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In RAN#81, the WID on multi-RAT dual connectivity and carrier aggregation enhancements was updated, which includes potential enhancements for single UL operation for EN-DC [1]. The corresponding scope for EN-DC enhancements is copied below.
	Study and, if found beneficial over the existing single Tx switched uplink solution, specify enhancements to single Tx switched uplink solution for EN-DC, such as allowing all DL and UL subframes for data transmission for both NR and LTE. [RAN1].

Note: UE in single Tx switched uplink mode is not expected to be scheduled simultaneous transmission on MCG and SCG


In RAN1 Ad-Hoc meeting 1901, the following agreement was achieved [2].
	Agreements:
· It is concluded that it is beneficial to specify enhancements to single Tx switched uplink solution for EN-DC over the existing single Tx switched uplink solution, e.g. via introducing a new reference HARQ configuration using NR/LTE Rel-15 or LTE eIMTA solution, etc.


In RAN1 meeting#96, the following agreements related to single Tx switched UL in EN-DC with TDD Pcell were made [3]. And there are several remaining issues for further study.
	Agreements:
For single tx switched UL in EN-DC with TDD PCell, the LTE PCell can be configured with DL-reference UL/DL config
· For DL HARQ timing, the DL-reference UL/DL configuration is applied
· Only LTE TDD Pattern 2, 4, 5 can be used as DL-reference
· For UL HARQ timing is the same as without reference configuration for PCell’s UL/DL configuration other than TDD pattern 0/6, 
· FFS: whether/how to support TDD pattern 0/6 for LTE PCell
· UE is not expected to transmit on the MCG and SCG simultaneously
· For type 2 UE (i.e., UE without dynamic power sharing capability):
· UE is allowed to transmit LTE PUSCH only in the UL subframes designated as UL in the DL-reference configuration
· For type 1 UE (i.e., UE with dynamic power sharing capability): 
· The UE should not assume that LTE PUSCH is only scheduled in the UL subframes associated configured by the DL-reference configuration
· The UE should not assume that NR PUSCH is only scheduled in the remaining UL subframes other than those configured by the DL-reference configuration
· If there is a collision, 
· In the UL subframes designated as UL in the DL-reference configuration, UE is expected to drop NR PUSCH
· In other UL subframes, UE behaviour to be expected to specified with details FFS
· E.g., drop LTE PUSCH, drop NR PUSCH, etc.
· FFS for the case of NR SRS & NR PRACH
· Note: the impact of switching time (if non-zero) will be further studied.
· Note: the above does not assume any restriction between gNB and eNB (e.g., tight coordination)
· FFS: whether/how to support HARQ-offset (similar as in SUO case 1 in EN-DC with LTE FDD PCell)


In RAN1#96bis meeting, further agreements on DL HARQ timing and supported PUCCH formats were achieved [4].
	Agreements:
For DL HARQ timing corresponding to the DL-reference UL/DL configuration used in single Tx in EN-DC with TDD Pcell, the following clarifications are agreed:
· For the LTE TDD PCell: use the PDSCH ACK timeline as in the case with the same DL-reference UL/DL configuration (i.e., Table 10.1.3.1-1 in 36.213).
· For LTE DL CA, the SCell uses the same DL-reference UL/DL configuration as the PCell
· For the LTE FDD SCell: use the PDSCH ACK timeline defined for SCell as in case of LTE FDD-TDD CA with LTE TDD PCell (i.e. Table 10.1.3A-1 in 36.213)
· FFS
· For the LTE TDD SCell with different UL/DL configuration (as in SIB1) as the TDD PCell: use the PDSCH ACK timeline for SCell as in case of LTE FDD-TDD CA with LTE TDD PCell (i.e. Table 10.1.3A-1 in 36.213)
· For the LTE TDD SCell with the same UL/DL configuration (as in SIB1) as the TDD PCell: use the same PDSCH ACK timeline as the LTE TDD PCell (i.e. Table 10.1.3.1-1 in 36.213)
Agreements:
For single UL operation in EN-DC with LTE TDD PCell, and UE is configured with DL-reference UL/DL configuration,
· Support PUCCH formats 3/4/5, PUCCH fallback operation based on implicit resource indication is not supported.
· FFS PUCCH format and resource determination when the UE only receives DAI=1
· FFS whether or not there are any additional issues related to SPS


In RAN#84 meeting, the WID was revised where the following object was added for RAN1 [5].
	Enable the Release 15 behaviour of “DL HARQ timing for FDD Scell for LTE TDD-FDD CA with TDD Pcell, applied to FDD Pcell” to apply to dual uplink EN-DC, possibly including any conclusions on the previous objective (6) for LTE FDD Pcells [RAN1].



