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1	Introduction
This paper shows performance results of inter-frequency small cell discovery in a heterogeneous network deployment consisting of continuous macro cell deployment and discontinuous small cell deployment on different carriers. Target of the simulations were to study how data offloading potential can be maximized in case of different inter-frequency RRM measurement rates and measurement triggers taking into account the criteria at RAN2 #77bis.   
Following criteria have been considered in the e-mail discussion 77b#31 [4] for analysing the small cell discovery performance:
1. UE power consumption for inter-frequency small cell measurements should be minimized.
2. Any interruptions on the serving cell due to inter-frequency measurements should be minimized.
3. Inter-frequency mobility performance should not be degraded due to the measurements.
4. Mobility performance of legacy UEs should not be degraded to improve the inter-frequency small cell detection for Rel-11 UEs.
In this contribution, we study the data offloading potential for the case when less frequent measurements are done in the small cell layer. The data offloading potential was studied by analysing time and quality of stay at the small cells layer. Inter-frequency handovers between the layers were based either RSRP or RSRQ measurement quantities. In addition, different inter-frequency measurement intervals i.e., L3 filter rates of 200ms, 800ms and 1600ms, were simulated to verify offloading potential in case the measurement configuration is optimized by using longer measurement periods [1]. Longer measurement periods can decrease UE power consumption and reduce service interruptions and still be feasible for data offloading purposes.
2	Simulation Scenario
The main simulation parameters are listed in Table 1 and Appendix A. 
The simulation scenario i.e., cell placements and network configuration, was similar to the HetNet scenario as in [2], except that the macro and small cell layers were deployed on different carrier frequencies and small cell distance to macro cell was shorter i.e. 0.3 times ISD. Due to that, additional inter-frequency measurement and handover parameters were configured for determining when the UE actually sends a measurement report that leads to a handover. 
The users and traffic were distributed as follows: 300 UEs with velocity of 30 km/h were distributed in the simulation area at the beginning of the simulation, with each UE’s traffic profile being infinite buffer and all sites were configured with 100% background traffic, which means that every site was fully loaded producing an interference-limited simulation scenario on macro layer. 
Intra-frequency handover parameters were similar to the configuration set 3 in HetNet calibration assumptions [3]. Three different inter-frequency measurement strategies (i.e. how frequently measurements were done) were used:  5x40ms, 5x160ms and 5x320ms, resulting in L3 filter rates of 200ms, 800ms and 1600ms. Inter-frequency handovers were triggered according to the A3 events i.e., inter-frequency neighbour is an offset better than serving cell. Both RSRP and RSRQ measurements were tested to trigger the inter-frequency handovers, to see how well those quantities could serve for offloading purposes. RLF Qin and Qout windows were set according to the same parameters as used for earlier calibration results (as described e.g. in [2]).
Table 1: Measurement and handover parameters
	Feature/Parameter
	Notes
	Value/Description

	A3 margin [dB]
	Intra-frequency measurements 
{RSRP}
	2 dB

	A3 time to trigger [ms]
	
	160 ms

	L3 filtering (coefficient)
	
	k=1

	L3 measurement period
	
	200 ms (5 x 40ms)

	A3 margin [dB]
	Inter-frequency measurements
 {RSRP, RSRQ}
	1 dB

	A3 time to trigger [ms]
	
	0 ms

	L3 filtering (coefficient)
	
	k=1 (same as above)

	L3 measurement period
	
	{ 200ms, 800ms, 1600ms }



3	Simulation Results
The simulation results consist of RRM measurement amounts, time of stay and quality of stay distributions for both layers and handover statistics. Handover statistics consists of handover rates per UE per second and different handover quality metrics collected separately for macro-pico (MP), pico-macro (PM), macro-macro (MM) and pico-pico (PP) cases (See Appendix B).  
3.1	Inter-frequency RRM Measurements
The increase in total number of RRM measurements due to inter-frequency measurement interval is shown in Figure 1: this is calculated as the amount of measurement activity in the inter-frequency layer compared to the amount of measurement activity in the intra-frequency layer. Thus, if the periodicity of intra- and inter-frequency measurements is same i.e., 200 ms, then the increase is 100%, causing the worst UE power consumption performance. By decreasing the measurement interval to 800ms or 1600ms, the increase is only 25% or 12%, respectively. Since inter-frequency measurement restrictions e.g., s-Measure, were not used during the simulations, the total amount of RRM measurements decays straightforwardly according to the inter-frequency measurement interval. It is worth of noting that RLF and inter-frequency handover failure probability was extremely low due to the low UE velocities, and therefore, power consumption point of view the least frequent inter-frequency measurement interval would be feasible. However, power consumption is not dependent on just measurement activity and therefore usage of s-Measure restrictions and more realistic traffic models i.e., finite buffer traffic, are required to have a better estimate of how much the increase in the measurement activity increases the overall power consumption.
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Figure 1: Increase of total amount RRM measurement [%]


