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Introduction
In RAN4#98-bis-e meeting, discussion about UE power saving enhancements continued and the agreements were captured in a way forward in [1]. In the way forward RAN4 concluded the following:
· RAN4 conclude the feasible scenario and will define the RLM/BFD requirements for R17 UE measurements relaxation for RLM and/or BFD in work phase for the following cases,
· Case 1: SSB based RLM/BFD measurement relaxation in FR1 
· Case 2: CSI-RS based RLM/BFD measurement relaxation in FR1 
· Case 3: CSI-RS based RLM/BFD measurement relaxation in FR2
· Case 4: SSB based RLM/BFD measurement relaxation in FR2
In this contribution we provide simulation results to further study the feasibility of each of the scenarios above based on the simulation assumptions that were earlier agreed in [2]. Further analysis of the results is given in our companion contribution in [3]. 

[bookmark: _Hlk67924648]Power saving analysis
In [4] we had shown our simulation results for SSB-based RLM and BFD measurement relaxation in FR1 and FR2 (Case 1 and 4) obtained by extending the evaluation period with a relaxation factor K = 2, 3, 4, and 8 for 40 ms DRX cycle. The results were shown for the agreed traffic options (option 1a and 1b, i.e. FTP3 with 200ms and 50 ms IAT, and option 2, i.e. VoIP), for the cases with and without WUS. 
We observed that when only RLM and BFD measurements are relaxed by extending the evaluation period, there is no power saving gain in FR1, while in FR2 we obtain very limited power saving gains (less than 3%). In contrast, when in addition to RLM and BFD relaxation also the RRM measurements are relaxed (by applying the same relaxation factor K as for RLM and BFD or equivalently by decreasing the number of RRM samples based on the same relaxation factor K), significant power gains can be obtained for any traffic option, with and without WUS, as shown in Figure 2 and Figure 2 for FR1 (Case 1) and FR2 (Case 4), respectively.
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Figure 1: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1a and 1b (i.e. FTP3 with 200ms and 50 ms IAT) and option 2 (VoIP), assuming SSB-based RLM, BFD, and RRM measurements in FR1 (Case 1), for DRX cycle = 40 ms and when assuming a random offset of SMTC window to DRX ON-duration.
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[bookmark: _Ref71578678]Figure 2: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1a and 1b (i.e. FTP3 with 200ms and 50 ms IAT) and option 2 (VoIP), assuming SSB-based RLM, BFD, and RRM measurements in FR2 (Case 4), for DRX cycle = 40 ms and when assuming a random offset of SMTC window to DRX ON-duration.
In the following, we provide additional power saving results. We note that these results are obtained using the same simulation parameters as agreed in [2] and the further assumption given in Table 1 of [4]. We remark also that differently from the agreed assumptions in [2], we use DRX Inactivity timer = 10 ms for VoIP (as per TR 38.840).

First, we show the sensitivity of the power saving gain to the DRX cycle for Case 1 and 4. Figure 3 and Figure 4 show the energy saving percentage from RLM+BFD+RRM relaxation for traffic option 1b (assuming SSB-based RLM and BFD measurements) for different DRX cycles (20 ms, 40 ms, and 80 ms) for FR1 (Case 1) and FR2 (Case 4), respectively, with and without WUS. It is observed that the gain is the highest for 40 ms DRX cycle and lowest for 20 ms DRX cycle, which is too short to allow the UE to use the efficient sleep state (i.e. deep sleep) even when the measurements can be relaxed.