In RAN1#98 meeting, the following agreements were made [6], and there are several remaining issues for further study.
	Agreements:
· Regarding the FFS part (in change marks) in the agreement from RAN1 #96bis:
For DL HARQ timing corresponding to the DL-reference UL/DL configuration used in single Tx in EN-DC with TDD Pcell, the following is agreed:
· For LTE DL CA, the SCell uses the same DL-reference UL/DL configuration as the PCell (already agreed in RAN1 #96bis)
· For the LTE TDD SCell with different UL/DL configuration (as in SIB1) as the TDD PCell: use the PDSCH ACK timeline for SCell as in case of LTE FDD-TDD CA with LTE TDD PCell (i.e. Table 10.1.3A-1 in 36.213)
· For the LTE TDD SCell with the same UL/DL configuration (as in SIB1) as the TDD PCell: use the same PDSCH ACK timeline as the LTE TDD PCell (i.e. Table 10.1.3.1-1 in 36.213)
· Support HARQ-offset for SUO case1 in EN-DC with LTE TDD PCell 
· Note: from UE perspective, it is expected that HARQ-offset value doesn’t violate the DL/UL configuration (in SIB1).
· For type 1 UE, the feature is optional. FFS for type 2 UE.
· R15 specification on “DL HARQ timing for FDD Scell for LTE TDD-FDD CA with TDD Pcell, applied to FDD Pcell” (i.e., case1 HARQ timing in single UL), is applied to EN-DC UE capable of dual UL Tx in EN-DC with LTE FDD PCell to mitigate DL de-sensing due to Harmonics, at least including:
· UE behavior specified in 36.213 and 36.212
· FFS: all uplink subframes can be scheduled for LTE
· Send LS to RAN2 to notify them the above agreement (Vodafone) R1-1909875, which is approved (by removing cc-ing to RAN) with final LS in R1-1909880
· When UE is configured with DL-reference config on the LTE PCell to support single UL in EN-DC with LTE TDD PCell, regarding the case of LTE PCell’s TDD pattern 0 & 6 (as configured in SIB1) 
· Not supported in R16.



Firstly, this contribution discusses the remaining issues on single UL operation in EN-DC with TDD PCell and provides our views on the FFS bullets. Then, potential enhancements for EN-DC with FDD PCell are discussed. Besides, it is also discussed on enabling the Release 15 behaviour of “DL HARQ timing for FDD Scell for LTE TDD-FDD CA with TDD Pcell, applied to FDD Pcell” to apply to dual uplink EN-DC is also provided.
[bookmark: _Ref129681832]Discussion 
First of all, it should be noticed that the motivation of introducing single UL operation for EN-DC in Rel-15 are in two aspects. One is to improve power utilization efficiency for EN-DC UEs that does not support dynamic power sharing. The other one is to avoid UE receiver sensitivity degradation caused by inter-modulation distortion (IMD) and/or harmonics issues. 
Considering that Rel-15 EN-DC UE multiplexes LTE UL and NR UL in a semi-static manner and TDM pattern-based single UL operation (SUO case 1) is only specified for LTE FDD, the following aspects can be considered for further enhancement in Rel-16.
· Supporting single UL operation for intra-band EN-DC
· Improving spectrum efficiency at NR side for EN-DC with LTE FDD PCell
Single UL operation for intra-band EN-DC with LTE TDD PCell
On SRS transmission
For Rel-15 EN-DC with LTE FDD PCell, UE is only allowed to transmit LTE SRS in subframes designated as UL by DL-reference TDD configuration in single Tx mode. And the subframes designated as special subframes are regarded as non-UL subframes. While for EN-DC with LTE TDD PCell, if the same behavior is applied, the available resource for LTE SRS transmission is rather restricted as shown in Figure 1 as an example where LTE PCell is with cell-specific TDD configuration 2 and configured with DL-reference configuration 5. It can be observed that there are only one subframe that is available for LTE SRS transmission while 3 subframes can be used for NR SRS transmission. Denser SRS can support higher dimension downlink MIMO, otherwise the downlink MIMO performance at LTE side will be significantly degraded as in this case. 
NR PSCell
LTE PCell

