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1 Introduction

In RAN1 #78bis meeting, it was agreed that carrier selection is one of the identified functionalities required to meet regulatory requirements in some regions/bands for an LAA system [1]. The performance of fast carrier selection/switching was evaluated in [2] and it was observed that fast carrier selection/switching can provide promising performance gain for LAA. 
In this contribution, the motivation, solutions and potential specification impacts of fast carrier selection/switching for LAA are further discussed. This contribution is an updated version of [3].
The following terminologies are used throughout the contribution: 

Carrier selection: The selection of a subset of carriers available at the network, performed by the eNB;

Carrier switching: The switching from one carrier to another carrier, performed by the UE as instructed by the eNB.
2 Motivation to support fast carrier selection/switching
2.1 Carrier selection by the eNB

Carrier selection by the eNB is widely accepted as beneficial in generally and also essential for efficient LAA operations [1], [4]-[8]. In addition to its typical usage for efficient load balancing and interference management across carriers, most importantly, in LAA, under the constraint of LBT, it allows efficient transmissions by the eNB on any cleared carriers based on sensing outcomes for a large number of unlicensed carriers. 

In particular, for semi-static carrier selection in LAA, eNB can select the suitable carriers transmissions with relatively longer time scale (~100s milliseconds or even longer), based on eNB sensing of the averaged interference level, channel occupancy statistics, traffic load level over the carriers, potential presence of radar signals if required, etc. In addition, potential enhancements to carrier selection by UE assistance could also be considered such as RSSI-like interference measurements and reports since there is potentially difference between the sensing results by eNB and UEs mainly due to the hidden node problem. 

On the other hand, for fast carrier selection in LAA, eNB can select the suitable carriers for transmissions in short time scale (about a millisecond or even shorter), based on eNB sensing of the current interference level, current transmission durations by the eNB (as the eNB is allowed to transmit on a carrier for only a short amount of time), etc. This significantly increases the eNB transmission opportunities, and hence greatly helps the eNB to efficiently utilize all the carriers in an opportunistic way. From this aspect, fast carrier selection should be supported for LAA. 
Therefore, as also mentioned in [5]
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 \* MERGEFORMAT [9] and other contributions, carrier selection by the eNB can be done in a relatively straightforward and efficient way, and requires no or limited (for potential enhancements) standards impact. Nevertheless, for carrier selection to work effectively, it would be beneficial for the UEs to follow the eNB's carrier selection decision, namely, the UEs need to switch to the carrier(s) indicated by the eNB fast enough. This motivates the consideration of carrier switching by the UE.
2.2 Carrier switching by the UE

Carrier switching by the UE may be done based on the following options:
· Option 1:  Semi-static carrier switching based on current CA mechanism [3]
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· Option 2: Semi-static/fast carrier switching based on CA enhancement beyond 5 carriers

· Option 3: Fast carrier switching not relying on CA enhancement beyond 5 carriers

These options will be further analyzed in below.

Option 1 may perform the following procedure as analyzed in [3]:
· eNB senses and selects the suitable carriers (~100s ms)

· One or more carriers within the selected carriers are configured to UE (~100s ms)

· One or more carriers within the configured carriers are activated to UE (~10s ms)

