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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.

RAN4#92bis in October 2019 sent an LS to RAN1 informing about the RAN4 consensus and asking for RAN1 feedback [2]:
· RAN4 recommendation on the length of UL switching period for defining UE RF requirements and capability reporting:
· [0]us, 35us, 140 us, [250]us
· RAN4 will decide whether 250us will be defined based on UE implementation in RAN4 #93 meeting.
· 0us cannot be achieved with the UE implementation of 2 Tx chains in total. RAN4 will decide whether 0us will be defined from RF requirements and/or capability reporting perspective for forward compatibility in RAN4 #93 meeting.
· The same length of switching period for switching from case 1 to case 2 and from case 2 to case 1.
· RAN4 does not preclude the possibility of down-selecting to the single value (e.g., one non-zero value) due to BS complexity issue and system performance.
· RAN4 does not preclude the possibility of introducing UE capability bit to allow different UE implementation. 
· Existing RAN4 requirements will be not impact by introducing of the length of UL switching period
· RAN4 agreement on the location of the switching period
· For EN-DC: in NR carrier
· For UL CA and SUL: semi-statically configured by RRC on one specific carrier of the two uplink carriers
· RAN4 agreement on the transient period
· Define transient period in addition to the switching period
· Length of transient period: 10 us for NR, 20 us for E-UTRA
· Additional time for PUSCH preparation procedure
· A potential issue was raised in RAN4 that UL switching period may impact PUSCH preparation procedure time.
· RAN4 can continue discussing on whether the PUSCH preparation time can happen in parallel with the switching time, based on the UE implementation.

In this contribution we discuss the aspects related to the uplink switching, the points made by RAN4 and suggest a way forward for the feature.
Motivation for the switching
The updated WID does not include the justification or target use case for the new objective, however, the two Tdocs [3][4] 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.
[4]



	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.

[image: ]
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.
[3]






Gain potential
UL MIMO gain
[bookmark: _Hlk24018463]First, let’s establish the uplink MIMO gain potential over single antenna operation. The simulation is done assuming a 200 m ISD and with no link adaptation estimation or feedback errors. The mean UE throughput gain is ~50%, and in larger ISDs and/or in the presence of practical link adaptation impairments we can assume the gain to be smaller. Hence within this Tdoc we assume UL MIMO gain of 50% to be an upper bound.
Table 1: Simulation assumptions
	Carrier frequency
	4 GHz

	Simulation bandwidth
	100 MHz

	ISD
	200 m

	Channel model
	5G-UMa

	UE Tx power
	23 dBm

	UE Tx antennas
	1 without MIMO, 2 with MIMO

	gNB Rx antennas
	64

	Traffic type
	Full buffer

	Number of UEs per cell
	10

	MIMO type
	SU-MIMO
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Figure 1: Mean UE spectral efficiency
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Figure 2: Cell spectral efficiency



Observation 1: 50% gain from uplink MIMO can be considered an upper bound when gauging the gain potential of the uplink Tx switching solutions.

Switching loss
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 DDDSUDDSUU 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 3: Reference case of 1 Tx on the TDD UL (DDDSUDDSUU) and continuous Tx on the FDD UL

The RAN4 LS indicates switching time values of 35, 140 and [250] us with additional 10 or 20 us transient depending on whether the FDD carrier is NR or LTE.
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Figure 4: Switched UL with 35 us switching time; (a) switch gap on FDD UL, (b) switch gap on TDD UL
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Figure 5: Switched UL with 140 us switching time; (a) switch gap on FDD UL, (b) switch gap on TDD UL
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Figure 6: Switched UL with 250 us switching time; (a) switch gap on FDD UL, (b) switch gap on TDD UL

The above figures do not take into account the additional 10 or 20 us transient to be added to the switching time that lead to one additional symbol per switch being lost. Assuming 42 PUSCH symbols for DDDSUDDSUU pattern, and 14 PUSCH symbols for DDDSU pattern we can derive the following overhead figures assuming that the S-slot does not carry any PUSCH, and somewhat optimistically assuming all the other UL slots are 100% PUSCH.
Observation 2: The potential gain from UL MIMO on the TDD uplink diminishes fast when the switching gap length increases even when not accounting for the loss of the FDD UL
Observation 3: The additional 10 us switching transient is having a large additional impact

