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[bookmark: _GoBack]1	Introduction
RAN1 and RAN4 in their replies [4] and [5] to RAN2’s LS, have stated that there are circumstances where simultaneous uplink transmissions in the same subframe have to be avoided. This paper outlines how single uplink operation can be applied to LTE’s simultaneous connectivity HO. 
2	Review of single uplink operation (SUO)
The Single Uplink Operation was discussed quite a bit during the EN-DC standardization in Rel-15. Because of UL intermodulation causing interference to DL reception in specific band combinations, it was decided to allow “single uplink operation” for certain (FDD) band combinations if certain frequency allocations are used. The target was to avoid that the UE sends uplink signals to MCG and to SCG simultaneously using the “problematic” frequency combinations by having UE only use a single uplink in a TDM fashion. We try to summarize the components of this solution:
· MCG decides whether to request SUO from SCG during SgNB Addition Request, which may result non-overlapping (i.e. mutually exclusive) TDM (and possibly also FDM) patterns for the MCG and the SCG uplink transmission opportunities.
· Due to the synchronized HARQ on the LTE side, the HARQ timing uses the existing TDD patterns (within offset also possible so the TDM pattern does not have to always start from subframe#0 like TDD pattern does) to achieve the TDM required for SUO. This implies that the uplinks of the negotiated TDM pattern for the MCG are defined using the uplinks of an LTE TDD pattern, and the UE is informed about this TDM pattern via the RRCConnectionReconfiguration.
· In contrast to the TDD operation, the UE still continuously monitors the downlink (i.e. the downlink can be scheduled at any time regardless of the UL TDM pattern), however it will only use the uplink timeslots for uplink transmission.
· Due to the more flexible HARQ solution in NR, no explicit TDM pattern is signalled to the UE on the NR side. The SgNB configures and schedules the UE such that it will not transmit in the uplink timeslots of the TDD pattern which the MCG is using.
This is illustrated in Figure 1. MeNB configures e.g. UL/DL configuration #1 (which previously was coordinated with the SgNB). UE will only use the (blue) uplink timeslots for the LTE MCG, and the others (red) for NR SCG. Downlink can be continuous, i.e. both MeNB and SgNB can schedule all time slots for downlink. Secondary gNB does not signal anything to the UE and will apply the constraints using the regular scheduling grants.
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[bookmark: _Ref532543992]Figure 1 EN-DC with single uplink operation
Proposal 1: The single uplink solution for EN-DC should be considered when discussing a single uplink solution for simultaneous connectivity handover.
3	Solutions for simultaneous connectivity handover 
A similar procedure is needed for the simultaneous connectivity handover with single uplink operation. Instead of MeNB and SgNB, we will have source eNB and target eNB. Unfortunately, since both involved cells are LTE cells, both cells have to organize the strict HARQ timing mandated in LTE (in EN-DC only the LTE-MeNB has to use a specified pattern, and the NR-SgNB can take the constraints into account via scheduling). 
Initially, we assume that the target is to avoid intermodulation and not a single Tx/Rx implementation, i.e. we assume that the UE has 2 Tx/Rx for source and target cell.
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[bookmark: _Ref532837743]Figure 2 Single uplink for simultaneous connectivity handover (T denotes UL transmissions towards the target cell, S denotes UL transmissions towards the source cell)
It would be elegant to re-use the legacy LTE TDD patterns again, since HARQ timing has already been solved for those. Any new solutions would only repeat the existing design, which would create unnecessary work and should be avoided for this feature. To this end we need “inverse” TDD patterns with mutually exclusive uplinks (so that the TeNB pattern can also be defined). 
[bookmark: _Ref532557316]Table 1 TDD patterns in LTE [2]
	Uplink-downlink 
configuration
	Downlink-to-Uplink 
Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D



Looking at the available TDD patterns specified in 36.211[2] (cf. Table 1), it seems there is no pair of patterns with mutually exclusive uplink subframes. However, already the EN-DC SUO solution comprises the possibility to offset the patterns, so if we make use of that option, then indeed it is easy to find these pairs. In Table 2, we have given 3 different exemplary solutions. The last (green) example would even allow for continuous uplink, which suggests possibility for 0ms interruption on the uplink (However, please see more details on interruption is discussed below).
[bookmark: _Ref532834967]Table 2 Pairs of TDD patterns with mutual exclusive uplink subframes
	Uplink-downlink 
configuration
	Uplink
Percentage
	Offset
	Subframe number