· UE can be scheduled on the one or more activated carriers dynamically based on LBT
Obviously Option 1 is suitable for semi-static carrier selection/switching only. To enable fast carrier selection/switching generally and/or particularly in LAA, other options have to be considered.
Option 2 can support the carrier aggregation of up to 32 component carriers (CC) and accordingly reduce the transition time especially for carrier reconfiguration/activation; however the greatly increased UE capability/complexity to support larger number of carriers for PDSCH aggregation should be considered. Therefore it would not be desirable for LAA to only rely on the UE with large CA capability to reduce the transition time, especially considering the challenging that the development and commercialization of such UEs can fall significantly behind the progress of supporting more carriers at the eNB and in standards. 
For Option 3, a UE can switch to receive on any carrier within a set of carriers selected by the serving eNB as fast as subframe/symbol-level, while the number of carriers within the set can potentially exceed the maximum number of carriers over which the UE can aggregate PDSCH. Which carrier(s) the UE should switch to is per eNB indication. When the UE is indicated with the carrier(s) it should switch to, the UE starts to monitor the indicated carrier(s) immediately, preferably within a subframe, and stops monitoring other carriers. By monitoring a carrier it meant to buffer and attempt to detect the control channels and other associated channels. In other words, the eNB indication tells the UE to switch to the indicated carrier(s) and monitor the carrier(s). Note that, however, in any subframe, the eNB does not instruct the UE to switch to monitor on more carriers than its PDSCH aggregation capability, and hence, the eNB does not schedule the UE on more carriers than its PDSCH aggregation capability.
In [10], the performance of fast carrier switching was evaluated and it was observed fast carrier switching can provide promising performance gain than Option 1 (i.e. semi-static carrier switching), that is, about 10%-50% gains for average UPT and 30%- 200% gains for 10% UPT can be observed when LAA coexists with LAA. For this evaluation, the ideal carrier switching among different carriers and at any time only 1 CC can be scheduled were assumed. Therefore, the evaluated case can be regarded as an ideal case of Option 3 assuming zero switching time. The key difference between Option 2 and Option 3 is the different capability to support PDSCH aggregation. Since the PDSCH aggregation capability of Option 2 is always larger than the one of Option 3, it would be expected the performance gain by Option 2 is higher than the one evaluated in [10].
The options are compared and summarized in the following table, from the aspects of UE capability and performance. 

Table 1. Comparison of different options for carrier switching
	Options
	Carrier number configured to UEs
	PDSCH aggregation capability
	Performance

	Option 1: Semi-static carrier switching based on current CA mechanism (Baseline)
	Up to 5 carriers
	Up to 5 carriers 
	Baseline (with transition times incurred by Scell addition (~100s ms) and/or activation (8-24 ms))

	Option 2: Semi-static/fast carrier switching based on CA enhancement beyond 5 carriers
	Up to 32 carriers
	Up to 32 carriers
	Highest 

	Option 3: Fast carrier switching not relying on CA enhancement beyond 5 carriers
	Up to 32 carriers
	Up to 5 carriers
	High (E.g. as a ideal case w/o switching time, 10%-50% gains for average UPT and 30%- 200% gains for 10% UPT )


According to Table 1, fast carrier switching (Option 2 and 3) is beneficial and can provide significant throughput performance gains. Furthermore, for Option3, the data aggregation capability is the same as the current CA capability, and therefore it would not involve significantly higher RF/BB requirements on the UE. Thus, though Option 2 may lead to the highest performance, Option 3 helps shorten the standardization and commercialization process of LAA when comparing to the Option 2, which requires fully development of UE RF and baseband capability.  
Therefore fast carrier switching by the UE is recommended to be supported for LAA, including UEs not able to support simultaneous reception on a large number of carriers. From this aspect, fast carrier switching should be supported for LAA. 
Proposal 1: Fast carrier selection/switching should be supported for LAA.
3 Potential standards impacts for fast carrier switching
The potential standards impacts for fast carrier switching may include the following:

· Scell configuration related impacts
One component to support carrier switching is to configure a UE with a number of carriers that can potentially exceed the maximum number of carriers over which the UE can aggregate PDSCH. As discussed in [9], if the carrier switching is among the configured carriers, no configuration signalling is needed, and likely very recent RRM measurements for these carriers are available, thus reducing the transition delays incurred by Scell configuration and UE measurements. This can benefit both semi-static carrier switching and fast carrier switching (Option2 and 3).
The involved standards impacts mainly include signalling enhancements (e.g., RRC/MAC signalling enhancement to support up to 32 Scells) and procedure enhancements (Scell addition/removal /activation /deactivation), which are considered as limited standards impacts.

· RRM measurement related impacts

Since the discontinuous transmission incurred by LBT for LAA will not always ensure the transmission of reference signals for RRM measurement, the RSSI-like reports (e.g. interference measurement) would be needed to help eNB/UE choose the proper carrier for fast switching. This also benefits the carrier selection at eNB with semi-static UE carrier switching relying on current CA mechanism. 
In terms of signal measurements for RRM, it may be assumed that, for the carriers within the same band and collocated (generally sharing the same set of antennas), they all lead to the same signal measurement. This may be supported by extending the concept of quasi co-location to across co-located intra-band carriers (so that RSRP measurements, time/frequency synchronization, for some configured CCs can be obtained from another CC).

