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1. Introduction
In RAN1#76bis, extensive discussion on small cell on/off transition time reduction took place, focusing mainly on new L1 procedures for activated SCells to further reduce the transition time. As an outcome, the following was concluded:
Conclusions:

· Candidates for the new L1 procedure for activated SCell to further reduce the transition time includes at least followings
· Information on what UE can assume about the cell transmission is indicated to the UE

· Candidates for the indicator are

· DCI message
· Reference signal
· Active time within the DRX procedure 
· Enhanced CA activation/deactivation  command

· For the DCI message and reference signal candidates 

· Down-select whether the indication is sent on the serving SCell operating on/off, on the PCell 
· Down-select the value of the delay between the indicator and its corresponding first on subframe, within the range of 0 to 4 ms
· Define the number of consecutive on subframes associated with the indicator

· FFS: Whether the number of on subframes can be signaled with the indicator

· Maximum number of consecutive off subframes is less than periodicity of configured signals such as DRS or CSI-RS.

· For candidates based on active time within the DRX procedure
· Define whether there should be a separate DRX configuration for the serving cell operating on/off different from the DRX configuration on other serving cells not operating on/off

· Down-select timers related to DRX configuration to support on/off

· For off subframes, UE assumes that the cell transmits a discovery signal in some of the off subframes. 

Additionally, some guidelines for further study were agreed. In this contribution we discuss the candidate schemes listed above and provide our preferences on further small cell on/off transition time reduction.

2. Comparison of small cell on/off procedures
In addition to the candidate schemes listed above, the following conclusions were drawn as guidelines for comparing the candidate schemes:
Conclusions:

The following aspects can be used as guidelines to have further discussions for RAN1 #77 meeting for both on and off states for each of the candidates for activated SCell to further reduce the transition time
· Transition time between on/off states and the definition of transition time used

· On/off granularity, i.e., any minimum-on-time (after transition from off to on state) and minimum-off-time (after transition from on to off state) restriction
· Assumptions on data availability/location (e.g., at eNB MAC buffer)
· Assumptions on CSI availability
· Assumptions on TA availability
· Assumptions on DRX status (for example, no DRX configuration)
· Assumptions on PDCCH or EPDCCH reception at UE
· Assumptions on the availability of RRC RRM measurement (RSRP/RSRQ) at eNB 
· Preferred criteria to trigger on/off transitions
· Specification impacts including any new UE behaviours/procedures needed, in addition to those already agreed until RAN1#76bis meeting
· How to enable time/frequency tracking and automatic gain control at off to on transition

Above aspects can also be guidelines for any other candidates proposed for small cell on/off

So far, the main discussion has revolved around the details of different on/off mechanisms, and on the other hand on whether anything is actually required on top of existing SCell activation/deactivation combined with discovery signal –based cell discovery and RRM measurements. The main criterion is transition time reduction, while other aspects relate essentially to availability of different measurements required by the UE for an activated SCell, for instance CSI, TA, RRM measurements, time/frequency tracking and AGC setting. Throughout sections 2.1-2.4, we discuss the transition time reduction as well as the other aspects for each candidate scheme. The discussion is summarized in section 2.5.
It is noted that essentially all needed measurements related to CSI, TA, RRM, time/frequency tracking and AGC could in principle be assumed to be available based on discovery signals. However, this depends on the exact design of discovery signals and also on the DS periodicity. For instance, for setting the AGC and the FFT window position accurately as well as for determining the uplink transmission timing, CRS would be needed. For downlink demodulation purposes these should preferably be transmitted just before the actual demodulation in order to minimize the errors due to changing radio conditions, hence allowing demodulation of even higher order modulations.
One further aspect that has not been discussed extensively yet is whether the candidate schemes are considered also for PSCells (under SeNB) in addition to normal activated SCells. If PSCells are considered, some further limitations regarding the signaling are imposed due to the non-ideal backhaul between the MeNB and the SeNB. On the other hand, some additional requirements are needed since, for instance, RAN2 has agreed to support RLM on PSCells. Hence, support of RLM would need to be ensured also in case the PSCell is performing on/off. Our view is that if any further mechanisms are specified, support of PSCell should preferably be included in order to increase the usefulness of the mechanisms, thus RLM needs to be considered as well.
SCell activation/deactivation –based on/off

