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1 Introduction
[bookmark: _GoBack]3GPP has introduced the feature Single Switched UL into the RAN1, RAN2, RAN3 and RAN4 specs. By switching between LTE and NR uplink carriers for DC operation in a time division mode it helps to overcome significant issues in the RF. However, while it has been completely specified in RAN1, and RAN2, RAN3 and RAN4 only concentrated on the issue of intermodulation products falling into the own RX bands neglecting other applications. But there are also several other issues in the EN-DC RF part where Single Switched UL can help to get a better performance and usage of EN-DC combinations.
2 Single Switched UL 
Simultaneous Dual Uplink requires two transmitters switched on simultaneously. This has significant implications on the RF part of the UE like generation of intermodulation products, which can degrade the RF performance in many use cases and much higher complexity in the RF frontend. Single switched UL overcomes these limitations by switching between LTE and NR operation so that there is no simultaneous transmission. This eliminates all the issues due to intermodulation and enables more EN-DC band combinations with reasonable effort.

2.1 Transmitter architectures
There are multiple possible RF architectures to build a EN-DC capable RF part discussed below. 

2.1.1	Intra-band EN-DC Architectures
For intra-band combinations two alternatives are possible using a single PA and antenna or dual PAs and dual antennas as can be seen in figure 1:
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Figure 1: Possible TX architectures for EN-DC intra-band combinations

Both architectures will generate IMD products falling into the band or close to the band. While with a single PA this is forward intermodulation, the cross-coupling of the antennas for dual PA/Antenna solutions will generate reverse intermodulation. The cross-coupling between the antennas is in 3GPP usually assumed to be 10dB, which also fits to the worst case of real implementations. Due to the 10dB of attenuation of the signal leaking back into the PA, the reverse intermodulation products are reduced compared to the forward IMD, however, it has been shown in [1] that a dual PA architecture doesn’t solve the issue but just reduces the issue by a few dBs still resulting in 9..15dB of MPR/A-MPR to fulfill the general emissions requirements. 
Main issues with both of these architectures are IMD products falling close to the two transmit signals. While for FDD bands in most cases a severe sensitivity degradation will occur because the IMD products fall into the own receive band, for both FDD and TDD violations of the emissions can occur that require power reduction. Especially at higher frequency offsets between the two carriers this will be a problem.
Single Switched UL can solve both of these issues since it eliminates the IMD products by avoiding simultaneous transmission of both carriers.

Observation 1: For simultaneous dual uplink EN-DC intra-band combinations, a dual PA/antenna architecture doesn’t solve the IMD issue, it just reduces it by a few dBs. 

Observation 2: For EN-DC intra-band combinations, Single Switched UL completely solves the IMD problem for single PA/antenna and dual PA/antenna architectures improving performance due to elimination of MPR/A-MPR. 

2.1.2	Inter-band EN-DC Architectures
Architectures used for LTE usually use a PA/Duplexer module for low bands (below 1GHz), another one for mid/high bands (1.4-2.7 GHz) and a third one for ultra-high bands (>3GHz). These are combined with diplexers or triplexers to be connected to the main antenna. Similar modules but without PAs and replacing expensive duplexers with RX filters are used for the diversity antenna port(s).

To enable inter-band EN-DC two separate PAs for the two UL bands are needed. This architecture can also enable EN-DC when the two UL carriers are using different frequency ranges, for example a low band and a mid-band. This architecture can also support Single Switched UL for combinations in the same frequency range. The architecture can be seen in figure 2 using arbitrary bands as example: 
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Figure 2: Possible RF frontend architecture for EN-DC UEs for LTE and NR carriers on different frequency ranges
While for the architecture above this is usually no issue when considering frequency ranges that are quite far away from each other like low bands and mid bands, it can be a problem for bands that are close together, since usual frontend modules use the same PA for the same frequency range. For example, for bands 2 and 66 or 1 and 3 usually the same PA would be used for single UL. To enable DC for such band combinations adding another PA would be required. The architecture can be seen in figure 3:
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Figure 3: RF frontend architecture with additional PAs for EN-DC UEs for LTE and NR carriers on similar frequency ranges

Adding the additional PAs in the same module will result in crosstalk issues, since one PA output can talk to the other PAs input generating significant intermodulation issues. Other cross-coupling paths are supply voltage coupling on the module or coupling on the PA biasing. This means that just adding PAs is not sufficient, but the whole partitioning of the RF frontend needs to be changed by adding the additional PA outside the frontend modules for the main antenna port.

