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1 Introduction
Small cell on/off has been discussed for several meetings in RAN1 and the discussion to date has been captured in [1]. At RAN #61 it was decided to focus the RAN1 discussions on semi-static small cell on/off following the definition in [1]. The decision was made with the understanding that the semi-static small cell on/off design would be backward compatible. Following this, there will be a general discussion at RAN #62 about new carrier types for LTE. It was further stated that semi-static small cell on/off should be designed targeting connected mode UEs. Based on these sets of decisions there are several open issues that need to be handled to better understand if and how semi-static small cell on/off provides benefits. Among the issues are:

· How to handle IDLE mode UEs

· Define more explicitly what is the key difference between existing schemes and semi-static small cell on/off

· Define how semi-static small cell on/off should function assuming backward compatible operation
· Further elaborate on the connection and need for newly defined discovery mechanisms

In this contribution, we focus mainly on how to operate semi-static small cell on/off. 
2 Discussion

The current definition of semi-static small cell on/off in [1] is not clear on how semi-static small cell on/off should be operated and what its specification impact is. To be able to judge the benefits and what needs to be specified to support semi-static small cell on/off, further work on the definition of semi-static small cell on/off is required. From [1], it is possible to deduce the following. A small cell can be woken up by different network operational criteria, i.e. traffic load increase/decrease, UE arrival/departure (i.e. UE-cell association), and packet call arrival/completion. One example of such behaviour is the following. If two neighbouring cells are serving a low number of users (i.e. low load), considering the deployment scenario of small cells, one cell can be turned off and the load of the OFF cell could be transferred to the other one by handing over the UEs. In this way, the overall interference situation can be improved. The neighbouring cell can request to wake the off cell up when more traffic appears in the neighbouring cell. 
The transition time for the operation of semi-static small cell on/off can be in the order of hundreds of milliseconds down to a few tens of milliseconds. To be able to judge the benefits and what needs to be specified to support semi-static small cell on/off, further work on the definition of semi-static small cell on/off is required.

Observation

· Further work is required to define semi-static small cell on/off in order to judge its benefits and specification impact

Following the above discussion on definitions, in the following we try to elaborate further on what is the specification impact of semi-static small cell on/off together with the applicable time scales for on/off transitions. 

2.1 Definition of semi-static small cell on/off schemes

The main question is how fast the semi-static small cell on/off can be operated and what the state of on and off actually implies from a UE perspective. These two questions are connected with each other and at the same time related to how to support legacy UEs with the semi-static small cell on/off is achieved. We will outline several different design options here that we further evaluate from a backward compatibility point of view in section 2.2. 

A baseline design assumption would be that, as long as a UE is in CONNECTED mode on a cell, that cell would transmit its signals as a normal Rel-8 cell, i.e., the cell would always be on. Further, it is assumed that if a UE is configured to measure a cell, the measured cell would transmit its signals as a Rel-8 cell. It would further be possible to optimize the design so that Rel-8 signals are only transmitted specifically when the UE is measuring.

The cell can then be deactivated or turned off only in case there are no UEs either in CONNECTED mode operating on the cell or no UEs configured to measure on the cell. 

A completely optimised design would be to assume that if a UE is scheduled on a cell, the cell transmits Rel-8 signals and when there is no scheduling of PDSCH the cell is deactivated.
2.2 Analysis of semi-static small cell on/off 
In [2], we have described IDLE mode behaviour for all UEs including legacy UEs. In this section we discuss how to support CONNECTED mode UEs together with semi-static small cell on/off in a backward compatible manner. One aspect that will affect how the design is done in a backward compatible manner is the UE capability assumptions. The aspect to consider here would be whether the UE can measure on a second frequency with or without measurement gaps. This capability is dependent on how many frequencies the UE is configured to measure on. To keep the discussion simple, we assume the presence of only two frequencies in the network. This gives the following two different options to consider,

· UEs supporting measurements without measurement gaps,

· UEs supporting measurements with measurement gaps.

A UE capability that can be connected to the support of measurements with or without measurement gaps is whether the UE is capable of carrier aggregation or dual connectivity or not, i.e. whether the UE is a dual Rx capable UE or not. 