SCell activation/deactivation –based on/off is the baseline scheme with which any other schemes for further transition time reduction need to be compared. To enable on/off, essentially the UE should assume that only discovery signals are present on the SCell when the SCell is deactivated, thus allowing the eNB to turn off that SCell. The transition times are known to be at most 24 ms (+ any delay TDRX due to DRX, see Figure 1) for activation, and 8 ms for deactivation. CSI is available at the eNB latest after the 24 ms assuming the UE has the possibility to report it in uplink. The transitions are illustrated in Figure 1 and Figure 2.
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Figure 1. Timeline of SCell activation –based off-to-on transition including the impact of DRX. It is assumed that CRS are transmitted on the SCell starting from subframe n+4 when the activation MAC CE is received in subframe n.
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Figure 2. Timeline of SCell deactivation –based on-to-off transition, including the impact of DRX. Here it is assumed that CRS are still transmitted during the deactivation period.

Some enhancements on top of existing activation/deactivation –based mechanism have been proposed. In [1], it was proposed to introduce L1 signaling for activation/deactivation to reduce the delay related to decoding the PDSCH carrying the activation MAC CE. However, the transition time reduction from this approach is very small (~4 ms), hence the effort is not very well justified. Furthermore as mentioned in [2], early activation is already now possible as the 24 ms is basically only the upper limit on the activation time and the UE may report valid CSI already earlier. To facilitate this in case of on/off, RS for CSI measurement purposes need to be transmitted between subframes n+4 and n+24 (when activation MAC CE is transmitted in subframe n). Basically what needs to be specified to allow this early activation is simply that the UE may assume presence of configured RS (e.g. CRS, CSI-RS, CSI-IM) during X ms before the subframe in which the SCell is considered to be activated. Note that at least CRS may need to be transmitted anyway during such a period. 

Deriving the uplink timing reference as well as time/frequency tracking and AGC setting can be performed during the RS transmitted before subframe n+24. Of course, as mentioned, there would be the possibility of relying on discovery signals for these.
Finally, it is noted that activation/deactivation –based scheme is not applicable to PSCell due to the RAN2 agreement not to support cross-eNB activation/deactivation in dual connectivity.

DCI message –based on/off

DCI message –based small cell on/off was first proposed in [3]. Essentially, the idea is to signal explicitly to the UE via PCell whether the SCell is on or off in the next radio frame. This signaling needs to happen on the PCell a few milliseconds before the start of the radio frame to leave time for the UE to process the DCI. 
The transition time from off state to on state is in the best case 3 ms assuming that the packet arrives just before transmitting the DCI, and that 2 ms processing time is left to the UE (note that it is not obvious that 2 ms is enough, e.g. 4 ms was assumed in [1]). In the worst case, the transition time can be 12 ms. Basically, the off-to-on transition time depends on the exact time instant of packet arrival with respect to the DCI transmission time instant. Furthermore, if the UE happens to be in DRX when the packet arrives, the delay is increased – note that the UE may also miss the DCI indications due to DRX. The on/off DCI can also be blocked by other transmissions in the common search space, also potentially increasing the delays.
The transition time from on state to off state on the other hand depends on the exact time instant of the last transport block, and also on how well the eNB scheduler is able to predict how many further subframes will be needed to finish the packet transmission. Basically the transition time can range from 0 ms up to 9 ms. The transitions are illustrated in Figure 3 and Figure 4.
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Figure 3. Timeline of DCI-based off-to-on transition. Note that DRX could also mean that some DCIs are missed, thus increasing the transition time. Also the transition time depends on the time instant of packet arrival with respect to DCI transmission.
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Figure 4. Timeline of DCI-based on-to-off transition. The exact transition time depends on the exact time instant of last scheduled TB and also on how well the eNB is able to predict how many subframes will be needed for finishing the packet transmission.

CSI feedback was discussed already in [1]. One possibility would be to define that the CSI feedback is based on latest transmitted CSI-RS in case CSI-RS are used for CSI feedback. In case of CRS-based feedback, one possibility similarly to the RS-based schemes (section 2.3) would be to rely on the discovery signals. In any case some additional definitions are needed on the CSI reference resource and the CRS used for CSI feedback in this case.

It would need to be further clarified how time/frequency tracking, AGC and uplink timing maintenance are performed with this scheme. In particular, the SCell could in principle remain off for long time periods if there is nothing to be transmitted to the UE, in which case the UE could lose track of the timing and frequency. In principle, discovery signals could again be applicable depending on their exact design.

