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1 Introduction
In RAN1#72bis, it was agreed to further study on dynamic cell on/off including feasible time scale and design details for small cell SI [1]. This contribution discusses potential benefits of cell on/off mainly from user throughput perspective and reviews design considerations to realize efficient cell on/off technique in small cell scenarios. 
2 Cell on/off analysis
In the first evaluation, we analyze the benefit of cell on/off mechanism from user throughput perspective when cell on/off switch occurs semi-statically. For the evaluation, we use small cell scenario 2A with 1 cluster per macro cell sector and 1 cluster has 10 small cells with data arrival rate ( = 10. We compare four cases where each case represents the following. 

· Baseline: a UE selects either macro or small cell based on RSRQ and small cells are always on and transmits CRS in every subframe (i.e., no MBSFN subframe is considered)
· 30% cell off: 30% of small cells are turned off throughout the simulation. The off cells are selected randomly. Cell association is based on RSRQ.
· 50% cell off: 50% of small cells are turned off throughout the simulation. The off cells are selected randomly. Cell association is based on RSRQ. 

· Cell off without active UE: small cells without any active UE attached will be turned off and will not transmit any signal including CRS. When a new UE is introduced, all cells become active and transmit CRS so that a UE can be associated with the strongest cell. Cell association is based on RSRQ. Note that the overhead of cell discovery (i.e., off state to active state transition and related signal overhead) is not considered in the evaluation. In other words, this case is an ideal case to understand the potential benefit of cell on/off mechanism.
Table 1. User Throughput Results with Semi-static Cell on/off
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Table 2. MCS and Average Completion Time of one FTP session (only for small cell UEs)
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User throughput and resource utilization results of four cases are summarized in Table 1. In the results, a few points are observed. First, with cell off without active UE, the user throughput can be increased up to 40% compared to baseline. The gain mainly comes from the reduced interference and thus achieves higher MCS by eliminating neighbour cells’ CRS. As shown in Table 2, dynamic cell off without active UE improves MCS value about 23% and reduce the FTP session completion time about 30% compared to baseline. Secondly, a semi-static cell on/off mechanism without consideration of active UE (e.g., 30% or 50% cell off) may not achieve the performance gain even though it may reduce the interference level. In fact, results show some performance loss due to lower MCS and lower available resources. With a semi-static cell on/off mechanism, the smaller number of UEs will select small cell over macro cell (and thus offloading to small cell decreases) with RSRQ based cell association. It is because UEs may not find the best small cell which shows better quality than macro cell. It can be inferred that more small cells should be active to allow a UE to perform cell discovery and RRM measurement and thus select the better small cell at cell association phase. Lastly, comparing average MCS achieved by 30% and 50% cell off cases, it is observed that 50% cell off case in fact shows better average MCS compared to baseline and 30% off case because of lower interference level. Yet, the differences are not significant. It is worthwhile to note that resource utilization of small cell is still very low (<=20%). In most cases, a small cell has at most one associated UE. In other words, there are quite a few small cells at one time which do not have any UE associated. The benefit of cell off without active UE may decrease as the small cell utilization or the number of small cell UEs increases where further ICIC technique can be considered. 
Observation1: A semi-static cell on/off can bring considerable performance gain in a dense small cell scenario in low/medium loaded condition. 
Next evaluation is to consider dynamic cell on/off where each small cell dynamically turns off transmission at subframe level. For the evaluation purpose, we simulate the following cases. 

· Baseline: a UE selects either macro or small cell based on RSRQ and small cells are always active and transmits CRS in every subframe.
· Blank subframe 50%: a small cell turns off 50% of subframes (e.g., even subframe or odd subframes) to reduce the interference. Once a small cell determines the on/off pattern, it will be used throughout the simulation. 
· Blank subframe 25%: a small cell turns off 25% of subframes. 

· Blank subframe 10%: a small cell turns off 10% of subframes. 

· NCT: a small cell is deployed with new carrier type without cell off. 

Table 3. User Throughput Results with dynamic cell on/off
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Table 4. MCS and Average Completion Time of one FTP session (only for small cell UEs)
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Table 3 shows the summary results on dynamic cell on/off cases. Overall, dynamic cell on/off techniques would not achieve higher user throughput as they limit the available resources to a subset of subframes. However, it is notable that the overall resource utilization tends to decrease with dynamic cell on/off by improving overall MCS level. It is also notable that new carrier type offers significant performance gain which can be considered as a mechanism to realize the dynamic cell on/off technique based on user traffic. 
Observation2: Turn off a small cell dynamically at subframe level needs further study to fully understand the benefit. 
Observation3: Deploying a new carrier type in small cell layer shows significant gain in a dense small cell scenario in low/medium loaded condition.  

3 Design consideration

According to the simulation results, semi-static cell on/off can be beneficial in a small cell scenario. Particularly, if small cell layer is used for data offloading and thus the number of active UEs per small cell is low, turning off inactive small cells can benefit the overall system performance and also save the energy consumption of small cell eNB. As shown in the results, the lower number of small cells (and thus a UE may not select the best cell at a given time) per cluster (e.g., 30% cells off) tends to decrease the overall user throughput. In other words, for the effective semi-static on/off technique, a mechanism should be provided for a UE to select the best quality cell. To support this requirement, a few design choices can be considered. 

(1) Macro-assisted: when a UE needs to be offloaded to a small cell, a macro (serving cell) may wake up small cells in UE’s vicinity and thus allow UE to perform RRM measurement on small cells. A chosen small cell may keep active state and other small cells may go in to off state. Unless requested by a macro cell, a small cell stays in off state if any active UE is not attached.  
(2) UE-initiated: when a UE needs to find a small cell, it may wake up small cells in its vicinity by transmitting such as PRACH, SRS and PUSCH [2] and then perform RRM measurement to identify the best cell. 

