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1 Introduction

In RAN1#74 meeting, mechanisms and procedures for small cell on/off, especially for semi-static on/off schemes, are discussed and updated TR is approved. According to evaluation results in [1], large gains are observed with low/medium traffic load when transition time is lower than 100ms, while semi-static on/off with transition time larger than 100ms can offer low or no gains. Since there still exist ambiguity on the definition of OFF and ON states, and mechanisms for small cell on/off, the evaluation results are varying across many companies. 
In this contribution, we continue to discuss mechanisms for semi-static on/off scheme including the definition of OFF and ON-state for small cell on/off, transition/triggering between ON/OFF states, impact on legacy UEs, and other remaining issues on small cell on/off. The detailed simulation assumptions are defined in [1] and appendix A. The raw data of evaluation results are shown in appendix B.
2 Support RRC_IDLE UE
When cell on/off is employed, unless only long-term scale semi-static cell on/off  mechanism is used, how to support RRC_IDLE mode UEs should be discussed. To support RRC_IDLE mode UE, cell selection including initial access should be supported. To support RRC_IDLE mode UE, cells with on/off capability would be aware of presence of UEs in the proximity or transmit synchronization and measurement signals continuously. Unless on/off-functioning cells and legacy cells use separate frequencies, RRC_IDLE mode UEs may need to search the cell in two different manners. In our view, this would cause similar specification and system performance impact to new carrier type. To support RRC_IDLE mode UEs, at least legacy synchronization and measurement signals as well as system information should be transmitted continuously. In this case, the benefit of cell on/off would be decreased significantly or fast time scale cell on/off may not be achievable in a backward compatible manner. 
It is therefore proposed that a cell supports only RRC_CONNECTED mode UEs at least in Rel-12 specification when the cell performs cell on/off. 

Proposal 1: A on/off cell  supports only RRC_CONNECTED mode UEs.

3 ON/OFF transition
In last meeting, procedures and criterions related to small cell on/off are discussed and evaluated by many companies. According to the triggering method to transit OFF to ON state of small cell, procedures related to small cell on/off could be categorized into mainly two parts; one is non-discovery-signal-based method and the other is discovery-signal-based method. In non-discovery-signal-based method, either a UE transmit uplink signals to wake up candidate cells or a serving cell may trigger to wake up candidate cells. Considering hand-over scenario from a serving cell to another cell in OFF-state, the potential latency of hand-over includes wake-up delay + measurement delay + hand-over latency. For an advanced UE supporting dual connectivity, to associate OFF-state cell, the latency would be wake-up delay + measurement delay. In our evaluation, we ignore hand-over latency and assume a certain latency to support wake-up procedure (a UE uplink signal based or eNB signaling-based) and UE measurement. We vary this latency from 215msec to 15msec. In terms of selecting candidate cells to wake up, we assume that all small cells in a target cluster will be turned on for cell association process when a new UE arrives assuming a target cluster for the new UE can be identified based on UE proximity information or eNB monitoring on the UE. Example is shown in Figure 1. 
 [image: image1.wmf]off

/

dormant state

off

/

dormant state

off

/

dormant state

Small Cell 

1

Small Cell 

2

Small Cell 

3

UE

wake

-

up UL signal

RRM signals 

(

e

.

g

.

, 

PSS

/

SSS

/

CRS

)

ON delay

a UE arrives

active state

active state

             

active state

PRACH

off state

off state

UE offloaded to small cell

Data transmission

wake

-

up delay


Figure 1. Example of non-discovery-signal-based wake-up procedure
In case of discovery-signal-based method, we assume that the discovery signal consists of PSS/SSS/CRS with 200 ms periodicity (i.e., PSS/SSS/CRS transmission occurs 1 subframe every 200msec), and the accuracy of RRM measurement based on discovery signals is acceptable for cell selection. Based on discovery signals transmitted in OFF-state of the cell, we assume that a UE perform RRM measurement. Thus, when a UE arrives, it is possible to turn on a target cell only. Wake-up request can be triggered by UE or a serving cell. Either way, we assume that 15msec latency would be occurred (e.g., PRACH based wake-up procedure). 

