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1 Introduction
In RAN plenary meeting #62, the agreed WID [1] for Small cell enhancement – Physical layer aspects reads:

· Efficient operation with reduced transition time of small cell on/off in single-carrier or multi-carrier operation, with enhanced discovery of small cells

· Can use existing handover, CA activation/deactivation, dual connectivity (if supported) procedures. New L1 procedure for activated Scell operating on/off can further reduce transition time depending on the detailed solutions

· Discovery procedure/signal(s) are needed

· Cells operating a cell on/off may transmit discovery signal(s) supporting at least for cell identification, coarse time/frequency synchronization, intra-/inter- frequency RRM measurement of cells and QCL. (Note that QCL is not always necessary or possible depending on the procedure.)
· This includes support of discovery and measurement enhancement(s) in DL and its usage in related procedures.

During the study item on small cell enhancements, it was observed that performance gain is generally larger with shorter transition times [2][3]. In this contribution, we discuss design options for transition time reduction, analyse their advantages and disadvantages, consider their specification and implementation impacts and propose the best options to achieve transition time reduction based on the discussion. The performance of the options discussed in this document is evaluated in [4].
2 Discussion
In general, turning a cell off for a particular UE or group of UEs is only worthwhile if the transition times from the off-to-on state and the on-to-off state are much shorter than the off or on period. Otherwise, the overhead of transitioning between the states consumes a large fraction of time thus severely degrading throughput.

Turning a cell off has two main effects in general that must be considered. The first effect is that when a small cell that is off is the best cell to serve a UE, there may be a performance loss either due to the UE having to connect to a cell with a lower received signal level or due to the incurrence of an extra delay in turning on the off cell and serving the UE on it. The second effect is that turning a small cell off reduces the interference received by neighbouring cells. This creates an improvement in SINR for UEs connected to cells that are on, resulting in a performance gain. Of course, these factors are inter-related and therefore the overall performance depends on which of the factors determining the performance of the system is dominant.
Lower transition times between on and off states results in performance improvements in relation to both of the effects cited above. Having lower transition times reduces the delays incurred by the UE when a cell that is best suited to receive data is off. Lower transition times also increase the opportunities for turning off cells thus reducing the level of interference in the network. This is because it now becomes worthwhile to turn cells on and off for a shorter period of time due to reduced overhead created by the transitions.
Among the on/off mechanisms cited in the WID, the handover based on/off mechanism has the slowest transition times in the order of at least 80-90 ms, followed by the dual connectivity and CA activation/deactivation mechanisms. CA Scell activation/deactivation transition times are in the order of 24/8 ms (18/8 if latest CQI availability is not a requirement). It should be noted that the precise workings of dual connectivity are still being discussed, whereas, both handover and CA SCell activation/deactivation are already well defined. As stated in the WID, a new L1 procedure on an activated SCell can further reduce the transition time. Such a procedure can allow some subframes with no DL data transmissions to be dynamically turned off thus further reducing interference in the network opportunistically.

The different on/off mechanisms in the WID can complement each other with the main gains coming from the new L1 procedure [3][4]. Discovery signals/procedures are already required to be defined by the WID and this effort is necessary for all of the small cell on/off mechanisms identified in the WID. For the handover and CA based activation/deactivation mechanisms, no new procedures (other than the operation with the discovery signal) need to be specified. Dual connectivity can be considered once it is more clear how it is supposed to operate and its implications for on/off. Therefore, the new L1 procedure is the main on/off procedure that needs to be specified by RAN1. 
In this contribution, we focus on options for this new L1 procedure since this has the potential to have the shortest transition times and consequently the best performance. The options may be classified based on whether the UE is signalled explicitly about the status of the cell for any given subframe or not. We discuss the solutions in these two categories below. In general, the solutions described below use the status of the buffer for different UEs to determine whether a cell should stay on or off in a subframe, i.e., on/off decisions are essentially driven by scheduling. Both PDCCH and EPDCCH can be used for control channel reception.  
2.1 Explicit signalling from PCell
In this class of solutions, the UE is provided with some information about the status of the SCell via the PCell. A solution that indicated SCell on/off status with a one radio frame (10 ms) granularity was proposed in RAN1 #76 [5] and falls in this class of solutions. In the solution described there, an indication of whether a radio frame is on or not was provided from the PCell almost 4 ms before the frame boundary.
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Figure 1: Explicit signaling with indication of number of on subframes