(3) Downlink signal based: each small cell may transmit periodic discovery signals (such as PSS/SSS/CRS) so that potential UEs can perform RRM measurement. 
A few observations on advantages and disadvantages of each technique are summarized as Table 5. 

Table 5. Trade off among different options
	
	Advantages
	Disadvantages

	Macro-assisted
	Unnecessary signals (such as downlink discovery signals) are not needed. A cell can become active and transmit only when needed.
	When the coverage of macro cell becomes weak, a UE may not effectively discover small cells. As the number/frequency of offloaded UEs increases, overhead of wake-up of small cells may increase. The information of potentially good small cells is not known in advance. Thus, offloading decision or hand-over decision becomes problematic. 

	UE-initiated
	Similar to macro-assisted option, wake-up overhead of small cell occurs only when needed.
	If downlink and uplink channel are not symmetric, still downlink signals such as discovery signals should be transmitted for UE RRM measurement. This approach requires UE knowing whether there are small cells in its vicinity or not before initiating wake-up. Furthermore, pre-assigned uplink resource may be reserved for UE wake-up signals. Similar to macro-assisted option, the wake-up and cell association overhead would increase as the number of UEs increases. 

	Downlink signal based
	Regardless of the number of UEs to be offloaded to small cell layer, the constant overhead can be maintained. A UE can proactively discover small cells and thus decision on offloading and hand-over can be performed.
	Depending on the periodicity of discovery signal, the overhead can be considerable. If long interval for discovery signal is used, the latency to discover small cells may increase. If discovery signals from multiple small cells are not synchronized, a UE may frequently read discovery signals (and thus consume high energy) on small cell layer. 


Considering the benefits and drawbacks, we can consider a hybrid approach where a long-term discovery signals are transmitted which can be used for discovering small cells and UE-initiated (or macro-assisted) wake-up procedure can be initiated when offloading or hand-over is needed as illustrated in Figure 1. As discussed in [3] discovery signal may not need to indicate individual small cells since it may be sufficient for a UE to detect vicinity with a group of small cells. It should be also studied whether discovery signal need to be transmitted over whole duration or dormant duration.
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Figure 1. Example of Hybrid of discovery signal and UE-initiated wake-up signal
Frequent changes of on/off state by multiple small cells may vary the interference level further and thus impact the CSI and RRM measurement of active UEs. Thus, adapting the duration of active state to support wake-up process or frequency of on/off state change may be necessary. 
Furthermore, the benefits of semi-static on/off based on associated active UEs should be further studied in the cases when the number of users per small cell is more than one at a given time (in this case, there may be no candidate small cell which can be turned off). 

Observation4: Depending on designs to support semi-static cell on/off mechanism, the benefit could be varying. For an effective on/off mechanism, efficient cell association process would be essential. 

Proposal1: Semi-static cell on/off mechanism can be further considered. More specifically, detail design on semi-static cell on/off needs further investigation. 
On the other hand, the benefit of introducing dynamic cell on/off needs further study.  Due to its relatively low resource utilization at small cell layer, turning off downlink signals at subframe level may limit the available resources and thus reduce the overall user throughput. Dynamic cell on/off at subframe level would be beneficial when a small cell schedules multiple users with different traffic profile so that it may have fully occupied and idle subframes. However, with legacy carrier type, the decision and signalling off subframes would be challenging. It can be considered as a natural choice to apply new carrier type in such a case where new carrier type allows blank subframe (i.e., off subframe) when there is no downlink data scheduled without any further coordination. 
Proposal2: Whether dynamic cell on/off mechanism in addition to new carrier type is needed requires further study. 

Furthermore, as shown in the results, the performance gain achieved by deploying new carrier type alone is comparable to that by semi-static cell on/off based on active UE. As discussed above, there are a few issues to be addressed to support efficient semi-static cell on/off mechanism. Thus, at this point, it is not clear whether semi-static cell on/off mechanism is needed in addition to new carrier type or not from user throughput perspective. It can be still beneficial from eNB energy saving perspective. 
Proposal3: Deploying a new carrier type should be considered for efficient small cell operation. 

4 Conclusion
We have analyzed benefits to apply semi-static and dynamic cell on/off techniques for efficient small cell operations. We also discussed a few design considerations to implement cell on/off techniques. 
Observation1: A semi-static cell on/off can bring considerable performance gain in a dense small cell scenario in low/medium loaded condition. 
Observation2: Turn off a small cell dynamically at subframe level needs further study to fully understand the benefit. 

Observation3: Deploying a new carrier type in small cell layer shows significant gain in a dense small cell scenario in low/medium loaded condition.  

Observation4: Depending on designs to support semi-static cell on/off mechanism, the benefit could be varying. For an effective on/off mechanism, efficient cell association process would be essential. 

Proposal1: Semi-static cell on/off mechanism can be further considered. More specifically, detail design on semi-static cell on/off needs further investigation. 
Proposal2: Whether dynamic cell on/off mechanism in addition to new carrier type is needed requires further study. 

Proposal3: Deploying a new carrier type should be considered for efficient small cell operation. 
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Appendix

Table 6 shows the simulation assumption used for interference analysis. 

Table 6. 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/buildings 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
	Based on realistic RSRQ, 

	Scheduling
	PF

	Traffic model
	FTP Model 1 as in TR 36.814

	Arrival rate
	10

	UE receiver
	MMSE-IRC

	Antenna configuration
	2Tx2Rx in DL, cross-polarized


