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Introduction
[bookmark: _Hlk510705081]RAN#85 approved a revision to the WID for RF requirements for NR frequency range 1 with the following update to the objectives [1]:
· Specify UE requirements to allow switching between case 1 and case 2 as below for two uplink carriers case inter-band EN-DC without SUL, inter-band UL CA and standalone SUL for UE supporting maximum two concurrent transmission 
	Case 1 
	1 Tx on carrier 1 and 1 Tx on carrier 2

	Case 2 
	0 Tx on carrier 1 and 2 Tx on carrier 2 



· UE RF requirements, e.g., time mask RF requirements and other necessary RF requirements if any
· The options agreed at RAN4 #92 in R4-1910531 can be considered as starting point
· Study if there are any impact to interruption and delay requirements, and specify the RRM requirements if needed
· RAN1 will further study by Dec 2019 if there are any RAN1 potential impacts based on RAN4 LS if any
· No new TDM pattern will be defined, i.e. scheduling-based switching is assumed. 
· Finalization of RAN4 requirements and approval of RAN4 CRs shall be based on RAN1 LS  
· Strive to minimize RAN1 impact. 
· Strive to achieve no impact to RAN1 E-UTRAN spec 
· Strive to avoid defining location of switching period impacting RAN1 spec 
· Define per band per band combination or per band combination UE capability signaling if needed
Note 1: Only addressing the case of co-located and synchronized network deployment for the two UL carriers
Note 2:	Only addressing the case of single TAG for the two UL carriers for SUL and for UL CA
Note 3: The above objectives will not relax the existing requirements specified in Rel-15 38.101-3 for band combinations allowing single uplink transmission
Note 4: The UE is configured with two different uplink carrier frequencies.

In our view some basic assumptions on how the switching is to take place would need to be discussed, agreed and potentially specified by RAN1. This document is intended to initiate the discussion on these points.
Motivation for the switching
The updated WID does not include the justification or target use case for the new objective, however, the two Tdocs [2][3] outline the motivation and they are used as a reference for this contribution:
	Motivation 
· Main benefits of 2Tx over 1Tx
· With the wide deployment of massive MIMO and the use of 16, 32 or 64 receiver antenna ports at NR BS, the operating SNR level for UL-MIMO can be significantly decreased. So compared to LTE, UL-MIMO with 2Tx is much more useful for NR. 
· Given the use of 4Rx, 2T4R implementation on UE is more preferred than 1T4R for SRS antenna switching, which will improve the downlink MIMO performance. 
· 2Tx is linked to the potential support of 26dBm high power UE in practical.
· Currently NR commercial UEs can support at most 2 concurrent uplink transmission chains in FR1, due to terminal cost, power consumption and heat dissipation issues. 
· Therefore, to enable 2 Tx on NR carrier together with EN-DC, SUL and UL CA, an efficient way is to introduce Tx switching between two uplink carriers.
[3]



	As discussed above, the baseline assumption is that commercial UEs can support up to two transmitters at the current stage. Based on it, the feasible approach is TDM on two carriers, in order to support UL-MIMO (2Tx antennas) on NR mainstream bands for EN-DC, feature SUL and UL CA.
When looking into this approach as shown in Figure 1, UE needs to switch from 1Tx on one carrier to 2Tx on the other carrier. From operator’s point of view, we were seeking for the possibility of do the switching within 0 us. However, based on the feedback from chipset vendors, currently it is impossible to realize 0us switching time for UE capable of two transmitters.
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Figure 1: Illustration of 1Tx -> 2Tx and 2Tx->1Tx switching 
In order to avoid the restriction of three transmitters on UE implementation, certain switching period has to be allowed. During the switching period, UE should not be scheduled for uplink transmission. Besides, it is important for both network and UE to know the length and location of such switching period, otherwise there will be potential failure for the uplink demodulation.
In our view, such UE behavior for 1Tx to 2Tx switching across carriers is quite general for EN-DC SUO mode, SUL and UL CA. And such behavior is important and needs to be specified if UL-MIMO is expected to be used together with those features. By doing so, the network and UE can be coordinated.
[2]






Gain potential
Let us assume a 15 kHz SCS lower band FDD (e.g. 2.1 GHz) and a 30 kHz SCS higher band TDD (e.g. 3.5 GHz) operating a 5 ms DDDSUDDSU TDD pattern with 10:2:2 switching slot. Figure 1 illustrates the reference case and figure 2 the Tx switched case assuming 35 us switching time.
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Figure 1: Reference
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Figure 2: Switched behaviour (35 us switching time)

Table 1: Characterization of the switched uplink (35 us switching time) with MIMO vs. reference with 1Tx
FDD: 15 kHz SCS, TDD: 30 kHz SCS, pattern DDDSUDDSU (S=10:2:2)
	
	Reference
	Switched uplink

	FDD Uplink @15 kHz SCS
	70 symbols / 5 ms
	43 symbols / 5 ms

	TDD uplink @30 kHz SCS
	PUSCH max 42 symbols / 5 ms, 1Tx  PUCCH: 2x2 symbols
	PUSCH 42 symbols / 5 ms, 2Tx MIMO PUCCH: 2x2 symbols