To overcome the crosstalk issue, these simultaneously operating PAs should not be part of the same frontend module to get isolation from each other. When placing them in the diversity module, this needs to be upgraded with an additional TX path including the PA, switches and the filters need to be upgraded to duplexers or even quadplexers for the FDD bands. The band using the former diversity module will be transmitted on the diversity antenna instead of the main antenna. The result is that the former diversity module is basically replaced by a more complex PA/duplexer module which is identical to the module of the main path, which also consumes much more device volume, current and is costlier. This architecture is shown in figure 3:
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Figure 4: RF frontend architecture for EN-DC UEs for LTE and NR carriers on similar frequency ranges

Observation 3: For support of simultaneous dual uplink EN-DC band combinations with a similar frequency range the RF frontend architecture needs to be completely changed and adds significant complexity compared to the usual LTE CA architecture. 

Another issue is that the diversity antenna usually has a worse performance, since it gets less space compared to the main antenna, especially when 4x4 MIMO is implemented which further restricts the space for antennas. While this is not a big issue when receiving MIMO signals as they usually are significantly above the noise level, it will degrade the UL performance when transmitting over the diversity antenna.

Observation 4: Transmitting one band of a simultaneous dual uplink EN-DC band combinations on the diversity antenna will degrade the UL performance since the diversity antenna is usually smaller and can have up to 6dB lower antenna efficiency. 

Single Switched UL eliminates the intermodulation issues. Also the crosstalk issue is not existent anymore since there is only one PA at a time active. A UE supporting also EN-DC combinations with bands in the same frequency range using Single Switched UL can therefore re-use the architecture in figure 2 for all EN-DC combinations. This enables the use of many more EN-DC combinations at a cost level that would not be possible with a dual simultaneous UL architecture. Mandating Dual simultaneous UL will result in much less support of band combinations for DC than when allowing Single Switched UL. Discussions about performance comparisons between Single Switched UL and mandatory Dual simultaneous UL are not the real issue, since the alternative is supporting a combination with Single Switched UL or not supporting the combination at all. Therefore, enabling Single Switched UL for a specific EN-DC band combination will enable more and earlier deployment of the band combination.

Observation 5: Allowing Single Switched UL as an option for EN-DC band combinations will reduce the impact on the RF frontend architecture and therefore enable many additional band combinations that would otherwise not be supported. 

2.2 Issues with Dual Simultaneous EN-DC
There are multiple issues with Dual simultaneous UL in EN-DC combinations:

Dual simultaneous UL generates severe intermodulation issues. These are the cases where this will be an issue:
· All inter-band EN-DC combinations where any IM product falls into one of the RX bands and interferes with the receiver resulting in desensitization (MSD)
· Intra-band TDD EN-DC: there will be no MSD, because in TDD there is no simultaneous RX and TX. However, intermodulation products are falling into the frequency ranges where spurious emissions requirements are specified like the general emissions requirement and in many cases MPR or A-MPR is required to fulfill the emissions requirements degrading the UL performance
· Intra-band FDD EN-DC: Especially with non-contiguous carriers or RB allocations there will in most cases be intermodulation products falling into the own RX channel resulting in MSD or (A-)MPR. Additionally, intermodulation products are falling into the frequency ranges where spurious emissions requirements are specified like the general emissions requirement and in many cases MPR or A-MPR is required to fulfill the emissions requirements degrading the UL performance

Additionally, dual simultaneous UL requires for many band combinations additional hardware. This will limit the number of the supported EN-DC combinations in lower tier devices. Mandating dual simultaneous UL will significantly delay and reduce the deployment of EN-DC combinations in UEs due to the additional cost and development effort.

Antenna performance will be degraded for dual simultaneous UL over a single antenna, since in state of the art UEs the antenna will be tuned with an antenna tuner to the transmit frequency. The antenna can only be tuned to one frequency at a time, therefore either a compromise between the two UL frequencies needs to be found degrading the performance of both carriers or the antenna is tuned to one carrier resulting in worse performance of the other carrier. 
When transmitting on both antennas simultaneously, the diversity antenna needs to be tuned to the transmit frequency of the second carrier. Since this antenna is also the diversity antenna and the tuner is not tuned to the diversity RX frequency but the TX frequency, the diversity receive path will have a worse performance, too.

2.3 Usage of Single Switched UL for EN-DC
All the issues in the RF frontend coming up using dual simultaneous UL in EN-DC combinations can be completely eliminated when not transmitting the two TX signals simultaneously but one after the other using Single Switched UL instead. This eliminates all intermodulation products between the two carriers since only one carrier is on at a time.
There is no need for having two PAs active simultaneously in the same frequency range, so that all the crosstalk issues in the RF frontend are eliminated. This allows usage of an RF frontend similar to a LTE CA frontend enabling many more EN-DC combinations to be implemented.