In terms of cell off procedure (transition from ON to OFF), it would be important to turn off cells with no traffic as fast as possible to reduce interference from cell-specific reference signals. Before turning off a cell, the cell should first hand-over all connected UEs to other cells. Assuming a cell with active UE would not be turned off, a cell first need to determine whether there is any active UE or not. One simple approach to determine active UE is to use timer where a UE without any activity for certain duration is considered as inactive UE. If only those inactive UEs are connected to the on/off-functioning cell via dual connectivity, it can perform SCell deactivation-like procedure to detach the UE from the cell. Thus, overall OFF latency would include inactivity timer + SCell deactivation latency or hand-over latency. For our evaluation, we assume the best case where inactivity timer would be set to 0msec (i.e., once the traffic ends, the UE flags as inactive UE) and latency to detach the UE is 8msec of SCell deactivation latency. 

Table 1 shows evaluation results for cell on/off scheme with non-discovery-signal-based method (denoted by UL-based) and discovery-signal-based method (denoted by DL-based). Latency of cell transition from OFF-state to ON-state would be accounted for user throughput as a new UE should wait until the target cell is ready to transmit data. Latency of cell transition from ON-state to OFF-state would not be accounted for user throughput. Yet, it would impact the user throughput due to increased CRS interference. 

As shown in the results, performance loss is observed when the ON delay (transition latency from OFF-state to ON-state) is larger than 50 ms. In addition, if UL-based and DL-based method assumes the same value of ON delay, discovery-signal-based would guarantees better throughput performance than that of non-discovery-signal-based method. It would come from the fact that the interference level in discovery-signal-based method would be lower than that of non-discovery-signal-based method since small cells are turned on in a unit of cluster in non-discovery-signal-based method. 
Table 1: Performance results of small cell on/off across various ON delay
	Case
	Avg. UPT [Mbps] 

(Gain compared to reference)

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	28.2 

(0.0%)
	27.0
(0.0%)
	24.5

(0.0%)

	UL-based method

(215 ms)
	14.3
(-49.0%)
	14.6
(-45.9%)
	14.6

(-40.3%)

	UL-based method

(115 ms)
	19.5
(-30.7%)
	19.6
(-27.4%)
	19.1

(-22.1%)

	UL-based method

(50 ms)
	26.8

(-4.9%)
	26.4

(-2.2%)
	25.1

(2.4%)

	UL-based method

(15 ms)
	35.2
(25.1%)
	34.0
(25.8%)
	31.4

(28.2%)

	DL-based method

(15 ms)
	37.3
(32.3%)
	35.9
(33.0%)
	33.5

(37.0%)



As shown by other contributions as well, achievable performance gain by cell on/off is tightly dependent on transition latency. The results shown here imply a few things. First, non-discovery-based approach performs generally worse than discovery-based approach due to cell selection latency. Secondly, even with discovery signal transmission in OFF-state, it is also important that a UE can perform RRM measurement using discovery signals transmitted in OFF-state. Otherwise, discovery-signal-based approach also requires UE measurement by turning on the cells and this will decrease overall performance gain. 
Proposal 2: Discovery signal should be transmitted in OFF-state of the cell. 
Proposal 3: Discovery signal should be usable for UE RRM measurement. 

4 Legacy UE support
In this section, we discuss the impact of employing small cell on/off scheme on legacy UEs. Basically, legacy UE expects that cells transmit necessary signals continuously (i.e., no short-term scale on/off). As mentioned in above, we assume that a cell with short-term scale on/off function should support only RRC_CONNECTED mode UEs. In terms of supporting legacy UEs in on/off-functioning cells, a few mechanisms can be considered and we provide some evaluation results on each approach in below. 
Approach 1 (legacy UE not supported by OFF-state cells): in this approach, we assume that legacy UE can be associated with ON-state cells only. In other words, wake-up procedure for a legacy UE is not supported. To allow a legacy UE to be serviced by small cell layer even in the case where the legacy UE is the only active UE (i.e., cells would be OFF-state if cell on/off is applied), it can be considered to make a few small cells within a cluster is maintained as always-ON-state cells (i.e., no turn off). In other words, we assume that only small cells which are ON-state at the time when a legacy UE arrives can support the corresponding legacy UE while all small cells can support advanced UE. Next, the time before a legacy UE can use just turned on cell is set to 200 ms for RRM measurement, and the time before an advanced UE can use OFF-state cell is set to 15 ms for wake-up procedure. For instance, if a legacy UE arrives at 150 ms and small cell #0, #1, and #2 are turned on at 0 ms, 150 ms, and 205 ms, respectively, the legacy UE can use small cell #0 and #1. 
As the portion of legacy UEs increases, the portion of UEs supported by small cells would decrease as shown in Table 2. This result seems to be reasonable since the value of RSRQ corresponding to small cells which may not be the best for a legacy UE would be small compared to the value of RSRQ corresponding to macro cells. 