· Discontinuous transmission/reception related impacts
The standards support for fast carrier switching should be jointly considered with the support for LBT-based discontinuous transmissions/receptions, with limited additional standards impacts needed. To well support LAA, especially due to the limitation of the maximum channel continuous occupancy time for the discontinuous transmission, fast carrier switching should support UE to switch to any carrier within a set of carriers selected by the serving eNB as fast as subframe/symbol-level. More specifically, the eNB may send an indication telling the UE to switch to the indicated carriers and monitor the carriers; then the UE may perform the switching and start monitoring the indicated carriers as soon as it can, and in the meantime the UE stops monitoring other carriers. The eNB indication is desirable to be sufficiently fast, for example, taking the UE a few OFDM symbol durations (or at most a subframe) to complete the detection and decoding. Therefore, it is preferred to be done in L1. Several options can be considered, such as introducing a L1 procedure/indicator, enhancements of the Scell activation signalling, etc., which may also be signalled in a way similar to the support for indication of DL transmission burst per single carrier.
In summary the main standards impacts for fast carrier switching are summarized below:

· Configuring the UE with a number of carriers potentially exceeding the maximum number of carriers over which the UE can aggregate PDSCH

· RRM measurements over the configured carriers

· RSSI-like, e.g. interference measurement
· Extension of quasi co-location concept to across collocated intra-band carriers 
· Other standards support for LBT-based discontinuous transmissions/receptions
· L1 indication to the UE to start monitoring a carrier, which is selected from the configured carriers by the eNB
4 Conclusion

In this contribution, the design of fast carrier selection/switching for LAA is discussed. Fast carrier selection/switching allows a UE to be scheduled in any carrier within a set of carriers selected by the serving eNB as fast as subframe/symbol-level, while the number of carriers within the set can potentially exceed the maximum number of carriers over which a UE can aggregate PDSCH. According to the analysis, the following proposal can be obtained:
Proposal 1: Fast carrier selection/switching should be supported for LAA. 
The standards impacts include:

· Configuring the UE with a number of carriers potentially exceeding the maximum number of carriers over which the UE can aggregate PDSCH

· RRM measurements over the configured carriers

· RSSI-like, e.g. interference measurement
· Extension of quasi co-location concept to across collocated intra-band carriers 
· Other standards support for LBT-based discontinuous transmissions/receptions
· L1 indication to the UE to start monitoring a carrier, which is selected from the configured carriers by the eNB
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Appendix:

Procedure for fast carrier switching

For fast carrier switching, one example is shown in Figure A-1, where UE supports 3 CC aggregation for PDSCH. Furthermore only Scells are depicted.
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Figure A-1. One example of fast carrier switching

In this example, for carrier selection, eNB firstly selects the suitable carriers based on eNB sensing of the averaged interference level, traffic load level over the carriers, UE assistant RSSI-like interference measurement reports, etc. 
After carrier selection, eNB may perform Scell addition to UEs by current CA mechanism, so as to ensure UE can acquire some basic information of the configured Scells, e.g. PCID, carrier frequency, etc. The number of the configured Scells can be as large as the number of selected carriers at eNB and can be far beyond the UE capability for data aggregation. In Figure A-1, at T1, all carriers selected by eNB (i.e. CC1/CC2/CC3/CC4) are configured to UEs though the UEs have only 2 CC aggregation for PDSCH over the unlicensed carriers.

Jointly considering the support for LBT-based discontinuous transmissions/receptions, eNB can sense these selected carriers during a short period of time. During the (E)CCA period, if the carriers within the selected carriers are sensed to be idle, eNB can indicate UE to switch to these idle carriers and UE can start to monitor the indicated carrier(s) immediately including buffering data transmission, detecting control channels and other associated channels, etc. In the above figure, after the first (E)CCA period, eNB selects CC1/CC2/CC3 as the candidate scheduling carriers and dynamically schedules UEs on CC3/CC4. At the second (E)CCA period, eNB selects CC1/CC2 as the candidate scheduling carriers and as a result, UEs can be scheduled over CC1/CC2.
For simplification, in the above figure, the CCA period is aligned across carriers. 











































