Observation 6: Allowing Single Switched UL as an option for EN-DC band combinations will improve user experience due to elimination of MPR/A-MPR and additional EN-DC combinations supported 


3 Advantages of Single Switched UL
There are multiple ways how Single Switched UL can be applied to improve user experience.
· Mitigating Intermodulation products falling into the own RX band
· Mitigating power reduction to fulfill emissions requirements
· Enabling devices to support EN-DC band combinations that would otherwise not be supported
While only the first one has been discussed in RAN4, the other use cases are also worth investigating how to use them for EN-DC enabled devices and how to improve device performance in the network.

3.1 Mitigating inter-band Intermodulation falling into the own RX band
RAN4 has discussed and agreed this use case and it has been introduced into 38.101. For some band combinations it is possible to use single switched UL for certain carrier combinations where a severe degradation of the RX performance due to the TX intermodulation would result.

3.2 Mitigating power reduction to fulfill emissions requirements
There are many cases where the intermodulation products do not fall into the RX band but instead result in violations of the emissions requirements. In these cases, in LTE CA usually MPR or A-MPR is applied reducing the power so much that the intermodulation products fall below the emissions limits. This MPR or A-MPR would also need to be applied for EN-DC. Typical examples are intra-band non-contiguous RB and carrier allocations like DC_3A_n3A, DC_20A_n20A, DC_40A_n40A, DC_41A_n41A, DC_42A_n77A, DC_42A_n78A, DC_71A_n71A. Also intra-band contiguous carriers with non-contiguous RB allocations like DC_(n)41C or DC_(n)71B (notation not yet official) can have such an issue.

These emissions requirements typically need to be fulfilled:
· General emissions mask – This is specified close to the carrier, therefore in most cases no issue for EN-DC combinations
· General Spurious Emissions limits – based on the ITU regulatory requirements worldwide need to be fulfilled at each frequency, where the frequency separation from the channel edge is the channel bandwidth + 5MHz. This is -36dBm/100kHz below 1GHz and -30dBm/MHz above 1MHz 
· Radiated General Spurious Emissions limits – also based on the ITU regulatory requirements worldwide they are valid everywhere, where the frequency separation from the channel center frequency is 2.5 times the channel bandwidth. -36dBm/100kHz below 1GHz and -30dBm/MHz above 1MHz. As this is a radiated requirement, cross-coupling between the antennas and the resulting reverse intermodulation need to be taken into account
· Spurious Emissions Requirements for Co-existence – in many frequency bands this is -50dBm, in a few cases even tighter, in some others more relaxed
· Additional Spurious Emissions Requirements – Additional requirements, usually to fulfill specific regulatory or coexistence requirements when NS_xx or CA_NS_xx is signaled

All these spurious emissions requirements need to be fulfilled by the UE. The additional IMD products compared to the normal single carrier operation requires additional measures to fulfill the emissions requirements. This can be done by reducing the power, this back-off can be pretty significant. Estimations for the worst case can be:

Single PA architecture: For LTE UL CA_4A-4A has been specified as the only non-contiguous intra-band UL CA combination since all other of these combinations even have worse IMD problems. The worst case MPR for non-contiguous single RB allocations is 18.25dB, it is expected to be similar for other intra-band EN-DC combinations.

Dual PA architecture: In [1] it has been shown that Dual PA architectures help a bit compared to single PA solutions, but still significant MPR/A-MPR is needed. In the contribution it has been measured that the worst case single RB allocation results in up to 14dB back-off.  

Reducing the output power due to MPR/A-MPR results in severe UL throughput degradation in power limited scenarios, however, in most areas of a cell that are not just besides the base station, the UE is power limited. When power is the limiting factor usually 3dB more power increases throughput by a factor of two, for example when twice the number of RBs can be transmitted at the same power spectral density or when a coding scheme with less redundancy can be used.

Each dB of back-off reduces the coverage, therefore avoiding the back-off helps to get better coverage. Single switched UL completely eliminates the need for additional back-off compared to a single carrier, since then there is no simultaneous transmissions and therefore no IMD product. Therefore, Single Switched UL will improve coverage and performance compared to simultaneous dual TX solutions.

Proposal 1: Enable Single Switched UL for intra-band EN-DC combinations (TDD and FDD) as an optional feature to prevent performance degradations with MPR/A-MPR and MSD. 

