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1
Introduction

Small Cell On/Off operation has been studied in recent RAN1 meetings as part of the SI on Small Cell Enhancements – Physical-layer Aspects. Previous studies identified different possible high-level adaptation mechanisms and evaluated the corresponding performance gains, taking into account transition times that can be achieved in practice. At RAN#61, it was decided to extend the SI to further study and reach clear conclusions on certain topics, among which semi-static Small Cell On/Off in connected mode. The status report [1] identifies the following aspects:
· Enhanced mechanisms, procedures and measurements to assist adaptation with reduced transition time scales.
· Efficient small cell discovery procedures with supporting small cell on/off in single-carrier or multi-carrier operation within a short time period, by enhancing the transmission and/or reception of existing SS/RS, including that of PSS/SSS/CRS, CSI-RS, and PRS
This contribution discusses the aspects mentioned in the first bullet. Potential assisting mechanisms for Small Cell On/Off are identified and analyzed with the goal of minimizing transition time while maintaining throughput benefits of Small Cell On/Off. The following proposals are made:
Proposal 1: Introduce DL measurements on Discovery Signal for Small Cell On/Off operation.

Proposal 2: Consider the following cell access enhancements for Small Cell On/Off operation

· Early transmission of PRACH preamble to target cell based on Discovery Signal
· Inter-eNB carrier aggregation (dual connectivity) with measurements on Scell based on Discovery Signal
2
Semi-static On/Off adaptation schemes
The current version of the technical report [2] classifies some On/Off adaptation schemes as “semi-static”. It is understood that the term “semi-static” in this context refers to a typical duration of remaining in any one state (e.g. of the order of hundreds of ms) and is not constraining to a specific type of signaling between the UE and the network. The following adaptation schemes were studied:
· Based on traffic load

· Based on UE-cell association

· Based on packet call arrival/completion

Of the above schemes, significant gains could be observed for the adaptation based on packet call arrival/completion. These gains, however, are only available for transition times below 100 ms. In the context of On/Off adaptation based on packet call arrival and completion, the “Off-to-On transition time” corresponds to the delay between the time Tarrival when data becomes available for the UE and the time when this data can be transferred Ttransfer through a Small Cell that was Off at Tarrival, while the “On-to-Off transition time” corresponds to the delay between the time when traffic transfer through a Small Cell stops and the time this Small Cell can enter the Off state.  
In the following sections, different mechanisms for the reduction of transition time are described and analyzed, focusing on the Off-to-On transition time.
3
Need for reducing transition time
At a high level, Small Cell On/Off operation based on packet call arrival involves the following steps:
Data arrival: A burst of data (“packet call”) arrives for a previously inactive UE, in the downlink or uplink. 
Cell selection: A cell is selected for the transfer of the data burst. The selected cell may be the current serving cell of the UE at the time of data arrival (i.e. the initial serving cell), or a different cell. The selected cell may be a macro cell, or a small cell in On or Off state
Cell access: The UE accesses the resources of the selected cell. In case the selected cell is the original serving cell, data transfer may start immediately or almost immediately (e.g. if time alignment needs to be regained). In case the selected cell is a different cell, additional procedures are required before data transfer can occur in the selected cell.
Transition time with existing mechanism

Using only existing mechanisms, the transition time from data arrival to cell access may be quite significant for the following reasons. 
First, the measurements (RSRP/RSRQ) that are normally used for cell selection are based on the CRS which is not transmitted by a cell in the Off state. Thus, to support cell selection using the same criteria, any potential small cell candidate in the Off state would first need to re-eenter the normal (On) state to allow the UE to take measurements. 
Second, a UE cannot use of cell in the Off state as its serving cell, and is thus by definition initially connected to another cell in the neighborhood. This implies that step (3) involves a handover if the selected cell was in the Off state. The overall process typically takes a few seconds [2]. By the time it is completed it is likely that either all the data has already been transferred through the initial serving cell, or (in case data transfer was suspended) unacceptable latency was experienced by the UE.
To overcome the above issues, several mechanisms have been proposed for cell selection (step 2) and cell access (step 3) as described in following sections.
4
Cell selection mechanisms
4.1 Overview

For the selection of a cell among a set of cells that may include cells in Off state, two main candidate mechanisms have been identified [3]-[5]:
1) DL measurements
With this approach a small cell eNB transmits a signal for a small cell in Off state with a relatively long periodicity (e.g. every 50 ms or more) such that almost all of the interference reduction and energy saving benefit is kept. This allows UE’s to detect and measure the cell while it is in the Off state. Measurements taken on a Discovery Signal (e.g. D-RSRP/D-RSRQ) would be defined and used in a similar way as RSRP/RSRQ. The design of the Discovery Signal could be similar to that of an existing reference signal such as CRS, CSI-RS or PRS.