Figure 1 shows another solution that also uses explicit signalling. In this solution, explicit signalling is provided on the PCell regarding the number of radio frames that will be on in the upcoming radio frame on the SCell. The signalling occurs in the 9th subframe of a radio frame so that it occurs almost 2 ms before the frame boundary. Signalling the number of radio frames that will be on also allows the eNB to only turn on as many subframes as needed in the next radio frame and leave the other subframes off. This can help to further reduce interference in the network. However, in order to implement this solution, the eNB scheduler has to determine the maximum number of subframes required in the next radio frame in advance. The eNB could, of course, over-estimate the number of subframes required and not send any data in some of the subframes if there is no data to send. Thus, in the extreme, this solution could provide the added flexibility of limiting the number of subframes that are on when the eNB does have advance knowledge about the maximum number of subframes required which can result in reduced interference in the network. 

The figure also shows the presence of discovery bursts containing multiple signals for discovery every 40 ms. The discovery burst contains signals that may be used to maintain time/frequency synchronization, gain control and also provide CQI feedback. The UE may also be configured to report CSI feedback based on signals in other subframes. The UE uses signals in the configured subframes when they are indicated as being on and does not use them when they are not. At the eNB, the latest available CQI report is used when data needs to be scheduled and when such information is not recent, a conservative modulation and coding scheme may be employed to compensate. 
The transition time from an off state to an on state could be as large as 12 ms with this solution since a packet arriving in the eNB buffer in the last but one subframe of a frame needs to wait an entire radio frame before being scheduled in the next one. The transition time from an on state to an off state can be faster since the eNB has the ability to signal the number of subframes that will be on. When the eNB does not have advance knowledge of packet arrivals and it estimates the number of on frames needed very conservatively to be the whole radio frame, the on-to-off time could be as high as 9 ms assuming that at least one subframe is scheduled in a radio frame that is on.
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Figure 2: Explicit signaling with indication of on half frames
Another solution using explicit signalling is shown in Figure 2, where the signalling is provided on the PCell to indicate whether half a radio frame is on or not on the SCell. In this case, the granularity of the indication is a set of five subframes so that all five subframes are either on or off. The figure shows that, in this case, some of the subframes in the half frame may not have any data scheduled in them and only carry CRS and any other RS scheduled or configured to be transmitted, such as CSI-RS or PSS/SSS. However, having a finer granularity of half a radio frame allows interference reduction in a more efficient manner.
The maximum transition time from off-to-on state for this solution is lower than the one in Figure 1 and is a maximum of 7 ms. This occurs when the data arrives at the eNB buffer in the subframe where the UE is provided signalling on the PCell, i.e., the 4th or 9th subframe. Similarly, the on-to-off time is also shorter and can be as small as 4 ms once again assuming that at least one subframe is used for data transmission in a half radio frame that is signalled to be on.
2.2 Implicit signalling on SCell
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Figure 3: Implicit signalling with CRS detection