[image: ]
[bookmark: _Ref68080699]Figure 3: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1b (FTP3 with 50 ms IAT) assuming SSB-based RLM, BFD, and RRM measurements in FR1 (Case 1), for different DRX cycles, when assuming a random offset of SMTC window to DRX ON-duration.
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[bookmark: _Ref71579509]Figure 4: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1b (FTP3 with 50 ms IAT) assuming SSB-based RLM, BFD, and RRM measurements in FR2 (Case 4), for different DRX cycles, when assuming a random offset of SMTC window to DRX ON-duration.
Next, we provide the power saving gains of Case 2 and 3, i.e. CSI-RS based RLM and BFD measurements in FR1 and FR2, respectively. Figure 5 and Figure 6 show the energy saving percentage from RLM+BFD+RRM relaxation for the agreed traffic options (option 1a and 1b, i.e. FTP3 with 200ms and 50 ms IAT, and option 2, i.e. VoIP), for the cases with and without WUS, when assuming CSI-RS-based RLM, BFD, and RRM measurements for FR1 and FR2, respectively. It is observed that the power saving gains of Cases 2 (see Figure 5) are much reduced as compared to Case 1 (see Figure 2). Likewise the power saving gains of Case 3 (see Figure 6) are much reduced as compared to Case 4 (see Figure 2). This is due to the fact that the UE has to wake up anyway to monitor the DRX On-Duration in any DRX cycle (in case of no WUS) and to monitor the ON-Duration in the DRX cycles when data is present (in case of WUS). Therefore skipping the measurements provides a more limited gain given that the CSI-RSs are confined within the On-Duration.
[image: ]
[bookmark: _Ref71580680]Figure 5: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1a and 1b (i.e. FTP3 with 200ms and 50 ms IAT) and option 2 (VoIP), assuming CSI-RS based RLM, BFD, and RRM measurements in FR1 (Case 2), for the DRX cycle = 40 ms. (Note: CSI-RSs inside the DRX On-Duration).
[bookmark: _Ref71580688][bookmark: _GoBack][image: ]Figure 6: Energy saving percentage (vs. K=1) from RLM+BFD+RRM relaxation for traffic option 1a and 1b (i.e. FTP3 with 200ms and 50 ms IAT) and option 2 (VoIP), assuming CSI-RS based RLM, BFD, and RRM measurements in FR2 (Case 3), for the DRX cycle = 40 ms. (Note: CSI-RSs are inside the DRX On-Duration).

The overview of the energy saving percentages for Case 1-4 is given in Table 1.
[bookmark: _Ref71630192]Table 1: Overview of energy saving percentage (vs. K = 1) for SSB-based and CSI-RS based RLM+BFD+RRM measurement relaxation in FR1 and FR2 for different relaxation factors K and different traffic options. 
Note: the energy saving percentage is equivalent to power saving percentage.
	Case
	WUS
	Traffic 1a
FTP3 200 ms IAT
	Traffic 1b
FTP3 50 ms IAT
	Traffic 2
VoIP

	
	
	K=2
	K=3
	K=4
	K=8
	K=2
	K=3
	K=4
	K=8
	K=2
	K=3
	K=4
	K=8

	Case 1
(SSB based, FR1)
	w/o WUS
	18.2
	21.3
	22.8
	25.1
	16.9
	19.8
	21.2
	23.3
	8.2
	9.6
	10.3
	11.3

	
	w/ WUS
	23.5
	27.4
	29.3
	32.3
	18.8
	21.0
	22.5
	24.8
	12.2
	14.2
	15.2
	16.7

	Case 4
(SSB based, FR2)
	w/o WUS
	11.2
	15
	16.9
	19.7
	10.7
	14.2
	16.0
	18.7
	5.3
	7.1
	7.9
	9.3

	
	w/ WUS
	20.9
	27.8
	31.3
	36.5
	13.8
	18.5
	20.8
	24.2
	7.4
	9.9
	11.1
	12.9

	Case 2
(CSI-RS based, FR1)
	w/o WUS
	7.5
	8.7
	9.3
	10.3
	5.3
	6.2
	6.6
	7.3
	2.3
	2.7
	2.8
	3.1

	
	w/ WUS
	14.3
	16.7
	17.9
	19.7
	8.2
	9.5
	10.2
	11.2
	5.8
	6.8
	7.3
	8.0

	Case 3
(CSI-RS based, FR2)
	w/o WUS
	3.10
	4.2
	4.7
	5.4
	2.2
	2.9
	3.1
	3.8
	0.9
	1.2
	1.4
	1.6