	
	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	1
	40%
	0
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	1
	40%
	2
	U
	U
	D
	D
	S
	U
	U
	D
	D
	S

	2
	20%
	0
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	2
	20%
	3
	D
	D
	D
	S
	U
	D
	D
	D
	S
	U

	0
	60%
	0
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	40%
	2
	U
	U
	D
	D
	S
	U
	U
	D
	D
	S



In the case of simultaneous connectivity handover, it may be helpful to also have a rule indicating that special subframes are not allowed for UL and are considered as downlink subframes only.
Observation 1: In contrast to the single uplink solution in EN-DC, the UE has to follow the tight HARQ timing constraints for both involved LTE cells.
Observation 2: Using an offset value, which is already present in the EN-DC SUO solution, pairs of TDD patterns with mutually exclusive uplink subframes exist.
The coordination of the TDM patterns can be done very similarly to EN-DC. Instead of using the “SgNB Addition Request (Acknowledgement)” on X2, the “Handover Request (Acknowledgement)” can be used on X2. The information element “UL coordination information” can be reused.
Proposal 2: Coordination of the TDM pattern should be done during Handover Request / Handover Request Acknowledgement, and the information element “Uplink Coordination Information” can be adopted from the SgNB Addition Request.
Obviously, this negotiation is a RAN3 issue. A corresponding Liaison Statement shall be sent to RAN3, but not before RAN2 has made progress and clarified the basic procedures.
Proposal 3: A Liaison Statement shall be sent to RAN3 once the basic procedures have been clarified.
4	Synchronicity and Timing
Obviously, such a TDM coordination requires synchronized base stations and frame alignment. However, even with perfect synchronization on the network side, the UEs would send their uplink transmissions to source and target cell with slightly different timings (due to different downlink syncs and thereby different timing advance, even if the source and target cell are perfectly synchronized). We illustrate this difference in Figure 3, where source and target cell use configuration #0 and #1 with offset 0 and 2, respectively, following the green example pair in Table 2.
[image: ]
[bookmark: _Ref532836083]Figure 3 Asynchronous examples with late target (left) and early target (right)
The example shows two cases; in the left case the uplink to the target cell is sent a bit later than to the source cell (e.g. due to larger distance to target eNB), and earlier in the right case. In both cases there is a short period highlighted with yellow color, where both uplinks are transmitting. In these periods there could be intermodulation effects. There are several solutions to deal with this:
· We can simply ignore this effect. It will be an extremely short period (typically <5µsec), so other mechanisms will compensate for this addition interference (coding, outer loop link adaptation, HARQ retransmission). On the other hand, the intermodulation effects may disturb the first symbol of a (downlink) subframe which contains the PDCCH; then the degradation can be more severe, since failed PDCCH detection makes the whole subframe unusable.
· To be on the safe side, one uplink subframe, or a part of an uplink subframe has to be sacrificed as a guard period. This could be done similarly to the “special subframe” in the TDD patterns.
Proposal 4: RAN2 is asked to discuss and consult with RAN4, whether intermodulation can be tolerated during the asynchronous phases before/after switching the uplinks, or whether guard periods have to be defined.
5	Impact on interruption
Herein, we discuss the impact of the single uplink operation on the user data interruption. While the uplink switching will definitely introduce an uplink interruption on the individual connections, the UE is still able to send uplink packets to the network at any time, either via source or via the target connection, at least with appropriate choice of the TDD pattern, such as e.g. the green case in Table 2.
However, there will be an uplink interruption during the RACH procedure. Since the UE can send uplink packets neither to the source cell while performing RACH to the target cell (to avoid intermodulation), nor to the target cell (yet), there will be uplink transmission gaps. These gaps have to be studied.
For networks with non-negligible uplink timing differences, we have discussed above that guard periods might be needed. These will also impact interruption time, however those can probably be kept small (<1ms). Even without investing in guard period, there could be a small gap indicated by green color in Figure 3, but these will be in the range of micro seconds and thus can be neglected from our point of view.
So far, we have addressed intermodulation problems. If the goal is to have a single Tx implementation at the UE, the guard periods have to be longer to allow for retuning the (single) uplink RF.