Figure 1. Example of single UL operation in EN-DC with TDD PCell if reusing Rel-15 approach.
Considering that LTE is MCG, it is preferable to allocate more resource for LTE SRS transmission, or at least the available resource for SRS transmission should be spread evenly for LTE and NR. For this purpose, the subframes for LTE SRS transmission shall not be restricted within the designated UL subframes by DL-reference TDD configuration. The subframes designated as special subframes can also be allowed for SRS transmission by both type 1 and type 2 UE.
Proposal 1: For single UL operation in EN-DC with TDD PCell and the PCell is configured with DL-reference TDD configuration, UE is allowed to transmit LTE SRS in subframes that designated as UL and special by DL-reference TDD configuration. 
On handling collision between LTE and NR
For type 1 UE, i.e., with dynamic power sharing capability, the following agreements make it possible for UE to transmit NR and LTE PUSCH in all uplink occasions. And the impact of switching time is left for further study.
	Agreements:
· For type 1 UE (i.e., UE with dynamic power sharing capability): 
· The UE should not assume that LTE PUSCH is only scheduled in the UL subframes associated configured by the DL-reference configuration
· The UE should not assume that NR PUSCH is only scheduled in the remaining UL subframes other than those configured by the DL-reference configuration
· If there is a collision, 
· In the UL subframes designated as UL in the DL-reference configuration, UE is expected to drop NR PUSCH
· In other UL subframes, UE behaviour to be expected to specified with details FFS
· E.g., drop LTE PUSCH, drop NR PUSCH, etc.
· FFS for the case of NR SRS & NR PRACH
· Note: the impact of switching time (if non-zero) will be further studied.
· Note: the above does not assume any restriction between gNB and eNB (e.g., tight coordination)


