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1. Introduction 

In this paper we provide detailed analysis and additional results while studying the signalling load of handovers and RRC state transitions over different RRC release/inactivity timer values using multiple traces. The conclusions of the evaluation are similar to those provided in section 5.3.3 of the TR [1]. However, it is to be noted that the methods used in this evaluation are straightforward and do not take any eNB specific scheme into consideration. The network initiated RRC connection release (indicating a RRC state transition) based on the different RRC inactivity timers is investigated with different traffic traces.

As part of section 5.3.3 studying the “Evaluation of schemes to select a RRC state for a mobile UE”, following is the editor notes:

Editor’s Note:  The current results are shown only for one Trace and for only two timer values.  Additional results may be required for other traces spanning a wider range of behaviours.  In this case, the way in which these results are presented is likely to need revision (i.e. the table below is provisional).

The results of our evaluation in the contribution aim to show the cut-off speed value/UE mobility rate above which it is better to move the UE to RRC idle state when there is no packet activity and below which it is acceptable to maintain in (Always on/ Full C-DRX) RRC Connected state while performing handovers, based on the signalling load.          
Although it may be evident that for a UE at low mobility rate, RRC connection setup and release events signalling would dominate over handover signalling compared to high mobility rates, it is imperative to study the balance between the two with different types of traces/applications to evaluate the performance. The background application traffic used in the simulation is derived from the traffic trace measurements conducted previously for the eDDA WI [1].
2. Evaluation of Mobility related Signalling 
2.1 RRC related Signalling associated with Handover
Figure 1 shows an example of the handover related signalling on the Uu interface. 
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Figure 1:  RRC related Signalling Flow Associated with Handover

Table 1 shows an example method of computing the RRC signalling in bytes for handover procedure involving Uu interface details [1] [4]. Some of the associated layer 1 control aspects are not included except the preamble.  MAC PDU sizes are shown without padding (or padding sub-headers).  
Table 1 – RRC Signalling for (intra-system) Handover procedure – Example
	Step
	( UL
	Contents (of MAC PDU)
	MAC PDU Size (Bytes)

	
	 
	
	

	
	( DL
	
	UL
	DL

	1
	(
	RRC Connection Reconfiguration including measConfig
	--
	32

	2
	(
	Buffer Status Report
	2
	--

	3
	(
	RRC Connection Reconfiguration Complete
	13
	--

	4
	(
	RLC Status Report
	--
	3

	5
	(
	Buffer Status Report
	2
	--

	6
	(
	Measurement Report
	19
	--

	7
	(
	RLC Status Report
	--
	3

	8
	(
	RRC Connection Reconfiguration including mobilityControlInfo.
	--
	87

	9
	(
	Preamble
	--
	--

	10
	(
	Random Access Response
	--
	7

	11
	(
	RRC Connection Reconfiguration Complete
	13
	--

	12
	(
	RLC Status Report
	--
	3

	Total Bytes
	49
	135


2.2 RRC state selection during Mobility
In this section, we show simulation results using trace ID-13 for multiple background applications. The following methods are provided as part of the evaluation of existing functionality of UE’s RRC state selection based on mobility:

1. Always On/Full Connected-DRX: RRC Connected state with RRC inactivity timer or RRC release timer set to infinity where the UE never goes into RRC Idle mode.

2. Network initiated RRC inactivity timer or RRC release timer to go into idle mode from RRC connected state with mobility taken into consideration.

 2.3 Signalling Load Analysis
The overall signalling load can be computed as follows:

(1) Total Signaling load (events) per hour per UE = 
(Handover signaling during RRC_CONNECTED state  + RRC State transition signaling) per hour per UE
(2) RRC state transitions signaling per hour per UE = 
(RRC Connection release signaling + RRC Connection Setup signaling) * Number of transitions between connected and idle mode per hour per UE
(3) Handover signaling during RRC_Connected state per UE = 

Function (Handover rate, Traffic pattern, RRC inactivity value)

As per the above, the handover signalling is a function of the handover rate and the instances when the UE is in RRC_Connected state as determined by the RRC inactivity timer value and the traffic pattern corresponding to the trace. 