When data arrives, measurements for all cells including small cells in Off state are already available, avoiding the extra latency of identifying the best cell. The measurement may also be used to determine the path loss estimate for the power control of initial UL transmissions directed to the small cell.
2) UL measurements
With this approach, upon data arrival for a UE the network triggers an UL transmission for the UE, such as a PRACH preamble. Network nodes in the neighborhood (including macro eNB’s and small cell eNB’s) receive the UL transmission and provide the measurement results (signal strength) to some centralized coordination entity (e.g. macro eNB) that determines the best cell. The UL transmission would be sent in the UL resource (frequency) of the serving cell of the UE at the time of data arrival. 
4.2 Discussion
To following aspects are considered for recommending the best candidate mechanism for cell selection.
Throughput impact from measurement accuracy
Early studies of throughput performance in small cell deployments with non-full-buffer traffic showed that performance is quite sensitive to the cell association criterion applied at the time (or a short time before) data transfer occurs. For non-co-channel scenarios (i.e. Scenario 2) the use of RSRQ (instead of RSRP) as a cell association criterion was shown to provide a natural load balancing mechanism between the macro and small cell layers. As similar measurements would be available with the DL measurement approach, significant performance degradation compared to baseline (no On/Off) operation may be avoided provided that the period of the Discovery Signal is small enough to provide some averaging over fading. As the coherence time for a typical speed (3 km/h) at 3.5 GHz is approximately 40 ms, this seems achievable. It would also be possible to use enhanced measurements, such as SINR, if further studies confirm these to be beneficial.
In contrast, with the UL measurement approach several concerns arise with respect to measurement accuracy. A first concern is that as the interference situation in the UL is generally not the same as in the DL, it would not be possible to infer a measurement such as RSRQ from the UL measurements. The network would have to rely on indirect estimates of load to perform load balancing between layers, which means that the the decision cannot be optimized for the specific situation of a UE. A second concern, specific to scenario 2, is that the measurement is only available on the frequency of the source cell (e.g. macro cell). This means that the network has to apply some correction factor to estimate the path loss on a potential target cell, introducing another source of inaccuracy. Finally, a single UL measurement does not provide any averaging over fast fading. This introduces a bias compared to the value most representative of average channel conditions that will be experienced during data transfer. Some averaging over fading could be provided by monitoring multiple UL transmissions, but this would be at the expense of latency.
To illustrate the importance of the accuracy of measurements on the throughput performance, simulations have been run with a random measurement error added to each RSRQ measurement used for cell association, in scenario 2a and 10 cells per cluster and a uniformly distributed measurement error. The results are shown on Table 1 for an idealized On/Off scheme with no transition time and different error ranges. It is seen that throughput performance is quite sensitive to errors in measurements used for cell association.
Table 1. Effect of measurement error on throughput performance
	Simulation case/

Measurement error
	Served cell throughput (Mbps/macro cell area)
	Mean throughput (Mbps)
	5th percentile throughput (Mbps)

	
	
	All
	Macro
	Small
	All
	Macro
	Small

	No On/Off
	0 dB
	40.7
	21.7
	19.1
	22.9
	6.6
	4.5
	8.7

	On/Off
	0 dB
	40.8
	26.8
	18.8
	30.0
	6.6
	5.5
	8.2

	
	±1 dB

	40.5
	25.8

(-4%)
	16.1

(-15%)
	30.1

(+0%)
	4.6

(-30%)
	3.0

(-43%)
	8.5

(+4%)

	
	±4 dB


	40.0
	24.3

(-9%)
	13.4

(-29%)
	29.1

(-3%)
	2.7

(-60%)
	1.4

(-75%)
	6.8

(-18%)


