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Introduction
A key enabler for early commercialization of 5G NR is the non-stand-alone (NSA) operation, which is expected to be adopted in many of the initial deployment world-wide. The NSA mode, which is based on LTE-NR dual connectivity (EN-DC), requires UEs to support both LTE and NR uplink transmissions. 

In EN-DC, based on whether UE is capable to transmit LTE UL and NR UL simultaneously, UE is allowed to signal one of two different UL operation modes, per agreement from RAN #77[1]:

1. Dual UL transmission: in this mode, UE is required to transmit LTE UL and NR UL simultaneously 
2. Single UL transmission: in this mode, at any given time, UE is only required to transmit uplink in at most one RAT, i.e. either LTE or NR. We also refer to it as Single Tx Switched UL.

Specifically, which band combinations are allowed for single Tx switched UL is decided by RAN4 [1]. Compared to dual UL transmission, Single Tx Switched UL has several performance benefits especially for the UE in power limited scenario (i.e. cell edge) as well as implementation advantages. 

1. Single Tx Switched UL solves the DL desense problem: as explained in [2][3][4], depending on the band combinations and resource allocation, sending two concurrent uplinks can produce undesirable intermodulation products that could fall right into the NR or LTE receiving bands, causing degradation of UE’s receiver sensitivity. This is especially problematic for band combinations for both LTE and NR bands below 6 GHz, the impacted receiver bands due to MSD can be virtually not usable in practice, and it creates extreme challenges in RF implementations. 
2. Single Tx Switched UL removes the UE additional maximum transmit power backoff requirement i.e. A-MPR: As discussed in [5], simultaneous LTE and NR UL transmission can cause intermodulation products outside the desired transmission bandwidth, which can violate the regulatory emission requirement. To meet the regulatory emission requirement, UE is required to apply additional maximum transmit power backoff, i.e. A-MPR. 
3. Single Tx Switched UL ensures coverage for UE not capable of dynamic power sharing: For EN-DC, total maximum transmit power budget has to be shared between LTE and NR in case of dual UL transmission. However, the initial NR UE may not support dynamic power sharing between LTE and NR. As results, maximum transmission power budget has to be split semi-statically between LTE and NR. For example, a 23dBm total maximum transmit power limit can be split equally such that both LTE and NR have 20dB maximum transmit power per RAT. Compared to single UL transmission where each RAT can transmit up to 23dBm, this reduces the coverage by 3dB. 
4. Single Tx Switched UL reduces the impact on the RF frontend architecture: Compared to single UL transmission, supporting of dual UL transmission requires the device to completely change its RF frontend architecture while adds significantly more complexity. As results, mandating dual UL transmission will cause the UE to support much less number of band combinations. The detailed explanation can be found in [6][7].

The Single Tx Switched UL design should cover both the case of LTE TDD PCell (e.g. DC_41_n41) and LTE FDD PCell (e.g. DC_3_n77). So far, R15 specification has been completed for the LTE FDD PCell scenario. Specifically, in 3GPP RAN1#90 [8], specific TDM patterns were agreed to enable the single Tx operation for LTE FDD PCell:

	Agreements:
· When the UE is configured with multiple UL carriers on different frequencies (where there is at least one LTE carrier and at least one NR carrier of a different carrier frequency), but the UE operates on only one of the carriers at a given time among a pair of LTE and NR carriers
· For LTE carrier, UE can be configured with 
· Case 1: DL-reference UL/DL configuration defined for LTE-FDD-SCell in LTE-TDD-FDD CA with LTE-TDD-PCell 
· For scheduling/HARQ timing of LTE FDD carrier, DL-reference UL/DL configuration defined for LTE-FDD-SCell in LTE-TDD-FDD CA with LTE-TDD-PCell is applied
· UE is allowed to transmit NR UL signals at least in the subframe(s) where LTE UL transmission is not allowed according to the DL-reference UL/DL configuration
· FFS whether or not a UE-specific subframe offset for the DL-reference UL/DL configuration can be configured considering system resource utilization and potential spec impact
· Case 2: Release 15 LTE-FDD HARQ timing
· No impact on LTE RAN1 specifications
· Note: it doesn’t necessarily imply that UE has to support both cases




The pros and cons of the above two cases have been extensively discussed in the past meetings, in the context of EN-DC with LTE FDD PCell:
· Case 1: optimize for LTE downlink throughput by aggregating ACK bits of all DL subframes into a subset of UL subframes configured by RRC signaling “tdm-PatternConfig-r15”.
· Case 2: transparent to the UE (i.e. no reconfiguration of HARQ timing on LTE), but with additional LTE downlink throughput loss proportional to loss in UL subframes.

