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1.    Introduction
Small cell ON/OFF or discontinuous transmission (DTX) is an important interference mitigation strategy for dense small cell deployments [1]. In 3GPP RAN 1 #73 meeting, various companies presented results showing the performance gains of small cell ON/OFF [2]. The performance gains depend on various factors such as the timescales involved [3], the nature of traffic and network load and other factors such as number of configured MBSFN subframes and CRS interference modeling. To move forward, a common set of simulation assumptions was decided after the meeting in [4] to re-evaluate small cell ON/OFF. In this contribution we propose multiple small cell ON/OFF schemes with different timescales and discovery assumptions, and compare their performance relative to the baseline scheme in scenario 2a where small cells are always turned on.
2.  Small Cell ON/OFF Algorithms Evaluated
In this contribution we have evaluated the performance of the following ON/OFF schemes. 
1) No ON/OFF: All cells remain active all the time. If there is no UE associated with a small cell, it still transmits CRS

2) Ideal ON/OFF: A small cell turns OFF instantaneously if there is no UE associated with it. When a new UE (packet for FTP model 1) arrives in the network, all cells instantly become active and available for association. Macro cells always remain on.
We now propose the following two practical ON/OFF schemes,  
3) Semi-static ON/OFF: Changes in the network (small cell ON -> OFF or OFF -> ON) happen at periodic instants nTs where n = 1, 2, ... 
1. At each instant t = nTs , the cells that are OFF turn ON and the cells that are ON turn OFF, if they have no UE to serve.
2. If all small cells in a cluster turn OFF as a result of procedure 1, then randomly pick a small cell in that cluster and turn it ON.
Furthermore, small cells that are in OFF state cannot be discovered and associated with by any new UEs that may arrive.
Figure 1 shows the state diagram of the proposed algorithm at instants of nTs. Note that Ts is a design parameter that would affect the performance of the ON/OFF algorithm. The main motivation of the proposed algorithm is its simplicity and also the fact that all changes in cell ON/OFF status happens only at specific instants of time. The interference conditions of the network stay constant (statistically) in the interval between two time instants. This helps to stabilize the fluctuation of interference due to small cell ON/OFF and is helpful for CSI computation. However, the time scales used in this scheme may not coincide with feasible time scales described in [3].
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Fig 1: State diagram of proposed semi-static small cell ON/OFF algorithm at the ON/OFF instants.
4) ON/OFF with feasible time scale: For this scheme, the dormant/active small cells will not be turned on/off immediately when UE arrives or leaves. Instead, they will be woken up/turned off by a specific mechanism, in which certain time delay need to be considered. The detailed time scale parameters used in the evaluation are listed in Appendix. We consider case 3 and case 4 described in [3], where UE with CA capability is assumed.

To summarize, the basic difference between the two schemes is that they consider two separate aspects of switching a small cell OFF, 
a) Association: The Semi-static scheme highlights how performance is impacted when only ON small cells are available for association. 

b) Delay: The Feasible time-scale scheme highlights how realistic delays in turning small cells ON/OFF affect UPT. 
Any ON/OFF scheme that would be implemented in future small cell networks would contain both these features. In this contribution, we consider them separately to study their individual effects on UE throughput values. 

 3. Evaluation Results

The evaluation assumptions for scenario #2a are based on [4], and relevant parameters are listed in the Appendix. We present the statistics and relative performance gains of UPT and resource utilization for the various ON/OFF schemes listed in Section 2, with emphasis on the evaluation of 10 small cells per macro cell.
The geometry of the simulated scenario of 10 small cells within a macrocell is shown in Fig. 2, followed by RU and UPT statistics for no ON/OFF and Ideal ON/OFF schemes in Table 1.
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Fig. 2. UE geometry in scenario 2a, 10 small cells per cluster.

Table 1: RU and UPT statistics for no ON/OFF and Ideal ON/OFF schemes, UE arrival rate λ = 10.
	Policy
	RU overall
	RU macro
	RU SC
	Mean UPT overall
	Mean UPT 

SC
	5%

UPT

SC
	95%

UPT

SC
	Macro AR

	No ON/OFF
	0.155
	0.497
	0.126
	21.48
	23.336
	8.78
	35.591
	0.294

	Ideal ON/OFF
	0.131
	0.386
	0.103
	27.208
	30.531
	10.871
	42.963
	0.231


The relative gains over baseline no ON/OFF UPT are shown in Fig. 3 for the ideal, semi-static (Ts = 200), and feasible ON/OFF schemes. It is seen that significant performance improvement is observed for CA-capable UEs in the feasible ON/OFF method. This is essentially because the UEs are still associated with the most favorable small cells. Gains are also observed for the semi-static ON/OFF time scale and further optimization of the parameters (such as Ts and assumptions about all small cells turning ON or OFF in the same periodicity etc.) is expected to enhance the performance of this scheme. However these initial results do seem to suggest that unfavorable association as a result of switching a small cell OFF is more detrimental to UE throughput than small cell ON/OFF with realistic delays. 
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Fig. 3: Relative gains in UPT for semi-static (Ts=200) and feasible ON/OFF schemes, 10 small cells per cluster.
Observation: Ideal small cell ON/OFF scheme can significantly improve the system performance compared to the baseline in scenario 2a with low traffic load. Non-ideal small cell ON/OFF scheme can improve the system performance, at least for UEs with CA capability in scenario 2a with low traffic load. 

Proposal: Non-ideal small cell ON/OFF schemes should be further studied with refined time scale settings, taking into account system performance metrics other than throughput. 
4

Conclusion
In this contribution we studied an ideal ON/OFF scheme and multiple ON/OFF scheme with realistic timescales, and compared their performances for dense small cell networks to characterize the potential gains over a baseline scheme where all the small cells are active all the time. 

Observation: Ideal small cell ON/OFF scheme can significantly improve the system performance compared to the baseline in scenario 2a with low traffic load. Non-ideal small cell ON/OFF scheme can improve the system performance, at least for UEs with CA capability in scenario 2a with low traffic load. 

Proposal: Non-ideal small cell ON/OFF schemes should be further studied with refined time scale settings, taking into account system performance metrics other than throughput. 
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Appendix
	Layout
	Scenario 2a
Macro 7x3

Small cell: clusters uniformly random within macro geographical area; small cells uniformly random dropping within cluster area

	System bandwidth per carrier
	Macro: 10MHz, small cell: 10MHz

	Carrier frequency 
	Macro: 2.0GHz, small cell: 3.5GHz

	Total BS TX power (Ptotal per carrier)
	Macro: 46dBm, small cell: 30dBm

	Antenna configuration
	2Tx 2Rx

	Number of clusters per macro cell geographical area
	1

	Number of small cells per cluster
	10

	Traffic model
	FTP-1 model, with λ =10

	Cell selection criteria
	RSRQ (based on realistic traffic) 

	Time scale for non-ideal ON/OFF scheme
	Semi-static scheme: ON/OFF  time of 200ms

Feasible scheme: Attach to inter-frequency just turned on TP: 526ms
Attach to intra-frequency just turned on TP: 481ms
Attach to inter-frequency already on TP: 124ms
Attach to inter-frequency already on TP: 79ms
ON/OFF time: 50ms
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