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1 Introduction

The following agreements were reached in RAN1 94bis [1] in regards to the UE adaptation to the traffic and UE power consumption characteristics:
· At least the following power saving techniques are to be further studied (including detailed scheme, performance, complexity, overhead, etc.)

· Time domain 

· Cross-slot scheduling – enhancement from Rel-15

· Multi-slot scheduling 

· Slot aggregation– enhancement from Rel-15

· DRX configuration – C-DRX enhancement

· Dynamic Adaptation in configuration

· Adaptive parameters 

· Frequency domain 

· BWP – enhancement of dynamic switching from Rel-15

· RS (including SRS) configuration for channel tracking, CSI measurements etc.

· Efficient configuration/switching 

· Association with DRX

· CA/DC

· Quick activation/de-activation (e.g.,L1 signaling, MAC signaling) 

· Efficient configuration of SCell

· E.g., Power saving with CSI/RRM measurements and beam management only but no PDCCH monitoring before activation (SCell dormancy) 

· Antenna domain 

· Antenna adaptation

· Adaptation of number of panels/antenna with consideration of aspects, such as CSI measurements (for both Rx/Tx) 

· Adaptation multi-antenna processing 

· UE processing time 

· Adaptation in UE processing time 

· Timeline relaxing of UE processing 

· Reduce PDCCH Monitoring

· Reduced number of PDCCH processing

· Further reduce the number of PDCCH blind decoding 

· Adaptation in CORESET, search space, PDCCH candidate, AL, CCE, DCI formats/RNTI monitoring

· UE/Network Assistant Information 

· Adaptive configured parameters 

· Association with C-DRX

· Network assistance

· Decoupling of DL and UL grant 

· Configured RS for channel tracking and estimation 

· Assistant information for adaptation

· UE assistance:  UE assistant information/feedback used for adaptation in some domains

· Adaptation profile 

Furthermore, some proposals were agreed in RAN1 94bis [1] for further study of potential mechanisms to trigger UE adaptation:

· Study further the following for Triggering adaptation of UE power consumption characteristics  

· Existing signal/channel based approach

· Signals based on PDCCH channel

· Signals based on RS

· MAC signalling

· RRC signalling

· New power saving signal/channel

· Performance metrics based on the agreements in the evalution methodology

Study further:

· Triggering for UE time domain processing adaptation
· Trigger UE adaptation to DRX operation

· UE DRX PDCCH monitoring and efficient UE wakeup 

· Constraint on scheduling DCI during DRX ON

· Performing CSI measurement/feedbacks and RRM measurements
· Reducing power consumption during DRX ON

· e.g., go-to-sleep signalling to assist UE to the sleep state 

· Triggering dynamic adaptation among multiple DRX configurations

· Trigger UE adaptation in reducing PDCCH monitoring 

· Indication to change PDCCH monitoring behaviour, e.g., to monitor, to skip, to adapt to different PDCCH parameters

· Triggering for UE frequency domain processing adaptation
· Trigger for the adaptation of BWP

· State transition during BWP switching

· Pre-processing information, e.g., CSI measurement/feedback, before switching/activation for gNB to use after switching to the new BWP 

· UE assistance approach for network configuration 

· UE initiates the request to the network

· Network trigger UE feedback for the adaptation

· Trigger for the carrier adaptation in CA/DC 

· State transition in CA/DC activation/deactivation

· Pre-processing information, e.g., CSI measurement/feedback, before switching/activation for gNB to use after carrier activation

· Adaptation among different cells with different power consumption charateristics

· Bundle adaptation among different cells

· UE assistance approach for network configuration 

· UE initiates the request to the network

· Network trigger UE feedback for the adaptation

· Triggering UE processing adaptation
· Trigger for adaptation in number of Tx/Rx antenna and/or maximum number of MIMO layers and/or number of antenna panels

· UE assistance approach for network configuration 

· UE initiates the request to the network

· Network trigger UE feedback for the adaptation

· Network instructed

· Trigger for adaptation in UE processing time

· UE assistance information, e.g., k0, k1, k2 value

· Network instructed

· Trigger for adaptation of UE processing e.g., in maximum modulation orders, TB sizes, HARQ operation

· Triggering in reducing PDCCH blind decoding

Conclusion:

· Proposal of UE power schemes not listed or FFS in the UE power consumption model should also include the proposal of modeling of UE power consumption for the discussion at the next meeting.