Table 2: Switching overhead in symbols for different switching times when switch absorbed by the TDD UL
	TDD pattern
	35
us
	35+10 us
	140
us
	140+10 us
	250 
us
	250+10 us
	Total number of PUSCH symbols

	DDDSUDDSUU
	2
	4
	8
	12
	20
	24
	42

	DDDSU
	1
	2
	4
	5
	10
	12
	14




Table 3: Overall gain/loss on the TDD uplink from switching, assuming 50% gain from UL MIMO
(The loss on the FDD uplink not accounted for)
	TDD pattern
	35
us
	35+10 us
	140
us
	140+10 us
	250 
us
	250+10 us

	DDDSUDDSUU
	43%
	36%
	21%
	7%
	-21%
	-36%

	DDDSU
	39%
	29%
	7%
	-4%
	-57%
	-79%



Proposal 1: 35 us is only switching duration that should be allowed.
Proposal 2: Request RAN4 to eliminate the additive 10/20 us switching transient and embed the transient within the switching gap
Switching aspects RAN1 should consider
The WID update gives RAN1 the following guidance:
· 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 a number of questions related to switching 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.
In this document the FDD and TDD are used for simplicity, but the operation could be generalized for two FDD carriers as well.
[bookmark: _Hlk24113790]Switching and scheduling timeline
The scheduling timeline for determining the FDD uplink’s slot format (which symbols are available) and whether the FDD UL slot is available at all needs to be taken well before the decision on whether or not to schedule the TDD UL would need to be taken. This is outlined in Figure 7. 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. 
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[bookmark: _Ref24030619]Figure 7: Grant timelines for the FDD and the TDD uplinks

Figure 8 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: ]
[bookmark: _Ref24030630]Figure 8: Switching decision timeline (assuming no cross-carrier scheduling)

Observation 4: The UL scheduling decisions for the TDD uplink need to be taken earlier when the UL switching feature is in use in order 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, i.e. the UL switching cannot add to the PDCCH-to-PUSCH latency.
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


Determination of the switching location
The TDD UL phase could have both 1 Tx and 2 Tx transmissions. If the switching gap is placed at the point in time when the 1Tx is switched 2 Tx and vice versa, it may make the adaptation to the switching location in the system complicated. It would also lead to cases where the switching gap could not be placed on the TDD guard period. Hence, for simplicity, we suggest placing the switching gap at the beginning at the end of the UL phase of the TDD carrier if there is even a one 2-port transmission during the UL phase.
[image: ]
Figure 9: Switching gap in the beginning and in the end of the TDD UL phase
In case of multiple consecutive UL slots, in TDD if the first UL slot with PUSCH is not transmitting 2Tx PUSCH, then the subsequent slots cannot be scheduled to transmit 2Tx PUSCH either.
In case of two FDD carriers, the exact switching gap location would need to be determined based on the scheduling dynamics.
Proposal 5: For TDD, the switching gap is always placed at the beginning and at the end of the TDD UL phase
Proposal 6: For TDD with multiple consecutive UL slots, if the first full UL slot does not transmit 2-Tx PUSCH, then full UL phase is 1Tx only, there is no switching gap, and the FDD UL transmits continuously
Proposal 7: In case of two FDD carriers, whether and where the switching gap exists must be determined on a slot-by-slot basis

