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Introduction
It was endorsed in RP #75 ([1][2]) that NR Rel.15 will prioritize the option 3 non-standalone (NSA) mode as the first phase of NR specification, in order to expedite the initial NR deployment. The option 3 NSA mode, as shown in Figure 1, operates in inter-RAT dual connectivity, where the control plane signaling goes through LTE eNB and user plane payload can be sent through NR gNB [3].
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[bookmark: _Ref485405908]Figure 1  5G NSA RAN architecture 3 and 3A
As explained in [4][5][6], depending on the band combinations, sending two concurrent uplinks in two different bands can produce undesirable inter-modulations that degrades UE’s RX sensitivity. This creates challenges in UE RF implementations. 

The issue has been discussed in RAN plenary #77 ([7][8][9]), and it was concluded that:
· Simultaneous 2Tx is optional for some “difficult” band/channel combinations, while mandatory for other “easy” ban/channel combinations
· The categorization of “easy” and “difficult” band/channel combinations is up to RAN4
· RAN2 to define UE capability signaling to indicate that the UE does not allow 2 simultaneous UL transmission for the RAN4 specified channel allocations in a given band combination.
· If the network chooses to operate the UE in a way that is not consistent with this capability indication then the UE behavior is not specified and the UE might not meet the performance criteria.
· All the RAN WGs should complete their tasks by December 2017 to allow the feature to be introduced to the specifications.

In this contribution, we briefly summarize the current status on the design of single Tx switched UL in RAN1, and further clarify the implication of current RAN1 agreements on LTE UL carrier HARQ timing (note that the implication on LTE DL carrier HARQ timing has already been explained in [10]). In addition, since there were some concerns on the UL throughput degradation by using single Tx switched UL, we also briefly compare the UL throughput of single Tx switched UL vs DL in typical NSA deployment scenarios.
LTE UL HARQ Timing for Single Tx Switched UL
Specifically, an agreement was made in RAN1 #89 [7] to support an optional mode so that network can configure the NSA mode UE to avoid simultaneously transmitting on two carriers when such self-interference exists:

Agreements:
· For NR NSA for a UE, NR supports the case that 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), the UE operates on only one of the carriers at a given time among a pair of LTE and NR carriers
· FFS whether or not there is specification impact
· If there is RAN1 specification impact, aim to minimize the specification impact for NR
· Note: this feature by itself is not intended to have any LTE RAN1 specification impact 
· Note: the other case of allowing simultaneous operation on two or more UL carriers is already agreed to be supported

To provide specific mechanism/solution to avoid UE simultaneous uplink transmission, in RAN1 NR#2 in June, following agreement [8] was made to provide two mechanisms for single UL transmission:  

Agreements:
· Support the following solution to single UL transmission where NW synchronization between eNodeB and gNodeB is assumed (where there is at least one LTE carrier and at least one NR carrier of a different carrier frequency)
· When UE is activated with multiple UL carriers on different frequencies, time-switching of LTE UL carrier and NR UL carrier is used
· UL transmission timing pattern of LTE carrier and NR carrier is semi-statically shared between eNodeB and gNodeB 
· FFS: Signaling to UE of UL transmission timing pattern
· UE simultaneously receives signals/channels from both NR DL carrier and LTE DL carrier
· For scheduling/HARQ timing of LTE FDD carrier, the following timing can be considered, e.g., for LTE:
· DL-reference UL/DL configuration for TDD
· DL-reference UL/DL configuration defined for FDD-SCell in TDD-FDD CA with TDD-PCell
· Up to NW implementation (i.e., no RAN1 spec. impact)
· For scheduling/HARQ timing of NR carrier, no special handling would be necessary 
· Other solutions are not precluded
In RAN1#90 in August [9], specific TDM patterns were selected and further agreed:

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 impact from the above two agreed cases to the downlink HARQ timing on the FDD LTE carrier is explained in details in [10]. To summarize:
· Case 1 allows the UE to still fully use all the sub-frames on the FDD LTE downlink carrier, even the number of available uplink sub-frames are limited due to the semi-static TDM pattern. 
· No impact to the LTE DL throughput of the specific DC UE
· The associated DL HARQ timing (PDSCH to ACK) is already defined in existing 36.213.
· Spec change is needed so that network can configure the NSA DC UE to operate with the TDD-FDD CA HARQ timing on the LTE carrier.
· Case 2 follows same DL HARQ timing as that of FDD LTE, and UE can only use a subset of sub-frames on the FDD LTE downlink carrier due to the loss of some uplink sub-frames. 
· LTE DL throughput is reduced for the specific DC UE

However, the exact implication to UL PUSCH on the FDD LTE uplink carrier is not fully clear, at least for case 2. Notice that the intention of case 2 is to follow exactly the FDD LTE operation without any impact on the LTE RAN1 specifications. Therefore, the absence of UL sub-frames is expected to be handled through network scheduling and transparent to the UE. 

However, the legacy FDD LTE UL uses synchronous HARQ, as shown in Figure 2. For a PUSCH sent on sub-frame n, the corresponding ACK on PHICH is expected at sub-frame n+4, and a retransmission (if any) will be sent on sub-frame n+8 with the same HARQ ID, and a HARQ ID is not explicitly needed.
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[bookmark: _Ref494657671]Figure 2 FDD LTE UL HARQ timing
If case 2 from the above RAN1 agreement is adopted by the network, the synchronous FDD LTE UL HARQ timing may not be supportable, depending on the TDM pattern of the uplink sub-frames. For example, 
· if an LTE PUSCH is sent on sub-frame 0, this will require sub-frame 8, 6, 4, 2 are also allocated as LTE UL sub-frames in the TDM pattern
· If an LTE PUSCH is sent on sub-frame 1, this will require sub-frame 9, 7, 5, 3 are also allocated as LTE UL sub-frames in the TDM pattern
This indicates that, using case 2 with legacy FDD HARQ timing, the semi-static TDD UL pattern should assign either all even UL sub-frames or all odd UL sub-frames to the LTE carrier.

Observation 1: for single Tx switched UL, if LTE carrier HARQ timing is configured based on case 2 of the RAN1 agreement, the semi-static TDD UL pattern should assign either all even UL sub-frames or all odd UL sub-frames to the LTE carrier.

Case 1 obviously could give more flexible selection of TDM UL patterns with various number of UL sub-frames per radio frame. In addition, case 1 also allows the DC UE to still achieve 100% utilization of all the downlink sub-frames in the LTE carrier. 

Observation 2: for single Tx switched UL, case 1 from the previously agreed HARQ timing configuration is more efficient than case 2 in terms of LTE downlink resource utilization and TDM UL pattern flexibility.
UL Performance Comparison between Dual and Single UL
In this session, we provide the numerical results to compare the UL performance between dual LTE/NR UL and single UL in NSA DC mode.

We summarize the simulation settings in the following Table

Table 1 Evaluation Settings for Dual and Single UL performance evaluation
	 
	LTE
	NR

	Carrier Frequency
	1.8GHz
	above 3GHz

	Aggregate System Bandwidth
	10MHz
	80MHz

	Thermal Noise Level
	-174dBm/Hz

	LTE Path Loss (d in meter)
	36.873, Assume bore side direction
PL = 22.0log10(d) + 28.0 + 20log10(fc);  10m<d<288m
PL = 40log10(d)+28.0+20log10(fc) -44.3;     d>288m

