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1
Introduction

Small Cell On/Off operation has been studied in recent RAN1 meetings as part of the SI on Small Cell Enhancements – Physical-layer Aspects. Previous studies identified different possible high-level adaptation mechanisms and evaluated the corresponding performance gains, taking into account transition times that can be achieved in practice. At RAN#61, it was decided to extend the SI to further study and reach clear conclusions on certain topics, among which semi-static Small Cell On/Off in connected mode.
At RAN1#74bis, the following agreements were made:
· Reduced transition time of small cell on/off can increase the performance

· RAN1 finds it beneficial to introduce the small cell on/off transition time reduction depending on the detailed scheme
· Continue to investigate RAN1 related procedures on small cell on/off transition time reduction until RAN1#75

· The enhancements for transition time reduction may include support of:
· Discovery and measurement enhancement(s) in DL in cell OFF state, potentially also in cell ON state, and its usage in related procedures such as handover, CA activation/deactivation, and Dual connectivity (if supported), radio link monitoring
This contribution discusses further the enhancements for transition time reduction mentioned in the last bullet, and provided some initial evaluation results of the effect of measurement errors on the performance. The following proposals are made:
Proposal 1: RRM measurements based on a Discovery signal are supported.

Proposal 2: Radio link monitoring based on a Discovery signal is supported.

2
Analysis of the transition time
The transition time is generally understood as the time between data arrival (i.e., DL data arrival when analyzing DL throughput performance) at the cell where the UE is initially connected, and the time that data transmission can start from this cell or another cell if the UE has performed a handover between these two events. The following sequence of events may occur, where it is understood that the source cell and the target cell may be the same if no reconfiguration takes place.
T0: Downlink data arrival at the source cell
T1: UE receives signaling to synchronize to the target cell, if required
T2: UE is ready to receive downlink data in the target cell

T3: UE starts receiving data from the target cell

The overall transition time is the latency between T0 and T3. The latencies between each of these events are described below.
From T0 (Downlink data arrival at the source cell) to T1 (UE receives signaling to synchronize to the cell)
The latency corresponds to the largest of the following:
· In case the eNB decides to perform handover to an unprepared cell:

· Latency due to handover preparation (several tens of ms, depending on backhaul latency)
· In case the eNB decides to perform handover to prepared cell or to perform activation of Scell

· Latency to instruct the target cell or Scell to turn on CRS transmission, if the UE does not support an active serving cell without CRS (backhaul latency)
· Latency due to power saving configuration (DRX), ~half of DRX cycle in average
From T1 (UE receives signaling to synchronize to the cell) to T2 (UE is ready to receive downlink data in the cell)
The latency corresponds to one of the following procedures, or may be zero if the serving cell does not change and the time alignment timer was still running

· RRC reconfiguration with mobility procedure (if applicable), ~40 ms
· Scell activation procedure (if applicable), ~30 ms
· PDCCH order for RACH to regain time alignment (in case the time alignment timer was expired), ~10 ms
From T2 (UE is ready to receive downlink data in the cell) to T3 (UE starts receiving data from the cell)
The latency may be zero if the data is already available at the cell, or may be higher than zero if the downlink data has not yet arrived at the cell (due to backhaul latency).
3
Enhancements for transition time reduction
As seen in the above, the actual transition time experienced by the UE depends on a number of assumptions on how the network operates, some of which are not related to how Small cell On/Off or other CRS reduction scheme can be realized. 
For instance, a UE that has been inactive for a period of time (such as according ot the FTP model 1 or 3 used in the simulations for this SI) will generally not be in Active time when DL data arrives if it is configured with DRX. The resulting contribution to the transition time from this effect has an average value corresponding to half of the DRX cycle configured by the network (possible values range from 10 ms to 2560 ms). 
In addition, if the UE has been inactive for a long time the network may have let the time alignment timer (TAT) expire. Even if no handover or Scell activation needs to take place, the network would then still need to send a PDCCH for RACH to allow the UE to regain time alignment. This would add a latency of the order of 10 ms.
In view of this, one can observe that the assumption of zero transition time used for the “baseline” case of no CRS reduction and no reconfiguration is valid only for a hypothetical case of an inactive UE not configured with DRX and always kept in a time aligned state, which may be considered somewhat unrealistic. This should be taken into account when assessing the benefit of this type of feature using non-full-buffer simulations. Of course, these latencies may also exist in the case of a CRS reduction scheme involving a reconfiguration or activation, but they are not necessarily adding to the other sources of latencies if some actions can be made in parallel. For instance, the overall latency between T0 and T1 may simply be the latency to the next subframe where the UE is in active time, in case the backhaul latency is low and only a Scell activation needs to be performed.
Observation: The transition time experienced by a UE in the “baseline” scenario with no CRS reduction may be significantly larger than 0 ms taking into account practical DRX and time alignment timer configurations.
Another assumption that depends on network implementation is on whether a handover or reconfiguration decision actually takes place upon DL data arrival. As long as RRM measurements are available for any potential target cell, the network can also perform handovers and reconfigurations as soon as a change of best cell is reported by the UE, independently of DL data arrival. This would essentially eliminate latencies from handovers and reconfigurations. This behavior is possible at least when no CRS reduction scheme is utilized. Whether a reconfiguration is performed every time the best cell(s) change or only upon DL data arrival is a network implementation decision that may take into account a trade-off between avoiding excessive signaling and minimizing transition time.