It is important to mention that, non-zero switching time has been specified for a UE incapable of dual PA by RAN4 referred to TS 38.101-3 where the uplink switching time is defined as 120 us. Thus for type 1 UE incapable of dual PA, above agreements will cause negative impact on the PUSCH transmission at both LTE and NR side. An example is given in the following figure where LTE PCell is with cell-specific TDD configuration 1 and configured with DL-reference configuration 4. Consider the situation that UE transmits NR PUSCH in the subframe#2 on the condition that LTE PUSCH is not scheduled in subframe#2. The UE is not able to transmit all the 14 symbols of LTE PUSCH in the successive subframe#3, and the first two symbols of LTE PUSCH shall be dropped for the sake of the 120 us switching time. As a consequence, the LTE PUSCH cannot be successfully decoded by eNB in a high probability. Similar problem will occur for NR PUSCH.      
[image: ]
Figure 2. Example of non-zero switching time between LTE and NR
Therefore, the bullet for type 1 UE in above agreement shall be also restricted to the UE capable of dual PA. While for type 1 UE incapable of dual PA, its behavior shall be the same as that of type 2 UE. 
Proposal 2: For type 1 UE incapable of dual PA, LTE PUSCH can be scheduled only in the UL subframes designated as UL in the DL-reference configuration.
For type 1 UE that is capable of dual PA, the UE behavior for handling collision between LTE PUSCH and NR PUSCH/PUCCH/SRS/PRACH in UL subframes other than the designated UL subframes by DL-reference TDD configuration should be specified since it cannot be assumed that gNB and eNB are tight coordination with each other. In general, PUCCH/PRACH is more important than PUSCH, thus UE is expected to drop LTE PUSCH when there is a collision with NR PUCCH/PRACH. For NR PUSCH, we hold the view that UE is more likely to drop LTE PUSCH when it is collided with NR PUSCH. Otherwise, NR PUSCH will be blocked in a high probability when the UE has a large amount of traffic in LTE UL. Then for NR SRS, because NR SRS transmission is essential for TDD operation to facilitate the DL MIMO transmission with advanced precoding and beamforming, it should be prioritized over LTE PUSCH beyond the subframes that designated as UL by DL-reference TDD configuration. Thus the following proposal is given.
Proposal 3: For EN-DC UE configured with LTE TDD PCell, if there is a collision between LTE PUSCH and NR PUCCH/PRACH/PUSCH/SRS in UL subframes other than the subframes designated as UL by DL-reference TDD configuration, UE drops LTE PUSCH. 
For SRS, type 1 UE that is capable of dual PA can be also allowed to transmit LTE SRS in UL or special subframes in original TDD configuration that designated as DL by DL-reference TDD configuration, and to transmit NR SRS in other UL or special subframes. Allowing type 1 UE to transmit SRS in more subframes can make better use of transmission resource. While the corresponding UE behavior for handling collision should also be specified. For instance, in subframes that designated as UL or special, UE shall drop NR SRS/PRACH when it is collided with LTE PUCCH. When it is collided with LTE PUSCH, UE may drop LTE PUSCH. 
Proposal 4: For EN-DC UE configured with LTE TDD PCell and if the UE is capable of dual PA, LTE SRS and NR SRS transmissions are not restricted by DL-reference TDD configuration, i.e. the UE can transmit LTE SRS in UL or special subframes that designated as DL by DL-reference TDD configuration, and it can transmit NR SRS in subframes that designated as UL or special.
For PRACH, it is preferable to allow both type 1 and type 2 UE to transmit LTE PRACH in all uplink subframes configured by cell-specific TDD configuration. In Rel-15, PRACH is allowed to transmit only within the uplink subframes dedicated by DL-reference TDD configuration. Since RACH resource is configured in a cell-specific manner while DL-reference TDD configuration is UE-specific, this limitation reduces the flexibility for eNB to determine a proper RACH resource configuration to match UEs with different DL-reference TDD configurations in the cell, and more limitations will be introduced if different HARQ-offsets are configured for these UEs for the purpose of uplink traffic spreading. In order to address aforementioned issue, an effective approach is to allow UE to transmit LTE PRACH in all uplink subframes. Similarly, such approach is even beneficial for EN-DC UE configured with FDD PCell and DL-reference TDD configuration. For the UL subframe which is not designated as UL by the DL-reference configuration  and transmitted with LTE PRACH, there may be simultaneous NR transmission. For type 1 UE which is capable of dynamic power sharing, all the LTE PRACH transmission occasions can be timely acknowledged by the NR modem and the transmission power of NR transmission can be scaled down accordingly. But for type 2 UE, NR modem may not be aware of the LTE PRACH transmission immediately. There is no risk for the UE to violate the SAR regulation, because SAR regulation requires a long averaging time at least 6 minutes [7] which provides sufficient reaction duration for the UE to scale down NR power. PRACH transmission occasions are much sparser than other UL traffic PUSCH/PUCCH/SRS and its burden on SAR control is negligible. Hence, both types of UE can arrange the proper transmission power without violating the SAR regulation.
Proposal 5: For UE configured with EN-DC and the LTE PCell is configured with DL-reference TDD configuration, the UE is allowed to transmit LTE PRACH in all uplink subframes regardless the configured DL-reference TDD configuration.
On HARQ-offset values
The following agreements were made regarding the HARQ-offset in the last RAN1 meeting.
	Agreements:
· Support HARQ-offset for SUO case1 in EN-DC with LTE TDD PCell 
· Note: from UE perspective, it is expected that HARQ-offset value doesn’t violate the DL/UL configuration (in SIB1).
· For type 1 UE, the feature is optional. FFS for type 2 UE.