In this class of solutions, the UE detects the status of the SCell in any subframe by trying to detect the CRS that will be transmitted in any subframe that is on. Thus, the detection of the CRS can be thought of as an implicit signal indicating that the subframe is on. In current implementations, signals are assumed to be transmitted by the eNB in every subframe and depending on the subframe configuration, e.g., MBSFN or normal, the UE attempts to decode the PDCCH (in a subframe where PDCCH may be received, e.g., when not in DRX for the subframe). In one possible implementation aligned with the solution proposed in this section, the UE could first attempt to detect CRS transmissions in any subframe and PDCCH decoding would commence only if the CRS has been successfully detected. Thus, if CRS detection is reliable, this could save the UE some blind decoding complexity that is normally incurred when the UE tries to decode PDCCHs even when there are none directed to it. If the UE estimates that CRS based detection is unreliable, the UE could attempt to decode the control message in addition. Of course, another possible implementation is for the UE to always decode the control message assuming that the reference signals exist as is the case with the EPDCCH.
The figure shows the presence of some subframes (shaded in green) where no data is scheduled but CRS and possibly other RS are transmitted. This could be done so as to provide the UE with some additional subframes with RS in order to prepare for data reception in a subsequent subframe. The figure shows one possible option, where an extra subframe without any data is provided to a UE when no signals have been transmitted on the cell for a period of 10 ms or greater. However, when RS have been transmitted on the cell in the prior 10 subframes, a UE may be directly scheduled without any data-free subframes with RS appearing before the subframe carrying data. Even when CRS have been transmitted over some of the prior 10 subframes, the eNB should ensure that a particular UE has had the opportunity to receive transmissions over the prior 10 subframes, i.e., it was not in DRX, for instance.
Another advantage of this solution is that the signalling overhead on the PCell is minimized. This is especially true for cases where multiple SCells performing on/off may be associated with a single PCell. It may be noted that cross-carrier scheduling may still be applied and cross-carrier scheduling is essentially an explicit signal to the UE receiving data in the subframe that the subframe is on. The figure shows that cross-carrier scheduling may be employed to schedule data to UEs on the SCell although it is not mandatory to use this form of scheduling.
The transition time from off-to-on for this solution can be very small. If the UE does not need any preparatory subframes before receiving data, then the transition time is just one subframe for both off-to-on and on-to-off states. If in some cases, the UE needs some prior subframes with CRS before receiving data (green subframes in Figure 3), then the off-to-on time may increase by the number of subframes required. For the example, in the figure, this would be two subframes.
Proposal:
· Autonomous cell on/off state detection by the UE based on the CRS should be considered as a means to achieve the greatest transition time reduction. 
2.3 Fast on/off with new L1 procedure
In order to be ready to receive data in any subframe in which the cell is on, the UE needs to perform fine time and frequency synchronization for demodulation purposes, as well as to derive the channel estimation filter parameters for the DM-RS based or CRS based transmission modes and use QCL properties where applicable in deriving these parameters. Therefore, it is beneficial for the periodicity to be flexible and configurable since the UE needs to ensure that it does not depend on any signals in subframes that may be off.
When the new L1 procedure is being used on an activated SCell, the network may choose to configure the discovery bursts with higher periodicity, e.g., once every 40 ms, in order to allow for the CSI feedback and QCL properties derived from this burst to be better able to support higher data rate transmissions in any subframe. Also, the UE may be configured with CSI-RS with a higher periodicity than that of the discovery signal, e.g., every 10 ms. For instance, an activated Scell may be configured with a discovery burst that occurs only once every 40 ms and some UEs connected to the cell may be configured with CSI-RS that occur once every 10 ms (especially for the solution with implicit signaling and the fastest transition time) and are aligned with the discovery burst so that they appear in the discovery burst. The discovery burst is then used for time and frequency tracking and for RRM measurements (by UEs on other cells) and for CSI feedback when the CSI-RS are received in the discovery burst. In addition, UEs may use CSI-RS in other subframes that occur every 10 ms for CSI feedback as well. Data may be scheduled for these UEs in any subframe and the UE receives data based only on reference signals (CRS or DM-RS) that occur within the subframe.

Proposals:
· The periodicity of the discovery burst containing discovery signals should be configurable 

· Reference signals configured for a UE for CSI feedback and QCL properties may occur in a subframe containing discovery signals or in a subframe without any discovery signals

The details on the signals constituting the discovery burst are addressed in [6].
As a final note we would like to add that if a UE operating with small cell on/off is configured with DRX to save power consumption, depending on the DRX configuration, an additional delay can be potentially introduced. However the periodicity of the discovery signal and DRX configuration can be optimized to minimize such delays and still benefit from reduced power consumption. 
3 Conclusion

Some solutions were presented for reducing the transition time of cell on/off when using the new L1 procedure. The following was proposed.

Proposal:
· Autonomous cell on/off state detection by the UE based on the CRS should be considered as a means to achieve the greatest transition time reduction. 

Proposals:
· The periodicity of the discovery burst containing discovery signals should be configurable.

· Reference signals configured for a UE for CSI feedback and QCL properties may occur in a subframe containing discovery signals or in a subframe without any discovery signals.
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