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1.	Introduction
RAN4 has been discussing switching time aspects for the more complicated scenarios for few meetings and in previous meeting ran4 concluded that switching between case {1T,1T,0T,0T} and case {0T,0T,1T,1T} and switching between case {1T, 1T, 0T} and case {0T,0T,2T} are possible. This paper discusses UE implementation aspects and proposes a method to accommodate UE with these more complicated cases and further discusses why accommodating UE is not degrading network performance but enhances it.  
2. 	Discussion
2.1	Analysis on the network impact
In the discussion for specifying longer switching time for UE when switching {1T,1T,0T,0T} to {0T,0T,1T,1T} or {1T, 1T, 0T} to {0T,0T,2T} is scheduled, one concern was network impact of longer switching time for this case. In this section we discuss and present that the proposal in section 4 of this paper is in fact improvements of the feature and result in to increased network capacity.
2.1.1	Impact of proposal 1 for improving the feature
The paper in RAN1 from MTK early in the feature that presented network simulations and proved benefits of 3 and 4 band TX switching feature had the following figure. This example does not apply this directly since there is no dualUL transmission scheme at all but we made a numerical model of the case shown in Figure 1 4-CC case and then apply that to the dual UL case.   

[bookmark: _Ref102134305]Figure 1: Illustration of the two settings compared (scheduling realization for illustration purpose). from [5]
The resulting % and associated loss of UL are shown in Table 1. The dualUL is assumed between two band pairs only, one TDD and one FDD band, pairs (A,C) and (B,D). In the dualUL scenario, we assumed the switching period is 140 usec for the cases when single TX chain is switched and 210 usec for the case {1T,1T,0T,0T} to {0T,0T,1T,1T}. We also provide the sum case analysis, i.e. when the longer switching time is 280 usec. 
Table 1. Network performance comparison when UE is case {1T,1T,0T,0T} to {0T,0T,1T,1T} is allowed a longer switching time. Assume dualUL for band pairs (A,C) and (B,D)
	
	
	Switched UL
	dualUL with longer switching time for {1T,1T,0T,0T} to {0T,0T,1T,1T}
	dualUL with same switching time for all cases

	Band (from top)
	UL % overall due to frame structure
	% of possible UL opportunity in switching scenario without switching period with switchedUL
	% UL opportunity lost due to switching period 140 usec
	Overall UL %
	% of possible UL opportunity in switching scenario without switching period with dualUL 
	% UL opportunity lost due to switching period 140 usec / 280 usec
	Overall UL %
	% UL opportunity lost due to switching period 210 usec
	Overall UL %

	A
	20%
	100
	140/2000 usec = 7 %
	18.6%
	100
	280/2000=14%
	17.2%
	210/2000=10.5%
	17.9 %

	B
	30%
	100
	(2x140)/3000 usec = 9.3%
	27.2%
	100
	(2x140)/3000 usec = 9.3%
	27.2%
	(2x210)/3000 usec = 12.6%
	26.2%

	C
	100%
	30
	140/3000 usec = 4.7 %
	28.6%
	50
	(140+280)/5000 usec = 8.4 %
	45.8 %
	(2x210)/5000 usec = 8.4 %
	45.8 %

	D
	100%
	20
	(2x140)/2000 usec = 14 %
	17.2%
	50
	(3x140)/5000 usec = 8.4 %
	45.8 %
	(3x210)/5000 usec = 12.6 %
	43.7 %