Table 2: Ratio of small cell UEs across various ratios of legacy UEs

	Case
	Ratio of small cell UEs

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	0.43
	0.48
	0.52

	0% Legacy UE
	0.91
	0.89
	0.87

	20% Legacy UE
	0.73
	0.75
	0.74

	40% Legacy UE
	0.56
	0.60
	0.62

	60% Legacy UE
	0.40
	0.43
	0.48


For user throughput, we evaluate two cases. First, we assume that randomly selected 4 cells in every cluster will be maintained as always-ON-state cells. In the evaluation, we assume discovery-signal-based approach with 200msec discovery signal periodicity. Table 3 shows the results. The result shows that performance gain with cell on/off can be observed with legacy UEs (e.g., 5% - 10% performance gain with cell on/off with 60% legacy UE in the system). It also shows that performance gain would decrease with the increase of legacy UE portion in the system compared to UEs supporting cell on/off.
Table 3: Performance results of small cell on/off across various ratios of legacy UEs; 6 small cells in a cluster over 10 small cells can be turned off (Approach 1)
	Case
	Avg. UPT [Mbps] 

(Gain compared to reference)

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	28.2 

(0.0%)
	27.0
(0.0%)
	24.5

(0.0%)

	0% Legacy UE
	33.8
(20.0%)
	32.5
(20.2%)
	30.3
(23.8%)

	20% Legacy UE
	32.9
(16.9%)
	31.2
(15.5%)
	28.8
(17.6%)

	40% Legacy UE
	32.2
(14.3%)
	30.0
(11.0%)
	27.4
(12.1%)

	60% Legacy UE
	31.1
(10.4%)
	28.6
(5.7%)
	25.7
(5.2%)


Second, we assume all cells are on/off-functioning. If there is no cell maintained as always-ON-state cells, the performance degradation due to legacy UEs is expected as shown in Table 4-(a). In addition, the user packet throughput of legacy UEs is shown in in Table 4-(b), and the performance loss is observed for all cases. According to Table 4-(b), as the percentage of legacy UE increases, user packet throughput achieved by legacy UEs decreases. 
Table 4-(a): Performance results of small cell on/off across various ratios of legacy UEs; all small cells can be turned off

	Case
	Avg. UPT [Mbps] 

(Gain compared to reference)

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	28.2 

(0.0%)
	27.0
(0.0%)
	24.5

(0.0%)

	0% Legacy UE
	37.3 

(32.3%)
	35.9
(33.0%)
	33.5
(37.0%)

	20% Legacy UE
	33.5 

(19.1%)
	32.6
(20.6%)
	29.6
(20.9%)

	40% Legacy UE
	29.5
(4.8%)
	28.5
(5.6%)
	25.2
(3.2%)

	60% Legacy UE
	24.9
(-11.5%)
	21.4
(-20.6%)
	19.4
(-20.7%)


Table 4-(b): UPT of legacy UEs; all small cells can be turned off
	Case
	Avg. UPT [Mbps] 

(Gain compared to reference)

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	28.2 

(0.0%)
	27.0
(0.0%)
	24.5

(0.0%)

	20% Legacy UE
	21.5

(-23.7%)
	19.9

(-26.2%)
	17.1

(-30.2%)

	40% Legacy UE
	19.2

(-31.9%)
	17.1

(-36.6%)
	14.5

(-40.8%)

	60% Legacy UE
	16.5

(-41.4%)
	12.9

(-52.2%)
	10.5

(-57.1%)