The above signalling load equation can be converted to bytes using the signalling load computation tables (table 5.2.1-2 in TR and table 1 above) to obtain the cut-off value of UE mobility rate when it is better to maintain the UE in RRC connected versus moving to idle state.

3 Results and Analysis 
In this section, we will show the results based on the study with 2 different traffic traces (Background and active traffic). We focus on the signalling overhead study related to mobility and RRC state selection; the study has been conducted for HO rates ranging from 0.1 to 10 handovers per minute and RRC inactivity timers of 1s, 5s, 10s, 30s, 60s and infinity. As shown in Table 7 of Annex 1, the HO rates can be mapped to specific UE speeds based on different A3offset and TTT values. The number of RRC state transitions and the fraction of time in RRC_Connected mode and the corresponding signalling load in bytes for handovers and state transitions are provided for the chosen background trace traffic in Annex 1.
The table below shows the total signalling load in bytes for different handover rates and different RRC inactivity timers for the background trace traffic (referring to sparse data). We have highlighted the area that show the reasonable operating regions wherein the signalling overhead is reasonable compared between being in fully connected mode (RRC inactivity timer = infinity) with handover only signalling and RRC state transition to idle mode as possible. As is evident from Table 2a/2b below, for lower mobility rates, it is beneficial to remain in RRC_Connected state with primarily the handover signalling events (that will be proportional to the handover rate only). However at speeds higher than 0.75 cell changes per minute, it is better to move to idle state based on the RRC inactivity timer when there is no traffic activity to avoid huge penalty of numerous handovers due to high speed as marked in Table 2b. This study helps to analyze the choice of different RRC inactivity timers as well. 
Table 2a – Number of Handovers and RRC state transitions per hour per UE for different RRC inactivity timers for background trace

	Number of HOs per hour (per UE)
	Number of RRC Connected to Idle Transitions per hour (per UE)

	RRC Inactivity Timer (s)
	HO rate per minute
	

	
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00
	

	1
	0.1
	0.1
	0.6
	0.6
	1.1
	2.8
	3.8
	10.7
	51.0

	5
	0.4
	0.6
	1.4
	1.8
	2.5
	6.3
	13.3
	39.5
	36.2

	10
	0.4
	1.3
	2.0
	4.8
	3.9
	9.7
	19.9
	65.5
	29.4

	30
	2.8
	5.3
	7.5
	10.6
	15.0
	30.4
	59.9
	149.3
	18.2

	60
	3.6
	7.2
	11.0
	16.7
	21.8
	46.3
	91.9
	229.1
	14.6

	Infinity
	6.0
	18.0
	30.0
	45.0
	60.0
	120.0
	240.0
	600.0
	0.0


Table 2b – Total Signalling load in bytes due to Handovers and RRC state transitions per hour per UE for different RRC inactivity timers for background trace

	Total Signalling Load Bytes due to HO and RRC state transitions per hour (per UE)

	RRC Inactivity Timer (s)
	HO rate per minute

	
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00

	1
	13543.3
	13551.5
	13633.2
	13641.3
	13723.0
	14041.5
	14221.2
	15503.4

	5
	9651.6
	9700.6
	9847.6
	9921.2
	10051.8
	10746.0
	12036.4
	16846.8

	10
	7863.7
	8043.4
	8165.9
	8688.6
	8517.1
	9587.0
	11457.2
	19853.4

	30
	5345.2
	5794.4
	6202.7
	6766.3
	7574.8
	10416.9
	15847.5
	32296.5

	60
	4523.2
	5201.0
	5887.1
	6940.6
	7888.0
	12388.0
	20775.8
	46019.8

	Infinity
	1102.5
	3307.6
	5512.7
	8273.2
	11034.0
	22075.0
	44159.0
	110390.0
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Figure 2 – Total signalling load in bytes due to HOs and RRC state transitions per hour per UE for different RRC inactivity timers for background trace (use red line for reference)

