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1
Introduction 

The HetNet studies so far (e.g. [2], [3], [6], [7], [8], [9], [10]) have concentrated mainly on capacity aspects (e.g. effects of bursty traffic models). Some contributions have also discussed cell selection schemes (e.g. [2],[3]), but the mobility aspects of proposals have not been analyzed with dynamic simulations, and the mobility procedures currently specified for CSG cells have not been considered. This contribution aims to show some basic results of mobility performance in HetNet and CSG scenarios, and to show some challenges when evaluating e.g. cell selection schemes and mobility.
2
Mobility in HeNB cells
The HetNet scenarios in [1] consider both macro and indoor or HeNB cells, and assume that the HeNBs are CSG cells. This still contains the possibility that the cells could be hybrid or even open cells, but inbound mobility procedures in active mode typically require that UE needs to read the SI from the prospective CSG cell when eNB requests so. (The reason why CSG inbound mobility requires SIB reading (even if the cell is a hybrid cell) is that network may not have the PCI-to-GCID mapping available for (all) CSG cells.)
The purpose of this contribution was to show a simplified study of mobility in a HetNet-type of scenario. While throughput and SINR studies used so far are relevant also to mobility, there are some other metrics like amount of ping-pongs and RLFs that are also important when evaluating mobility performance. Further, mobility studies are best done with dynamic system simulations, where, in addition to a dynamic traffic model, the dynamics of UE movement are also taken into account and handover algorithms beyond cell preference are also modelled. The intention was to focus mostly on what happens when UE tries to do a handover from macro cell to a HeNB or vice versa. Since the existing studies are already showing the throughput effects when certain schemes are used, these studies should be seen as complementary, showing the mobility side of the scenarios.
For example, to see the effect of handover delays to the handover performance with HeNB cells, we have simulated a couple of different delay values to have a “generic” view on how much delay is tolerated. For theses purposes, the simulations were run with various handover parameters like Time-To-Trigger (TTT, hysteresis), handover delay, handover margin and handover offset (see chapter 3 for more explanations). 
3
Simulation Results for HeNB Mobility

Since the purpose was to study mobility, not just simple capacity, the simulations have been run with a fully dynamic system level simulator [5], with user mobility, fading and propagation models, HARQ/ARQ, DRX, RRC, CRS patterns, UE mobility and CQI measurements, and RRM algorithms like scheduling and handover algorithms modelled. The metrics checked were amount of handovers, ping-pongs and radio link failures (RLFs). These were chosen to look at the HetNet performance from transitory point of view: What happens when UE moves, and what kind of situations arise when UE measurement performance and actual transmission of RRC control messages is taken into account: A pure capacity-based evaluation might easily miss these mobility-related aspects. This has happened earlier in (e.g. [10]), where initial RAN1 studies without mobility or dynamic system simulations did not show any problems but further studies in RAN4 revealed some issues.
The utilized simulation scenario is depicted in Figure 1. This scenario has been used before in RAN4 (see e.g. [10]), and is a mix of a normal macro scenario and an adapted Winner building model. For the underlying macro scenario, both 3GPP macro Case 1 (i.e. with inter-site distance (ISD) of 500 meters) and 3GPP macro Case 3 (i.e. with inter-site distance (ISD) of 1732 meters) were used. 57 cells in 3 tiers were used, and as is seen in Figure 1, the macro scenario was modified by adding a few HeNB-clusters (with varying distance from macro BS) to the scenario to represent HeNB concentration. Within the clusters, there are four simple single-floor buildings, with each building housing one HeNB inside. The outdoor-indoor pathloss modelling for the scenario (taking into account, in addition to the macro propagation, the signal propagation from inside building to outside building, vice versa and between the buildings) is presented in Appendix B. 
To gain maximum amount of samples for simulating inbound mobility in the simulations, all the UEs were created inside a hotspot and moved towards closest HeNB with 3 kmph velocity. Also outbound mobility situations were simulated when UEs continued to move out of the building after a while. 
Since the focus of these simulations was mobility, system interference was modelled synthetically: eNBs had virtual users for whom RBs were allocated and transmitted, but the success of the process was not checked. With this virtual load method, the macro cell interference in DL was kept constant with 50% scheduled RB load and variable scheduled RB load (0-100%) was utilized for the HeNBs. An example of time trace of the scheduled RB load for both macro cell and HeNB is shown in Appendix C to better illustrate what the virtual load looked like in the simulations. 
A baseline handover margin of 3 dB was utilized as a baseline in all cases for both macro cells and HeNBs. To simulate preference towards making an early handover to HeNBs, an offset for HO margin to/from HeNBs was used (i.e. cell type individual offset, as proposed in [2]). Both symmetric (the offset is CIO, i.e. taken into account in both directions) and asymmetric (i.e. the offset is only considered in inbound mobility) offset to HO margin were simulated: The purpose of this was to analyze the effect of earlier handovers to HeNB (inbound mobility) and delayed handovers from HeNB to macro (outbound mobility). The difference between symmetric and asymmetric cases is explained below:
· In both symmetric and asymmetric cases, the offset was subtracted from the HO margin for inbound mobility towards HeNBs. 
· In asymmetric case, macro cell margin in outbound mobility situation was kept at the reference level of 3 dB. (I.e. no offset was used for outbound mobility.)