We are here trying to analyze the above design options considering these aspects from a backward compatibility viewpoint and, by that, highlighting which enhancements are needed to support semi-static small cell on/off. 

Considering the baseline design, one requirement for a cell in on state is that it must be transmitting SIBs and PBCH to support UEs operating in neither CA nor dual connectivity modes. This is the case, since if a UE fails repeatedly to decode either SIB or PBCH the UE would declare RLF. Since the system information is provided, the cell further needs to indicate that the cell is barred for camping in its system information. This is required in order not to cause problems for IDLE mode UEs when the cell is turned on and off repeatedly. In order for the cell to fully support system information it further needs to provide paging capabilities when it is on, to indicate when the system information has been updated.

Observation

· A cell applying semi-static small on/off must provide SIB, paging and PBCH when in ON state

· A cell applying semi-static small cell on/off must indicate whether the cell is barred or not for camping in its system information
If there is a UE performing measurements that requires the use of measurement gaps, the cell can provide the Rel-8 signals only within the measurement gap periods. If, however, the UE is capable of measuring without measurement gaps or alternatively the UE is performing intra-frequency measurements, it is not directly possible to control when a UE is performing measurements and hence the cell needs to be on as long as the UE is conducting the measurements. The presence of a single UE that is capable of measuring without gaps would necessitate the transmission of Rel-8 signals always as long as it is measuring on the frequency wherein the cell is located. 
The applicable on and off transition times would depend on how the UE is trying to connect to the cell or alternatively be handed over from the cell. One aspect that has a significant impact on this is the time required for measurement on the cell before connecting to the cell. The discussion about whether this time is too long or not is a discussion that is associated with the discovery aspect of a small cell. Hence we refer to [3] for further discussion on this topic. In this contribution we focus on what the applicable times are if we assume that a UE has already performed measurements or does not need to perform a measurement. 

A single Rx UE, i.e. a UE without dual connectivity or CA support must do an ordinary hand over to and from a small cell in order to access it. We observe that the typical handover delay due to preparation is assumed to be 50 ms [6]. One should note here that there are delay requirements captured as well in small cell TR [1] which could also be applicable for this analysis. We further observe that the typical time for handover execution is around 40 ms [6]. During this time interval the cell needs to be on in order for it to be accessible by the UE.

If we consider a CA capable UE we observe that the natural operational mode would be to operate the semi-static on/off only in a Scell. Such a Scell would be a network wide Scell and not a UE specific configuration. This would yield the possibility to turn on/off the small cell together with increased and decreased scheduling demand from one or multiple UEs. The operational mode would then be to deactivate the Scell for all UEs and then turn off the cell. It should be noted that the impact on legacy UEs for which the cell is configured as an Scell may depend somewhat on implementation. When the Scell is turned on it can be done by simply sending an activation command to the UE and at the same time by turning on transmissions of the whole Rel-8 signal structure. The time until Scell can be fully utilised would be 34 ms from the time that the UE has received the activation command [7].

What the applicable time for on and off transition is for dual connectivity would depend on how dual connectivity is designed; hence any strong assumptions would be speculative. However, one can at least assume that it would be difficult to make the transition time faster compared to the carrier aggregation case.

The fully optimised design for small cell on/off wherein the cell is turned on/off between PDSCH scheduling instances can be considered as leading to non-backward compatible behaviour similar to other options that have been discussed such as NCT and dynamic eNB DL DTX. It is worth noting that the tools to operate such options in a backward compatible manner, i.e., where legacy UEs can still access the cell, are similar to those needed to operate semi-static small cell on/off. Examples on how to operate these options in a backward compatible manner were for example highlighted in [4], [5]. 

Observation
· Semi-static small cell on/off, where the cell is only on when PDSCH is scheduled, is as non-backward compatible as dynamic small cell on/off, NCT and dynamic eNB DL DTX
3 Evaluation results

We have performed a set of evaluations to study the corresponding gain of small cell on/off and specifically semi-static small cell on/off. We have evaluated small cell scenario 2a with both 4 and 10 small cells. The schemes we have evaluated are:
· No small cell on/off,

· Semi-static small cell on/off with 40 ms on to off and 40 ms off to on time,

· Semi-static small cell on/off with 10 ms on to off and 10 ms off to on time,
· Subframe level small cell on/off.

