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1
Introduction
Potential solutions with dual connectivity between macro and small cells deployed at different carrier frequencies is one of the topics to be considered as part of the Rel-12 small cell enhancement studies [1]. In this contribution, we consider dual connectivity in the form where a carrier aggregation capable UE can receive data simultaneously from both the macro and small cell in the downlink. This form of dual connectivity can be supported with downlink inter-site carrier aggregation (CA) in Rel-12 small cell scenario 2 (i.e. macro and small cells at different carriers). System level performance results for downlink inter-site CA were presented in [3], showing attractive gains in terms of end-user throughput as well as system capacity. In this contribution we focus on the mobility performance of Dual Connectivity and especially in this contribution dual connectivity is considered to be inter-site CA. In the rest of the contribution we use the terms small cell and pico interchangeably.
The contribution is organized as follows: in Section 2 the overall scenario and concept is briefly summarized followed by an outline of the mobility assumptions in Section 3. Mobility performance results are reported in Section 4. Finally, key observations and concluding remarks are summarized in Section 5.
2
Scenario and overall concept assumptions
An LTE scenario with macro at carrier frequency f1 and small cells at carrier frequency f2 is assumed (small cell scenario 2). The small cells are mainly deployed for providing hotspot coverage at locations where the user density is typically higher. Only the macro layer is assumed to offer wide area coverage. UEs without CA support are served by a single cell only i.e. served either by a macro or a small cell. For such UEs without CA capability or not supporting the deployed CA combination, it is therefore important that the handover from macro to small cell (and vice versa) is made at the right instant to ensure that the end-user data rate is maximized, or kept at the minimum desired level in cases where such QoS targets are defined. UEs configured with downlink inter-site CA can be configured to send and receive data from cells at the macro- and small cell layer simultaneously. For the sake of simplicity, we assume that the primary cell (PCell) is always at the macro, while the secondary cell (SCell) is on the small cell layer. By using this approach, the UE has PCell on the coverage layer, while SCell is configured / deconfigured depending on whether a small cell is in its vicinity e.g. knowledge of vicinity can be achieved via measurement reporting. Such a dual connectivity can provide mobility benefits as UEs are having PCell on macro/coverage-layer which is offering more robust mobility. On the other hand inter-frequency mobility between macro cells and small cells can be avoided as small cell layer “mobility” is handled using SCell configuration/deconfigurations - which do not affect mobility related failures. In this contribution, the focus is on the Radio Resource Control (RRC) Connected mode mobility performance and benefits with Dual Connectivity. As discussed in [4], Dual Connectivity can also be supported for cases with transmission on a single carrier in the uplink [4]. Also note that Dual Connectivity may also be realized for UEs that do not support simultaneous reception/transmission on PCell and SCell as described in [R2-130453].
3
Mobility assumptions
We assume that intra-frequency macro-to-macro cell handover is based on UE Reference Signal Received Power (RSRP) A3 event (neighbour cell becomes offset better than PCell). In order to optimize the UE power consumption and avoid unnecessary UE measurement gaps, periodic inter-frequency measurements every 40 ms are only enabled for non-CA UEs having reported the A2 event (cell becomes worse than threshold). 
NOTE:
further optimizations for inter-frequency small cell discovery based on background search is discussed under the Rel-12 WI on HetNet mobility enhancements, see more details in [R2-130451]. 
The A2 threshold is set such that approximately 80% of the UEs on macro-layer perform inter-frequency measurements, i.e. meaning that the 20% macro-UEs with strongest macro cell signal level are not offloaded to the pico-layer i.e. UEs close to the macro will likely not utilize small cell layer in this simulation setup. When the inter-frequency measurements are enabled for a macro-UE, the same UE is configured with Reference Signal Received Quality (RSRQ) A4 event (neighbour cell becomes better than threshold) for performing handover to the pico. Thus, when the quality of the pico becomes sufficiently good, the UE is offloaded to the small cell layer. 
Referring to Fig. 1, the handover to the pico may happen for example at locations 1 or 2 depending on the settings of the A4 event. Note that if the handover is made too early to the pico (say at location 1), the UE may experience a throughput loss as compared to being at the macro-layer, depending on the channel quality and number of active users at the two layers. Mobility Load Balancing (MLB) and Mobility Robustness Optimization (MRO) therefore play an important role here between the macro and pico layer. Inter-frequency handover from the pico and back to the macro-layer is initiated based on RSRQ A2. Also here it is important that the A2 event is optimized to maximize the end-user experienced throughput. If the UE trajectory is crossing two pico cells with overlapping coverage area, intra-frequency pico-to-pico handover is based on RSRP A3 events from the UE.
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Fig. 1: Macro-pico-macro UE handovers for cases without CA