As the switched uplink takes the transmitter away from the coverage carrier, the feature is unlikely to be helpful at the cell edge, and hence the gain potential is limited to the good link conditions where the MIMO gain on the TDD carrier should be able to more than compensate for the loss of the uplink symbols on the FDD carrier
Observation 1: the gain potential is at good link conditions where the MIMO gain on the TDD carrier should be able to more than compensate for the loss of the uplink symbols on the FDD carrier
Switching aspects RAN1 should consider
The WID update gives RAN1 the following guidalines:
· No new TDM pattern will be defined, i.e. scheduling-based switching is assumed. 
· Finalization of RAN4 requirements and approval of RAN4 CRs shall be based on RAN1 LS  
· Strive to minimize RAN1 impact. 
· Strive to achieve no impact to RAN1 E-UTRAN spec 
· Strive to avoid defining location of switching period impacting RAN1 spec 
This opens up a number of questions related to swithing time and operating timeline that need to be met for the feature to have any gain potential, as well as on operational principles so that the network knows how to manage the UE indicating this capability. These are looked at in the following subsections.
Note: In this document the FDD and TDD are used for simplicity, but the operation could be generalized for two FDD carriers as well.
Switching time
RAN4 discussion outcome and the subsequent RAN Tdoc [4][3] outline the different switching times proposed:
	· ~0 us switching period:
· Implementation 1: 3 transmitters, 3 PAs, 3 independent power suppliers 
· 35 us switching period:
· Implementation 1: Switch of the connections for the shared components, e.g., PLL, power supplier, PA module, filter, switch, etc.
· 140 us switching period:
· Implementation 1: PLL relocking and PA switching
· Implementation 2:  3 PAs with 2 ETs
· 900 us switching period:
· Implementation 1: whole BB and TX chain need to be retuned 



The ~0us switching is of course the most desired from the system perspective. However, the implementation that can reach zero switching needs to support 3 transmitters and thus doesn’t actually switch, and the two carriers can transmit simultaneously without issues if the network chooses to schedule both. For non-zero switching times, for the feature to be beneficial, the TDD uplink must provide much better service than the FDD uplink, hence it appears logical to assume that the FDD uplink absorbs the switching time.
The 35 us switching time implies a loss of 1 symbol at each switching point assuming that the (15 kHz SCS) FDD uplink absorbs the switch. Assuming as below assuming DDDSUDDSUU pattern with 10:2:2 switching slot for the TDD carrier the FDD has 43/70 (61%) symbols available for the uplink. This is visualized in figure 3 below.
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Figure 3: UL switching impact when FDD UL absorbs the switching gap (35 us switching time)

The 140 us switching time implies a loss of 2 symbol at each switching point assuming that the (15 kHz SCS) FDD uplink absorbs the switch. Assuming as below assuming DDDSUDDSUU pattern with 10:2:2 switching slot for the TDD carrier the FDD has 39/70 (55%) symbols available for the uplink. This is visualized in figure 4 below.
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Figure 4: UL switching impact when FDD UL absorbs the switching gap (140 us switching time)

The 900 us switching time implies a loss of 13 symbol at each switching point assuming that the (15 kHz SCS) FDD uplink absorbs the switch. Assuming as below assuming DDDSUDDSUU pattern with 10:2:2 switching slot for the TDD carrier the FDD has only 1 symbol at every 70 symbol available, making the 900 us switching time completely infeasible. This is visualized in figure 5 below.
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Figure 5: UL switching impact when FDD UL absorbs the switching gap (900 us switching time)

[bookmark: _Hlk21079196]Observation 2: Assuming DDDSUDDSUU TDD pattern and that the FDD uplink absorbs the uplink switch, even with the 35 us switching time almost 40% of the FDD uplink is lost for that UE
Observation 3: 900 us switching time is not suitable for dynamic switching, while operation comparable to RRC-reconfigured uplink where the uplink is switched only seldom based on longer term RRM metrics may be feasible if no periodic transmissions are configured on the FDD uplink.
Proposal 1: Discuss whether the switching gap should be absorbed by the FDD uplink with no impact to the TDD uplink.
Proposal 2: The UE switching time should be minimized, preferably only one UE type with 35 us (or less) switching time is allowed.
Switching and scheduling timeline
The scheduling timeline for determining the slot format and whether to schedule the FDD UL to transmit something needs to be taken well before the decision on whether or not to schedule the TDD UL needs to be taken.This is outlined in figure 6. This is not a significant issue for this feature at least when thinking of MBB traffic, it simply highlights the fact that even if the solution is nominally scheduling based, in the gNB the earlier scheduling decisions constrain the future ones. 
[image: ]
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Figure 6: Grant timelines for the FDD and the TDD uplinks
Figure 7 illustrates one case for UE switching decision timeline. 
· On the FDD carrier the UE receives one slot in advance the knowledge that there is no data to be transmitted on the FDD UL slot by not receiving any DCI scheduling PUSCH there. At the same time it can be assigned a PUCCH resource on that slot to transmit the HARQ-ACK of the DL transmission.
· On the TDD carrier the UE receives the DCI scheduling the uplink one slot in advance and makes the determination that the TDD uplink is to transmit with two transmitters. This should lead to the UL Tx switching decision and truncate the corresponding FDD UL. 
[image: ]
Figure 7: Switching decision timeline (assuming no cross-carrier scheduling)