The exact evaluation results and detailed simulation assumptions are available in appendix in section 6.2. Here we provide summary of the results in Table 1 to Table 4.
Table 1: Gain/loss in percentage (%) when mean user throughput is compared to no small cell on/off with 4 small cells and sector aligned CRS shift

	
	20% load
	40% load
	60% load

	Small cell 40 ms transition time 4 small cells
	-20
	-25
	-25

	Small cell 10 ms transition time 4 small cells
	-3
	-5
	-5

	Subframe level on/off 4 small cells
	8
	6
	7

	No small cell on/off 10 small cells
	1
	4
	8

	Small cell 40 ms transition time 10 small cells
	-20
	-20
	-17

	Small cell 10 ms transition time 10 small cells
	1
	3
	6

	Subframe level on/off 10 small cells
	14
	16
	21


Table 2: Gain/loss in percentage (%) when 5th percentile user throughput in small cell layer is compared to no small cell on/off with 4 small cells and sector aligned CRS shift

	
	20% load
	40% load
	60% load

	Small cell 40 ms transition time 4 small cells
	-14
	-16
	-16

	Small cell 10 ms transition time 4 small cells
	12
	5
	-4

	Subframe level on/off 4 small cells
	20
	16
	13

	No small cell on/off 10 small cells
	7
	11
	12

	Small cell 40 ms transition time 10 small cells
	-17
	-2
	-2

	Small cell 10 ms transition time 10 small cells
	32
	26
	20

	Subframe level on/off 10 small cells
	35
	33
	31


Table 3: Gain/loss in percentage (%) when mean user throughput is compared to no small cell on/off with 4 small cells and random CRS shift

	
	20% load
	40% load
	60% load

	Small cell 40 ms transition time 4 small cells
	-17
	-17
	-16

	Small cell 10 ms transition time 4 small cells
	3
	3
	5

	Subframe level on/off 4 small cells
	14
	16
	20

	No small cell on/off 10 small cells
	-9
	-5
	-1

	Small cell 40 ms transition time 10 small cells
	-15
	-12
	-7

	Small cell 10 ms transition time 10 small cells
	7
	12
	18

	Subframe level on/off 10 small cells
	20
	26
	33


Table 4: Gain/loss in percentage (%) when 5th percentile user throughput in small cell layer is compared to no small cell on/off with 4 small cells and random CRS shift

	
	20% load
	40% load
	60% load

	Small cell 40 ms transition time 4 small cells
	-16
	-6
	5

	Small cell 10 ms transition time 4 small cells
	11
	9
	14

	Subframe level on/off 4 small cells
	22
	26
	29

	No small cell on/off 10 small cells
	-11
	-2
	7

	Small cell 40 ms transition time 10 small cells
	2
	9
	18

	Small cell 10 ms transition time 10 small cells
	24
	26
	35

	Subframe level on/off 10 small cells
	45
	44
	47


Based on evaluation results we can observer the following:
For sector aligned CRS

· 40 ms transition time results in losses in performance in all cases and substantially so in some cases, this is true for both small cell clusters with 4 cells and 10 cells
· 10 ms transition time result in -5% to 6% loss/gain in mean user throughput and give -4% to 32% loss/gain in 5th percentile throughput

· Subframe level on/off is the only scheme that consistently results in gains: 6—21% mean throughput and 13—35% cell-edge throughput gains
For randomly shifted CRS

· 4 small cells yield higher performance than 10 small cells when small cell on/off is not performed

· 40 ms transition time results in losses in performance in all cases for mean user throughput results and in most cases for 5th percentile throughput
· 10 ms transition time give 3% to 18% gains in mean user throughput and 9% to 35% gains in 5th percentile throughput

· Subframe level on/off provides consistently higher performance gains: 14—33% mean throughput and 22—47% cell-edge throughput gains
We further observe that 
· Evaluation performance results are sensitive to CRS shift (see also the Appendix)
· Highest performance is reached by sector aligned CRS for the pico layer
· The gain/loss with deploying 10 small cells instead of 4 small cells depend on the used CRS shift

All the above evaluated small cell on/off schemes break backwards compatibility. Hence we note that the transition time needs to be as fast as possible to result in gains for small cells on/off. Correspondingly if small cell on/off is to be introduced in Rel-12, the target should be to define the scheme so that it is possible to operate with as short on-to-off and off-to-on transition time as possible to capture as much gain as possible from the schemes. 
Further when studying gains with small cell on/off, it is important to define the reference case correctly as our results show that in some cases there will be a loss actually associated with deploying additional small cells. This affect was not considered when including the current results in [1]. Hence all relevant results related to small cell on/off needs to be revaluated based on this fact.