Latency

With the DL measurement approach the relevant measurements are already available in the UE at the time of data arrival. The network also has measurement results from the last measurement report transmitted by the UE, which may be suitable for cell selection if the UE was configured with proper measurement triggers. To avoid the need to transmit measurement reports during inactivity periods, a new measurement event could be defined to trigger transmission of a report upon resumption of activity, which would add up to about 10 to 20 ms to the transition time. Thus the latency of providing measurements to the network may be between 0 and 20 ms in the case of DL measurement based.
With the UL measurement approach, the latency is dominated by the time required to transfer the measurement results from all eNB’s to the coordinating entity over the backhaul. The latency thus depends on the type of backhaul and may vary between a few ms and 60 ms [6].
Power control of initial UL transmissions
The power of initial transmissions to a cell, such as for a PRACH preamble and subsequent PUSCH transmissions, is calculated based on a path loss estimate which depends on RSRP. With the DL measurement approach a received signal power may be measured from a Discovery Signal to provide the path loss estimate for setting the power of initial UL transmissions in a cell that was previously in Off state. With the UL measurement approach there is no measurement available for determining a path loss estimate of a cell until a few tens or hundreds of ms after the cell enters the On state. As a result, initial transmissions may have to be set to a relatively high power, generating more interference in the UL.
Complexity
With the DL measurement approach the additional complexity is in the definition of a measurement based on a Discovery Signal. The amount of additional complexity may be small if the Discovery Signal is designed to be similar to an existing reference signal.
With the UL measurement approach the additional complexity is mainly at the network due to the need of equipping the small cell eNB’s with a receiver on the UL frequency of the macro eNB, in scenario 2.
Summary
The above observations are summarized in the Table below.
	Criterion
	DL measurement approach
	UL measurement approach

	Measurement accuracy
	Performance similar to CRS-based  achievable
	Poor accuracy due to
· UL/DL interference asymmetry

· Limited time diversity

· Measurement in other band (scenario 2)

	Latency (to cell selection decision)
	0 to 20 ms depending on configured triggers
	5 to 60 ms depending on backhaul latency

	Initial UL transmission
	Path loss estimate is immediately available for setting initial UL transmission power
	Path loss estimate not immediately available for setting initial UL transmission power

	Complexity
	Introduction of measurement on Discovery Sgnal
	Requires small cell eNB to be equipped with receiver on UL frequency of macro eNB


Based on the above analysis it is recommended to introduce DL measurements on a Discovery Signal as supporting mechanism for the cell selection functionality of Small Cell On/Off operation.
Proposal 1: Introduce DL measurements on Discovery Signal for Small Cell On/Off operation.

5
Cell access mechanisms
5.1 Baseline cell access procedure
The cell selected as part of the process described in the above may be different from the original serving cell at the time of data arrival. The baseline mechanism to allow the UE to access the resources of the selected is a handover procedure. This involves the following steps [7]:

Handover preparation: The source eNB prepares the target eNB. With Small Cell On/Off operation the target eNB would change the state of the target cell to On if necessary. 
Handover execution: The source eNB sends an RRC message (reconfiguration with mobility) to the UE. The UE connects to the target cell using RACH procedure while the source eNB starts forwarding data to the target eNB.
The latency incurred by handover preparation depends on the backhaul latency and can thus of the order of a few hundreds of ms. The network may avoid this source of latency by preparing potential selected cells in advance, at the expense of having to reserve resources for each inactive UE. This may be acceptable if the number of prepared selected cells is limited to the few most likely candidates based on previous measurement reports received from the UE, also considering that resource limitation should not be a huge problem for a cell that by definition is not serving any UE. This mechanism is already available without specification change. 
It should be noted that the potential selected cells should not be kept in the On state until they are actually selected otherwise there would be little or no benefit from the On/Off feature. The target cell should thus switch to the On state when actually receiving data forwarded by the source eNB or the SN status transfer message.
5.2 Possible enhancements for cell access
Early probing

As described in the above, in the baseline handover procedure the UE attempts connecting to the target cell immediately after reception of the handover command, i.e. acquire frame-level synchronization and initiate PRACH transmission at the next available PRACH occasoin. However, depending on the backhaul latency the target cell may still be in the Off state at the time the UE attempts to access it. The UE thus may have to wait until CRS and other synchronization signals are received, which adds to the transition time.