Furthermore, following power consumption model was agreed in RAN1 94bis [1]

	Power State
	Characteristics
	Relative Power 

	Deep Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained.
	1 
(Optional: 0.5)

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45

	PDCCH-only
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100

	PDCCH + PDSCH
	PDCCH + PDSCH. ACK/NACK in long PUCCH is modeled by UL power state. FFS the power scaling for PDSCH-only slot.
	300 


· The following additional transition energy and total transition time for the three sleep types are adopted as working assumption for power saving SI:
· Both ramp down and ramp up transitions are included.
· Additional processing time for acquiring synchronization is not included in total transition time.
· There is always a non-sleep power state between adjacent sleeps.
· FFS: Specify the times and relative power values for the ramp down and ramp up transitions separately.
	Sleep type
	Additional transition energy:

(Relative power x 1 ms)
	Total transition time

	Deep sleep
	450
	20 ms

	Light sleep
	100
	6 ms

	Micro sleep
	0 
	0 ms*

	* Immediate transition is assumed for power saving study purpose from or to a non-sleep state


In this contribution, we present our views on UE adaptation to the traffic and power consumption characteristics in view of the recent agreements. In particular, we shed some light on necessity of UE adaptation in various domains for power saving and also corroborate the observation with some selected results. 
2 Discussion on UE adaptation for power saving
NR UE may support a wide range of applications and diverse services. So far the focus of the study item has been eMBB application. Due to the ever increasing need for higher data rates and faster operation in modern mobile broadband applications, it is important to minimize UE power consumption meeting the QoS requirements. Important factors that contribute to NR UE power consumption are
· Operating BW part (BWP) size or frequency band

· PDCCH monitoring

· MIMO layers, number of Tx/Rx antennas at UE side

· Number of active carriers

· Transmit power

· Data rate

· HARQ timeline etc.

Below, we discuss UE adaptation possibilities in different domains.
2.1 Adaptation in time domain

Cross-slot scheduling: NR supports data scheduling to be a later slot that where control was received. This is different from LTE. This allows the UE to enjoy a micro-sleep after control is received in a slot and before data delivery begins at a later slot. Control and data can be received over same or different BWPs. UE may only monitor control based on configured CORESET size in frequency domain and may not actively monitor over full RF BW.

Connected-mode DRX (C-DRX): C-DRX allows the UE to be in sleep state every DRX cycle in connected mode. UE wakes up for the configured ON duration. If a packet is received, inactivity timer starts, otherwise UE goes to sleep after the end of ON duration timer. As NR UE may support mix of different applications, a given DRX configuration may not adapt well to dynamically changing traffic pattern. Semi-static DRX configuration may not suffice. For example, DRX cycle utilization can be quite low when a UE has low traffic density, and UE may unnecessarily wake up in many DRX cycles with no packet scheduled. When the utilization is low, i.e., network could configure the UE to receive a separate wake-up signal to wake up only when PDCCH transmission is imminent. This can be achieved without changing the DRX configuration. For example, a long DRX cycle can be used and UE can sleep for longer duration, thanks to a separate wake-up signal configured. In following section, we discuss benefits of wake up signal further based on some evaluations. Alternatively, one or more of the DRX configuration parameters can be adapted. As discussed above, one set of DRX configuration may not match well to the varying traffic arrival pattern from UE power consumption perspective. As NR UE may support wide range of applications with diverse traffic arrival characteristics, dynamic adaptation of DRX configuration may be necessary to further improve power savings. 