In case a CRS reduction scheme is utilized, the following cases may be identified depending on the UE functionalities that are introduced to support the feature.
a) No RRM measurements are available from a cell not transmitting CRS and no operation is possible from this cell (current situation)
b) RRM measurements from Discovery signal are available from all cells, but the UE does NOT support operation with an active serving cell without CRS

c) RRM measurements from Discovery signal are available and the UE does support operation with an active serving cell without CRS (e.g., RLM is supported by a Discovery signal) 

In case (a), no RRM measurements are available from a cell not transmitting CRS. The network may turn on CRS transmissions of neighboring cells at DL data arrival (T0) and wait for a measurement report before making a decision to handover, but the required latency would be of the order of several hundreds of ms. Since this transition time is unacceptably high, it is more likely that the network would just start transmitting data from the serving cell of the UE at the time of data arrival. The resulting performance may correspond to “semi-static on/off based on traffic load” [1].
In case (b), performing handovers and reconfigurations independently of DL data arrival is possible, but the network would have to turn on CRS transmission of a cell if it is the best cell of a UE, even if this UE is inactive. The resulting performance would then correspond to “semi-static on/off based on UE-cell association”. To achieve higher gains the network should then wait for DL data arrival before performing the handover or Scell activation to a cell not transmitting CRS. The additional latency from this could be of the order of 30-40 ms taking into account reception of the message and subsequent non-contention-based RACH procedure (assuming the target cell was prepared, for the handover case). Further reduction may be achievable using enhancements such as early probing [3] that would reduce the latency of indicating to a cell that it should turn on CRS transmissions.
In case (c), performing handovers and reconfigurations independently of DL data arrival is possible and there is no need to turn on CRS transmission of a serving cell of the UE (either a Pcell or active Scell) while it is inactive. The transition time is only the latency to the next Active time and the latency of the non-contention-based RACH procedure if the time alignment timer had expired.
From the above, we observe that the most important functionality to yield significant performance gains from a CRS reduction scheme is the support of RRM measurements from a Discovery signal (cases (b) and (c)). Thus we propose:
Proposal 1: RRM measurements based on a Discovery signal are supported.

The next question is whether the UE should support operation with a Pcell or active Scell from which CRS is not available on a continuous basis. The main specification impact of this is to introduce support for radio link monitoring (RLM) on a Discovery signal. The following considerations can be made regarding the possible introduction of this feature:

Pros:

· Maximizes gains from CRS reduction (transition time can be made identical to the scenario without CRS reduction)

· Does not require dual connectivity or preparation of cells in advance to achieve low transition time

Cons:

· Some additional UE complexity;
· May not yield significant improvement (over RRM measurements only) if the network does not always maintain an inactive UE to the best serving cell (e.g. in scenario 2, a UE may stay on the macro cell as long as there is no traffic). Maintaining a UE to its best serving cell always may require many unnecessary handovers.
Considering the enhanced flexibility brought by the functionality versus the relatively low cost, our preference would be that RLM on a discovery signal is supported.
Proposal 2: Radio link monitoring based on a Discovery signal is supported.

4
Design considerations for the Discovery signal
Several possible designs of the Discovery signal have been studied so far (e.g. CSI-RS, CRS-like, PRS) from the perspective of detectability performance. Another aspect that should be taken into account is the required measurement accuracy, as it may impact the gain that can be achieved from a CRS reduction scheme.
Some initial performance evaluation of the impact of measurement accuracy is provided in the following. Simulations have been run in scenario 2a (10 cells per cluster) using RSRQ cell association where the RSRQ is calculated based on a random measurement error added to the long-term fading average for the RSRP component. The measurement error, when modeled, is normally distributed with zero mean and 2 dB standard deviation. No transition time has been assumed in these results.
Table 1: Small Cell On/Off with and without N(0,2) error for high load (λ=10)

	Simulation case
	Served cell throughput [Mbps/macro cell area]
	Mean Packet Throughput [Mbps]
	5%-tile Cell edge  throughput
[Mbps]
	%-age macro

	
	