For UEs with CA capability, we assume that these can perform inter-frequency measurements on a second carrier without measurement gaps i.e. while being served at macro layer carrier without the need for measurement gaps to perform inter-frequency measurements (although this may not be the case for all UEs as performing inter-frequency measurement without gaps is a UE capability). Thus, a inter-site CA capable UE on the macro layer is assumed to make transparent inter-frequency RRM measurements on the small cell layer without any measurement gaps. Having frequent inter-frequency measurements activated has a cost in terms of UE power consumption independently whether these are performed with or without gaps. Also in this case intra-frequency PCell handover at the macro-layer is assumed to be based on RSRP A3, while SCell addition (configuration) and removal (de-configuration) are based on RSRQ based A4 and A2, respectively. Intra-frequency SCell change on the pico-layer is triggered by RSRP A6 (signal level from another SCell candidate becomes a threshold better than current SCell). An example of the various RRC reconfiguration events that may happen to a UE with CA, when following a certain trajectory, is illustrated in Fig. 2. Whenever a handover, or SCell addition/release, takes place, it also involves sending a RRC reconfiguration command to the UE. Finally, a configured SCell shall also be activated (MAC signalling) before being schedulable for the UE and before UE can transmit UL related information from the SCell. 
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Fig. 2: Mobility events for a UE with CA support

Notice that for the cases with inter-site CA support, it is less critical if the SCell addition of the pico is made early, since the scheduler will anyway determine how the UE is scheduled and can choose to activate the SCell only when needed. Thus, if the channel quality is poor on the SCell for the UE, the scheduler will primarily schedule the UE on the PCell (macro-layer) – of course in order to get channel quality information from the UE SCell needs to be activated and thus generating extra signalling before the cell is usable for scheduling. Similarly, if the SCell quality is superior to that of the PCell, the UE will primarily get scheduled from the pico. For cases without Dual Connectivity, handover to/from the pico should be made at the right point of time to ensure optimal end-user throughput. 
One of our objectives is therefore to determine the potential increase in the number of RRC signalling events from using inter-site CA in the form considered in this study. The additional signalling event from SCell (small cell) management is quantified for different densities of small cell deployments, as well as for different UE speeds as compared to cases where UEs are not supporting CA. Other mobility Key Performance Indicators (KPIs) analyzed in this study include [2]:

-
Ping-Pong (PP) events, defined when the UE has HO from cell A to B, and back to A within a time of 1 sec;
-
Radio Link Failure (RLF) events, declared when the downlink user SINR has been below -8dB (Qout) and stayed below -6dB (Qin) for the duration of the T310 time-window, configured to be 1 second;
-
HO Failure (HOF) event, declared if the RLF occurs after the TTT expires, during the handover execution time.
Note that RLF (and therefore also HOF) is monitored only for the PCell, and hence in case of inter-site CA only reflects the intra-frequency macro-layer mobility performance as we here assume PCell always on the macro-layer. However, for the UEs without inter-site CA option, RLF and HOF are also declared at the pico-layer and during macro-pico handovers (inter-frequency). Furthermore, for UEs with CA capability, the PP statistics is captured separately for each frequency for PCell and SCell mobility events.
4
Mobility performance results
Dynamic system level simulations are conducted in line with the mobility simulations in [2]; see more details in Appendix A. Figs 3 and 4 summarize the statistics for number of mobility events per UE per hour for the case without Dual Connectivity, and the case with Dual Connectivity, respectively. Results are presented for the cases with either 2 or 10 picos per macro cell area, and different UE speeds. For the cases without Dual Connectivity (all UEs are non-CA), the relative fraction of macro-2-macro handovers (MM HO) is modest, as the mobility events are dominated by macro-2-pico handovers (MP HO) and pico-2-macro handovers (PM HO). For the case with 10 picos per macro-cell area, the fraction of pico-to-pico handovers (PP HOs) starts to become visible.
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Fig. 3: Statistics for number of mobility events per UE per hour 
for the case without Dual Connectivity.
The results with inter-site Dual Connectivity in Fig. 4 show a constant number of PCell handovers (MM HO) independent on whether there are 2 or 10 picos per macro-cell area. This is due to the fact that we in these simulations have the PCell always on the macro-layer. Comparing the results in Fig. 3 (without Dual Connectivity) and Fig. 4 (with inter-site Dual Connectivity) shows that the cost of Dual Connectivity is a 20% increase in the number of RRC reconfigurations. 
The increased number of RRC reconfigurations originates from managing both PCell and SCell, as opposed to only managing PCell for UEs without CA. In order to further illustrate this effect, let us consider the case with two neighboring macro cells A and B, and a small cell at the border between those. Here a non-CA UE would be subject to PCell change from macro cell A to small, and from small to macro cell B (so two RRC reconfigurations with mobility control information). With Dual Connectivity in the form of inter-site CA, a UE following the same trajectory would be subject to: an SCell configuration, a PCell change from macro cell A and B, as well as one SCell release. So in total three RRC configurations, but only one with mobility control information. The number of events in Fig. 4 is clearly dominated by SCell related events (roughly 60-80%). This is because a UE will naturally cross higher number of small cells (as compared to macro cells), and therefore experience more SCell modifications than PCell changes. The results therefore indicate that - if needed - efforts for reducing the RRC reconfiguration signaling should be focused on SCell management for such particular cases. If methods for reducing the RRC signaling associated with SCell management are developed, then the use of Dual Connectivity could result in less RRC reconfiguration signaling as compared to cases without inter-site CA.
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Fig. 4: Statistics for number of mobility events per UE per hour
for the case with Dual Conneciivity
Fig. 5 shows the statistics for time-of-stay (ToS) in macro and pico cells (for the case with 2 picos per macro-cell area). For the case with Dual Connectivity, the ToS for the pico cell equals the time where the UE have SCell configured and activated for the pico. Note that typically, longer ToS is desired. The presented ToS statistics show clear improvements for the cases with Dual Connectivity. The macro ToS clearly increases as the UEs always have PCell at the macro-layer, and also the ToS in the picos increases (as we can make SCell addition/removal at lower small cell signal quality level). The longer ToS for the cases with Dual Connectivity is attractive as cell specific RRM algorithms (e.g. QoS aware packet scheduling) more accurately can prioritize resources among the users, i.e. algorithms have more time for convergence. However, having SCells in activated state in longer periods, feeding periodic or triggered CSI will have impact on the UE power consumption and PUCCH signalling
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Fig. 5: Time-of-Stay (ToS) statistics for cases with 2 picos per macro-cell area
and UE speeds of 3 kmph and 30 kmph.
The RLF and HOF are only defined for the PCell (which in our case is always on macro-layer when using inter-site CA), and it is found from the simulations that the probability of RLF and HOF is practically zero (less than 0.6%). For cases with Dual Connectivity, inter-frequency PCell handovers would need to be conducted between macro and pico, resulting in risk of also experiencing RLF and HOF at the pico-layer. Furthermore, the Ping-Pong rate for PCell at the macro-layer is found to be only 0.2%. The SCell ‘Ping-Pong’
 rate on the pico-layer for the case with 10 picos per macro cell area is on the order of 5%, despite the rather aggressive setting of the A6 offset to only 1 dB. By increasing the A6 offset to 3 dB (similarly as used for A3 offset for PCell), the Ping-Pong rate is lowered to around 2%.
Fig. 6 shows the cumulative distribution function for the number of SCell configuration operations (add, remove, change) without performing macro inter-eNB PCell handover. Hence, it basically shows the statistics for number of small cell mobility events while having the PCell on the same macro eNB. At the medium level, it is observed that 1-3 SCell operations typically happen while the UE has the PCell on the same macro eNB. However, with 10% probability (i.e. 90th percentile), UEs can be subject to 8 SCell mobility events while having the PCell on the same macro eNB. The statistics in Fig. 6 are useful to get a first estimate of the core network signalling impact, if we assume that the data flow for UEs in inter-site CA is from S-GW to the macro and from the macro to the pico configured as the UEs SCell. Given the assumptions for the data flow, it basically means that small cell mobility events, while still having the same macro-eNB as PCell, will not trigger any core network signalling (i.e. no path-switching). Hence, the use of Dual Connectivity would inherently reduce signalling towards the core network.
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Fig. 6: Statistics for number of mobility events per UE per hour
for the case with Dual Connectivity.
Fig. 7 shows statistics for the number of inter-eNB PCell handovers per UE per hour for the cases with/without Dual Connectivity. This type of statistic is interesting if assuming that CN signalling for path-switching is only required in the event of inter-eNB PCell change. For the case without Dual Connectivity (without any improvements to Rel-11 baseline) in the form of inter-site CA, we obviously observe a higher number of inter-eNB PCell changes as this happens for every inter-frequency handover between macro and small layer, as well as for intra-frequency handovers between different small cells (or different macro eNBs). However, for the considered Dual Connectivity solution, inter-eNB PCell handovers are only triggered for the macro layer (intra-frequency). The results in Fig. 7 therefore shows on the order of a factor 3-4 higher number of inter-eNB PCell handovers for the cases without Dual Connectivity (and without any optimizations to Rel-11 baseline), as compared to the case without Dual Connectivity.
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Fig. 7: Number of inter-eNB PCell handover events per UE per hour
for the cases with/without Dual Connectivity
5
Concluding Remarks
Based on the presented performance results for Dual Connectivity (in the form of inter-site CA) between macro and small cells on different carriers, the following observations are worth highlighting:
-
Always having a reliable PCell @ macro makes the small cell mobility management (RRC reconfigurations) easier in the form of SCell addition, removal, and change on the small cell layer.
-
Dual Connectivity results in longer time-of-stay in PCells, and also in SCells depending on how aggressive SCell configuration/deconfigurations are performed. This is attractive for allowing more time for cell-specific RRM algorithms to converge
-
As a drawback, there is approximately 20% higher RRC reconfiguration overhead when using Dual Connectivity as management of both PCell and SCell as compared to only managing PCell (for users without inter-site CA). Note that this specific value (20%) naturally depends on the simulated scenario and assumptions, so further sensitivity analysis is needed as part of the further studies before drawing final conclusions.
-
As an example, the results show on the order of a factor 3-4 higher number of inter-eNB PCell handovers for the cases without Dual Connectivity, as compared to the case without Dual Connectivity. Thus, indicating a factor 3-4 reduction in CN signalling if applying Dual Connectivity (other means can also reduce signalling towards CN [5]).
-
In this contribution UE power consumption impacts were not studied, so this is for further study before drawing final conclusions. Also possible PUCCH signalling impacts shall be for further studied to have assessed the signalling impacts of inter-site CA in more details.
In summary, dual connectivity in the form where UE can receive data simultaneously from both the macro and small cell in the downlink reduces the mobility even seen by the CN. Naturally, other forms of Dual Connectivity and solutions aiming at similar gains but for non CA capable UEs should also be studied.
6. References
[1] 3GPP TR 36.932 Scenarios and requirements for small cell enhancement for E-UTRA and E-UTRAN.
[2] 3GPP TR 36.839 Mobility enhancements in heterogeneous networks
[3] R2-130124, User data rate enhancements with inter-site CA
[4] R2-123997, Introduction of 1CC transmission in a TTI for UL CA
[5] R2-13xxxx, Robust Mobility in Small Cell deployments
Appendix A