	LTE Penetration Loss
	20dB

	NR Path Loss
	10dB  worse than LTE

	UL Power Control 
	Target = 25dB over Thermal, Alpha = 0.9

	UE Tx Power
	23dBm

	UE Tx Power Split in DC
	20dBm
	20dBm

	UE Receiver Noise figure 
	9dB

	UE Antenna Config.
	1Tx/2Rx
	2Tx/4Rx

	UE Antenna Gain
	0dBi

	BS Tx Power 
	49dBm

	BS Receiver Noise Figure 
	5dB

	BS Antenna Elements Gain
	8dBi

	#BS Antenna Elements
	64
	256

	BS Antenna Configuration
	2Tx/2Rx
	32Tx/32Rx



Next, we discuss the assumption on the DL and UL transmission configuration for LTE and NR, we assume

1. LTE is FDD deployment with dedicated UL and DL carrier
2. NR is TDD deployment, with DL and UL slot ratio of 6:4, i.e. 60% slots for DL transmission and 40% slots for UL transmission

Given this assumption, we have the following settings for dual UL transmission and single UL transmission as illustrated in Figure 2

1. Dual Uplink: For 40% of slots, it is simultaneous LTE and NR uplink transmission. For the rest 60% slots, it is LTE only uplink transmission as NR is in TDD DL operation
2. Single Uplink: For 40% of slots, it is NR uplink transmission. For the rest 60% slots, it is LTE uplink transmission.
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Figure 3 LTE and NR UL Transmission Configuration for Dual and Single UL
Before going into the detailed simulation results, there are a few highlight we would like to point out regarding the LTE and NR deployment difference

1. NR carrier experiences higher path loss compared to LTE carrier due to the fact that it is at higher frequency band. 
2. NR deployment can have wider bandwidth compared to LTE deployment
3. NR deployment can also support larger number of antenna elements, higher order spatial multiplexing (MIMO), etc. compared to LTE deployment

At high level, the performance different between dual UL and single UL depends on the UE operation region (or the location of the UE).

1. When UE is severely power limited (UE is at the cell edge), the additional bandwidth would not improve the UL performance. The best strategy to improve the coverage is for UE to transmit all its power on the carrier that has the smallest path loss, i.e. LTE carrier.
2. When UE moves closer to the cell center, UE UL performance starts to become dimension limited, such that wider bandwidth starts to improve the UL performance.
3. When UE becomes fully dimension limited, i.e. UE transmit at below maximum power limitation due to the power control constraint, NR carrier could provide majority of the UL throughput due to the fact that NR carrier typically has wider bandwidth, and support higher order spatial multiplexing.

Figure 3 shows the UL transmit power on LTE and NR carrier as well as achievable UL geometry on each carrier as a function of path loss for dual UL transmission assuming fixed power split of 20dBm + 20dBm between LTE and NR. It is notable that LTE carrier requires much less transmit power compared to NR mainly due to two reasons (1) LTE carrier has smaller path loss compared to NR carrier (2) LTE carrier has narrower bandwidth compared to NR carrier  
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[bookmark: _Ref494206799]Figure 4 UE Tx power and UL geometry for dual UL transmission
Figure 4 provides UL throughput comparison between dual uplink and single uplink transmission. It is interesting to note that

1. At high path loss (cell edge), single UL performs the best as expected, due to the fact that LTE carrier has smaller path loss at lower frequency band
2. At low path loss (cell center), dual UL performs the best as system becomes dimension limited.

We also try to intuitively explain why at cell edge, when UE is power limited, the best strategy is to transmit all the power on the carrier with the smallest path loss. According to Shannon capacity, the achievable data rate is  where  is the bandwidth,  is the total received power and  is noise spectral density. At the cell edge when UE is power limited, the SNR on UL is very low, log operation can be approximated by the linear operation, which suggests that capacity grows linearly as the SNR grows, i.e. . This shows that when UE is power limited, increasing bandwidth will not increase the throughput, instead, it is more important to increase the received power. To increase the receive power, UE should transmit on the carrier with the smallest path loss.
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[bookmark: _Ref494207233]Figure 5 UL throughput comparison between dual UL and single UL
Figure 5 provides the gain of dual UL with respect to single UL. 

