operation as well. In this contribution, we observe that in case a UE is enabled with multi-beam operation (in FR2 for example) and also enabled with intra-band CA certain aspects of multiplexing physical channels and RSs require more attention. In particular a typical UE implementation in FR2 with multi-beam operation would apply a single beam at RF common to all CCs and at the same time instant. This naturally imposes certain limitations on the flexibility of multiplexing physical channels and RS both within and across CCs that we discuss further below. 
2 Multiplexing of physical channels and RSs 
In Table 1 we enumerate different combinations of physical channels and reference signals that can be multiplexed within a single OFDM symbol in the downlink. Also note that TS 38.202 [1] specifies the requirements for simultaneous transmission and reception of physical channels and physical signals. An excerpt from 38.202 is provided in the Appendix for reference. Table 1 is not claimed to be exhaustive, for e.g. SSB + CSI-RS + PDSCH is another valid combination. It can be observed from Table 1 that although most of the combinations are possible in single CC operation, there exist some cases that occur only in multi-CC operation. Two such cases are a) multiplexing of SSBs across CCs and b) multiplexing of PDSCH assigned with C-RNTI across CCs. 
Table 1: Multiplexing possibilities of physical channels and reference signals in same OFDM symbol

	Channels/RS in same OFDM symbol
	# of CCs

	PDCCH + PDCCH
	Single CC, multi-CC

	PDCCH + PDSCH
	Single CC, multi-CC

	SSB + PDSCH
	Single CC, multi-CC

	CSI-RS + PDCCH
	Single CC, multi-CC

	CSI-RS + PDSCH
	Single CC, multi-CC

	CSI-RS + SSB
	Single CC, multi-CC

	CSI-RS + CSI-RS
	Single CC, multi-CC

	PDSCH + PDSCH (e.g. C-RNTI + SI-RNTI)
	Single CC, multi-CC

	SSB + SSB
	Multi-CC

	PDSCH + PDSCH (C-RNTI + C-RNTI)
	Multi-CC


Considering multi-beam operation at the UE (e.g. in FR2), such simultaneous reception may be limited by RF capability. Typically for intra-band CA in FR2 a single (RF) receive beamforming weight is applied for all the CCs and therefore successful reception of simultaneous physical channels or signals in one or multi-CC operation is subject to this constraint. The following figure illustrates a very-high level data-flow diagram for UE reception in FR2
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Figure 1: High level data-flow for UE reception in FR2 with intra-band CA. The RF BF weight is applied in the RF block on samples corresponding to all CCs
It is worth mentioning that typically a similar architecture and consequently the same limitation also applies at the transmission end of a gNB. Therefore, the issue here is not optimization of performance but rather to specify rationally and clearly the UE behaviour corresponding to such multiplexing combinations for multi-beam reception. Note that there are certain statements in 38.214 already corresponding to some combinations stating they are allowed when spatial QCL assumptions hold. We think, however, that a more complete and unified treatment of this issue is necessary in RAN1 that should address all multiplexing combinations, single CC and multi-CC cases and UE behaviour when QCL assumptions do not hold.
Proposal:

· RAN1 to clarify and specify UE behavior for all combinations of physical channels and signals that can be multiplexed within an OFDM symbol considering both single CC and multi-CC operation including UE behavior when spatial QCL assumptions do not hold 
3 Simultaneous reception in case of single CC operation
From Table 1 it is clear that a majority of multiplexing combinations occur even in single CC operation. Defining simultaneous reception here is rather straightforward since symbol boundaries coincide for the different physical channels and RSs. Several approaches can be considered for addressing this issue and the prudent approach may vary for each multiplexing case. In general, a specification light approach could be to specify that multiplexing is expected only if the combinations are spatially QCL-ed and if they are not spatially QCL-ed UE behaviour is unspecified. An example of a more fine-tuned approach is provided in our companion contribution where we propose certain solutions for addressing the PDSCH + CSI-RS multiplexing case [2] and is also summarized below.
Figure 2 illustrates two cases of PDSCH mapping when NZP CSI-RS resource and DM-RS are QCL-ed and non QCL-ed respectively. It can be seen that the PDSCH mapping to OFDM symbols occupied by NZP CSI-RS is only allowed when the QCL condition is met. Otherwise, mapping of PDSCH to OFDM symbols used by NZP CSI-RS symbols should not be performed.
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Figure 2: Mapping of PDSCH to the OFDM symbol(s) used by NZP CSI-RS resource
The resulting proposal for this case is given by 