· In symmetric case, the outbound handovers from HeNB to macro were delayed by utilizing bigger handover margins by adding the offset to baseline margin. 
A handover preparation delay (calculated from the time when eNB receives UL measurement report to the time when eNB sends handover command) was also used, to model the effect of delays to handovers. For example, this can be interpreted as s simple model the SI reading process that network requests in order to make a handover to CSG cell. The essential simulation parameters are listed in Table 1, while more detailed simulation parameters are listed in Appendix A.
Note that since these parameters were similar to ones used in [11], not all values conform to those agreed in [1]. However, while due to this these studies are not 100% compatible with all existing HetNet studies in RAN1, the mobility performance is expected to be very similar in scenarios according to [1]. To evaluate this, mobility performance in dual-stripe scenario [1] has been compared in Appendix E to the default macro-indoor scenario presented in this document.
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Figure 1. Macro-HeNB hotspot scenario.


	Parameter
	Value

	HO Time-To-Trigger (TTT)
	64, 256 milliseconds

	HO preparation delay for HeNB (models SIB reading time)
	100, 200 milliseconds

	Asymmetric HO margin offset size
	0, 3, 6 dB
(HeNB margin offset to 3, 0, -3 dB)

	Symmetric HO margin offset size
	0, 3, 6 dB
(HeNB margin offset to 3, 0, -3 dB)

(Macro margin offset to 3, 6, 9 dB)

	External wall loss
	15 dB

	Macro inter-site distance
	500, 1732 meters

	HeNB-cluster Hotspot distance to macro cell (cell-center, cell-edge)
	ISD/6 (cell-center), ISD/2 (cell-edge)


Table 1. Essential simulation parameters

3.1 Simple Wall loss modelling 

In initial simple cases, all UEs were moving with 3 km/h and could cross walls freely from outside building to inside building, i.e. no doorways were modelled. This was expected to show the worst possible but not a very realistic case for handover behaviour. Figure 2 shows a trace of RSRP measurements of the serving macro eNB and closest HeNB for one UE crossing from outdoor to inside a building. What is visible is that the whole outer wall loss of 15 dB becomes effective in a stepwise manner, i.e. during one time instant (marked with a vertical black line in the Figure 2). Once the wall loss becomes effective, the signal (and measured RSRP) from serving cell drops by 15 dB, while at the same time the interfering signal (and measured RSRP) from the HeNB increases by ~15 dB, so the SINR instantly suffers ~30 dB degradation. This presents a challenge to any handover algorithm: UE may not have HeNB measurements available immediately, sending the report takes some time and eNB may not be fast enough to react by sending a handover command. This is because of the modelling: the outer wall is modelled without any openings, while in reality there would be some sort of opening (e.g. a door) via which the user would move, with the signal and interference qualities changing in a more continuous manner. Hence, the trace suggests that while a simple wall loss model is ok for capacity simulations (where UEs don’t move), more detailed model is needed for mobility simulations: With the simple model, it would be very probable that all UEs would experience a RLF whenever crossing a wall.
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Figure 2. RSRP trace without outer wall smoothing