Figure 2 shows the data as presented in Table 2b as a ratio of instantaneous to maximum signalling load % for every handover rate. The red dashed line in the figure corresponds to always on, fully connected mode. The signalling load is calculated as per equation in section 2.3. For a given trace, the number of handovers per hour per UE is calculated based on the handover rate and the RRC inactivity timer. As mentioned earlier, the figure and table with the number of handovers are shown in Annex 1.
In comparison, as shown in Table 3a/3b referring to an active traffic trace, it can be noted that remaining in fully connected mode is a better option with the handover signalling (almost similar to high RRC inactivity timer setting) at all mobility rates. Table 3b specifically shows the marked region that corresponds to the nominal operating area for minimal signalling load. As expected, for active traffic, it is better to remain in RRC_Connected state or set a high RRC inactivity timer. The figure showing the signalling load % for the corresponding table 3a/3b for active traffic and the individual data for number of state transitions and fraction of time in RRC_Connected state are shown in Annex (Figures 3, 4 and Table 6).  
Observation 1: The specific HO rate is a key parameter in helping the network to decide the RRC inactivity/release timer for the UE.

Observation 2: Different traffic types (background and active traffic) show different behaviours about RRC state transition requirements under similar HO rates.

Table 3a – Number of Handovers and RRC state transitions per hour per UE for different RRC inactivity timers for active trace

	Number of HOs per hour (per UE)
	Number of RRC Connected to Idle Transitions per hour (per UE)

	RRC Inactivity Timer (s)
	HO rate per minute
	

	
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00
	

	1
	1.0
	3.8
	9.5
	13.3
	19.0
	36.2
	73.3
	142.9
	657.1

	5
	1.9
	11.4
	19.0
	28.6
	39.0
	83.8
	173.3
	405.7
	227.6

	10
	4.8
	16.2
	26.7
	40.0
	52.4
	104.8
	214.3
	520.0
	62.9

	30
	5.7
	17.1
	28.6
	41.9
	57.1
	113.3
	227.6
	567.6
	1.0

	60
	5.7
	17.1
	28.6
	41.9
	57.1
	113.3
	227.6
	568.6
	0.0

	Infinity
	5.7
	17.1
	28.6
	42.9
	58.1
	116.2
	233.3
	583.8
	0.0


Table 3b – Total Signalling load in bytes due to Handovers and RRC state transitions per hour per UE for different RRC inactivity timers for active trace
	Total Signalling Load Bytes due to HO and RRC state transitions per hour (per UE)

	RRC Inactivity Timer (s)
	HO rate per minute

	
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00

	1
	174175.2
	174701.0
	175752.4
	176453.3
	177504.7
	180659.0
	187493.0
	200286.0

	5
	60669.5
	62421.8
	63823.7
	65576.1
	67503.7
	75740.0
	92212.0
	134970.0

	10
	17533.2
	19636.0
	21563.6
	24016.9
	26295.0
	35933.0
	56085.0
	112336.0

	30
	1303.8
	3406.7
	5509.5
	7962.8
	10766.4
	21105.4
	42134.4
	104252.4

	60
	1051.4
	3154.3
	5257.1
	7710.4
	10514.0
	20853.0
	41882.0
	105000.0

	Infinity
	1051.4
	3154.3
	5257.1
	7885.7
	10689.0
	21379.0
	42933.0
	107000.0


Proposal 1: Include Figure 2 and Tables 2a/2b presented above as part of the section 5.3 of the TR 36.822 [1]
UE assistance [7] has been considered as part of the eDDA framework for the UE to provide some form of feedback information to the network in order to improve the quality of user experience. UE mobility status indication is considered as an element of UE assistance information. As shown in the study above, we can find benefit by providing mobility indication to the network in addition to the expected traffic information to help evaluate the best operating point in terms of signalling overhead. 
It has been shown in [8] from simulations that as the UE speed increases, the HOF due to RLF increases under RRC_Connected state and hence it is better for the UE to be moved to RRC idle state rather than stay in RRC connected.
3. Conclusions
Observation 1: The specific HO rate is a key parameter in helping the network to decide the RRC inactivity/release timer for the UE.