Operating principles
We make the following proposals for the UE behaviour to establish the operating principles when the two carriers in question are FDD+TDD or FDD+FDD:
Proposal 8: Operation principles of the UE Tx switching functionality with FDD+TDD and FDD+FDD carriers
· When the TDD uplink is scheduled to transmit on 1 antenna port, the FDD uplink will transmit normally
· The switching gap location
· In case of FDD+TDD and the gap is placed on the FDD carrier: The gap is on the FDD carrier immediately before the TDD carrier UL phase starts and immediately after the TDD carrier UL phase ends, so that the switching has zero impact on the TDD carrier
· In case of FDD+TDD and the gap is placed on the TDD carrier: The gap is on the TDD carrier at the beginning of the TDD carrier UL phase, and the end of the TDD carrier UL phase
· The determination on which UL the switching capable Tx is used
· For FDD+TDD: The determination is made once per TDD UL phase
· For FDD+FDD: The determination is made on a slot-by-slot basis 
· When the switching uplink is mapped on the UL MIMO carrier, the uplink transmissions on the other carrier’s uplink are dropped even if it would be scheduled or otherwise triggered to transmit anything, except if one of the following takes place, in which case the MIMO carrier transmission is dropped, and the non-MIMO carrier transmission is sent
· The non-MIMO UL is to transmit PRACH preamble, or
· The non-MIMO UL is to transmit PRACH MSG3.

Supplemental uplink is by definition not supporting UL MIMO, and the operational principle of SUL+TDD setup was defined to operate with zero switching time in Rel-15. Whether the SUL operation with non-zero switching time has not been analysed and it is not clear that relaxing the requirement from zero switching time works with the Rel-15 SUL without further investigations.
Observation 6: Operating supplemental uplink with non-zero switching time may not be feasible and would require further investigation
[bookmark: _Hlk24113943]Additional constraints discussed in RAN4#92bis
The RAN4#92bis (October 2019) way forward lists the following points, some of which were not communicated in the LS [5]:
	Additional time for PUSCH preparation procedure
· Information to RAN1: A potential issue was raised in RAN4 that UL switching period may impact PUSCH preparation procedure time.
· RAN4 can continue discussing on whether the PUSCH preparation time can happen in parallel with the switching time, based on the UE implementation.

	Tx in case 1 and case 2
· Clarify in RAN4 that the “Tx” in the WID means Tx chain but not active Tx with UL transmission.

	Handling of DL reception interruption
· Option 1: Define different capabilities for UEs with and without DL reception interruption
· Option 2: DL reception interruption is not allowed
· Option 3: DL reception interruption is allowed
· Other options are not precluded.



Additional time for PUSCH preparation procedure
The PUSCH preparation procedure consists of the following steps
1. PDCCH reception and interpretation
2. Memory fetch and PUSCH encoding
3. Transmit processing
After step 1. the UE knows whether a switch is going to take place. It is also worth noting that the PDCCH decoding must be significantly faster than the PUSCH preparation as there are different action latencies defined based on the DL processing requirements that are more stringent than the PUSCH preparation delay.
The justification for making the Tx switch an additional component to the PUSCH preparation delay seems to be missing, and thus should not be accepted.
Proposal 9: The PUSCH preparation procedure minimum requirement is not relaxed for the UL Tx switching operation

Tx in case 1 and case 2 refers to Tx chain. 
The implication of this may be understood to relate to the possibility that a single Tx port transmission is mapped to two Tx chains. If the UE is implementing such a setup, but it is also capable of simultaneous 1 Tx chain transmission across the two UL carriers when UL MIMO is not used in either of them, then it would appear that this type of UE does not require any special handling.
Proposal 10: In the context of switched uplink operation, 1 Tx port is considered to be mapped to 1 Tx chain.

Handling of DL reception interruption: 
The practical impairments of the uplink switching operation are already placing the practicality of the feature in jeopardy. It would not play well if this uplink throughout optimization would come at the cost of downlink performance. Having a single symbol loss in the DL may have drastic implications to the DL performance if the switch lands on the PDCCH, DMRS, CSI-RS or SSB, while a loss of even one PDSCH symbol would likely lead to a need for additional HARQ retransmission. è DL interruption due to UL switching cannot be accepted.
Proposal 11: DL interruption due to UL switching cannot be accepted due to drastic DL performance impact when the interruption coincides with PDCCH, DMRS, CSI-RS or SSB, and would likely lead to an additional HARQ Re-Tx when the interruption coincides with PDSCH.