In RAN4 #86bis meeting [8], it was agreed to allow Single Tx Switched UL operation for intra-band EN-DC in band 41. 
	· Single Switched UL is allowed
· Multiple Options for TDM – RAN4 may have specific requirements for these options. 
· Option 1: UL TDM pattern as per R4-1805323
· Option 2: UL TDM based on LTE eIMTA framework, to reserve subset of the available UL subframes for LTE.
· Option 3: Dynamic UL TDM
· Other options are not precluded.
· As a per-BC UE capability, UE may signal support for SUO for a given EN-DC band combination. If dual transmission is scheduled instead of single switched uplink, UE behavior is unspecified.
· No additional signaling required



By then, the single Tx switched UL solution for the case of LTE TDD PCell was never discussed in RAN1. Therefore, in the subsequent RAN1 #93 and RAN #80, several contributions [10][11][13] were submitted on potential single Tx solutions for the LTE TDD PCell case, including both case 1 and case 2, similar as the LTE FDD PCell counter parts.

However, only the “UE-transparent” scheme (i.e., case 2) was agreed in RAN1 #93. In this contribution, we further explain the alternative “case 1” scheme, as well as its benefits and potential specification impacts.
Alternative “Case 1” Solution for EN-DC with LTE TDD PCell
To briefly illustrate the benefits of “case 1” vs the already adopted “case 2”, we use the example of LTE TDD config 2 in Figure 2‑1, which has been the most typical deployment in existing LTE TDD networks. Specifically, 2 out 10 subframes are designated as “UL”, and the ACK bits for PDSCH sent in the remaining 8 DL/special subframes are equally allocated to 2 UL subframes, as shown in Figure 2‑1 (a). 
· Case 2: PDSCH ACK timing is still the same as TDD config 2. When 1 UL allocated to NR, the corresponding LTE DL subframes, e.g. subframe 9, 0, 1, 3 in Figure 2‑1 (b), are not usable. This leads to half DL throughput loss in LTE.
· Case 1: PDSCH ACK timing reuse that of TDD config 5, where ACK bits for PDSCH sent in all the DL/subframes are carried in one UL subframe, e.g. subframe 2 in Figure 2‑1 (c). There is no LTE DL throughput loss.   
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[bookmark: _Ref523677264]Figure 2‑1 Comparison of case 1 vs case 2 single Tx switched UL for LTE TDD PCell with TDD Config 2

Therefore, an alternative “case 1” solution, similar as what have already been agreed and specified for the EN-DC with LTE FDD PCell, will be a useful option complementary to the “case 2” solution for LTE TDD PCell deployment in EN-DC. 

This has been one of the main motivations for “case 1” solution in several recent contributions [10][11][12][13].  In principle, all the proposed “case 1” solutions in these contributions are somewhat similar to the existing eIMTA mechanism already standardized for LTE TDD deployment from Release 12.

Similar as the existing eIMTA mechanism, the single Tx “case 1” solution will configure the EN-DC UE with 2 different (reference) HARQ timing configurations:
1) SIB1 configuration: “subframeAssignment”: 
This configuration provides the TDD configuration for the minimum set of DL subframes, and is used for the purpose of (1) define the UL HARQ timing including the PUSCH (re)-transmission scheduling as well as ACK/NACK (PHICH) feedback (2) provide the fixed DL resources for RRM/RLM measurement, etc.
2) RRC dedicated signaling: “tdm-PatternConfig-r15”:
This configuration provides the TDD configuration for the minimum set of UL subframes, and is used to define the LTE DL HARQ timing on when to feedback ACK/NACK bits.

The SIB1 signaling and RRC configuration can be used together to partition LTE TDD UL resources in a TDM way. For an intra-band EN-DC deployment in TDD spectrum, the basic LTE TDD configuration is signaled in SIB1 for all the UEs. Meanwhile, another TDD configuration with fewer number of UL subframes can be configured via RRC to those EN-DC UEs requesting for single UL operation. The latter specify a subset of UL subframes to carry ACK bits for LTE PDSCH if needed. The unused UL subframes per radio frame can be used by NR for Single Tx Switched UL operation.

In Figure 2‑2, we use LTE TDD config 2 as an example to illustrate this procedure. It shows the configurations at both LTE and NR side as well as how NW operates. From LTE side, TDD config 2 can be signaled in SIB1, while TDD config 5 (1 UL, 8 DL, 1 special subframe) can be signaled via RRC. Whenever there is DL PDSCH on LTE, the corresponding ACK bits are sent based on configuration signaled by “tdm-PatternConfig-r15” in RRC (i.e., TDD config 5). When both LTE and NR need to be used, there will be a semi-static TDM partition of the two UL subframes as shown in Figure 2‑2.
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[bookmark: _Ref523684193]Figure 2‑2 Example single UL case 1 for intra-band EN-DC with LTE TDD PCell with TDD config 2

Notice that there is no impact to the LTE PUSCH HARQ timing with the configuration of RRC signaling “tdm-PatternConfig-r15”, as there is no change to the available LTE DL subframes and PUSCH retransmission is always 10 subframes later in the legacy LTE TDD with TDD config 2.