Proposal:
· Introduce restriction for PDSCH REs mapping on OFDM symbols allocated for NZP CSI-RS resource taking into  account quasi co-location assumption between PDSCH and NZP CSI-RS signals with respect to spatial Rx parameters
4    Simultaneous reception in case of multi-CC operation
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(a) Beam management in CC0 only




(b) Beam management in CC0 and CC1
Figure 3: Different deployment scenarios for beam management in multi-CC operation
The intra-band CA scenario-1 in Figure 3(a) occurs when a gNB has chosen to transmit all beam-management RSs (SSB, CSI-RS-BM) in CC0 only. Consequently, from a UE perspective, all spatial QCL reference RS belongs to CC0.  However, due to potential differences in timing synchronization at the gNB between the two CCs as well as fast-fading propagation condition differences between the two CCs, the gNB transmits and CSI-RS-CSI and CSI-RS-Tracking on both CCs. 
The intra-band CA scenario-2 in Figure 3(b) occurs when a gNB has chosen to transmit beam-management RSs (SSB, CSI-RS-BM) in both CC0 and CC1. In addition, the beam management RSs in CC0 and CC1 are spatially QCL-ed. For example, SSB 5 in CC0 is spatially QCL-ed with SSB-5 in CC1 and similarly for the other SSB blocks and CSI-RS-BM.

Defining simultaneous reception for multi-CC operation is non-trivial because the symbol boundaries for the two CCs are not necessarily aligned. From Figure 3 we also observe that multi-CC operation brings up additional multiplexing combinations like SSB + SSB. Also note that in deployment scenario 2 as indicated in Figure 3(b) a UE is unaware that SSB-5 in CC0 is QCL-ed with SSB-5 in CC1 with respect to spatial Rx parameters and it would not be able to take advantage of measurements from SSB-5 in both CCs for more accurate beam tracking.
Proposal:
· RAN1 to clarify and specify UE behavior for beam management operation in multi-CC scenarios in addition to single CC scenario. Beam tracking in some multi-CC deployment scenarios can be improved by additional cross-CC QCL assumptions. 
5 Timing difference between CCs
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Figure 4: Data-flow diagram at the receiver showing intra-band CA reception. 
In Figure 4 we show a high-level data-flow diagram for the receive side at the UE operating in FR2 with intra-band CA. Note that a single receive beam weight is applied for both CC0 and CC1 at the same time in RF– even though the two CCs have a certain time-difference between them. The time difference between the two CCs may arise from gNB impairments (CC0 and CC1 transmissions are not synchronized). 

It is observed that the time difference between the CCs should be considered for determining the Rx beam switch time instant. Also, if the sum of the time difference between the CCs and the Rx beam switch time constitutes a small fraction of the CP (at this subcarrier spacing) then no interruption is necessary at the boundary of a Rx beam-switch. If, however, the time difference between the CCs together with the Rx beam switch time is large then the UE may lose signal samples during Rx beam switch and performance will be affected. Currently similar discussions are on-going in RAN4 regarding RRM measurements and time synchronization requirements for intra-band CA in FR2 is also not clear yet.    
Proposal:
· RAN1 to work with RAN4 to clarify whether the time needed for Rx beam switch is sufficiently small for intra-band CA case in FR2 so that no interruption is necessary at the boundary of a Rx beam switch.. 
Summary

In this contribution we discuss issues related to multiplexing of physical channels and RSs in single CC and multi-CC operation and arrive at the following proposals-