	Overall UL %. Note that for 4 bands, max is 400 %
	91.6%
	
	
	136 %
	
	133.6%




Figure 2. SwitchedUL scenario (same as [5]) and corresponding dualUL scenario. Slot 9 has the longer switching time for the case {1T,1T,0T,0T} to {0T,0T,1T,1T}
In dualUL scenario in Figure 2, the slot with punctured UL symbols due to switching period are marked with yellow and orange. The yellow has 140 usec switching period and orange slot has the longer switching time.  For dualUL analysis without the proposal 1, UE will declare longer switching time for all cases penalising also the switchedUL scenario.  
Observation 1: Allowing UE a longer switching time for {1T,1T,0T,0T} to {0T,0T,1T,1T} case increases UL opportunities and therefore network performance. 
2.1.2	Network capacity impact compared to 2-band switching case
Further discussion from MTK paper [5] about assumptions on network capacity impact was as follows:
In the UE side, due to RF component sharing, more complicated reconfiguration will be needed to realize switching over more bands. Consequently, larger switching periods, 140 us and 210 us, are assumed for 4-CC UL TX switching, while the switching period is 35 us for 2-CC UL TX switching. In Figure 1, there illustrate example realizations for 2-CC and 4-CC UL TX switching.
And the conclusion was:
“When UE can support switching period of 140 us, there can provide 17.68% throughput gain. On the other hand, if switching period of 210 us is required, the throughput gain reduces to less than 10%.
The network simulations in the paper [5] that lead the discussion on the benefits of 3 and 4 band TX switching assumed that for 4-CC switching, a longer switching time is used even for switched UL. 
Observation 2: In RAN1 feasibility study and simulations for 3 and 4 band TX switching, longer switching time for all cases was assumed and throughput gain over 2-band switching case is still achieved
The case in discussion is valid only for dualUL but the analysis is done only for switchedUL. SwitchedUL and dualUL throughput are comparable only if switchedUL grants are all rank-2 and for a successful ran-2 UL transmission, channel conditions must be such that the layers have sufficient orthogonality. DualUL can maintain same throughtput even if none of the bands have rank-2 channel available or if one has, dualUL can also support rank-2 transmissions on one band. The analysis of performance between dualUL and switchedUL is also tabulated in Table 1 and it can be concluded that dualUL with or without the longer switching time for {1T,1T,0T,0T} to {0T,0T,1T,1T} is still superior to the switchedUL. 
Observation 3: If longer switching time is specified for case {1T,1T,0T,0T} to {0T,0T,1T,1T} that is valid only for dualUL, the dualUL network throughput performance over the switchedUL is still much better.     
There should not be any concerns on feature being worse with the proposal 1.
3	Simultaneous switching cases
3.1	Two TX chains are switched
First we consider switching between cases {1T, 1T, 0T} and {0T,0T,2T} and the block diagram and timing diagram are shown in Figure 1. Note that the timing diagram is not in scale, some functions such as the PLL retuning take longer than RF switch and depending on the details in the implementation, some actions can continue being executed in parallel with other but the initialization happens in serial mode. 
 
Figure 1. Switching between cases {1T, 1T, 0T} to {0T,0T,2T} block diagram and timing diagram.
PA ramp ups and ramp downs maybe be more complicated than mere power ramps due to DCDC converters and certain TX chain calibration settings that need to be updated when new RF chain is prepared for transmissions. Modern RF Front ends are controlled with serial bus and the bus has limited capacity for time critical actions. The two PLL’s need to settle instead of one and sometimes retuning two PLL’s simultaneously on same chip may not be possible due to transients that may couple via power lines and would lead to erratic behaviour observed in the antenna connectors. The serial bus has access to the memory that coefficient for channel compensation and pre-distorters are read from the same memory via same serial controller bus.    
Observation 4: Simultaneous events in RF domain due to simultaneous TX switching will cause the TX switching time to be longer than when only one TX switching is performed in UE implementation.
Same diagram with changing different PAs would apply to any case switch where two TX chains are switched. The case list for 3-band is shown in Table 2 and for 4-band in Table 3. We further refined the applicable cases from earlier submission [36] since for 2T2T case, UE can declare different switching period so special treatment is not needed.  In Figured below, the cases that are already covered by the 2T2T capability are grayed and the ones that need to be addressed as proposed in proposal 1, are highlighted in yellow. 
Table 2: Case list where UE has to perform two switches for 3-bands
	
	{2T,0T,0T}
	{0T,2T,0T}
	{0T,0T,2T}
	{1T, 1T, 0T}
	{1T, 0T, 1T}
	{0T, 1T, 1T}

	{2T,0T,0T}
	
	Yes
	Yes
	
	
	Yes

	{0T,2T,0T}
	Yes
	
	Yes
	
	Yes
	

	{0T,0T,2T}
	Yes
	Yes
	
	Yes
	
	

	{1T, 1T, 0T}
	
	
	Yes
	 
	
	

	{1T, 0T, 1T}
	
	Yes
	
	
	 
	

	{0T, 1T, 1T}
	Yes
	
	
	
	
	 



Table 3: Case list where UE has to perform two switches for 4-bands
	
	{2T,0T,0T,0T}
	{0T,2T,0T,0T}
	{0T,0T,2T,0T}
	{0T,0T,0T,2T}
	{1T,1T,0T,0T}
	{1T,0T,1T,0T}
	{1T,0T,0T,1T}
	{0T,1T,1T,0T}
	{0T,1T,0T,1T}
	{0T,0T,1T,1T}