It is important to note that the UL subframes indicated by RRC signaling “tdm-PatternConfig-r15” only specify the subset of UL subframes for HARQ feedback purpose, and it does NOT necessarily limit LTE UL transmissions to those subframes only. For example, when network only needs to use LTE UL without any NR data for certain period or when network only want to maintain LTE RAT at cell edge. In this case, it might be desirable that LTE can still be sent opportunistically on both the UL subframes (i.e., SF 2 and 7) and it is up to the network scheduling decision. This way, there is no negative impact to existing LTE UL link budget either.

Based on the above discussion and analysis, we have the following proposal:

Proposal 1: For single UL operation in EN-DC with LTE TDD PCell, where UE operates on only one carrier at a time
· for LTE carrier, UE can be configured with 
· Case 1: DL-reference UL/DL configuration indicated by RRC signaling “tdm-PatternConfig-r15” 
· For DL HARQ timing, the DL-reference UL/DL configuration, i.e. associated with “tdm-PatternConfig-r15”, is applied
· For UL HARQ timing, the PCell’s UL/DL configuration, i.e. associated “subframeAssignment”, is applied
· For UE capable of dynamic power sharing, LTE UL transmission can be scheduled in all UL subframes and UpPTS configured by “subframeAssignment”
· UE is not expected to transmit on the MCG and SCG simultaneously


Potential specification impact
In this section, we briefly discuss the potential impact to other WGs in order to support Single Tx Switched UL for EN-DC in LTE TDD band

RAN1: Some further discussions expected in order to reach consensus on detailed UE behavior and resource allocation. 
· However, considering similar work has already been extensively studied/discussed for the LTE FDD PCell case, this effort should hopefully be incremental and converge fast.
RAN2: No Impact 
· UE capability signaling of single UL operation is already defined for band combinations that allow Single Tx Switched UL operation.
· RRC signaling for reference UL/DL configuration is already specified for single transmission switched UL operation with FDD LTE PCell, i.e., “tdm-PatternConfig-r15”.
RAN3: No Impact
· X2/Xn signaling, i.e. “UL Coordination Information”, has been introduced to coordinate between LTE eNB and NR gNB about the UL resource partition between LTE and NR. (TS36.423/TS38.423)
RAN4: No Impact except the potential expansion of difficult band combinations that allows single Tx operation.
· Intra-band EN-DC in Band 41 is already agreed in RAN4 to allow UE to operate in Single Tx Switched UL mode.

Summary
In RAN4 #86bis meeting [9], it was agreed to allow Single Tx switched UL operation for EN-DC in band 41. In this contribution, we briefly summarize the current R15 specification status for single Tx switched UL for LTE TDD PCell. We also analyze the network configuration procedure,  benefits, as well as potential specification impact of the “case 1” solution. Particularly, the proposed “case 1 solution” for EN-DC with LTE TDD PCell has the following characteristics, as also stated in [13]: 
· LTE DL HARQ timing follows the reference DL/UL timing for FDD-TDD CA with TDD PCell case for FDD
· LTE UL control is restricted to a subframe subset
· LTE UL HARQ is same as without EN-DC
· All UL subframe can be used for data 
· [bookmark: _GoBack]NR DL HARQ is same as without EN-DC
· NR UL HARQ is same as without EN-DC

Therefore, we propose the following:
Proposal 1: For single UL operation in EN-DC with LTE TDD PCell, where UE operates on only one carrier at a time
· for LTE carrier, UE can be configured with 
· Case 1: DL-reference UL/DL configuration indicated by RRC signaling “tdm-PatternConfig-r15” 
· For DL HARQ timing, the DL-reference UL/DL configuration, i.e. associated with “tdm-PatternConfig-r15”, is applied
· For UL HARQ timing, the PCell’s UL/DL configuration, i.e. associated “subframeAssignment”, is applied
· For UE capable of dynamic power sharing, LTE UL transmission can be scheduled in all UL subframes and UpPTS configured by “subframeAssignment”
UE is not expected to transmit on the MCG and SCG simultaneously
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(c) LTE PDSCH ACK timing: Single UL case 1
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LTE SIB1 using “subframeAssignment”:
TDD Config 2

LTE RRC using “tdm-PatternConfig-r15”:
TDD Config 5

TDM with both active LTE and NR UL