Finally, the scheme does not seem to be applicable to PSCell directly since PSCell on/off status cannot be signaled to the UE from the PCell due to non-ideal backhaul. If the PSCell status would be signaled directly from PSCell itself, the benefits of the scheme are already reduced.

RS-based on/off

The RS-based small cell on/off mechanism refers to the scheme proposed in [3] where the UE monitors (E)PDCCH in each subframe, and determines the on/off status implicitly by detecting an UL/DL grant intended for the UE. The on/off status can in principle also be detected through detecting the RS in the subframe (hence it is “RS-based”). The transition times in absence of DRX are 0 ms for on-to-off and off-to-on transition, and the on-off granularity is only 1 ms. However, in presence of DRX the on-to-off transition is obviously increased. These are illustrated in Figure 5 and Figure 6.
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Figure 5. Timeline of RS-based off-to-on transition. The main factor causing latency is DRX.
[image: image6.emf]Last TB &

DRX MAC CE

PCell

SCell

Cell off

Cell on, UE not 

schedulable

Cell on, UE 

schedulable

DRX


Figure 6. Timeline of RS-based on-to-off transition. Basically the cell can be shut down immediately after the last TB has been transmitted to the UE.
Reference signals for CSI feedback would need to be further clarified with this scheme. In principle, CSI-RS and CSI-IM resources can be available and transmitted all the time. However, for CRS-based feedback, the reference signals are by definition not available all the time. Thus, the CSI reference resource would need to be clarified – one possibility mentioned in [3] would be simply transmitting the discovery signals more often and relying on them for CSI feedback.
An underlying assumption in the scheme is that uplink timing maintenance, time/frequency tracking and AGC can all be managed using discovery signals. This would mean that the discovery signals 1) need to contain at least PSS/SSS/CRS, and 2) need to be transmitted with significantly higher periodicity. Otherwise, long off-periods would become problematic from the UE perspective similarly to the DCI-based scheme. Of course, the UE could update these measurements also whenever it receives a valid DCI, however there is no guarantee that the UE will receive valid DCIs often enough.
Finally, the scheme is in principle applicable to PSCell, however possibility of radio link monitoring should be ensured in that case. In theory it would be again possible to rely on the discovery signals (assuming PSS/SSS/CRS are included). However in this case some changes to the RLM requirements might be needed.

DRX-based on/off
DRX-based on/off has been described for instance in [4]. The basic idea is that the UE shall assume presence of only discovery signals during DRX, while all signals are transmitted during active time. This would enable a cell to DTX whenever all UEs are in DRX as well. Obviously, this would mean that the DRX periods of all UEs within the cell should be aligned as much as possible to maximize the off periods and thus the benefits. Regarding this it should be noted that small cell on/off is anyway intended for cases with a small number of UEs connected to the cells, hence aligning the DRX periods is not expected to be a major problem. 
Transition times are essentially fully dependent on the DRX parameterization. For off-to-on transition, as illustrated in Figure 7, there is no extra latency on top of the normal DRX latency. However, it is noted that enabling time/frequency tracking and AGC operation may require some CRS to be transmitted before the start of active time. On the other hand as mentioned, depending on its design details, the UE could also rely on the discovery signal for these.

On-to-off transition depends on the setting of different DRX parameters such as onDurationTimer and drx-InactivityTimer, but can be even 0 ms in the best case. On the other hand both timers can also be stopped with a DRX MAC control element, thus reducing the on-to-off transition latency independently of how DRX is configured. Similarly to the on-to-off transition time, the on/off granularity completely depends on the DRX parameterization, and can also be reduced via use of DRX MAC CEs.
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Figure 7. Timeline of DRX active time -based off-to-on transition. Here it is assumed that CRS are transmitted for 2 ms before the UE starts its reception, however in principle also discovery signals might be applicable for time/frequency tracking and AGC setting.
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Figure 8. Timeline of DRX active time –based on-to-off transition. Here it is assumed that the UE is put to DRX using a MAC CE transmitted together with the last data packet, and that CRS do not need to be transmitted after this as the UE is anyway not schedulable.
CSI feedback is provided normally during active time (or only when onDurationTimer is running if CQI masking is configured). The main question relates to availability of CSI when the active time starts, so that the UE could be scheduled immediately as efficiently as possible. Some optimization could be considered in this respect, for instance providing CSI based on discovery signals, or transmitting the configured RS already a few milliseconds before the start of active time to enable the UE to make the CSI measurements. Regarding the latter it is noted that onDurationTimer is running in fixed time instants periodically so it is possible for the eNB to configure even CSI-RS and CSI-IM resources to occur exactly before the start of active time.