Thus, one possible enhancement could be to enable the UE to transmit a PRACH preamble to the target cell even before CRS is received. This could be achieved by indicating a PRACH resource (i.e. timing and other information) referred to the Discovery Signal of the target cell. This PRACH resource could be provided in the handover command or even in previous configuration messages along with the information on the Discovery Signal. Pre-configuration of the PRACH resource could allow further reduction of the transition time if the UE is allowed to transmit the PRACH to the best cell even before reception of the handover command, for instance after transmission of a measurement report or after UL data arrival. Possible triggers could be left for further study.
Reception of the PRACH preamble by the target eNB could serve as an early indication that the cell should be switched to the On state. The UE can thereafter synchronize to the target cell and monitor PDCCH for a random access response containing the timing adjustment and initial grant and be immediately ready for data transfer when DL data arrives at the target eNB. 
This enhancement could reduce the transition time by a duration corresponding to that of a RACH procedure, which may be between several ms and a few tens of ms depending on whether a dedicated preamble was provided or not. Overall, this enhancement combined with preparation of potential targets described in the previous section can potentially reduce the component of the transition time due to cell access to just the time for the data to get from the source eNB to the target eNB, i.e. the backhaul latency. Combined with DL measurements for cell selection this results in an overall transition time well below 100 ms. For instance, assuming a backhaul latency of 20 ms and a latency of 20 ms for the provision of a measurement report, the total transition time would be of the order of 40 ms.
Dual connectivity – inter-eNB carrier aggregation
In many situations there may be only one specific small cell that is likely to correspond to the selected cell upon data arrival. This occurs for instance if the UE is very close to the antenna of a particular small cell. For these scenarios it may be beneficial to have the UE pre-configured to use the resources of a particular target cell.
Carrier aggregation and the associated Scell activation/de-activation mechanism provides a natural framework for achieving this goal in Scenario 2. The UE could be configured with the macro cell as Pcell and the small cell as Scell. During periods of inactivity the Scell may be de-activated and correspondingly the small cell would be switched to the Off state. Measurements on the de-activated Scell would be based on its Discovery Signal. Since there is a non-ideal backhaul between the eNB’s this approach of course requires the dual connectivity feature currently discussed in RAN2.
The main benefit of this approach from the UE perspective is the lower latency of MAC activation/de-activation messages compared to RRC messages containing handover command, potentially further reducing the transition time by about 10 to 15 ms. Depending on the selected UP architecture for dual connectivity the UE may also take advantage of simultaneous transfer of data from a single bearer through the macro cell and small cell. It would also be possible to combine this enhancements with the early probing enhancement described earlier for additional gains.
Proposal 2: Consider the following cell access enhancements for Small Cell On/Off operation

· Early transmission of PRACH preamble to target cell based on Discovery Signal
· Inter-eNB carrier aggregation (dual connectivity) with measurements on Scell based on Discovery Signal
3
Conclusions
This contribution discussed enhanced mechanisms, procedures and measurements to assist adaptation with reduced transition time scales for Small Cell On/Off operation. Potential mechanisms are analyzed with the goal of minimizing transition time while maintaining throughput benefits of Small Cell On/Off. The following proposals are made:

Proposal 1: Introduce DL measurements on Discovery Signal for Small Cell On/Off operation.

Proposal 2: Consider the following cell access enhancements for Small Cell On/Off operation

· Early transmission of PRACH preamble to target cell based on Discovery Signal
· Inter-eNB carrier aggregation (dual connectivity) with measurements on Scell based on Discovery Signal
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Appendix A

Table 3: Summary of system-level simulation assumptions
	Parameter
	Values used for evaluation

	Deployment
	Scenario 2a

1 cluster per macro area, 10 small cells per cluster

	Number of UEs
	30, 80% dropped indoors

	Simulation duration
	10000 TTI

	Tx power setting
	Macro cell: 46 dBm

LPN/Pico: 30 dBm

	System bandwidth
	10 MHz 

	Antenna configuration
	2x2x2 Xpol

	Antenna Pattern
	Macro cell: 3D

LPN/Pico: 2D

	Feedback scheme
	PMI/CQI per cell/Tx point

Feedback periodicity: 10ms

Feedback delay: 6ms

	Channel estimation
	Ideal

	CRS interference
	White noise, power averaged per RB

	UE Receiver
	MMSE-IRC

	Traffic Model
	NFB FTP Model 3

Packet arrival rate per UE: (=1/3 

	Link adaptation
	Realistic

	Handover Margin
	0 dB

	DL transmission scheme
	SU-MIMO rank 2








