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1. Introduction
“Small cell on/off” mechanisms target at achieving interference avoidance and coordination, leading to efficient small cell operation. In RAN1#73, it was agreed to continue the evaluation of small cell on/off schemes, with emphasis on the impact of feasible time scale [1]. In this contribution, first we describe different semi-static and dynamic small cell on/off schemes. Second, we evaluate the performance of those on/off schemes in Scenario 2a [2] assuming ideal time scale conditions [3], which serve as performance upper bound. Finally, we re-evaluate the performance of those schemes taking into consideration feasible time scale issues [4, 5]. 
2. Overview of Small Cell On/Off Schemes
In this section, we describe the small cell on/off schemes which are evaluated in this contribution. The on/off schemes can be classified into two categories:
1. Semi-static on/off schemes, in which a fixed portion of the small cells is turned off prior to the start of the network operation. The chosen small cells to be turned off can be identified according to various criteria leading to the following semi-static schemes:
a. Turn-off No Association (ToN), in which the small cells initially without associated UEs are turned off. 
b. Turn-off Random (ToR), in which a fixed percentage of the small cells (e.g., 50%) are chosen randomly and turned off. 
c. Turn-off Lowest (ToL), in which a fixed percentage of the small cells (e.g., 50%) with the smallest number of associated UEs, are turned off. 
2. Dynamic on/off scheme (DTX), in which the small cells without active UEs receiving data are turned off. Unlike the semi-static schemes, there is no fixed percentage of turned-off small cells in the DTX case. 
We note that the small cell on/off concept is applied to the small cells only. In other words, all the macro cells are always turned on. Moreover, we implement realistic buffer association based on the Reference Signal Received Quality (RSRQ) criterion [3]. In the RSRQ-based buffer association, RSRQ is calculated for the newly arriving UEs (requesting data) taking into consideration the instantaneous interference level from all active cells. The UE is associated with the cell (either small or macro cell) having the maximum RSRQ value. Finally, we consider a baseline scenario in which all small and macro cells are turned on and the UEs are associated with their serving cells according to the said realistic buffer association. 
3. Performance Evaluation of Small Cell On/Off Schemes (Non Time Scale)
In this section, we provide the performance evaluation results of the various on/off schemes described in Section 2. The system-level evaluation assumptions are listed in the Appendix of this contribution. We consider Scenario 2a [2] with 1 cluster per macro area and 10 small cells per cluster. Furthermore, a non-full buffer traffic model (FTP model 1) is considered with different packet arrival rates (λ) corresponding to a range of cell resource utilization (RU). For each scheme, we provide different throughput metrics (0.05, 0.5, 0.95, and average) for the small cell UEs (SC UEs) and all UEs (including small and macro cell UEs) by also presenting the average RU at both macro cells (MCs) and small cells. 
We assume ideal time scale, or non-time scale (NTS), conditions in which i) turning on and off the small cells requires zero processing time and ii) a UE can receive data immediately upon its request with zero waiting time. We evaluate the NTS case to determine the upper bound of the performance of the considered on/off schemes. In the Section 4, we reevaluate those schemes considering feasible time scale.

First, we assume low traffic rate with average packet arrival rate equal to λ = 4 sec-1, which corresponds to maximum RU equal to 10%. Table 1 depicts the throughput values for all considered schemes. As shown, the semi-static schemes achieve average throughput gains of 18-24% for the SC UEs and 13-19% for all UEs. DTX achieves very high gains of ~53% for the average throughput compared to the baseline scheme. Furthermore, the 5% throughput values also show moderate gains for the semi-static schemes and high gains for DTX. 
Table 1 UE throughput (Mbps) and percentage gains for λ = 4 sec-1 with non-time scale
	Scenario
	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	13.11