According to Table 4-(a), the user packet throughput would be decreased when the portion of legacy UE increases for all traffic load cases. Moreover, the performance loss is observed when the ratio of legacy UEs is large enough. As shown in Table 4-(b), the overall user throughput achieved by legacy UE is always below than average UE throughput for all UEs. In other words, overall user throughput quality for a legacy UE becomes poor when cell on/off is applied. In real world, we may not assume that the portion of legacy UEs would be always low enough. Therefore, it would be necessary to investigate to mitigate impact of employing cell on/off on legacy UEs. 
Approach 2 (legacy UE supported by OFF-state cells): Approach1 has a few issues. First, if the percentage of legacy UEs is large, the performance gain with cell on/off becomes negligible and can become negative. Secondly, if there is no ON-state cell in small cell layer, a new legacy UE may not be serviced by small cell layer and thus it may cause coverage hole or lead poor performance for a legacy UE. Thus, we think that legacy UE should be supported by OFF-state cells as much as possible. To support legacy UE by OFF-state cells, UE measurement on OFF-state cells would need to be supported. Assuming a legacy UE is attached to a serving cell, we consider a case where a UE can be hand-over to small cell layer. To support inter-frequency and intra-frequency of legacy UEs, in approach 2, small cells will transmit a chunk of PSS/SSS/CRS in OFF-state as illustrated in Figure 2. For example, if inter-frequency measurement gap is configured to a legacy UE, measurement signals (PSS/SSS/CRS) can be transmitted aligned with inter-frequency measurement gap. If intra-frequency measurement becomes necessary, continuous transmission of PSS/SSS/CRS even in OFF-state can be configured to support intra-frequency measurement of a legacy UE. If PSS/SSS/CRS transmission in OFF-state can be configurable, inter-frequency measurement and intra-frequency measurement of a legacy UE could be supported. 
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Figure 2. Illustration of Approach 2
Since a legacy UE can perform inter-frequency and intra-frequency measurement of OFF-state cells, the latency of cell transition would be same as that of advanced UE. For evaluation, we assume only inter-frequency measurement gap of 40msec. Thus, 6ms chunk of PSS/SSS/CRS transmission in every 40msec is assumed in OFF-state of the cell. In this case, the percentage of legacy UE would not impact on user throughput as the ON delay for both legacy and advanced UE would be the same. As shown in Table 5, this approach guarantees improved throughput performance. Compared to Table 4-(a), if there is no legacy UE, approach1 outperforms this approach because approach1 transmits less CRS than this approach. To optimize the performance, it can be considered to transmit additional PSS/SSS/CRS only if there is legacy UE. 

Table 5: Performance results of small cell on/off across various ratios of legacy UEs; On/off- functioning small cell can support legacy UE with configurable CRS transmission
	Case
	Avg. UPT [Mbps] 

(Gain compared to reference)

	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	Reference
	28.2 

(0.0%)
	27.0
(0.0%)
	24.5

(0.0%)

	100% On/off-functioning small cells
	37.2
(31.9%)
	35.9
(32.9%)
	33.4
(36.4%)

	60% On/off-functioning small cells
	33.8
(20.2%)
	32.5
(20.5%)
	30.3
(23.8%)


Proposal 4: Configurable transmission of PSS/SSS/CRS in OFF-state should be considered if on/off-functioning cells support legacy UEs. 
5 Conclusion
This contribution discusses issues on small cell on/off including RRC conditions of supported UE, ON/OFF transition, and legacy UE support.  Then, our proposals are as follows: 
Proposal 1: A on/off cell supports only RRC_CONNECTED mode UEs.

Proposal 2: Discovery signal should be transmitted in OFF-state of the cell. 
Proposal 3: Discovery signal should be usable for UE RRM measurement. 

Proposal 4: Configurable transmission of PSS/SSS/CRS in OFF-state should be considered if on/off-functioning cells support legacy UEs. 
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7 Appendix A
Table A: Simulation assumptions for system level simulation
	Parameters
	Assumptions

	Scenario
	Scenario #2a

	Number of macro site
	7

	System bandwidth per carrier
	10 MHz

	Total Small cell TX Power
	30 dBm

	Number of clusters per macro cell geographical area
	1

	Number of small cells per cluster
	10

	Distance-dependent path loss
	ITU model as baseline.

	UE dropping
	20% UEs are outdoor and 80% UEs are indoor.

	Cell association
	RSRQ + bias with realistic buffer.

	Scheduling
	PF

	Traffic model
	FTP Model 1 as in TR 36.814

	Arrival rate
	1.5, 3, 5

	UE receiver
	MMSE-IRC

	Time before a UE can use a just turned on small cell
	15, 115, 215 [msec].

	Time needed to turn off a cell
	8 [msec]

	Discovery signal
	CRS with 200 ms periodicity


8 Appendix B

The detailed evaluation results of UL-based and DL-based cell on/off schemes are as follows:
Table B-1a: Gain of small cell on/off scheme compared to reference system (Macro RU=60%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	24.5
	4.2
	21.6
	57.1

	UL-based method

(215 ms)
	14.6
	5.2
	12.8
	37.4

	UL-based method

(115 ms)
	19.1
	6.5
	18.6
	40.0

	UL-based method

(15 ms)
	31.4
	7.8
	31.5
	53.3

	DL-based method

(15 ms)
	33.5
	7.8
	33.9
	53.3


Table B-1b: Gain of small cell on/off scheme compared to reference system (Macro RU=40%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	27.0
	6.1
	24.1
	58.8