In Rel-15, the candidate value of HARQ-offset that can be signaled from higher layer is from 0 to 9. While in the case with LTE TDD PCell, the candidate value shall be reduced by removing the invalid ones. An example is illustrated in the following figure where LTE PCell is with cell-specific TDD configuration 1 and configured with DL-reference configuration 2. The valid HARQ-offset value can be one of {0, 1, 5, 6}.
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Figure 3. Illustration of HARQ-offset for EN-DC with TDD PCell
The valid values of HARQ-offset for each combination between cell-specific TDD configuration and DL-reference configuration are listed in the following table. Note that, the case of LTE PCell’s TDD pattern 0 & 6 as configured in SIB1 is not supported in Rel-16. By combining the valid values for all the combinations together, it can be summarized that the valid value of HARQ-offset can only be one of {0, 1, 2, 5, 6}. 
Table 1. Valid HARQ-offset values
	Pcell Cell-specific TDD config
	DL-Reference TDD config
	Valid HARQ-offset value

	1
	2
	(0,1) or (0,1,5,6)

	
	4
	(0,5)

	
	5
	(0,1,5,6)

	2
	5
	(0,5)

	3
	4
	(0,1)

	
	5
	(0,1,2)

	4
	5
	(0,1)


Proposal 6: The valid value of HARQ-offset can only be one of {0, 1, 2, 5, 6} for single UL operation in EN-DC with TDD PCell and the PCell is configured with DL-reference TDD configuration.
On PUCCH formats
For TDD LTE, when a UE receives DCI messages with DAI>1, the PUCCH resource from one of the configured PUCCH format 3/4/5 resources will be explicitly determined by the two bits of TPC field in the related DCI. When UE is informed with DAI=1, the TPC field will be used for power control and the PUCCH format 1a/1b resource implicitly indicated by CCE index will be the fallback resource. To avoid the potential resource collision between legacy UE and EN-DC UE, it was agreed that EN-DC UE should not follow the aforementioned legacy way for DAI=1. Through the email discussion thread, many views and analysis on how to determine the PUCCH format & resource have been provided towards below proposal:
	For single UL operation in EN-DC with LTE TDD PCell, and UE is configured with DL-reference UL/DL configuration, if an explicit PUCCH format 1a/1b resource is configured, option 2; otherwise, option 1:
· Option 1: Using only PUCCH format 3/4/5.
· The PUCCH format 3 resource corresponding ARI=00 is used when the UE only receives PDCCH with DAI=1 and/or SPS PDSCH.
· No PUCCH resources are reserved for SPS PDSCH for the UE.
· Option 2: Using an explicit PUCCH format 1a/1b resource for the HARQ-ACK transmission when the UE only receives PDSCH with DAI = 1.
· PUCCH resources are reserved for SPS PDSCH for the UE as legacy release.
· PUCCH format 1b with channel selection is used when the UE only receives PDCCH with DAI=1 and SPS PDSCH as legacy release.