3.2 Modelling a wall opening
In reality, UEs would be moving from indoor to outdoor via a door or other type of opening, close to which the propagation conditions would be more complex than is typically modelled in the simple pathloss formulas. However, the main problem of the mobility simulations in previous section was that crossing the wall happens discretely, i.e. with a “jump”. While the pathloss does decrease rapidly when moving from outside to inside also in reality, the time scale during which this happens is clearly more than e.g. 1 ms. To model this, we have introduced a “smoothing” model for the pathloss effect of outer wall. The magnitude of smoothing is determined by the distance from discrete wall, i.e. at which point smoothing effects start. Outer wall loss is linearly scaled from 0 dB to full loss (15 dB) during smoothing distance. The principle of this is shown in appendix C, in Figure 14.
Figure 3 shows RSRP trace in inbound mobility case with 0.5 meter outer wall smoothing on each side of the wall. In this case, neither measured RSRP from macro cell drops nor RSRP from HeNB rises instantaneously. The smoothing modelling causes RSRP to gradually drop or rise in the time period UE moves 0.5 meters (approximately 600 ms with 3 kmph velocity). The effect of wall smoothing on the proportional amount of inbound and outbound mobility RLFs is shown in Figures 4-5. Proportional amount of RLFs per mobility situation is calculated by dividing the amount of cell reselections after RLF by total amount of cell changes (HOs + cell reselections). In these simulations macro ISD 500 cell-edge hotspot was utilized. The results show that even TTT of 64 ms for handover is not enough to avoid high number of RLFs if no wall smoothing is utilized. The problem is more pronounced in outbound mobility situations, where UEs may experience almost 30 dB SINR drops instantaneously due to macro cell interference outside the building. If 0.5 meter smoothing is utilized, RLFs are almost absent in case with TTT of 64 ms and at more reasonable level with TTT of 256 ms also.
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Figure 3. RSRP trace with outer wall smoothing of 0.5 meters on each side
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Figure 4. Proportion of inbound RLFs per inbound cell changes with/without wall smoothing
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Figure 5. Proportion of outbound RLFs per outbound cell changes with/without wall smoothing


3.3 Asymmetric vs. symmetric HO offset
One option that has been proposed in e.g. [2] is that UEs should make a handover quickly when in vicinity of a HeNB, to get better service. The document [2] introduced a bias for the handovers, so that UE would more easily select a HeNB (when it was able to detect and measure the HeNB). The results in this section show the effects of such an offset to mobility procedures, with two options being studied: One where the offset is applied only to inbound handovers and outbound handovers use a different HO margin (asymmetric), and one where the offset is used as a CIO (see [4]) so that the offset is applied in both inbound and outbound handovers (symmetric).

Figures 6-13 show the proportional amounts of RLFs, handovers and ping-pong handovers with both asymmetric and symmetric HO margin offsets in macro ISD 500 cell-edge hotspot. Fixed HeNB Tx power of 8 dBm is utilized in these simulations. TTT length has a major effect on mobility performance as inbound RLFs are almost absent with TTT 64 ms, but occur in about 1-2% of cell changes towards HeNB if TTT 256 ms is applied. Outbound RLFs stay at a reasonable level with TTT 64 ms (1-2% in reference case with offset 0 dB), but rise to over 10% rates with TTT 256 ms. The amount of RLFs in inbound mobility situations is almost the same with both offset schemes, because HO margin for HeNB is offset to 3, 0, -3 dB in both cases. The inbound RLFs decrease if HO margin is offset by 3 or 6 dB, which causes inbound handovers to trigger earlier. Outbound RLFs are significantly affected by which offset scheme is utilized. In asymmetric offset case, macro cell margins are unaffected, thus outbound RLFs stay at approximately the same level, regardless of the offset size. Delaying outbound HOs with symmetric offset increases the outbound RLFs to a very high level if 3 to 6 dB offset is used. Asymmetric offset increases the total amount of handovers and ping-pong handovers particularly if TTT is set to 64 ms. In this case, about 25% of all HOs are ping-pongs. Very small amount of ping-pongs occur with TTT 256 ms even if asymmetric offset is applied. Handovers are considered as ping-pongs if two or more handovers are triggered for the same UE during 5 seconds back and forth between the same BSs.
Additional results with symmetric HO margin in different hotspot locations, macro cell inter-site distance and scenario comparison are presented in Appendix E.
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Figure 6. Proportion of inbound RLFs per inbound cell changes with asymmetric HO margin offset
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Figure 7. Proportion of inbound RLFs per inbound cell changes with symmetric HO margin offset
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Figure 8. Proportion of outbound RLFs per outbound cell changes with asymmetric HO margin offset
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Figure 9. Proportion of outbound RLFs per outbound cell changes with symmetric HO margin offset
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Figure 10. Number of handovers per call with asymmetric HO margin offset
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Figure 11. Number of handovers per call with symmetric HO margin offset
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Figure 12. Number of ping-pong handovers per total handovers with asymmetric HO margin offset
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Figure 13. Number of ping-pong handovers per total handovers with symmetric HO margin offset


The conclusions made from these simulations are:

· Discrete outer wall modelling is not enough for mobility simulation purposes

· If full wall loss is applied instantaneously, even ideal handovers are often not able to react fast enough

· Modelling a doorway by gradually applying the wall loss helps mobility by reducing the amount of RLFs