	UL-based method

(215 ms)
	14.6
	5.6
	13.2
	36.3

	UL-based method

(115 ms)
	19.6
	6.3
	19.7
	38.8

	UL-based method

(15 ms)
	34.0
	8.1
	36.0
	53.3

	DL-based method

(15 ms)
	35.9
	8.2
	37.7
	53.3


Table B-1c: Gain of small cell on/off scheme compared to reference system (Macro RU=20%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	28.2
	7.6
	25.3
	58.8

	UL-based method

(215 ms)
	14.3
	5.3
	13.3
	33.6

	UL-based method

(115 ms)
	19.5
	6.5
	20.0
	36.0

	UL-based method

(15 ms)
	35.2
	8.1
	38.4
	53.3

	DL-based method

(15 ms)
	37.3
	7.7
	41.2
	53.3


The detailed evaluation results relative to impacts of small cell on/off scheme on legacy UEs are as follows:

Table B-2a: UPT for the case where all small cells can be turned on/off (Macro RU=60%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	24.5
	4.2
	21.6
	57.1

	0% Legacy UE
	33.5
	7.8
	33.8
	53.3

	20% Legacy UE
	29.6
	5.3
	28.1
	53.3

	40% Legacy UE
	25.2
	3.0
	21.3
	53.3

	60% Legacy UE
	19.4
	1.0
	12.5
	53.3


Table B-2b: UPT for the case where all small cells can be turned on/off (Macro RU=40%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	27.0
	6.1
	24.1
	58.8

	0% Legacy UE
	35.9
	8.1
	37.7
	53.3

	20% Legacy UE
	32.6
	6.7
	32.7
	53.3

	40% Legacy UE
	28.5
	4.7
	26.3
	53.3

	60% Legacy UE
	21.4
	2.3
	15.8
	53.3


Table B-2c: UPT for the case where all small cells can be turned on/off (Macro RU=20%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	28.2
	7.6
	25.3
	58.8

	0% Legacy UE
	37.3
	7.7
	41.2
	53.3

	20% Legacy UE
	33.5
	6.3
	34.4
	53.3

	40% Legacy UE
	29.5
	5.2
	27.3
	53.3

	60% Legacy UE
	24.9
	3.6
	20.5
	53.3


Table B-2d: UPT of legacy UEs for the case where all small cells can be turned on/off

	Case
	Avg. UPT [Mbps] 



	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	20% Legacy UE
	21.5
	19.9
	17.1

	40% Legacy UE
	19.2
	17.1
	14.5

	60% Legacy UE
	16.5
	12.9
	10.5


Table B-3a: UPT for the case where 60% small cells can be turned on/off (Macro RU=60%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	24.5
	4.2
	21.6
	57.1

	0% Legacy UE
	30.3
	7.5
	28.3
	58.8

	20% Legacy UE
	28.8
	6.7
	26.3
	57.9

	40% Legacy UE
	27.4
	5.7
	24.3
	58.8

	60% Legacy UE
	25.7
	4.7
	22.2
	58.8


Table B-3b: UPT for the case where 60% small cells can be turned on/off (Macro RU=40%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	27.0
	6.1
	24.1
	58.8

	0% Legacy UE
	32.5
	9.6
	30.7
	60.6

	20% Legacy UE
	31.2
	8.8
	28.7
	59.7

	40% Legacy UE
	30.0
	7.2
	27.5
	60.6

	60% Legacy UE
	28.6
	6.7
	25.6
	60.6


Table B-3c: UPT for the case where 60% small cells can be turned on/off (Macro RU=20%)

	Case
	Avg. UPT [Mbps]
	5%-tile UPT [Mbps]
	50%-tile UPT [Mbps]
	95%-tile UPT [Mbps]

	Reference
	28.2
	7.6
	25.3
	58.8

	0% Legacy UE
	33.8
	10.3
	32.7
	61.5

	20% Legacy UE
	32.9
	9.5
	31.4
	61.5

	40% Legacy UE
	32.2
	8.7
	30.3
	63.4

	60% Legacy UE
	31.1
	7.9
	29.4
	64.5


Table B-3d: UPT of legacy UEs for the case where 60% small cells can be turned on/off

	Case
	Avg. UPT [Mbps] 



	
	Ref. Macro RU = 20%
	Ref. Macro RU = 40%
	Ref. Macro RU = 60%

	20% Legacy UE
	31.2
	27.2
	25.0

	40% Legacy UE
	30.5
	26.7
	24.8

	60% Legacy UE
	29.2
	26.6
	23.5







































12/12