	All
	Macro
	Pico
	All
	Macro
	Pico
	

	No On/Off
	No error
	40.89
	23.59
	22.80
	23.93
	9.05
	7.27
	9.73
	30.4

	
	With error
	40.84
	21.89
(-7.2%)
	19.85
(-12.9%)
	22.70
(-5.1%)
	6.79
(-28.3%)
	4.79
(-34.1%)
	7.76
(-20.3%)
	28.1

	On/Off
	No error
	40.92
	30.08
	18.99
	34.19
	8.52
	5.51
	13.49
	27.0

	
	With error
	40.34
	28.05
(-6.8%)
	14.47
(-23.8%)
	33.96
(-0.7%)
	4.50
(-47.2%)
	2.03
(-63.2%)
	12.64
(-6.3%)
	30.3

	
	With error (3dB bias)
	41.07
	29.81
(-0.9%)
	23.50
(23.7%)
	31.73
(-7.2%)
	10.43
(22.4%)
	8.81
(59.9%)
	11.04
(-18.2%)
	23.3


Table 2: Small Cell On/Off with and without N(0,2) error for low load (λ=5)

	Simulation case
	Served cell throughput [Mbps/macro cell area]
	Mean Packet Throughput [Mbps]
	5%-tile Cell edge  throughput
[Mbps]
	%-age macro

	
	
	All
	Macro
	Pico
	All
	Macro
	Pico
	

	No On/Off
	No error
	20.72
	28.08
	28.89
	27.53
	11.98
	10.89
	13.12
	40.7

	
	With error
	20.70
	26.49
(-5.7%)
	27.02
(-6.5%)
	26.19
(-4.9%)
	11.05
(-7.8%)
	9.74
(-10.6%)
	11.53
(-12.1%)
	35.9

	On/Off
	No error
	20.71
	36.17
	23.63
	41.06
	12.54
	9.38
	18.36
	28.1

	
	With error
	20.72
	35.53
(-1.8%)
	22.13
(-6.4%)
	41.24
(+0.4%)
	10.74
(-14.4%)
	7.40
(-21.1%)
	18.84
(+2.6%)
	29.9

	
	With error (3dB bias)
	20.79
	37.19
(2.8%)
	27.83
(17.7%)
	40.33
(-1.8%)
	15.12
(20.6%)
	11.72
(24.9%)
	18.49
(0.7%)
	25.1


These preliminary results suggest that a measurement error is especially detrimental to scenarios with higher load.  This may be because such scenarios are more sensitive to appropriate cell association given that the interference effects are greater.  For example, a UE with incorrect measurements may initiate a Small Cell to turn on when error-free measurements would have led it to an already turned on Small Cell.  Turning on such a Small Cell in a highly loaded scenario can lead to adverse interference on multiple UEs.  Another effect of measurement errors that is observed from the results is that the split between UEs that are served by a Macro and those served by a Small Cell is affected.  If no Small Cell on/off is used, the ratio of Macro UEs decreases as errors are introduced, while the opposite is true of the case with Small Cell on/off. The modification of the macro/small cell ratio has a significant impact as indicated by the results obtained with an RSRQ bias of 3 dB between frequencies. The bias compensates for the effect of the measurement error and yields significant improvement.

Further studies using different RSRQ bias values and measurement error variance should be performed to determine the minimum accuracy of measurements to achieve gains from CRS reduction.
3
Conclusions
This contribution discussed enhancements for transition time reduction and provided some initial evaluation results of the effect of measurement errors on the performance. The following observation and proposals were made:

Observation: The transition time experienced by a UE in the “baseline” scenario with no CRS reduction may be significantly larger than 0 ms taking into account practical DRX and time alignment timer configurations.

Proposal 1: RRM measurements based on a Discovery signal are supported.

Proposal 2: Radio link monitoring based on a Discovery signal is supported.
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Appendix A

Table 3: Summary of system-level simulation assumptions
	Parameter
	Values used for evaluation

	Deployment
	Scenario 2a

1 cluster per macro area, 10 small cells per cluster

	Number of UEs
	30, 80% dropped indoors

	Simulation duration
	10000 TTI

	Tx power setting
	Macro cell: 46 dBm

LPN/Pico: 30 dBm

	System bandwidth
	10 MHz 

	Antenna configuration
	2x2x2 Xpol

	Antenna Pattern
	Macro cell: 3D

LPN/Pico: 2D

	Feedback scheme
	PMI/CQI per cell/Tx point

Feedback periodicity: 10ms

Feedback delay: 6ms

	Channel estimation
	Ideal

	CRS interference
	White noise, power averaged per RB

	UE Receiver
	MMSE-IRC

	Traffic Model
	NFB FTP Model 3

	Link adaptation
	Realistic

	Handover Margin
	0 dB

	DL transmission scheme
	SU-MIMO rank 2