· RAN1 to clarify and specify UE behavior for all combinations of physical channels and signals that can be multiplexed within an OFDM symbol considering both single CC and multi-CC operation including UE behavior when spatial QCL assumptions do not hold 

· Introduce restriction for PDSCH REs mapping on OFDM symbols allocated for NZP CSI-RS resource taking into  account quasi co-location assumption between PDSCH and NZP CSI-RS signals with respect to spatial Rx parameters
· RAN1 to clarify and specify UE behavior for beam management operation in multi-CC scenarios in addition to single CC scenario. Beam tracking in some multi-CC deployment scenarios can be improved by additional cross-CC QCL assumptions. 
· RAN1 to work with RAN4 to clarify whether the time needed for Rx beam switch is sufficiently small for intra-band CA case in FR2 so that no interruption is necessary at the boundary of a Rx beam switch.. 
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6 Appendix: Simultaneous reception of physical channels and physical signals [38.202 v15.0.0]

This clause describes the requirements from the UE to send and receive multiple physical channels and physical signals simultaneously depending on the capabilities and service requirements. The following notation is used between both the uplink and downlink subclauses below.

-
p is the number of uplink carriers configured for the UE on which physical channels can be transmitted

-
p' is the number of uplink carriers configured for the UE on which SRS can be transmitted

-
q is the number of downlink carriers configured for the UE

-
j is the number of cell groups configured for the UE. In the case of non-DC, j=1, while for DC, j=2.

-
k is the number of PUCCH groups configured for the UE. In the case of non-DC, k=1 or 2, while for DC, k=2 with one PUCCH group per cell group.
The tables 6.2-1, 6.2-2 describe the possible combinations of physical channels that can be received simultaneously in the downlink by one UE. Table 6.2-1 introduces notation for a "Reception Type" which represents a physical channel and any associated transport channel. Table 6.2-2 describes the combinations of these "Reception Types" which are supported by the UE depending on capabilities, and enumerates how many of each can be received simultaneously. The UE shall be able to receive all TBs according to the indication on PDCCH. Any subset of the combinations specified in table 6.2-2 is also supported.
Table 6.2-1: Downlink "Reception Types"
	"Reception Type"
	Physical Channel(s)
	Monitored
RNTI
	Associated
Transport Channel
	Comment

	A
	PBCH
	N/A
	BCH
	

	B
	PDCCH+PDSCH
	SI-RNTI
	DL-SCH
	Note 1

	C
	PDCCH+PDSCH
	P-RNTI
	PCH
	Note 1

	D
	PDCCH+PDSCH
	RA-RNTI or Temporary C-RNTI
	DL-SCH
	Note 1

	D1
	PDCCH+PDSCH
	C-RNTI, C-RNTI(s) for SPS/grant-free 
	DL-SCH
	

	E
	PDCCH
	C-RNTI
	N/A
	Note 2

	F
	PDCCH
	C-RNTI, C-RNTI(s) for SPS/grant-free
	UL-SCH
	

	G
	PDCCH
	SFI-RNTI 
	N/A
	

	G1
	PDCCH
	INT-RNTI 
	N/A
	

	H
	PDCCH
	TPC-PUSCH-RNT
	N/A
	

	H1
	PDCCH
	TPC-PUCCH-RNTI
	N/A
	

	H2
	PDCCH
	TPC-SRS-RNTI
	N/A
	

	Note 1:
These are received from PCell only.

Note 2:
This corresponds to PDCCH-ordered PRACH.




Table 6.2-2: Downlink "Reception Type" Combinations
	UE capability
	Supported Combinations 
	Comment

	1. RRC_IDLE

	
	A + B + C + D
	

	2. RRC_INACTIVE

	
	A + B + C + D
	

	3. RRC_CONNECTED

	
	j x (A + B + C + D) + q x (D1 + G + G1)
+ p x (F + H +H1) + p' x (H2)
	Note 1

	Note 1:
In the case there is one SUL carrier, then only p-1 would be supported for (F+H).
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