(+0.00%)
	26.48
	46.87
	27.93

(+0.00%)
	11.07

(+0.00%)
	26.89
	47.97
	28.01

(+0.00%)
	10.09%
	1.52%
	2.30%

	TON
	15.30

(+16.66%)
	32.74
	52.26
	32.88

(+17.71%)
	13.59

(+22.76%)
	30.97
	52.25
	31.71

(+13.22%)
	8.63%
	1.89%
	2.71%

	TOR-50
	14.94

(+13.91%)
	32.88
	52.35
	33.65

(+20.48%)
	13.14

(+18.73%)
	31.05
	52.33
	32.17

(+14.86%)
	8.15%
	2.77%
	3.68%

	TOL-50
	15.35

(+17.08%)
	33.79
	52.33
	34.59

(+23.84%)
	13.95

(+26.03%)
	32.72
	52.36
	33.19

(+18.50%)
	7.58%
	2.70%
	3.51%

	DTX
	18.74

(+42.91%)
	51.95
	52.42
	43.16

(+54.52%)
	18.90

(+70.76%)
	51.77
	52.42
	42.86

(+53.02%)
	1.15%
	1.32%
	1.31%


In order to understand the behavior of the on/off schemes, we show in Figure 1 the post-processing SINR for the various considered schemes for the small cell UEs only in Figure 1(a) and for all UEs in Figure 1(b). The ToN semi-static scheme increases the SINR compared to the baseline, due to turning off 28% of the small cells. We note that small cells which are not transmitting packets to active UEs still transmit CRS signals, while the turned-off small cells do not transmit data or CRS signals and, hence, they do not generate interference. The ToR-50 and ToL-50 achieve higher SINR than ToN as they turn off 50% of the small cells, which reduces the interference level further. DTX achieves higher SINR gain compared to all semi-static schemes because the DTX scheme picks the best cell to serve from all of the available cells according to realistic buffer association, and not only from a portion of the available cells (e.g., 50% of small cells) as in the semi-static schemes. 
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(a)  Small Cell UEs                                                                  (b) All UEs
Figure 1 Post-processing SINR for the considered small cell on/off schemes
With respect to the UE association ratios presented in Table 2, a larger portion of the UEs are served by small cells in the DTX case compared to the baseline and semi-static on/off schemes. This is a result of the dynamic nature of realistic buffer association for the DTX scheme which causes a higher percentage of UEs to be served by small cells. In conclusion, DTX achieves the highest SINR and system throughput gains as it involves more candidate small cells (compared to the semi-static schemes reduces CRS interference (compared to the baseline scheme), and enables more UEs to be served by small cells. 
Table 2 Association ratios for the considered on/off schemes
	Scenario
	Association

	
	MC %
	SC %

	Baseline
	42.9%
	57.1%

	TON
	38.3%
	62.7%

	TOR-50
	36.7%
	63.3%

	TOL-50
	34.2%
	65.8%

	DTX
	6.3%
	93.7%


Next, we evaluate the performance of the on/off schemes with moderate traffic rate. Particularly, we consider the average packet arrival rate to be equal to λ = 10 sec-1 and show the simulation results in Table 3. The maximum RU in this case is equal to 23%. Compared to Table 1, we note that increasing the traffic rate reduces the throughput values for all schemes. Such degradation is due to having more data requests from the UEs, leading to having more actively transmitting cells, which in turn results in higher interference and, hence, lower SINR. Having lower SINR leads to increasing the needed time to receive the transmitted FTP files and, thus, to lower throughput. Moreover, we note that the throughput gains of the different schemes reduce compared to the gains of the lower traffic rate case in Table 1. Nevertheless, as we observed for Table 1, we note from Table 3 that the semi-static schemes achieve moderate gains (11-15%) and that DTX outperforms the semi-static schemes achieving an average gain of ~44%.  
Table 3 UE throughput (Mbps) and percentage gains for λ = 10 sec-1 with non-time scale
	Scenario
	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	6.36

(+0.00%)
	22.66
	46.48
	24.13

(+0.00%)
	6.04

(+0.00%)
	21.67
	46.14
	23.30

(+0.00%)
	22.93%
	4.62%
	6.29%

	TON
	6.97

(+9.74%)
	26.42
	51.61
	27.52

(+14.05%)
	6.84

(+13.27%)
	25.13
	49.15
	26.16

(+12.25%)
	20.43%
	5.93%
	7.69%

	TOR-50
	6.82

(+7.29%)
	25.75
	51.96
	27.30

(+13.14%)
	6.64

(+10.10%)
	24.10
	51.78
	25.94

(+11.33%)
	20.67%
	8.54%
	10.60%

	TOL-50
	7.12

(+12.07%)
	27.50
	52.25
	28.32

(+17.36%)
	6.47

(+7.23%)
	25.40
	52.20
	26.94

(+15.63%)
	19.27%
	8.30%
	10.13%

	DTX
	10.25

(+61.27%)
	33.00
	52.38
	33.58

(+39.18%)
	10.54

(+74.57%)
	33.43
	52.47
	33.61

(+44.24%)
	6.43%
	4.05%
	4.26%


Finally, we consider the high traffic rate case with average packet arrival rate equal to λ = 18 sec-1 in Table 4. Similar to the previous low and medium traffic rate evaluation scenarios, we note that DTX outperforms the baseline and semi-static schemes achieving an average gain of 20%, compared to 1%-16% for the semi-static cases. It can be also seen that the DTX gains reduce for higher traffic rates. 
Table 4 UE throughput (Mbps) and percentage gains for λ = 18 sec-1 with non-time scale
	Scenario
	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	2.42