Proposal

· The results based on 10 small cells per cluster in 36.872 need to be compared to 4 small cells per cluster. 

· If that is not possible for some results these results should be excluded from 36.872

· Include above tables in 36.872 and reflect the results in the conclusions

· Small cell on/off operating with 40 ms transition time yields losses in performance in almost all cases

· Small cell on/off with 10 ms yields a performance gain of 
· -5% to 18% in mean user throughput 

· -4% to 35% in 5th percentile throughput

· Subframe level small cell on/off scheme provides consistent gains in all cases
· 6% to 33% in mean user throughput 

· 13% to 47% in 5th percentile throughput
· All the above evaluated small cell on/off schemes break backwards compatibility

· Consider whether to standardise subframe level on/off

4 Conclusions

In this contribution we have discussed the design of semi-static small cell on/off. Based on the discussion we have made the following observations 
· Further work is required to define semi-static small cell on/off in order to judge its benefits and specification impact
· A cell applying semi-static small on/off must provide SIB, paging and PBCH when in ON state

· A cell applying semi-static small on/off must indicate whether the cell is barred or not in its system information
· Semi-static small cell on/off, where the cell is only on when PDSCH is scheduled, is as non-backward compatible as dynamic small cell on/off, NCT and dynamic eNB DL DTX

We further provide a definition of semi-static small cell on/off with applicable timing values that can be operated in a backward compatible manner. Hence we propose the following
· Semi-static small cell on/off can be operated with the current LTE specification without any standardization impact
We further provide a set of evaluations for small cell on/off. Based on the evaluation results we conclude the following:
· The results based on 10 small cells per cluster in 36.872 need to be compared to 4 small cells per cluster. 

· If that is not possible for some results these results should be excluded from 36.872

· Include above tables in 36.872 and reflect the results in the conclusions

· Small cell on/off operating with 40 ms transition time yields losses in performance in almost all cases

· Small cell on/off with 10 ms yields a performance gain of 

· -5% to 18% in mean user throughput 

· -4% to 35% in 5th percentile throughput

· Subframe level small cell on/off scheme provides consistent gains in all cases
· 6% to 33% in mean user throughput 

· 13% to 47% in 5th percentile throughput

· All the above evaluated small cell on/off schemes break backwards compatibility

· Consider whether to standardise subframe level on/off
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6 Appendix 

6.1 Simulation assumptions
	Parameters
	Value

	Scenario
	SCE Scenario 2a

	Deployment
	7 macro sites with three-sectors and ISD=500m (21 sectors), 1 cluster per macro cell area, 4 or 10 small cells per cluster

	System
	Downlink FDD

	Bandwidth
	10 MHz available in all nodes

	Network synchronization
	Synchronized

	PCI planning
	Macro cell layer: Planned 

Small cell layer: Random or Sector aligned

	Traffic model
	FTP Model 1as in TR 36.814, 0.5 Mbytes file size

	Carrier type
	BCT (Rel-11 with TM 10 and 6 MBSFN subframes)

	Cell selection
	1 dB uncertainty, RSRQ based cell selection for SCE Scenario 2a (modeling accounts for angle spread and port-to-antenna mapping) 

	Transmission schemes
	Spatial multiplexing, 2 layers, QPSK/16QAM/64QAM

	Scheduling
	Proportional fair

	CSI reporting
	5ms between two consecutive reports, 6ms delay

	Channel estimation
	Realistic MMSE-IRC

	Link adaptation
	Realistic

	MBSFN configuration
	6 MBSFN subframes out of 10


6.2 Detailed simulation results
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