In order to minimize the overhead for supporting this corner case, we think Option 1 is more preferable. As in TS 36.331, all the candidate PUCCH format 3 resources are provided by n3PUCCH-AN-List-r13. Once this RRC parameter is configured, these resources are shared between all UEs configured with PUCCH format 3, and the base station can minimize the collision probability based on the implemented algorithm. For the purpose of minimizing the implementation changes, EN-DC UE with SUO can use one of the resources in this list as the default resource for DAI=1, and this resource should be configurable, e.g. n3PUCCH-AN-tdm, to bring more flexibility into the base station’s scheduling. When n3PUCCH-AN-tdm is absence, UE can use the PUCCH format 3 resource corresponding ARI=00, e.g. n3PUCCH-AN-List-r13[00], as the default resource. Although the agreement above only mentions about PUCCH format 3 resource for DAI=1, we think the analysis and scheme that we provided can be extended to PUCCH format 4 and 5 if UE is only configured with PUCCH format 4 or 5 resources.
As for the SPS transmission, UE can follow the same procedure that how PUCCH resources are determined in DAI=1 case.
Proposal 7: For single UL operation in EN-DC with LTE TDD PCell and UE is configured with DL-reference UL/DL configuration, only PUCCH format 3/4/5 are supported. 
· When the UE only receives PDCCH with DAI=1 and/or SPS PDSCH, a dedicated PUCCH format 3/4/5 resource configured by higher layer is used. If such resource is not configured, the PUCCH format 3/4/5 resource corresponding ARI=00 is used.
On improvement of spectrum efficiency for EN-DC with LTE FDD PCell
In single UL operation of Rel-15 EN-DC, UE will determine valid LTE UL subframes within a frame according to the higher layer signaling tdm-PatternConfig-r15. The type 2 UE is restricted to transmit LTE UL signals only in these valid UL subframes, and it is not allowed to transmit NR UL signals in any NR slot that is overlapped in time with valid LTE UL subframes. As shown in the following figure, for a NR special slot of which the first portion is DL and the latter portion is UL, if it is overlapped in time with a valid LTE UL subframe, the UL portion of the special slot cannot be used for NR UL transmission. 
[bookmark: _GoBack][image: ]
Figure 4. Illustration of legacy single UL operation
Note that, the UL portion in special slot can be used for SRS transmission which is beneficial for improving DL MIMO performance by the UL/DL channel reciprocity in TDD band. But with the current mechanism in single UL operation, the available UL resource for NR SRS transmission is significantly reduced, which will cause negative impact on the performance of DL MIMO. The UL resource of a NR TDD carrier is usually much less than DL resource, since most of the time duration will be configured to be DL in order to satisfy the DL dominant traffic. Therein, UL resource for NR SRS transmission may be insufficient in single UL operation, especially for UE of high mobility. Owing to this reason, it is preferred to allow more UL resource at NR side at least for SRS transmission for EN-DC UE in single UL operation. For instance, the NR symbols that overlap in time with the last symbol of LTE uplink subframe can be maintained for NR SRS transmission. In this case, UE can transmit LTE PUSCH/PUCCH only in the first 13 symbols of the subframe, and such short format PUSCH/PUCCH is already supported in LTE when cell-specific SRS is configured in the subframe. There is less impact on the LTE specification. 
Proposal 8: Allow EN-DC type 2 UE which is incapable of dynamic power sharing to transmit NR SRS overlapping in time with the last symbol of a LTE uplink subframe designated by subframeAssignment-r15
- The last LTE symbol thereof is reserved and not transmitted.
Conclusions
In this contribution, potential enhancements for single UL operation EN-DC were discussed. The following proposals are given:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 1: For single UL operation in EN-DC with TDD PCell and the PCell is configured with DL-reference TDD configuration, UE is allowed to transmit LTE SRS in subframes that designated as UL and special by DL-reference TDD configuration. 
Proposal 2: For type 1 UE incapable of dual PA, LTE PUSCH can be scheduled only in the UL subframes designated as UL in the DL-reference configuration.
Proposal 3: For EN-DC UE configured with LTE TDD PCell, if there is a collision between LTE PUSCH and NR PUCCH/PRACH/PUSCH/SRS in UL subframes other than the subframes designated as UL by DL-reference TDD configuration, UE drops LTE PUSCH. 
Proposal 4: For EN-DC UE configured with LTE TDD PCell and if the UE is capable of dual PA, LTE SRS and NR SRS transmissions are not restricted by DL-reference TDD configuration, i.e. the UE can transmit LTE SRS in UL or special subframes that designated as DL by DL-reference TDD configuration, and it can transmit NR SRS in subframes that designated as UL or special.
Proposal 5: For UE configured with EN-DC and the LTE PCell is configured with DL-reference TDD configuration, the UE is allowed to transmit LTE PRACH in all uplink subframes regardless the configured DL-reference TDD configuration.
Proposal 6: The valid value of HARQ-offset can only be one of {0, 1, 2, 5, 6} for single UL operation in EN-DC with TDD PCell and the PCell is configured with DL-reference TDD configuration.
Proposal 7: For single UL operation in EN-DC with LTE TDD PCell and UE is configured with DL-reference UL/DL configuration, only PUCCH format 3/4/5 are supported. 
· When the UE only receives PDCCH with DAI=1 and/or SPS PDSCH, a dedicated PUCCH format 3/4/5 resource configured by higher layer is used. If such resource is not configured, the PUCCH format 3/4/5 resource corresponding ARI=00 is used.
Proposal 8: Allow EN-DC type 2 UE which is incapable of dynamic power sharing to transmit NR SRS overlapping in time with the last symbol of a LTE uplink subframe designated by subframeAssignment-r15
- The last LTE symbol thereof is reserved and not transmitted.
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