(+0.00%)
	16.33
	40.91
	18.27

(+0.00%)
	2.48

(+0.00%)
	14.13
	39.54
	16.47

(+0.00%)
	38.97%
	10.03%
	12.66%

	TON
	2.58

(+6.65%)
	19.67
	45.37
	20.95

(+14.67%)
	2.38

(-3.97%)
	17.14
	43.79
	19.09

(+15.92%)
	36.55%
	12.46%
	15.38%

	TOR-50
	2.08

(-13.83%)
	15.86
	43.31
	18.17

(-0.57%)
	2.05

(-17.28%)
	13.27
	41.68
	16.60

(+0.83%)
	38.87%
	18.89%
	22.29%

	TOL-50
	2.32

(-3.98%)
	17.53
	46.66
	19.74

(+8.03%)
	2.34

(-5.51%)
	15.45
	45.45
	18.31

(+11.18%)
	36.35%
	17.55%
	20.68%

	DTX
	3.58

(+48.12%)
	16.58
	46.46
	19.63

(+7.43%)
	3.76

(+51.62%)
	16.55
	46.47
	19.72

(+19.72%)
	22.83%
	9.71%
	10.90%


Observations:
· Semi-static on/off schemes achieves moderate throughput gains of 1%-19% for different traffic rates, while the throughput values and gains reduce as the traffic rate increases.
· The DTX scheme achieves the highest average throughput gains of 20-53% outperforming the semi-static on/off schemes. The performance gains of DTX over the baseline also reduce as traffic rate increases.
4. Feasible Time Scale and its Performance Evaluation
In Section 3, we observed that DTX outperforms the semi-static schemes when non-time scale conditions are assumed. In this section, we re-evaluate the performance of the semi-static and dynamic on/off schemes taking into consideration the feasible time scale. Following the guidelines in [4, 5], we considered the following steps in implementing the feasible time scale for the DTX scheme: 
1. The time before a UE can use a small cell that just turned on is 400 ms. Consequently, when a small cell turns on, it only transmits CRS signals for 400 ms, before starting any data transmission. 
2. The time before a new arriving UE (as in FTP 1) can use a small cell which is already on is 200 ms. In other words, when a UE is associated with an small cell which is already on, it starts receiving the first packet of its file after 200 ms. During this time (the duration of 200 ms), the serving cell only transmits CRS signals. 
3. The time required to turn off a cell after turn-off is triggered is 200 ms. Consequently, when a small cell is not associated with any active UE, it only transmits CRS signals for 200ms before turning off completely.
We note that the three steps mentioned above are considered for the small cells in the DTX scheme. For the baseline and semi-static schemes, only the second step is considered, which is required after the realistic buffer association process is completed. Further, we note that the macro cells are always turned on and, hence, they suffer only from interference within the duration of 200 ms defined in the second step. The steps of the feasible time scale implementation are applied to the small cell on/off schemes discussed in Section ‎2 and their impact is discussed in the following.  

Table 5 presents the throughput and percentage gains of the on/off schemes when the average packet arrival rate equals λ = 4 sec-1 by taking into consideration the feasible time scale. The semi-static schemes achieve average gains of 6%-8%. Furthermore, all the throughput values and percentage gains of the semi-static schemes were reduced compared to the NTS case in Table 1. Such throughput degradation is due to the 200 ms waiting time before file transfer during the second step of the feasible time scale implementation. Moreover, we notice that DTX suffers significant performance loss (negative gains), which is against the observations for DTX in the NTS case. More specifically, DTX results in average throughput loss of 23% for the small cell UEs and a loss of 18% for all UEs. The performance degradation for the DTX scheme is due to the longer waiting delays in turning on and off the small cells, which are not present for the semi-static schemes. Hence, taking into consideration the feasible time scale, the semi-static schemes outperform the DTX scheme at an average packet arrival rate equal to λ = 4 sec-1.  
Table 5 UE throughput (Mbps) and percentage gains for λ = 4 sec-1 with feasible time scale
	Scenario


	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	7.71
(+0.00%)
	11.76
	14.56
	11.60
(+0.00%)
	6.94
(+0.00%)
	11.81
	14.75
	11.49
(+0.00%)
	10.09%
	1.52%
	2.30%