PDCCH monitoring:  Rel 15 allows for PDCCH monitoring to be configurable per UE. However, PDCCH monitoring accounts for major portion of UE power consumption and unwanted PDCCH monitoring should be minimized whenever possible. In particular for PDCCH blind decoding attempts, UE need to perform channel estimation and channel decoding, which can be quite costly. Dynamic update of BD/CCE limits and monitoring behaviour can potentially reduce unnecessary PDCCH monitoring. In particular, skipping some PDCCH monitoring occasions can provide increased opportunities of micro-sleep which may not increase latency much. For example, during ON duration of DRX cycle, UE may be triggered to go to micro-sleep for a given duration and wake up. In following section, we show that such micro-sleeps have the potential of significant power saving. 
Below, in Figure 1, we show an example of CDF of number of slots that UE is actively monitoring but does not received PDCCH assuming DRX is not configured for this UE. As can be seen, if traffic arrival pattern changes and intensity drops, a large number of consecutive slots without PDCCH transmission exists. Furthermore, the number of consecutive slots may be further increased taking into account multiple users packet scheduling at the gNB side. Similar observations can be made for C-DRX mode operation, when UE may not receive PDCCH for a significant number of consecutive slots within the effective ON duration (such as ON duration, inactivity timer etc.) as part of the DRX cycle.

Observation 1: Dynamic reduction in PDCCH monitoring activity in a DRX cycle may offer significant UE power savings.
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           Figure 1: CDF of number of consecutive slots UE does not receive PDCCH in active state. Lambda is in packet/s.
Observation 2: 

· Number of DRX cycles not resulting in any PDCCH may unnecessarily increase UE power consumption. 

· One set of DRX configuration may not adapt well to varying traffic arrival pattern.  

2.2 Adaptation in frequency domain

BWP adaptation:  NR supports operating over a quite larger BW, such as 100MHz which is much larger than LTE where it is assumed that each device can support 20MHz. Hence, it is obvious that in NR, operating BW is one of the most important factors that may increase UE power consumption significantly. BWP adaptation by DCI and timer is supported in NR. UE can be configured with four DL and four UL BWPs, at least for FDD. Of the configured BWPs, UE may have small and larger BWPs. When traffic load is low, UE may be indicated to operate within a smaller BWP. For example, UE may monitor control information over a small BWP and data can be delivered over a larger BWP to achieve high throughput. 

BWP switching can be associated with DRX operation as well. In particular, UE may opportunistically switch to a larger BWP during ON duration, if needed such as for larger PDSCH, following a trigger from network. This may allow for further power consumption reduction.

Observation 3: 

· Associating BWP adaptation framework with DRX operation can be leveraged for further power saving.

CA aspects: NR UE configured with CA operation may not have frequent scheduling grant received for SCell. Hence, continuously monitoring for grant in SCell may increase power consumption. NR supports MAC CE based activation/deactivation. Although deactivating SCell/putting SCell into dormant state when PDCCH monitoring not needed may result in power saving gain, dynamic activation/deactivation of SCell by DCI or state transition need more careful study.

2.3 Adaptation in space/antenna domain

Moreover, as indicated above in the list of factors, number of antennas and MIMO layers also play a role in UE power consumption. Power consumption optimization may be beneficial in antenna domain for SU-MIMO transmission, when UE on some carrier maybe capable of supporting large number of MIMO layers (e.g. up to 4). However, PDSCH reception based on maximum MIMO layers may not always be needed. Adaptation of receive chains at UE and MIMO layers based on traffic load may offer further power savings.

Observation 4: 
· Receiver signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from power consumption perspective. 

3 Benefits of adaptation to DRX operation
In this section, we further study UE adaptation to DRX operation. In particular, we evaluate how introducing a wake-up signal before DRX cycle begins and triggering go-to-sleep signal during ON duration compare with legacy C-DRX operation in terms power consumption, latency, UE perceived throughput and system overhead for triggering such indication.
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                              Figure 2: Illustration of WUS and GTS signalling in DRX cycle.

As illustrated in Figure 2, WUS is transmitted when there is PDCCH imminent for a UE, otherwise WUS is not transmitted. Solid and dotted area refer to active ON duration and skipped ON duration, respectively. GTS signalling can indicate sleep durations to induce micro-sleep within configured ON duration of DRX cycle. 