Similarly to CSI, for time/frequency tracking and AGC setting as well as for maintaining the uplink transmission timing, there are essentially two options, either relying on the discovery signals or transmitting the configured RS for X ms before the start of active time. Our preference would be the latter considering that there may be even large periods of time between the discovery signal and start of active time, and the UE may be required to demodulate even higher order modulations, requiring accurate estimation of these parameters. On the other hand, this would also largely enable reuse of existing implementations in which the UE needs to wake up from DRX a few subframes before the start of active time to allow its receiver to settle.
Finally, it is noted that DRX active time –based scheme would be applicable also to PSCells in case of dual connectivity. RLM is possible during DRX using only RS received when the onDurationTimer is running, and there is no need to change RAN4 performance requirements in this respect.
Summary and discussion
Our summary of the transition times is shown in Table 1. It is noted that CSI delays are not taken into account in this table. Furthermore, in general regarding the transition times it has been noted that basically none of the evaluation results provided during the study item took into account the fact that even with SCell activation/deactivation –based on/off scheme the packet transmission can be started on the PCell even when the SCell is still off. Thus it is not clear how much performance gain can be achieved with further transition time reduction.

First, it is noted that the DCI message –based scheme does not reduce transition times very significantly compared to SCell activation/deactivation –based on/off scheme, when the possibility of early activation is also taken into account. It is further noted that the analysis here does not take into account additional delays that may be incurred due to missed or blocked DCIs. Another thing worth noting is that when DRX is configured, the RS-based scheme does not provide significant transition time reduction over the DRX active time –based scheme. The main benefit that the RS-based scheme provides compared to the DRX active time –based scheme is the on/off granularity of one millisecond. However, it is not very clear which practical traffic patterns would require such on/off granularity. Basically, DRX has been designed from the start to account for different traffic patterns while optimizing the tradeoff between packet transmission latency and UE power consumption. Hence it should be possible to parameterize DRX such that the transition times as well as the on-time match with the expected traffic patterns.
Table 1. Summary of transition times for different on/off schemes.

	
	SCell act. / deact. –based on/off
	DCI message –based on/off
	Reference signal –based on/off
	DRX active time –based on/off

	Off-to-on transition 
	≤ TDRX + 24 ms
	TDRX  + [3,12] ms
	TDRX
	TDRX

	On-to-off transition
	8 ms
	[0, 9] ms
	0 ms
	≥ 0 ms, depends on DRX configuration and use of MAC CEs

	Minimum on-time
	~30 ms
	10 ms
	1 ms
	≥ 1 ms, depends on DRX configuration and use of MAC CEs


Observations:
· Considering the possibility of early activation, DCI message –based on/off does not provide significant transition time reduction compared to activation/deactivation –based on/off. 
· Main benefit of RS-based on/off over DRX active time –based on/off is the minimum on-time.
· It is not obvious which traffic patterns would require 1 ms minimum on-time in practice.
It is noted that the slight transition time reduction of the DCI-based scheme compared to the SCell activation/deactivation scheme, as well as the on/off granularity improvement of the RS-based scheme over the DRX active time –based scheme come at the expense of increased UE power consumption as has already been noted e.g. in [2]

 REF _Ref386532718 \r \h 
[6]. Essentially, the schemes rely on the UE to be actively monitoring the SCell most of the time, meaning that the UE on-time on the carrier is increased. With the DCI-based scheme, even if the SCell remain off, the UE needs to at least maintain timing, frequency tracking and AGC using discovery signals or other means. With the RS-based scheme the UE of course needs to be continuously monitoring the SCell in any case. Furthermore, the main benefits of the schemes are achieved if DRX has not been configured to the UE at all, meaning a significant UE power consumption increase compared to typical operation.

In contrast, it can be noted also that SCell activation/deactivation and DRX active time –based schemes merely take advantage of the UE off-time to allow also the SCell to remain off. In particular, the DRX active time –based scheme basically allows matching the on-times of the cell and the UE according with the expected traffic patterns. Obviously, it is highly beneficial from the overall energy efficiency perspective and also very natural to enable also UE power saving when the cell is off.