The downlink user data interruption should not be impacted directly. There might be indirect impact since downlink retransmissions will be delayed; however, this does not affect the definition according to e.g. TR 36.881[3].
Observation 3: Single Uplink operation will not impact downlink user data interruption as per the definition in 36.881.
Observation 4: Single Uplink operation will impact uplink user data interruption at least during the RACH period. For non-negligible uplink timing differences, there might be additional interruption components. Similarly, single TX implementations will also add interruption time for RF retuning.
Proposal 5: RAN2 is asked to study the impact of single uplink operation on uplink interruption time.
6	TDD and FDD
The above discussion was based on LTE FDD. For TDD, the first, obvious constraint is that both source and target cell have to use the same TDD pattern. Since we assume intra-frequency handovers, the UE cannot receive any downlink signal (from target or source) while transmitting any uplink signal (to source or target). In other words, source and target have to use the same TDD pattern.
As a consequence, intermodulation problems do not exist by definition in the TDD case, at least not inside the carrier of interest. Intermodulation products may exist, but those cannot harm the reception of the downlink. It should be further checked whether the intermodulation products may harm downlink reception of other LTE carriers (in case CA or DC is used in addition), or of other RATs implemented in the terminal (e.g. WLAN, Bluetooth, 3G).
Hence, we believe that simultaneously transmitted uplink in TDD do not lead to problems, as long as potential victim downlink timeslots are different than uplink timeslots. If single Tx implementation should be desired, a solution with existing TDD patterns cannot exist. Additional uplink blanking (without downlink transmission) would be needed for single Tx usage, and this blanking would again require a re-design of the HARQ timing.
On the other hand, TDD inherently has non-zero interruption. During the uplink phases (1ms-3ms) we cannot exchange any downlink packets, and during the downlink phases (1ms-8ms) we cannot exchange uplink packets. The handover interruption time might be bottle-necked by the TDD interruption. Hence, TDD will not be the method of choice when the handover interruption is required to be as close to 0ms as possible.
As a consequence, we propose to limit single uplink operation to FDD. A TDD single uplink solution is either not needed (intermodulation products create less harm than in FDD), it or would require much more effort than FDD (re-design of HARQ timing).
Proposal 6: Single uplink operation shall be limited to FDD (like with EN-DC). A TDD solution is either not needed (intermodulation products create less harm than in FDD), or it would require much more effort than FDD (re-design of HARQ timing).
7	Conclusions
This paper discussed the simultaneous connectivity with single UL operation for E-UTRAN. In the course of the paper, we made the following observations and proposals:
Proposal 1: The single uplink solution for EN-DC should be considered when discussing a single uplink solution for simultaneous connectivity handover.
Observation 1: In contrast to the single uplink solution in EN-DC, the UE has to follow the tight HARQ timing constraints for both involved LTE cells.
Observation 2: Using an offset value, which is already present in the EN-DC SUO solution, pairs of TDD patterns with mutually exclusive uplink subframes exist.
Proposal 2: Coordination of the TDM pattern should be done during Handover Request / Handover Request Acknowledgement, and the information element “Uplink Coordination Information” can be adopted from the SgNB Addition Request.
Proposal 3: A Liaison Statement shall be sent to RAN3 once the basic procedures have been clarified.
Proposal 4: RAN2 is asked to discuss and consult with RAN4 , whether intermodulation can be tolerated during the asynchronous phases before/after switching the uplinks, or whether guard periods have to be defined.
Observation 3: Single Uplink operation will not impact downlink user data interruption as per the definition in 36.881.
Observation 4: Single Uplink operation will impact uplink user data interruption at least during the RACH period. For non-negligible uplink timing differences, there might be additional interruption components. Similarly, single TX implementations will also add interruption time for RF retuning.
Proposal 5: RAN2 is asked to study the impact of single uplink operation on uplink interruption time.
Proposal 6: Single uplink operation shall be limited to FDD (like with EN-DC). A TDD solution is either not needed (intermodulation products create less harm than in FDD), or it would require much more effort than FDD (re-design of HARQ timing).
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