	TON
	8.73
(+13.28%)
	12.84
	14.93
	12.43
(+7.20%)
	8.05
(+15.96%)
	12.62
	14.93
	12.17
(+5.87%)
	8.63%
	1.89%
	2.71%

	TOR-50
	8.56
(+11.07%)
	12.91
	14.95
	12.47
(+7.52%)
	7.96
(+14.71%)
	12.68
	14.95
	12.18
(+6.00%)
	8.15%
	2.77%
	3.68%

	TOL-50
	8.65
(+12.19%)
	13.10
	14.96
	12.63
(+8.94%)
	8.15
(+17.44%)
	12.85
	14.96
	12.37
(+7.66%)
	7.58%
	2.70%
	3.51%

	DTX
	5.87
(-23.87%)
	8.80
	14.81
	8.88
(-23.43%)
	5.96
(-14.11%)
	8.86
	15.32
	9.39
(-18.32%)
	2.03%
	1.45%
	1.51%


In order to gain more insight into the reasons for the DTX performance degradation, we first calculate the percentage of waiting time, i.e., the time a UE has to wait before starting its transmission, to the total time (waiting time + transmission time). Table 6 presents the waiting time percentage values for the considered on/off schemes. DTX experiences the highest waiting time percentage and, hence, its throughput is expected to suffer the most. We note that the throughput is calculated by dividing the file size by the total time (from initiating the FTP request to receiving the last bit of the FTP file.)
Table 6 Waiting time percentages due to feasible time scale
	Scenario


	Waiting Time/Total Time %

	
	MCN %
	LPN %
	Overall %

	Baseline
	54.0%
	54.3%
	54.2%

	TON
	55.1%
	58.9%
	57.5%

	TOR-50
	54.2 %
	59.5%
	57.5%

	TOL-50
	53.9%
	60.3%
	58.2%

	DTX
	68.9%
	79.4%
	76.6%


The second factor dramatically impacting the performance of DTX with feasible time scale is the CRS interference signal transmitted by the small cells during the turning on and off states. Such CRS signals result in more interference and, hence, lower SINR as shown in Figure 2. We note that in the NTS case the time to turn on or off a small cell is zero. 
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(a)  SC UEs                                                                             (b) All UEs
Figure 2 Post-processing SINR of DTX with and without feasible time scale implementation
Next, we consider the moderate traffic rate case corresponding to an average packet arrival rate equal to λ = 10 sec-1. We present the throughput values and percentage gains in Table 7. Similar to the low-traffic rate case in Table 5, we note that DTX suffers a significant performance loss of 20% compared to the baseline scheme. It is noted that, as the traffic rate increases, the throughput values of the baseline and DTX schemes get closer to each other since the two schemes will eventually converge to each other.. Regarding the semi-static schemes, we observe that they achieve low gains (5%-7%). As in Table 5, the semi-static schemes outperform DTX at moderate traffic rate. 
Table 7 UE throughput (Mbps) and percentage gains for λ = 10 sec-1 with feasible time scale
	Scenario


	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	3.72
(+0.00%)
	10.87
	14.46
	10.31
(+0.00%)
	4.14
(+0.00%)
	10.66
	14.42
	10.15
(+0.00%)
	22.93%
	4.62%
	6.29%

	TON
	3.82
(+2.52%)
	11.72
	14.79
	11.01
(+6.79%)
	4.58
(+10.45%)
	11.43
	14.70
	10.76
(+5.97%)
	20.43%
	5.93%
	7.69%

	TOR-50
	3.80
(+2.15%)
	11.53
	14.85
	10.86
(+5.31%)
	4.48
(+8.07%)
	11.17
	14.81
	10.64
(+4.80%)
	20.67%
	8.54%
	10.60%

	TOL-50
	4.20
(+12.77%)
	11.91
	14.93
	11.03
(+6.97%)
	4.60
(+11.01%)
	11.49
	14.91
	10.80
(+6.36%)
	19.27%
	8.30%
	10.13%

	DTX
	3.58
(-3.68%)
	7.75
	12.72
	7.61
(-26.20%)
	3.76
(-9.36%)
	8.00
	14.28
	8.10
(-20.19%)
	11.53%
	4.60%
	5.23%


Finally, Table 8 presents the throughput results at high traffic rate (λ = 18 sec-1). Table 8 confirms our previous findings that, with feasible time scale, DTX suffers a significant loss of 21% and the semi-static schemes achieve low gains (0%-9%). 