· Outbound mobility situations are more problematic than inbound mobility (RLFs more frequent) if UEs are kept connected to the HeNBs for too long
· Utilizing high symmetric HO margin offset decreases the amount of inbound mobility RLFs but increases outbound RLFs to very high level

· Utilizing asymmetric HO margin offset decreases the amount of inbound mobility RLFs and does not significantly affect the amount of outbound RLFs compared to reference case with 0dB offset, but increases the amount of ping-pong handovers
Hence, the conclusion is that the benefits gained to inbound mobility from early selection need to be balanced against the drawbacks experienced in outbound mobility. 
4 Conclusions

In this contribution, we have shown example results for mobility in a HetNet-style scenario. The study concentrated on showcasing some possible challenges with the proposed cell selection schemes where UEs would handover to HeNBs very early. The results show that while early handovers benefit inbound mobility, there is a price to pay in outbound mobility, where the increased amount of experienced RLFs can start to overshadow the benefits gained in inbound mobility. We propose that RAN1 should also consider mobility when studying the cell selection schemes. Decisions made purely based on static simulations and analysis thereof cannot account mobility aspects of the cell selection.
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 Appendix A: Simulation parameters
	Feature/Parameter
	
	Value/Description

	Bandwidth
	
	10 MHz

	IFFT/FFT length
	
	1024

	Duplexing
	
	FDD

	Number of sub-carriers
	
	600

	Sub-carrier spacing
	
	15 kHz

	Resource block bandwidth
	
	180 kHz

	Sub-frame length
	
	1 ms

	Reuse factor
	
	1

	Number of symbols per TTI
	
	14

	Number of data symbols per TTI
	
	11

	Number of control symbols per TTI
	
	3

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

	
	Inter site distance (ISD)
	500, 1732 m

	
	Minimum distance between UE and cell site
	35 m

	
	Antenna pattern
	70-degree sectored beam

	Distance-dependent path loss
	Macro cell model (TS 25.848)
	128.1 + 37.6log10(r)

	
	Indoor model (Cost 231 multi wall; nw is the number of walls crossed )
	38.4 + 20 log10(r) + nwLw

	
	Lw
	5 dB

	
	External wall loss
	15 dB

	BS Tx power (if fixed)
	Macro

HeNB
	46 dBm

8 dBm

	HeNB power control (Appendix E)
	Model

Offset

Max Tx power

Min Tx power
	PTx(HeNB) = PRx(Macro) + Offset
70 dB

20 dBm

0 dBm

	Shadowing standard deviation
	Macro

HeNB
	8 dB
4 dB

	Shadowing correlation between cells/sectors
	
	0.5 / 1.0

	Shadowing correlation distance
	Macro

HeNB
	50 m

3 m

	Multipath delay profile
	
	Typical Urban

	UE Velocity
	
	3 kmph

	RSRP Measurement
	Measurement period
Measurement bandwidth

Measurement error

Sliding window size

Margin
	50 ms
6 RBs

0 dB

4

3 dB

	Radio link failure monitoring
	Qout threshold

Qin threshold
	-8 dB
-6 dB

	Cell identification
	
	Enabled

	Receiver diversity
	
	2RX MRC

	Number of calls
	
	800

	DL Interference load
	Macro
HeNB
	Constant 50% load
Variable load 0-100%


Appendix B: Pathloss modelling
The pathloss calculation used in simulations depends on the eNB location. The macro eNBs are assumed to have 15m antenna height and located outdoors, while the indoor cells use 2m antenna height and are located indoors. The propagation models are as follow:

· Macro cell model is separated to outdoor and indoor models:
· 128.1 + 37.6 log10( R ) for 15 m antenna height (Outdoor macro cell)
· 143.9 + 39.7 log10( R ) for 2 m antenna height (Indoor cell)
· Indoor model (Cost231 multi wall)

· 38.4 + 20 log10( R ) + nwLw
· Nw is the number of crossed walls, and Lw is the wall loss for one wall
The pathloss calculations depend on both the UE and eNB locations:
· BTS and UE outdoors:  (Outdoor) Macro cell model

· BTS and UE indoors in same house:  Indoor model

· BTS outdoors and UE indoors:  (Outdoor) Macro cell model + external wall loss 
· BTS indoors and UE outdoor: max ( Indoor model + external wall loss, Indoor macro cell model + external wall loss )