In our companion paper [2], system level evaluations are presented for wake-up and go-to-sleep signals. Here, in this section, we consider a single UE setup and different UE geometry, such as 95%, 50%, and 5%, considering DU scenario. The following simplifying assumptions are made: Power modelling reference configuration for FR1. Peak throughput. 100MHz DL BWP. 10-symbol PDSCH (one symbol occupied by DMRS), capable of carrying 868584 information bits per slot. All packets can be successfully decoded on the first transmission. No HARQ retransmission. No UL slot. Single user. Short DRX is not configured. We assume GTS signalling may indicate sleep duration of 2ms, 4ms, 8ms, 16ms. AL 8 is assumed for signalling overhead calculations. We study the following DRX configurations for FTP 3 traffic model. FR1 power consumption model is assumed as agreed in RAN1 94bis. C2 and C4 refers to higher resource utilization compared to C1 and C3, respectively, for the considered DRX configuration.

             Table 1: List of DRX configurations evaluated

	Configuration (C) Index
	Parameters

	1
	DRX cycle 160ms, Inactivity Timer 100ms, On Duration 8ms, 𝜆 = 5, Packet size 0.1 Mbyte

	2
	DRX cycle 160ms, Inactivity Timer 100ms, On Duration 8ms, 𝜆 = 5, Packet size 0.5 Mbyte

	3
	DRX cycle 160ms, Inactivity Timer 40ms, On Duration 8ms, 𝜆 = 5, Packet size 0.1 Mbyte

	4
	DRX cycle 160ms, Inactivity Timer 40ms, On Duration 8ms, 𝜆 = 5, Packet size 0.5 Mbyte

	5
	DRX cycle 320ms, Inactivity Timer 200ms, On Duration 10ms, 𝜆 = 5, Packet size 0.1Mbyte


Discussion on results:  
· From the power consumption results in Tables 2 – 7 (Tables 3-7 containing results of C2 to C5 are in Appendix), it is obvious that introduction of WUS and GTS, either implemented independently or together, allow the UE to consume less power compared to legacy C-DRX and no DRX scenario. On the other hand, the price paid is increased latency and some drop in UE throughput. Signalling overhead increases due to transmission of WUS and/or GTS. For example, for C1 at 95% geometry, WUS, GTS, and WUS+GTS result in 27.90, 22. 89, and 20.558 average power, compared to 74.21 and 30.45 obtained with No DRX and C-DRX respectively.

·  GTS signalling may indicate a sleep duration from a set of supported values. For evaluation, we consider 2, 4, 8, 16ms. As shown in Table 3, increasing sleep duration has negligible effect on latency/delay increase. Furthermore, GTS signalling results in packet delay that is almost comparable to that of legacy C-DRX.

·  Delay increase due to WUS transmission is more compared to when GTS signalling is used. This is because due to WUS transmission, some packets that would have arrived during the following ON duration are now delayed to next cycle. Hence, when both GTS and WUS are applied, delay performance is dominated by WUS.
·  For C1, we also show time distribution and energy distribution of different states for legacy C-DRX, C-DRX with WUS, and C-DRX with GTS in Figures 3, 4, 5, respectively. As expected, UE is in deep sleep state most of the time. However, interestingly energy consumption distribution with GTS signalling is quite different from legacy C-DRX and DRX with WUS. When GTS signalling is used, micro-sleep is often triggered and PDCCH-only slots are considerably reduced. As a result, overall more energy is consumed due to micro-sleep than PDCCH-only state.
·  For low resource utilization cases, such as in C1 and C5, GTS and GTS with WUS provide relatively more power saving gain than other configurations. This is because relatively long inactivity timer is used considering the packet size and arrival rate. Hence, there are increased number of events when there is no packet at the buffer for the UE which can result in network triggering GTS signalling more often. Also in these cases, GTS provides more power saving gain than WUS.
· At higher resource utilization, throughput of C-DRX based schemes is not significantly lower than no DRX scenario such as 5% geometry in C2 and C4, unlike C1 or C3. This is because packet takes longer to transmit and increased number of packets awaiting at the buffer cause latency increase in both C-DRX and no-DRX schemes alike.