	{2T,0T,0T,0T}
	
	Yes
	Yes
	Yes
	
	
	
	Yes
	Yes
	Yes

	{0T,2T,0T,0T}
	Yes
	
	Yes
	Yes
	
	Yes
	Yes
	
	
	Yes

	{0T,0T,2T,0T}
	Yes
	Yes
	
	Yes
	Yes
	
	Yes
	
	Yes
	

	{0T,0T,0T,2T}
	Yes
	Yes
	Yes
	
	Yes
	Yes
	
	Yes
	
	

	{1T,1T,0T,0T}
	
	
	Yes
	Yes
	
	
	
	
	
	Yes

	{1T,0T,1T,0T}
	
	Yes
	
	Yes
	
	
	
	
	Yes
	

	{1T,0T,0T,1T}
	
	Yes
	Yes
	
	
	
	
	Yes
	
	

	{0T,1T,1T,0T}
	Yes
	
	
	Yes
	
	
	Yes
	
	
	

	{0T,1T,0T,1T}
	Yes
	
	Yes
	
	
	Yes
	
	
	
	

	{0T,0T,1T,1T}
	Yes
	Yes
	
	
	Yes
	
	
	
	
	



It should be noted that the ambiguity discussed earlier and agreed not to be further addressed in WF [19] Issue 1-2-3 means in some cases like {1T,1T,0T,0T} to {0T,0T,1T,1T} becomes the sum of maximum switching times since the exact switching time cannot be determined explicitly. 
3.2	The unaffected band case
Second order of issue is the case when UE has to perform simultaneous switching but from the outside it looks like that only one switch is performed. This would happen with any of the case pairs in tables 1 and 2 but only when there is an ongoing transmission on an other band.

Figure 2. Transmission on unaffected band causes longer switching time
Observation 3: If bands are transmitting than the ones involved in switching, the UE internal events may need more time for switching. 
This case has two sub cases:
Case A: The RF TX chain of unaffected band maybe occupying the TX that is only connected to the target band of the switching event, see Figure 2 for the connection diagram. In this case, the unaffected band needs to be switched away to the other TX chain with secondary band X PA. This is shown in Figure 2 and as in Figure 1, there need to be two ramp downs and two ramp ups and two PLL retunes and so forth.
Case B: When the band X does not need to change the PA, this additional switching time is needed when just because the ongoing transmission on band X needs to be ramped down on the RF TX chain for the duration of the switching between Z and Y. This is the baseline UE behaviour as agreed. The UE with advanced capability as described in Issue 1 of the LS [21] would not need this additional time.   
The switching time between two bands therefore has to have two parameters, when another band is transmitting during the switching and when it is not. 
4	Proposals

Proposal 1: When both TX chains are switched in UE, UE is allowed for longer switching time with one of the possible solutions:
a) the switching time is the sum of the two applicable switching periods.
b) New switching periods capabilities are defined as uplinkTxSwitchingPeriod1T1Tto2T and uplinkTxSwitchingPeriod1T1Tto1T1T per two band pairs
Proposal 2: When another band unaffected by the switching is transmitting while switching between two other band occur, the switching period is double the value declared by the UE for these bands.    

Conclusion
We made the following observations:
Observation 1: Allowing UE a longer switching time for {1T,1T,0T,0T} to {0T,0T,1T,1T} case increases UL opportunities and therefore network performance. 
Observation 2: In RAN1 feasibility study and simulations for 3 and 4 band TX switching, longer switching time for all cases was assumed and throughput gain over 2-band switching case is still achieved
Observation 3: If longer switching time is specified for case {1T,1T,0T,0T} to {0T,0T,1T,1T} that is valid only for dualUL, the dualUL network throughput performance over the switchedUL is still much better.     
And made the following two proposals:
Proposal 1: When both TX chains are switched in UE, UE is allowed for longer switching time with one of the possible solutions:
a) the switching time is the sum of the two applicable switching periods.
b) New switching periods capabilities are defined as uplinkTxSwitchingPeriod1T1Tto2T and uplinkTxSwitchingPeriod1T1Tto1T1T per two band pairs
Proposal 2: When another band unaffected by the switching is transmitting while switching between two other band occur, the switching period is double the value declared by the UE for these bands.    
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Baseline: 2-CC UL TX switching

Enh: 4-CC UL TX switching
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