· BTS indoors and UE indoors, but in different houses: Indoor macro cell model + 2 * external wall loss
Appendix C: Modelling openings to wall
To better model how UEs would actually use doors (or other openings to) move in/out of the buildings, we have a model called “smoothed” wall loss. The idea is that wall loss is applied to pathloss gradually over a fixed distance, i.e. the wall loss becomes fully effective only once UE has travelled certain distance. This is most easily thought as an additional loss in pathloss: The outer wall loss component varies depending on UE location. The model is such that the smoothing distance is a parameter in simulations, but a distance of 0.5m (which should be a reasonable doorway depth) is used in these simulations.
Figure 14 shows how the wall loss is applied to a signal over 0.5m smoothing distance: When the signal is calculated to a point that is outdoors, it has been chosen that the UE distance is negative. The outer wall is at point zero, after which the wall loss (dB-) linearly increases until it is the full 15 dB at distance of 0.5m from the outer wall. 

The same applies for outbound signal, i.e. signal from indoors to outdoors attenuates less in the same manner, i.e. the indoor HeNB signal “leaks” somewhat to the outside so that the signal attenuates in a continuous manner. 
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Figure 14. Wall loss with smoothing as a function of distance


Appendix D: DL interference load

Figure 15 shows time trace of generated RB load for a macro cell and HeNB. Macro cell load (for data RBs) is kept constantly at 50%, but HeNB load is variable from 0 to 100%. HeNB load is varied in the manner that average RB load over the whole simulation time is approximately 50%.
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Figure 15. Time trace of DL background interference load


Appendix E: Additional simulation results with varied hotspot location and scenario comparison
The hotspot location within the macro cell affects the coverage area of the HeNBs, since a HeNB close to the macro cell experiences clearly higher interference than a HeNB at the edge of the macro cell. On the other hand, average macro receiver power level is expected to be significantly higher in cell-center hotspot area than cell-edge. To gauge the effect of these, we used two different locations for HeNB clusters: One close to the macro cell and one at the edge of the macro cell. Additionally different scenario modelling could have effect on the mobility performance. RLF rate in default macro-indoor scenario has been compared to dual-stripe scenario with various HO margin offset and TTT settings. HeNB Tx power was adjusted based on received power from the strongest macro BS and parameter defined offset (see Appendix A). This resulted in HeNB Tx power in the range of 0-20 dBm depending on the HeNB distance from the strongest macro BS. In principle this leads to higher HeNB Tx power at cell-center hotspot area than in cell-edge.
Figures 16-19 show the proportional amount of RLFs for both HeNB inbound and outbound mobility situations in different hotspot locations. Symmetric HO margin offset size for HeNB and TTT parameters are varied in all cases. In macro cell-center hotspots, where average SINR level is higher than at cell-edge, the amount of RLFs stays at relatively low level with most simulated TTT and HO margin offset parameter sets. In macro cell-edge hotspots, RLFs in outbound mobility situations increase significantly with utilization of symmetric HO margin offset. The worst case is 6 dB offset utilized with TTT of 256 ms, where outbound handovers are delayed the most. In this case, RLFs take place in most of the outbound mobility situations (65%). RLFs in inbound mobility situations are the most frequent in reference case with 0 dB offset, but even in this case outbound RLFs are 5 times more frequent than inbound RLFs (macro ISD 500). With macro ISD 1732 and cell-edge hotspot, outbound RLFs are more frequent than inbound RLFs in reference case also. The general view regardless of the hotspot distance to the strongest macro cell is that delaying outbound handovers from HeNB to macro by utilizing symmetric HO margin offset increases the amount of outbound RLFs.

Figures 20-21 show the proportional amount of inbound and outbound RLFs in both default macro-indoor scenario utilized in this document and dual-stripe scenario. While the absolute amount of RLFs varies a little depending on the scenario, different HO margin offsets and TTT lengths have similar effect on the mobility performance in both scenarios.
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Figure 16. Proportion of inbound RLFs per inbound cell changes with macro cell ISD500 (cell-center vs. cell-edge hotspot)
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Figure 17. Proportion of outbound RLFs per outbound cell changes with macro cell ISD500 (cell-center vs. cell-edge hotspot)
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Figure 18. Proportion of inbound RLFs per inbound cell changes with macro cell ISD1732 (cell-center vs. cell-edge hotspot)
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Figure 19. Proportion of outbound RLFs per outbound cell changes with macro cell ISD1732 (cell-center vs. cell-edge hotspot)
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Figure 20. Proportion of inbound RLFs per inbound cell changes with macro cell ISD500 (default scenario vs. dual-stripe scenario)
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Figure 21. Proportion of outbound RLFs per outbound cell changes with macro cell ISD500 (default scenario vs. dual-stripe scenario)
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