                  Table 2: Performance results for C1

	Performance Indicator
	No-DRX
	C-DRX
	WUS
	GTS

(4ms)
	WUS + GTS (4ms)

	Power consumption
(Avg Power per unit ms)

	5%
	80.5079
	37.0938
	34.4655 
	 30.2075
	27.5416

	
	50%
	 75.3437
	 31.633
	 29.1175
	 24.3
	21.6741

	
	95%
	 74.2133
	 30.45
	27.9018
	 22.8954
	20.558

	Average Delay
[ms]
	5%
	7.6027
	52.2465 
	56.6714 
	52.6308 
	57.1587

	
	50%
	 3.0101
	 46.834
	 50.7638
	 47.5589
	52.3273

	
	95%
	2.0021 
	45.5423 
	50.2757 
	 46.0216
	50.3192

	User perceived throughput
(Mbit/s)
	5%
	105.2263
	15.3120
	14.1165
	15.2002
	13.9961

	
	50%
	265.7728
	17.0816
	15.7593
	16.8212
	15.2884

	
	95%
	399.5286
	17.5661
	15.3182
	17.3831
	15.8985

	Signaling overhead (%)
	5%
	
	.
	0.0015
	0.0407
	0.0410

	
	50%
	
	
	0.0015
	0.0430
	0.0438

	
	95%
	
	
	0.0015
	0.0430
	0.0441


                        Table 3: Performance results for different sleep durations indicated by GTS signalling for C1

	Performance indicator
	2ms
	4ms
	8ms
	16ms

	Power consumption

(Avg Power per unit ms)
 
	5%
	30.4916
	30.1638
	29.8467
	30.1794

	
	95%
	23.5318
	23.0391
	22.635
	23.3708

	Delay (ms)


	5%
	52.52
	52.41
	53.3672
	53.9167

	
	95%
	45.835
	46.2239
	46.4761
	47.5959

	Overhead, 


	5%
	0.0736
	0.0406
	0.0204
	0.0106

	
	95%
	.0794
	0.0434
	0.0228
	0.011
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Figure 3: Legacy C-DRX: (left) Time distribution of UE states, (right) Energy distribution of UE states, for C1
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Figure 4: C-DRX with WUS: (left) Time distribution of UE states, (right) Energy distribution of UE states, for C1
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Figure 5:  C-DRX with GTS: (left) Time distribution of UE states, (right) Energy distribution of UE states, for C1

In view of the results, we have the following observations
Observation 5: 

· GTS and WUS in general reduce power consumption compared to legacy C-DRX and no DRX, at the expense of increase in latency/drop in UE perceived throughput.

Observation 6: 

· For low load cases, such as smaller lambda and/or packet size, GTS or GTS with WUS signalling provides relatively more power saving gain than high load cases.

Observation 7: 

· When the configured inactivity timer is significantly longer than packet duration, GTS signalling provides higher relative power saving gain. 

Observation 8: 

· When inactivity timer is relatively longer, GTS signalling provides more power saving compared to WUS

Observation 9: 

· GTS signalling cause negligible latency increase compared to legacy C-DRX 
Observation 10: 

· When both GTS and WUS are applied, latency performance is dominated by WUS performance. 

4 Conclusions
In this contribution, we have the following observations.  

Observation 1: 
· Dynamic reduction in PDCCH monitoring activity in a DRX cycle may offer significant UE power savings.

Observation 2: 

· Number of DRX cycles not resulting in any PDCCH may unnecessarily increase UE power consumption. 

· One set of DRX configuration may not adapt well to varying traffic arrival pattern.  
Observation 3: 

· Associating BWP adaptation framework with DRX operation can be leveraged for further power saving.

Observation 4: 

· The received signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from power consumption perspective. 

Observation 5: 

· GTS and WUS in general reduce power consumption compared to legacy C-DRX and no DRX, at the expense of increase in latency/drop in UE perceived throughput.

Observation 6: 

· For low load cases, such as smaller lambda and/or packet size, GTS or GTS with WUS signalling provides relatively more power saving gain than high load cases.

Observation 7: 

· When the configured inactivity timer is significantly longer than packet duration, GTS signalling provides higher relative power saving gain. 