Observation 4: The UL scheduling decisions may need to be made well in advance to match the decisions made on the two uplinks.
Observation 5: The UE needs to be able to react to the fastest scheduling or PUCCH resource assignment timeline and switch the uplink in time.
Proposal 3: If the UE is not scheduled with 2 Tx transmission on the TDD uplink, then both the TDD and FDD uplinks can simultaneously transmit without any disruptions
Proposal 4: The UE shall be able to switch the transmitter to an indicated uplink with any timeline the specification allows for both PUSCH and PUCCH
Proposal 5: If the scheduling or PUCCH resource assignment pre-empts an earlier transmission by assigning the transmitter another carrier, the earlier transmission is truncated at the point where the Tx switching starts.

Operating principles
We make the following proposals for the UE behaviour to establish the operating principles:
Proposal 6:  UE supporting and configured for this new mode of operation 
· When the TDD uplink is scheduled to transmit on 1 antenna port, the FDD uplink will transmit normally, except if the Tx is in the middle of the switching process between the carriers.
· The switching gap takes place on the FDD carrier immediately before the TDD carrier transmission starts and immediately after the TDD carrier transmission ends, so that the switching has zero impact on the FDD carrier
· The determination for whether the switching Tx is to be used as the TDD carrier’s 2nd Tx or on the FDD carrier is made on a symbol-by-symbol basis
· E.g. Transmitting a 2Tx PUSCH followed by a short PUCCH in the same slot allows for the 2nd Tx to switch to the FDD carrier while that PUCCH is being transmitted
· When the TDD uplink is scheduled to transmit on 2 antenna ports (PUSCH or SRS), the FDD uplink will not transmit anything, except if one of the following happens, in which case the TDD uplink transmission is dropped
· The FDD carrier is transmitting PRACH preamble
· The FDD carrier is scheduled to transmit PRACH MSG3.
Conclusions
This contribution discusses the new WI objective introduced by RAN#85 to the “RF requirements for NR frequency range 1” that tasks the WGs to “Specify UE requirements to allow switching between case 1 and case 2 as below for two uplink carriers case inter-band EN-DC without SUL, inter-band UL CA and standalone SUL for UE supporting maximum two concurrent transmission” [1]
This contribution makes the following observations and proposals related to the abovementioned WI objective:
Observation 1: the gain potential is at good link conditions where the MIMO gain on the TDD carrier should be able to more than compensate for the loss of the uplink symbols on the FDD carrier
Observation 2: Assuming DDDSUDDSUU TDD pattern and that the FDD uplink absorbs the uplink switch, even with the 35 us switching time almost 40% of the FDD uplink is lost for that UE
Observation 3: 900 us switching time is not suitable for dynamic switching, while operation comparable to RRC-reconfigured uplink where the uplink is switched only seldom based on longer term RRM metrics may be feasible if no periodic transmissions are configured on the FDD uplink.
Proposal 1: Discuss whether the switching gap should be absorbed by the FDD uplink with no impact to the TDD uplink.
Proposal 2: The UE switching time should be minimized, preferably only one UE type with 35 us (or less) switching time is allowed.
Observation 4: The UL scheduling decisions may need to be made well in advance to match the decisions made on the two uplinks.
Observation 5: The UE needs to be able to react to the fastest scheduling or PUCCH resource assignment timeline and switch the uplink in time.
Proposal 3: If the UE is not scheduled with 2 Tx transmission on the TDD uplink, then both the TDD and FDD uplinks can simultaneously transmit without any disruptions
Proposal 4: The UE shall be able to switch the transmitter to an indicated uplink with any timeline the specification allows for both PUSCH and PUCCH
Proposal 5: If the scheduling or PUCCH resource assignment pre-empts an earlier transmission by assigning the transmitter another carrier, the earlier transmission is truncated at the point where the Tx switching starts.
Proposal 6:  UE supporting and configured for this new mode of operation 
· When the TDD uplink is scheduled to transmit on 1 antenna port, the FDD uplink will transmit normally, except if the Tx is in the middle of the switching process between the carriers.
· The switching gap takes place on the FDD carrier immediately before the TDD carrier transmission starts and immediately after the TDD carrier transmission ends, so that the switching has zero impact on the FDD carrier
· The determination for whether the switching Tx is to be used as the TDD carrier’s 2nd Tx or on the FDD carrier is made on a symbol-by-symbol basis
· E.g. Transmitting a 2Tx PUSCH followed by a short PUCCH in the same slot allows for the 2nd Tx to switch to the FDD carrier while that PUCCH is being transmitted
· When the TDD uplink is scheduled to transmit on 2 antenna ports (PUSCH or SRS), the FDD uplink will not transmit anything, except if one of the following happens, in which case the TDD uplink transmission is dropped
· The FDD carrier is transmitting PRACH preamble
· The FDD carrier is scheduled to transmit PRACH MSG3.
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