3.3 Enabling support of additional EN-DC band combinations
As discussed in chapter 2.1.2 there are some issues concerning the support of dual simultaneous UL in band combinations which have similar frequency ranges. At least additional PAs are required, but in many cases this is not sufficient since there are also crosstalk issues, control issues, thermal issues and others requiring extra hardware up to duplicating the main frontend modules. 
Single Switched UL can solve all these issues. For example, crosstalk between the two paths will not be an issue if they are not used simultaneously, also thermal issues will be reduced due to the lower duty cycle.
While for high end devices this high effort might be possible to be implemented, for medium tier devices this may be not possible. The only choice for these medium tier devices is not to support the band combination if dual simultaneous UL is mandatory and Single Switched UL is not allowed.

Proposal 2: Enable Single Switched UL for inter-band EN-DC combinations (TDD and FDD) with both UL bands in the same frequency range as an optional feature to allow additional support of more EN-DC band combinations. 

3.4 Single Switched UL Performance advantages due to no MPR
Single Switched UL doesn’t need additional MPR or A-MPR compared to single carrier operation as there is only a single carrier active. The output power vs. the MPR/A-MPR required for Dual simultaneous UL operation can be seen in figure 5:

[image: ]
Figure 5: Output power per carrier vs. Dual simultaneous UL MPR


While due to the time division multiplexing between LTE and NR there will be a 50% duty cycle on each transmission dividing the throughput by 2, there will be at least a factor of 2 higher transmit power available for Single Switched UL since the power is not split between the two carriers when the UE is power limited. Within most of the area of the cell coverage the UE is power limited, only at a small radius around the base station there will be no power limitation because the UE is so close to the BS and the 50% really will reduce throughput. Since additionally MPR or A-MPR is needed for Dual simultaneous UL in the range where the UE is power limited, the MPR or A-MPR is really degrading the UL performance compared to Single Switched UL. Even if there is no MPR/A-MPR for Dual simultaneous UL, the achievable throughput of Single Switched UL will be similar to the throughput of Dual simultaneous UL, since the factor of 2 in the timing can be compensated by using either twice the number of RBs or a modulation that uses 3dB more SNR. Figure 4 shows the theoretical throughput versus the MPR/A-MPR assuming equal power split between LTE and NR as well as similar bandwidth for LTE and NR resulting in equal throughput for LTE and NR. Of course in a real network due to different allocations this can be different. It can be seen that the UL throughput is in all cases except MPR=0 better when using Single Switched UL in a power limited UE position.

More simulation results are also provided in our companion contribution [2].
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Figure 6: Throughput versus MPR/A-MPR


4 Proposal how to implement Single Switched UL in specs
According to the above discussion we propose to include Single Switched UL for these cases into the 38.101-3 spec. The annex shows a proposal how a CR could look like.


5 Conclusion
According to the above discussion we have the following observations and proposals: 

Observation 1: For simultaneous dual uplink EN-DC intra-band combinations, a dual PA/antenna architecture doesn’t solve the IMD issue, it just reduces it by a few dB. 

Observation 2: For EN-DC intra-band combinations, Single Switched UL completely solves the IMD problem for single PA/antenna and dual PA/antenna architectures improving performance due to elimination of MPR/A-MPR. 

Observation 3: For support of simultaneous dual uplink EN-DC band combinations with a similar frequency range the RF frontend architecture needs to be completely changed compared to the usual LTE CA architecture. 

Observation 4: Transmitting one band of a simultaneous dual uplink EN-DC band combinations on the diversity antenna will degrade the UL performance since the diversity antenna is usually smaller and can have up to 6dB lower antenna efficiency. 

Observation 5: Allowing Single Switched UL as an option for EN-DC band combinations will reduce the impact on the RF frontend architecture and therefore enable many additional band combinations that would otherwise not be supported. 

Observation 6: Allowing Single Switched UL as an option for EN-DC band combinations will improve user experience due to elimination of MPR/A-MPR and additional EN-DC combinations supported 


Proposal 1: Enable Single Switched UL for intra-band EN-DC combinations (TDD and FDD) as an optional feature to prevent performance degradations with MPR/A-MPR and MSD. 

Proposal 2: Enable Single Switched UL for inter-band EN-DC combinations (TDD and FDD) with both UL bands in the same frequency range as an optional feature to allow additional support of more EN-DC band combinations. 
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Annex: Possible implementation in 38.101-3
This Annex shows how Single Switched UL can be implemented in 38.101. The proposed combinations are based on the discussion above and need to be finally decided when the CR to implement this is agreed.

<start of modification proposal>
5.2B	Operating bands for DC
5.2B.1	General
The operating bands are specified for operation with EN-DC or NGEN-DC configured. The band combinations include at least one E-UTRA operating band.