Observation 8: 

· When inactivity timer is relatively longer, GTS signalling provides more power saving compared to WUS

Observation 9: 

· GTS signalling cause negligible latency increase compared to legacy C-DRX 
Observation 10: 

· When both GTS and WUS are applied, latency performance is dominated by WUS performance. 
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Appendix

          Table 4: Performance results for C2

	Performance indicator
	No-DRX
	C-DRX
	WUS
	GTS

(4ms)
	WUS + GTS (4ms)

	Power consumption
(Avg Power per unit ms)

	5%
	112.4134
	70.6854
	67.7935
	66.3183
	64.0914

	
	95%
	81.0564
	37.6766
	34.9806
	30.5949
	28.1842

	Average Delay
[ms]
	5%
	38.3008
	90.1716
	94.7827
	90.5051
	95.0028

	
	95%
	8.1194
	52.5733
	56.961
	53.0286
	57.9749

	User perceived throughput
(Mbit/s)
	5%
	20.8873
	8.872
	8.4404
	8.8393
	8.4208

	
	95%
	98.5298
	15.2168
	14.0447
	15.0862
	13.799

	Signaling overhead (%)
	5%
	
	
	0.0015
	0.025
	0.026

	
	95%
	
	
	0.0015
	.0401
	0.0409


          Table 5: Performance results for C3

	Performance indicator
	No-DRX
	C-DRX
	WUS
	GTS

(8ms)
	WUS + GTS (8ms)

	Power consumption
(Avg Power per unit ms)
	5%
	80.5079
	24.2076
	22.3292
	22.0036
	19.9943

	
	95%
	 74.2133
	17.5334
	15.4921
	14.5425
	12.6677

	Average Delay
[ms]
	5%
	7.6027
	65.09
	69.6223
	65.6351
	70.1346

	
	95%
	2.0021 
	59.0204
	62.7377
	59.4824
	63.0079

	User perceived throughput
(Mbit/s)
	5%
	105.2263
	12.29
	11.4906
	12.1886
	11.4066

	
	95%
	399.5286
	13.5546
	12.7515
	13.4494
	12.6968

	Signaling overhead (%)
	5%
	
	
	0.0019
	.0067
	.0085

	
	95%
	
	
	.0019
	.009
	.0108


          Table 6: Performance results for C4

	Performance indicator
	No-DRX
	C-DRX
	WUS
	GTS

(8ms)
	WUS + GTS (8ms)

	Power consumption
(Avg Power per unit ms)
	5%
	112.4134
	59.06
	56.8464
	58.94
	57.7345

	
	95%
	81.0564
	24.942
	22.7792
	22.5754
	20.75

	Average Delay
[ms]
	5%
	38.3008
	103.13
	108.04
	103.01
	108.05

	
	95%
	8.1194
	65.75
	70.76
	66.2074
	70.8

	User perceived throughput
(Mbit/s)
	5%
	20.8873
	7.7571
	7.4047
	7.7659
	7.4035

	
	95%
	98.5298
	12.1656
	11.3055
	12.0832
	11.3

	Signaling overhead (%)
	5%
	
	
	.0018
	0.000047
	.0019

	
	95%
	
	
	0.0019
	.0067
	.0085


          Table 7: Performance results for C5

	Performance indicator
	No-DRX
	C-DRX
	WUS
	GTS

(4ms)
	WUS + GTS (4ms)

	Power consumption
(Avg Power per unit ms)
	5%
	80.5079
	46.8897
	44.7077
	35.6762
	33.978

	
	95%
	 74.2133
	40.428
	38.51
	28.479
	26.93

	Average Delay
[ms]
	5%
	7.6027
	72.6355
	77.3338
	73.6654
	77.967

	
	95%
	2.0021 
	65.01
	69.7339
	65.61
	70.117

	User perceived throughput
(Mbit/s)
	5%
	105.2263
	11.0139
	10.3448
	10.859
	10.2607

	
	95%
	399.5286
	12.305
	11.4722
	12.192
	11.4095

	Signaling overhead (%)
	5%
	
	
	0.000894
	0.0650
	0.0649

	
	95%
	
	
	0.000895
	0.0693
	0.0692
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