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], the LS sent by RAN4 to RAN1 [2], and a RAN4 way forward of October RAN3#92bis [5] making the following observations and proposals:

On gain and gain potential the following observations and proposals are made:
Observation 1: 50% gain from uplink MIMO can be considered an upper bound when gauging the gain potential of the uplink Tx switching solutions.
Observation 2: The potential gain from UL MIMO on the TDD uplink diminishes fast when the switching gap length increases even when not accounting for the loss of the FDD UL
Observation 3: The additional 10 us switching transient is having a large additional impact
Overall gain/loss on the TDD uplink from switching, assuming 50% gain from UL MIMO
(The loss on the FDD uplink not accounted for)
	TDD pattern
	35
us
	35+10 us
	140
us
	140+10 us
	250 
us
	250+10 us

	DDDSUDDSUU
	43%
	36%
	21%
	7%
	-21%
	-36%

	DDDSU
	39%
	29%
	7%
	-4%
	-57%
	-79%



Proposal 1: 35 us is only switching duration that should be allowed.
Proposal 2: Request RAN4 to eliminate the additive 10/20 us switching transient and embed the transient within the switching gap

On switching and scheduling timeline, the following observations and proposals are made:
Observation 4: The UL scheduling decisions for the TDD uplink need to be taken earlier when the UL switching feature is in use in order 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, i.e. the UL switching cannot add to the PDCCH-to-PUSCH latency.
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

On switching location determination, the following proposals are made:
Proposal 5: For TDD, the switching gap is always placed at the beginning and at the end of the TDD UL phase
Proposal 6: For TDD with multiple consecutive UL slots, if the first full UL slot does not transmit 2-Tx PUSCH, then full UL phase is 1Tx only, there is no switching gap, and the FDD UL transmits continuously
Proposal 7: In case of two FDD carriers, whether and where the switching gap exists must be determined on a slot-by-slot basis

Proposal 8: Operation principles of the UE Tx switching functionality
· When the TDD uplink is scheduled to transmit on 1 antenna port, the FDD uplink will transmit normally
· The switching gap location
· In case of FDD+TDD and the gap is placed on the FDD carrier: The gap is on the FDD carrier immediately before the TDD carrier UL phase starts and immediately after the TDD carrier UL phase ends, so that the switching has zero impact on the TDD carrier
· In case of FDD+TDD and the gap is placed on the TDD carrier: The gap is on the TDD carrier at the beginning of the TDD carrier UL phase, and the end of the TDD carrier UL phase
· The determination on which UL the switching capable Tx is used
· For FDD+TDD: The determination is made once per TDD UL phase
· For FDD+FDD: The determination is made on a slot-by-slot basis 
· When the switching uplink is mapped on the UL MIMO carrier, the uplink transmissions on the other carrier’s uplink are dropped even if it would be scheduled or otherwise triggered to transmit anything, except if one of the following takes place, in which case the MIMO carrier transmission is dropped, and the non-MIMO carrier transmission is sent
· The non-MIMO UL is to transmit PRACH preamble, or
· The non-MIMO UL is to transmit PRACH MSG3.
Observation 6: Operating supplemental uplink with non-zero switching time may not be feasible and would require further investigation

On additional constraints discussed in RAN4#92bis the following proposals are made:
Proposal 9: The PUSCH preparation procedure minimum requirement is not relaxed for the UL Tx switching operation
Proposal 10: In the context of switched uplink operation, 1 Tx power is considered to be mapped to 1 Tx chain.
Proposal 11: DL interruption due to UL switching cannot be accepted due to drastic DL performance impact when the interruption coincides with PDCCH, DMRS, CSI-RS or SSB, and would likely lead to an additional HARQ Re-Tx when the interruption coincides with PDSCH.

Perhaps most importantly, RAN1 should discuss and agree on the wanted functionality and the related requirements that ensure that the feature has any gain potential left and communicate the requirements back to RAN4.
Proposal 12: Liaise RAN4 with the RAN1 agreements reached during RAN1#99.
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