Table 8 UE throughput (Mbps) and percentage gains for λ = 18 sec-1 with feasible time scale
	Scenario


	SC UEs
	All UEs
	RU

	
	0.05
	0.50
	0.95
	AVG
	0.05
	0.50
	0.95
	AVG
	MC
	SC
	All

	
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	TP in Mbps (Gain)
	TP in Mbps
	TP in Mbps
	TP in Mbps (Gain)
	
	
	

	Baseline
	1.36
(+0.00%)
	9.11
	13.94
	8.46
(+0.00%)
	2.01
(+0.00%)
	8.29
	13.76
	8.02
(+0.00%)
	38.97%
	10.03%
	12.66%

	TON
	1.44
(+6.16%)
	10.09
	14.40
	9.14
(+7.97%)
	1.96
(-2.14%)
	9.29
	14.25
	8.71
(+8.71%)
	36.55%
	12.46%
	15.38%

	TOR-50
	1.32
(-2.85%)
	8.92
	14.13
	8.31
(-1.83%)
	1.75
(-12.77%)
	8.01
	13.94
	7.94
(-0.94%)
	38.87%
	18.89%
	22.29%

	TOL-50
	1.43
(+5.66%)
	9.48
	14.55
	8.70
(+2.84%)
	1.96
(-2.06%)
	8.73
	14.41
	8.40
(+4.80%)
	36.35%
	17.55%
	20.68%

	DTX
	1.70
(+25.44%)
	6.20
	10.32
	6.09
(-28.00%)
	1.99
(-0.75%)
	6.31
	11.08
	6.34
(-20.92%)
	29.75%
	9.91%
	11.71%


Observations:

· With feasible time scale, DTX suffers a big performance loss of (18%-21%) for all UEs compared to the baseline scheme, due to more waiting time and more CRS interference. 
· With feasible time scale, the semi-static schemes achieve small gains of (0%-9%) for all UEs compared to baseline scheme, thus outperform the DTX scheme. 
5. Conclusions

In this contribution, we have evaluated the performance of multiple small cell on/off schemes with and without feasible time scale implementation. The following observations are made:
Observations:

· In the non-time scale case, the semi-static small cell on/off schemes achieve moderate throughput gains of 1%-19% for all UEs, which reduce as the traffic rate increases. The DTX scheme achieves high average throughput gains of 20%-53% outperforming the semi-static ones, as DTX causes more UEs to be associated with small cells having high SINR. The performance gains of DTX over the baseline reduce as traffic rate increases.
· With feasible time scale, DTX suffers a big performance loss of 18%-21% for all UEs compared to the baseline scheme, due to more waiting time and more CRS interference. The semi-static schemes achieve small gains of 0%-9% for all UEs compared to baseline, thus outperform the DTX scheme. 
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Appendix: Scenario 2a SLS Parameters for On/Off Evaluation
	Parameters 
	Assumption 

	Scenario
	Scenario 2a

	Deployment Grid
	Hexagonal

	Number of Sites
	7

	Number of Cells
	21 (3 Cells per Site)

	Macro Frequency
	2.0 GHz

	Macro Bandwidth
	10 MHz

	SC Frequency
	3.5 GHz

	SC Bandwidth
	10 MHz

	Number of Clusters per Cell
	1

	Number of SCs per Cluster
	10 SCs

	Number of UEs per Cell
	30 UEs

	
	

	UE Dropping
	· 1/3 Uniformly Dropped in Macro geographical area (including Hot Zones)

· 2/3 Uniformly Dropped in Hot Spot Zone

· 80% of UEs are considered indoor UEs
· 20% of UEs are considered outdoor UEs

	Cell Association
	RSRQ + RSRQ Realistic Buffer Association with 0 dB Bias for Scenario 2a

	Simulation Schemes
	· Semi-static On/Off

· Dynamic On/Off

· On/Off with time-scale

	Time-Scale
	· Time before a UE can use a small cell that just turned on: [400ms]

· Time before a new arriving UE (as in FTP 1) can use a small cell which is already turned on: [200ms]

· Time needed to turn off a cell after turn-off is triggered: [200ms]

	Antenna Configuration
	2x2, Cross-Polarized 

	CRS Modelling
	· Antenna Ports 0,1

· CRS interference on PDSCH is modelled in all scenarios and follows Alt2 in R1-112856
· Macro cell IDs: Planned
· Small cell IDs: Randomly selected

	MIMO Mode
	SU-MIMO with Rank Adaptation

	Receiver
	Interference Aware Receiver (MMSE-IRC)

	Traffic Modelling
	FTP traffic model 1: File Size = 0.5 MB

λ = 4,10,18

	Scheduling
	Proportional Fair

	Beamforming
	Codebook Based

	Channel Estimation
	Ideal
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