3.2	Handover and RLF Events
The statistics of number of handovers per UE per second are shown in Figure 2 and Figure 3 in case UE velocity is 30 km/h. Figure 2 indicates that RSRP measurement triggers only some handovers towards small cell frequency layer. Figure 3 shows that if inter-frequency handovers are based on the RSRQ measurements, the total number of handovers increases and more handovers occur towards small cells. Generally, both figures imply that longer inter-frequency L3 measurement filtering rate tends to decrease number of inter-frequency handovers for both cases.
[image: ]
Figure 2: Handover rates per type in case RSRP triggers inter-frequency handovers. 
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Figure 3: Handover rates per type in case RSRQ triggers inter-frequency handovers.

The statistics of number of RLFs per UE per second for macro cell (denoted with CC-0) and small cell (denoted with CC-1) frequency layers are shown in Figure 4. RLFs which occur on CC-0 remain unchanged for different measurement intervals when RSRP triggers inter-frequency handovers. Note that total time UEs spend on CC-0 is much longer than the time spent on CC-1. If RSRQ trigger is used, then some RLFs occur in both layers. In this case, RLFs on CC-1 tend to increase when L3 filtering rate is longer than the T310.
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	a) RSRP triggering inter-frequency measurements
	b) RSRQ triggering inter-frequency measurements


Figure 4: RLFs per UE second
Overall, we can conclude from these results that using RSRQ for triggering handovers between inter-frequency carriers seems to trigger more frequent inter-frequency handovers.
3.3	Time and Quality of Stay Results 
Time of stay distributions for macro layer and small cell layer are shown in Figure 5 and Figure 6. Figure 5 shows results for 3 km/h UE velocities in case RSRP or RSRQ triggers the inter-frequency handovers. In Figure 5a and Figure 6a, time of stay in CC-1 is much shorter compared to the Figure 5b and Figure 6b. This indicates that RSRQ triggered inter-frequency measurement keeps UE longer in the small cell layer. Moreover, length of the inter-frequency measurement tends to affect more the time of stay statistics in case RSRP trigger is used as shown in Figure 5a and Figure 6a. For RSRQ case, the differences between time of stays on CC-1 are smaller.
	[image: ]
	[image: ]

	a) RSRP triggering inter-frequency measurements
	b) RSRQ triggering inter-frequency measurements


Figure 5: Time of stay distributions per frequency layer for 3km/h UEs.
NOTE: For 3 km/h UE velocities, the total number of TOS samples on CC-1 is rather small in case RSRP triggering is used.
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	a) RSRP triggering inter-frequency measurements
	b) RSRQ triggering inter-frequency measurements


Figure 6: Time of stay distributions per frequency layer for 30 km/h UEs.

Figure 7 and Figure 8 show cumulative distributions for periodical wideband CQI measurements on macro and small cell frequency layers. Figure 7a and Figure 8a indicates that measured wideband CQIs on CC-1 are better compared with CC-0, especially for the case when RSRP is used as a triggering quantity. This reflects the fact that UE only does handover from CC-0 to CC-1 when the CC-1 RSRP gets clearly better, which can be a very narrow range, as evidenced also by the TOS distributions for CC-1 as shown in Figure 5a and Figure 6a. Measured wideband CQIs get worse in case the RSRQ triggering is used as only the upper-tail of the distribution differs notably from the macro layer CQI distribution. It is worth of noting that CQI distributions on CC-1 get worse as inter-frequency measurement period gets longer as shown in Figure 8a. However, the difference is not remarkable for 3 km/h UEs.
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	a) CQI distributions per frequency layer – RSRP triggering
	b) CQI distributions per frequency layer – RSRQ triggering


Figure 7: Handover success rate in HetNet scenario for 3 km/h UEs.
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	a) CQI distributions per frequency layer – RSRP triggering
	b) CQI distributions per frequency layer – RSRQ triggering


Figure 8: Handover success rate in HetNet scenario for 30 km/h UEs.