Simulation Assumptions
Dynamic system level simulations are conducted in coherence with 3GPP HetNet simulation guidelines outlined in [2]. The network topology consists of a regular 3-sector hexagonal macro layout, supplemented by either 2 or 10 picos placed randomly in each macro cell area. Placement of picos is, however, subject to constraints. The major downlink RRM algorithms are modelled, including detailed representation of the mobility mechanisms. The former includes UE physical-layer RRM measurement errors, Layer-3 filtering of those measurements, UE A{2,3,4,6} reporting events, and signalling delays for preparing a new target cell as well as execution delays. For the sake of simplicity, only RRC connected UEs are simulated (assuming full buffer traffic). Uniform spatial UE distribution is assumed, with users moving at constant speed in a fixed direction chosen random for each terminal at the start of the simulation. The default simulation parameters are summarized in Table I.
TABLE I.  Simulation Settings
	Parameter
	Value

	Bandwidth
	10 MHz

	Macro and Pico Frequency
	1.8 GHz and 2.6 GHz

	Simulation Time
	200 s

	Shadowing Standard Deviation Macro
	8 dB

	Shadowing Standard Deviation Pico
	10 dB

	Shadowing Correlation Distance Macro
	50 m

	Shadowing Correlation Distance Pico
	13 m

	BS Tx Power Macro
	46 dBm

	BS Tx Power Pico
	30 dBm

	Distance Dependent Path-Loss Macro
	128.1 + 37.6 log10 (R)

	Distance Dependent Path-Loss Pico
	140.7 + 36.7 log10 (R)

	RSRP error – zero mean Gaussian
	1 dB std dev

	Filtering Factor K
	4 or 1

	RLF: Qout Threshold
	- 8 dB

	RLF: Qin Threshold
	- 6 dB

	Inter-frequency Measurements
	6 ms measurement gaps

CA: 40 ms, NO CA: A2-based

	A3 Time To Trigger (TTT)
	256 ms or 160 ms

	A3 Prep + Exec
	100 ms

	A3 Offset
	3 dB

	A2, A4 and A6 Time To Trigger (TTT)
	256 ms or 160 ms

	A2, A4 and A6 Prep + Exec
	100 ms

	A2 Threshold
	-16 dB or -17 dB RSRQ

	A4 Threshold
	-12 dB or -17 dB RSRQ

	A6 Offset
	1 dB


� An SCell ping-pong event is defined as SCell change from cell A, to cell B, and back to cell A within a one second time-window. 