Observations:
· The DCI- and RS-based schemes rely on the UE to remain activated on the SCell for longer time periods.

· The benefits of these schemes come at the expense of increased UE power consumption.
· In contrast, SCell activation/deactivation and DRX active time –based schemes enable switching the SCell off when the UE is not actively monitoring the cell.
· Provide a natural way of matching the SCell and UE off-periods, improving the energy efficiency of the whole network.
There are also clear differences between the schemes from the perspective of CSI feedback, time/frequency tracking, AGC as well as uplink timing maintenance. The SCell activation/deactivation and DRX active time –based schemes can basically work as before provided that any configured RS can be assumed to be transmitted for X ms before the UE needs to be actively monitoring the SCell. This approach would to a large extent enable reuse of existing implementations in terms of time/frequency tracking, AGC as well as uplink timing maintenance. In terms of CSI feedback, no changes are necessarily needed, however some optimizations could perhaps be done to enable faster availability of CSI at the eNB upon SCell activation or DRX active time start.

On the other hand, especially the RS-based scheme relies heavily on discovery signals for these functions. It seems difficult to agree on such a scheme before the exact details of discovery signal design are known. Furthermore, from time/frequency tracking and AGC perspective it is clearly beneficial if the RS for these purposes occur just before demodulation (instead of occurring with a certain periodicity), which is not feasible with the RS-based scheme. Also the DCI-based scheme requires something similar, at least for time/frequency tracking, AGC and uplink timing maintenance, in order to avoid problems due to long SCell off-periods.

Observations:
· SCell activation/deactivation and DRX active time –based schemes enable reuse of existing UE functionalities for time/frequency tracking, AGC and uplink timing maintenance also in case of small cell on/off.
· DCI- and RS-based schemes seem to require that discovery signals support these functionalities.

As mentioned in the beginning, support of PSCells is one important feature of any newly specified on/off scheme. Based on our discussion it would seem that the DRX active time –based scheme could support PSCells without major modifications to the existing RLM functionality. On the other hand, it is not clear how PSCells could be supported with the DCI-based scheme. Since the RS-based scheme would need to rely on discovery signals for RLM, some changes at least to the RLM performance requirements might be needed in that case.
Observation: 

· The DRX active time –based scheme is readily applicable also to PSCell in dual connectivity.
To conclude, based on the discussion, our view is to support both the SCell activation/deactivation –based on/off scheme as well as the DRX active time –based on/off scheme, in order to retain most of the existing UE functionality for time/frequency tracking, AGC, uplink timing maintenance and CSI feedback. These schemes together provide a sufficient set of mechanisms allowing matching of any practical traffic pattern with the SCell and UE off-periods, and provide also support for PSCell on/off. 
Finally, if even further small cell on/off benefits need to be harvested, it could be further considered if the SCell needs to necessarily remain on during all of the UE DRX active time if there is nothing to be scheduled to the UE. For instance, it could be specified that the UE may assume presence of configured RS only when the onDurationTimer is running, as well as during the X ms before the start of on-duration (while otherwise the presence of RS would depend on scheduling, similarly to the RS-based scheme). However it is noted that, based on the discussion above, it is still important to keep the RS at least during on-duration (and X ms before).
3. Conclusion 
In this contribution we have discussed the different candidate schemes for small cell on/off, and compared them from different angles. Based on the discussion, our proposals are listed as follows:

Proposals:
· Support activation/deactivation and DRX active time –based small cell on/off in Release 12.

· Enable SCell DTX when the SCell is deactivated, or when the UE is in DRX on the SCell.
· When the SCell is deactivated, or when the SCell is activated and the UE is in DRX, the UE shall not assume presence of any signals except the discovery signals.
· In addition, the UE may assume presence of CRS and any other configured RS during the off-to-on transition:

· During X1 ms before the subframe in which the SCell becomes activated.

· During X2 ms before the subframe in which DRX active time starts.

· X1 and X2 are up to RAN4.
· Study further:

· Whether any optimizations are needed to ensure timely availability of CSI feedback upon SCell activation / DRX active time start.
· Whether CRS and any other configured RS may be assumed present in all subframes during DRX active time.
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