According to the time and quality of stay distributions we have made following observations:
· For RSRP-based inter-frequency handovers, the TOS tends to be rather short but the corresponding quality is improved a lot. This indicates the RSRP is very robust mechanism but is rather slow for doing offloading.
· For 30 km/h RSRP, if measurement period is too long then the quality of stay on CC-1 decreases indicating too late handover. 
· For 3 km/h pedestrian UEs the differences are smaller.
· RSRQ can be used to prolong the stay on CC-1 but the per-carrier CQI distributions indicate that quality of stay becomes worse.
· However, RSRQ provides rather good offloading performance with all the evaluated measurement periods, at least when measured according to TOS and average SINR
· However, analysis of data offloading potential needs to take into account both the time and quality of stay at the same time e.g., by using cell throughput metric in case of full buffer UE traffic.
Based on these, we conclude that from early offloading viewpoint, RSRQ provides better results in the sense that the UE may be offloaded very fast and the quality is comparable to the carrier from where the offloading was done. In contrast, RSRP shows much better quality for UEs (up to 20 dB in average SINR!), but suffers from a very slow triggering of handovers.
3.4	Discussion
According to the frequency layer time and quality of stay distributions and serving cell handover quality statistics in Appendix B, RSRP threshold based inter-frequency handover triggering tends to be too strict i.e., time of stay in small cells is short and wideband CQI is extremely good when UE does handover back to the macro layer. This indicates that handovers to small cells could be done earlier and UE could stay longer on the CC-1. 
On the other hand, RSRQ threshold based handover triggering tends to be too loose i.e., time of stay in small cells is longer but CQI conditions are much worse. Usage of the RSRQ metric is limited because it depends heavily on the serving cell load unless strong dominant interferer is present. This can be challenging especially in sparse small cell deployments near the macro cells. In that case, macro cell and small cell layer RSRQ measurements depend mainly on the own cell RSSI i.e., strong interferer is not present, and therefore, UE enters later and remains longer in the small cell layer. This results in much worse CQI conditions on CC-1.
Moreover, if small cells are deployed in uncoordinated manner, determining best possible s-Measure and handover thresholds for triggering the inter-frequency handovers may become much more challenging. We observed earlier that RSRQ triggered inter-frequency handovers provide some potential advantages according to HO and RLF results. Specifically, RSRQ seems to provide means of triggering offloading regardless of the measurement period. However, taking into account the time and quality of stay statistics it seems that more analysis is needed to clarify how to optimize small cell detection measurements for data offloading point of view. We also see that the offloading opportunity could be measured according to both TOS and the resulting CQI in the carrier. This could be easily done by calculating throughput distributions for UEs in the macro carrier, for UEs in the small cell carrier and for UEs changing carriers weighted according to the relative TOS in each carrier. 
In mathematical terms, for each , we can calculate the weighted throughput  by using the throughput and TOS from each visited cell or carrier (depending on the desired granularity) by