For EN-DC configurations indicated by Note 1 in column “Single Uplink allowed” (e.g., problematic band combinations as defined in TS38.306) in tables in this section the UE may indicate capability of not supporting simultaneous dual uplink operation due to possible intermodulation interference to its own downlink band if the intermodulation order is 2 or if the intermodulation order is 3 for the combinations when both operating bands are below 1 GHz or between 1695 MHz – 2690 MHz. In case for the EN-DC configurations listed in tables in this section the intermodulation products caused by the dual uplink operation do not interfere with the own downlink transmission as defined in Annex-A the UE is mandated to operate in dual uplink mode.
For EN-DC configurations indicated in column “Single Uplink allowed” without Note 1 in tables in this section the UE may indicate capability of not supporting simultaneous dual uplink operation.

5.2B.2	Intra-band contiguous EN-DC
<Editor’s note: conducted requirements>
5.2B.2.1 EN-DC (two bands)
Table 5.2B.2.1-1: Band combinations for EN-DC (two bands)
	EN-DC band
	E-UTRA Band
	NR Band
	Single UL allowed

	DC_71_n71
	71
	n71
	No



5.2B.3	Intra-band non-contiguous EN-DC
<Editor’s note: conducted requirements>
5.2B.3.1 EN-DC (two bands)
Table 5.2B.3.1-1: Band combinations EN-DC (two bands)
	EN-DC Band
	E-UTRA Band
	NR Band
	Single UL allowed

	DC_41-n41
	CA-41-41
	n41
	No


5.2B.3.2 EN-DC (three bands)
Table 5.2B.3.2-1: Band combinations EN-DC (three bands)
	EN-DC Band
	E-UTRA Band
	NR Band
	Single UL allowed

	DC_41-41-n41
	CA-41-41
	n41
	No



5.2B.4	Inter-band EN-DC within FR1
<Editor’s note: conducted requirements>

5.2B.4.1 EN-DC (two bands)

Table 5.2B.4.1-1: Band combinations for EN-DC (two bands)
	EN-DC band
	E-UTRA Band
	NR Band
	Single UL allowed

	DC_1_n28
	1
	n28
	No

	DC_1_n77
	1
	n77
	DC_1_n771

	DC_1_n78
	1
	n78
	No

	DC_1_n79
	1
	n79
	No

	DC_3_n7
	3
	n7
	NoDC_3_n7

	DC_3_n28
	3
	n28
	No

	DC_3_n77
	3
	n77
	DC_3_n771

	DC_3_n78
	3
	n78
	DC_3_n781

	DC_3_n79
	3
	n79
	No

	DC_5_n78 
	5
	n78
	No

	DC_7_n28
	7
	n28
	No

	DC_7_n78 
	7
	n78
	No

	DC_8_n77
	8
	n77
	No

	DC_8_n78
	8
	n78
	No

	DC_8_n79
	8
	n79
	No

	DC_11_n77
	11
	n77
	No

	DC_11_n78
	11
	n78
	No

	DC_11_n79
	11
	n79
	No

	DC_18_n77
	18
	n77
	No

	DC_18_n78
	18
	n78
	No

	DC_18_n79
	18
	n79
	No

	DC_19_n77
	19
	n77
	No

	DC_19_n78
	19
	n78
	No

	DC_19_n79
	19
	n79
	No

	DC_20_n28
	20
	n28
	DC_20_n28No

	DC_20_n78
	20
	n78
	No

	DC_21_n77
	21
	n77
	No

	DC_21_n78
	21
	n78
	No

	DC_21_n79
	21
	n79
	No

	DC_25_n41
	25
	n41
	DC_25_n41No

	DC_26_n41
	26
	n41
	No

	DC_26_n77
	26
	n77
	No

	DC_26_n78
	26
	n78
	No

	DC_26_n79
	26
	n79
	No

	DC_28_n77
	28
	n77
	No

	DC_28_n78
	28
	n78
	No

	DC_28_n79
	28
	n79
	No

	DC_38_n78
	38
	n78
	No

	DC_39_n78
	39
	n78
	No

	DC_39_n79
	39
	n79
	No

	DC_41_n77
	41
	n77
	No

	DC_41_n78
	41
	n78
	No

	DC_41_n79
	41
	n79
	No

	DC_42_n77
	42
	n77
	DC_42_n77No

	DC_42_n78
	42
	n78
	NoDC_42_n78

	DC_42_n79
	42
	n79
	NoDC_42_n79

	DC_66_n71
	66
	n71
	No

	NOTE 1: For this DC combination dual uplink may still be mandatory according to Annex A.
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