1. At very cell edge, e.g. path loss of 140dB, dual UL performs worse than single LTE UL by around 20%
2. As the path loss reduces, dual UL starts to perform better than single UL for up to 4-5%
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[bookmark: _Ref494207688]Figure 6 UL throughput comparison dual UL gain over single UL: Path Loss
From the performance comparison, we can make the following observations

Observation 3: for LTE-NR DC UE’s that are power limited in the uplink, there is negligible impact, or even performance gain, on uplink throughput using non-simultaneous UL compared to simultaneous UL.

Observation 4: for LTE-NR DC UE’s that are not power limited in the uplink, there is limited performance gain on uplink throughput using simultaneous UL compared to non-simultaneous UL.

Figure 5 shows the UL throughput gain of dual UL as a function of path loss on LTE carrier. To be more representative, it is useful to show the gain as a function of the coverage as well. To show the coverage, each path loss point is converted to the distance, i.e. . Assuming a cell has the coverage of 140dB, then for each path loss, the normalized coverage is computed as . Figure 6 shows the gain of dual UL as a function of the coverage. As shown in the figure, UEs in only a small percentage of the cells benefit from dual UL with limited gain.
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[bookmark: _Ref494352517]Figure 7 UL throughput comparison dual UL gain over single UL: Coverage
Based on the above observations, we propose the following:
Proposal 1: For the difficult band combinations defined by RAN4, network should simply configure the UE to operate in single Tx switched UL mode, and preferably with case 1 HARQ timing.

Conclusions
In this contribution, we provide the numerical results comparing the performance of dual UL and single UL performance from both the UL and DL perspective. Based on the evaluation results, we can make the following observations

Observation 1: for single Tx switched UL, if LTE carrier HARQ timing is configured based on case 2 of the RAN1 agreement, the semi-static TDD UL pattern should assign either all even UL sub-frames or all odd UL sub-frames to the LTE carrier.

Observation 2: for single Tx switched UL, case 1 from the previously agreed HARQ timing configuration is more efficient than case 2 in terms of LTE downlink resource utilization and TDM UL pattern flexibility.

Observation 3: for LTE-NR DC UE’s that are power limited in the uplink, there is negligible impact, or even performance gain, on uplink throughput using non-simultaneous UL compared to simultaneous UL.

Observation 4: for LTE-NR DC UE’s that are not power limited in the uplink, there is limited performance gain on uplink throughput using simultaneous UL compared to non-simultaneous UL.


We also propose the following

Proposal 1: For the difficult band combinations defined by RAN4, network should simply configure the UE to operate in single Tx switched UL mode, and preferably with case 1 HARQ timing.
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Appendix: DL IMD issue with Dual UL
As explained in [4][5][6], depending on the band combinations, sending two concurrent uplinks in two different bands can produce undesirable inter-modulations that degrades UE’s RX sensitivity. This creates challenges in UE RF implementations. To quantitatively understand the severity of the impact on UE Rx sensitivity, we use the following table which summarizes the Table 7.3.1A-0f: 2DL/2UL interband Reference sensitivity QPSK PREFSENS and uplink/downlink configurations in 36.101 

	 
	MSD Values
	Average MSD
(dB)

	IM2
	24
	26
	29.8
	32.5
	26
	30
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	28.05

	IM3
	23
	25.7
	5
	7.7
	12
	12
	14.7
	12.1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	14.03

	IM4
	6
	8.7
	4
	13
	15.7
	8
	4
	6.7
	9
	11.7
	4
	6.7
	9
	11.7
	4
	6.7
	8.2
	8
	10.7
	15
	17.7
	8.98

	IM5
	5
	6.4
	2.5
	5.5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	4.85



From the Table, the 5th order IM, IM5, can still cause close to 5dB Rx sensitivity degradation at the UE side. From the UL perspective, Figure 7 shows that, compared to single UL, for majority of the UEs, dual UL suffers performance loss. Even for small percentile of UEs that dual UL performs better, the gain is very limited. 
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