Observation 2: Different traffic types (background and active traffic) show different behaviours about RRC state transition requirements under similar HO rates.  
Proposal 1: Include Figure 2 and Tables 2a/2b presented above as part of the section 5.3 of the TR 36.822 [1]
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Annex 1: Additional Results 

Table 1 – Numerical relation between number of handover per second and per minute

	# HO per minute
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00

	# HO per second
	0.0017
	0.0050
	0.0083
	0.0125
	0.0167
	0.0333
	0.0667
	0.1667
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Figure 1 - Number of Handovers per hour per UE for different RRC inactivity timers and background trace
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Figure 2 Time (%) in each RRC state per hour per UE for different RRC inactivity timers and background traffic trace

Table 2 – [Left] Number of RRC State transitions per hour per UE for different RRC inactivity timer and a specific traffic trace. [Right] Time (%) in each RRC state per hour per UE for different RRC inactivity timers and background traffic trace
	RRC Inactivity Timer (s)
	Number of RRC Connected to Idle Transitions per hour (per UE)
	
	RRC Inactivity Timer (s)
	Time (%) in RRC Connected per hour (per UE)

	
	
	
	
	

	
	
	
	
	

	1
	51.04
	
	1
	2.18

	5
	36.18
	
	5
	6.76

	10
	29.43
	
	10
	11.39

	30
	18.20
	
	30
	25.10

	60
	14.60
	
	60
	38.38

	Infinity
	0.00
	
	Infinity
	100.00


Table 3 – Signalling load due to RRC state transitions per hour per UE for different RRC inactivity timers and background traffic trace.
	RRC Inactivity Timer (s)
	Signal Load due to RRC Transitions per hour (per UE)

	
	

	
	

	1
	13527.00

	5
	9586.30

	10
	7798.40

	30
	4822.50

	60
	3869.80

	Infinity
	0.00


Table 4 – Signalling load due to Handovers per hour per UE for different RRC inactivity timers and background traffic trace.
	Signal Load due to HO's per hour (per UE)

	RRC Inactivity Timer (s)
	HO rate per minute

	
	0.10
	0.30
	0.50
	0.75
	1.00
	2.00
	4.00
	10.00

	1
	16.33
	24.50
	106.17
	114.34
	196.01
	514.52
	694.20
	1976.40

	5
	65.34
	114.34
	261.34
	334.85
	465.52
	1159.70
	2450.10
	7260.50

	10
	65.34
	245.01
	367.52
	890.21
	718.70
	1788.60
	3658.80
	12055.00

	30
	522.69
	971.88
	1380.20
	1943.80
	2752.30
	5594.40
	11025.00
	27474.00

	60
	653.36
	1331.20
	2017.30
	3070.80
	4018.20
	8518.20
	16906.00
	42150.00

	Infinity
	1102.50
	3307.60
	5512.70
	8273.20
	11034.00
	22075.00
	44159.00
	110390.00
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Figure 3 Time (%) in each RRC state per hour per UE for different RRC inactivity timers and active traffic trace

Table 6 – [Left] Number of RRC State transitions per hour per UE for different RRC inactivity timer and active traffic trace. [Right] Time (%) in each RRC state per hour per UE for different RRC inactivity timers and active traffic trace. 
	RRC Inactivity Timer (s)
	Number of RRC Connected to Idle Transitions per hour (per UE)
	
	RRC Inactivity Timer (s)
	Time % in RRC Connected per hour (per UE)

	
	
	
	
	

	
	
	
	
	

	1
	657.14
	
	1
	24.91

	5
	227.62
	
	5
	71.00

	10
	62.86
	
	10
	89.08

	30
	0.95
	
	30
	97.23

	60
	0.00
	
	60
	97.35

	Infinity
	0.00
	
	Infinity
	100.00
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Figure 4 – Total signalling load in bytes due to HOs and RRC state transitions per hour per UE for different RRC inactivity timers for active trace (use dashed line for reference)
Table 7: HO rate to speed mapping for different A3Offset, TTT values

	HO rate per minute

	A3Offset, TTT
	Speed (km/h)

	
	3
	30
	60
	120

	2, 160
	1.4
	2.4
	3.6
	5.9

	3, 160
	0.6
	1.7
	3.0
	5.3
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