Where  is the TOS in the cell k and  is the throughput of  in cell k. We can compare the distribution of these weighted throughputs to the distribution of throughput with just the macro layer to get the offloading gain from adding the pico cells. This kind of metric can also easily be extended to e.g. power consumption: Instead of throughput, calculate the power consumption in each carrier or cell, aggregate them over the observation period and compare the distribution to the corresponding macro-only distribution. The discussion in RAN2 has had the goal that the inter-frequency small cell discovery should allow offloading, but there has been no exact discussion how to consider the usefulness of offloading. Without a clear metric to compare the schemes, it is difficult to evaluate how each small cell discovery scheme facilitates the offloading. While the 4 criteria already being discussed in [4], we think it would be fruitful if RAN2 would discuss how to define a metric for comparing the schemes’ offloading utility.
Based on these, we make the following conclusions and proposals:
Conclusion 1: Benefits and offloading usability should be evaluated when considering different solutions for detecting inter-frequency small cells.
Conclusion 2: Offloading opportunity metrics should consider both the quality and the TOS in the offloaded carrier.
Proposal 1: Offloading potential should be evaluated with simulations for those different small cell detection schemes that are further evaluated after the e-mail discussion 77bis#31 [4].
Proposal 2: RAN2 should discuss how to evaluate the offloading gain with simulations for the different small cell detection schemes.
4	Conclusions 
We have analysed the results and made the following conclusions and proposals:
Conclusion 1: Benefits and offloading usability should be evaluated when considering different solutions for detecting inter-frequency small cells.
Conclusion 2: Offloading opportunity metrics should consider both the quality and the TOS in the offloaded carrier.
Proposal 1: Offloading potential should be evaluated with simulations for those different small cell detection schemes that are further evaluate after the e-mail discussion 77bis#31 [4].
Proposal 2: RAN2 should discuss how to evaluate the offloading gain with simulations for the different small cell detection schemes.
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Appendix A: Simulation Parameters

	Feature/Parameter
	Notes
	Value/Description

	Bandwidth
	
	10 MHz

	3GPP Macro Cell Scenario
	Cell layout
	57 sectors/19 BSs

	
	Inter site distance (ISD)
	0.5 km

	Pico cell layout
	Distance to eNB
	150m in boresight direction

	Macro-pico deployment type
	
	Adjacent carriers

	Hotspot for UE movement/placement
	
	7 center sites

	Distance-dependent path loss
	Macro cell model (TS 36.814, Model 1)
	128.1 + 37.6log10®

	
	Pico cell model (TS 36.814, Model 1)
	140.7 + 36.7log10®

	BS Tx power
	Macro
Pico
	46 dBm
30 dBm

	Antenna Gain
	Macro
Pico
	15 dB
5 dB

	Shadowing standard deviation
	Macro
Pico
	8 dB
10 dB

	Shadowing correlation between cells/sectors
	
	0.5 / 1.0

	Shadowing correlation distance
	Macro
Pico
	25 m
25 m

	Multipath delay profile
	
	Typical Urban

	UE velocity
	
	3 km/h and 30 km/h

	UE movement
	How do the UEs move in the cell?
	Random

	UE placement
	Proportion of UEs placed inside the pico hotspot(s) for each cell
	All

	Intra RSRP/Q Measurement
	L1 measurement period
Measurement bandwidth
Measurement error standard deviation
L1 sliding window size
	40 ms
6 RBs
2 dB
5

	Handover preparation time
	Time from reception of UL A3 measurement report to sending HO command
	50 ms

	Radio link failure monitoring
	Qout threshold
Qin threshold
T310
N310
	-8 dB
-6 dB
1000 ms
1

	Cell identification
	
	Ideal

	RRC signalling
	How are UL reports and HO commands modelled?
	RRC messages Sent Over Air

	Transmit mode
	UE receiver assumption
	1x2 MRC

	Number of calls/simulation
	
	300 calls, maximum call length 3 minutes.

	DL Interference load
	Macro, Pico
	100% RBs loaded




Appendix B: Serving Cell Quality at the time of handover
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	a) RSRP triggers inter-frequency handovers
	b) RSRQ triggers inter-frequency handovers


Figure B1: 50%-ile CQI at the time of receiving HO Command for 30 km/h UEs
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	a) RSRP triggers inter-frequency handovers
	b) RSRQ triggers inter-frequency handovers


Figure B2: 50%-ile RSRQ at the time of receiving HO Command for 30 km/h UEs
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	a) RSRP triggers inter-frequency handovers
	b) RSRQ triggers inter-frequency handovers


Figure B3: 50%-ile RSRP at the time of receiving HO Command for 30 km/h UEs

Appendix C: Small Cell Placement
Figure C1 shows pathloss based RSRP on CC-0 and CC-1 in case small cell is placed at the distance of 150m, 250m and 350m. Signal strengths indicate that a usability of the serving cell RSRP based small cell discovery and handover strategies depends on the small cell deployment. This needs to be taken into account when selecting events and event configurations for inter-frequency handover triggering, and shows how the small cell placement affects the potential for offloading.


Figure C1: Different deployment strategies for small inter-frequency cells.
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