	
	w/ WUS
	7.8
	10.4
	11.6
	13.6
	3.3
	4.4
	5.0
	5.8
	1.7
	2.3
	2.6
	3.0


Delta SINR
The delta SINR is calculated for the case that RLM+BFD measurements are relaxed with different relaxation factors (K = 2, 3, 4, 8) using SINR time traces generated as per [2]. The delta SINR is generated every time a new SINR sample is available for a given relaxation factor.
It is observed that, there is no clear dependency in delta SINR as function of the UE speed nor the DRX cycle. FR1 delta SINR difference to Rel-15 seem to be higher than for FR2.
Table 2: Overview of SSB-based and CSI-RS based dSINR@max(5%,95%) for out-of-sync and in-synch in FR1 and FR2.
	RS
	FR
	delta SINR @OoS
[dB]
	delta SINR @InS
[dB]

	SSB based 
	FR1
	1.78 .. 2.83
	2.45 .. 3.60

	
	FR2
	1.43 .. 2.15
	1.85 .. 3.05

	CSI-RS based
	FR1
	1.23 .. 1.95
	1.78 .. 2.65

	
	FR2
	0.97 .. 1.63
	1.47 .. 2.10



The detailed results pr. speed, DRX cycle, and no. of averaged samples are shown in Table 3. 
[bookmark: _Ref71544937]Table 3: Delta SINR for both SSB and CSI-RS based RLM and BFD measurements, in FR1 and FR2, for different UE speeds (3 and 30 km/h), and different DRX cycles (20 ms, 40 ms, and 80 ms).
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C.D.F.s of dSINR  are given in Figures 1- 4 for FR1 and in Figures 5 - 8 for FR2.
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Figure 7: SSB dSINR in FR1 and 3km/h mobility (OOS=out of sync., IS=in sync.,X=relaxation factor).
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Figure 8: SSB dSINR in FR1 and 30km/h mobility.
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Figure 9: CSI-RS dSINR in FR1 and 3km/h mobility.
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Figure 10: CSI-RS dSINR in FR1 and 30km/h mobility.
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Figure 11: SSB dSINR in FR2 and 3km/h mobility.
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Figure 12: SSB dSINR in FR2 and 30km/h mobility.
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Figure 13: CSI-RS dSINR in FR2 and 3km/h mobility.
[image: ]
Figure 14: CSI-RS dSINR in FR1 and 30km/h mobility.
Additional delay in RLF triggering
The delay in RLF declaration can be calculated as the delay of the 1st  out-of-sync occurrence (OoS) plus the T310 timer, assuming N310 = 1. Hence, the additional delay in RLF declaration when applying RLM measurement relaxation is caused by the additional delay of the 1st OoS evaluation, if the UE exits the relaxation mode upon observing the 1st OoS. Taking the case of SSB based RLM in FR1, the RLM evaluation period of out-of-synch, TEvaluate_out_SSB, is given by Max(200, Ceil(10x1.5xP) x Max(TDRX,TSSB)) for DRX ≤ 320 ms. 
[image: ]
Figure 15: Non-relaxed (Rel.16) RLM/BFD evaluation period for out-of-sync.

In case relaxation is obtained by applying the relaxation factor, K, to the RLM evaluation period, the relaxed evaluation period TEvaluate_out_ SSB_ relaxed  can be given as Max(200, Ceil(10x1.5xKxP) x Max(TDRX,TSSB)). The RLM/BFD evaluation period for out-of-sync is illustrated in Figure 16 for the baseline (no relaxation, K=1) and for the relaxation scenario when K=2.
[image: ]
[bookmark: _Ref71559996][bookmark: _Hlk71559942]Figure 16: Relaxed RLM/BFD evaluation period for out-of-sync with relaxation factor K=2.
In this case, the maximum additional delay introduced in RLF declaration, which is equal as said above to the additional delay of the 1st OoS evaluation, can be given as function of K and Max(TDRX,TSSB) and is equal to (K-1) x TDRX. The resulting additional delay in RLF declaration for a given relaxation factor, K, and DRX cycle length (assuming TDRX>TSSB) compared to baseline (Table 4) will then be as shown in Table 4.
[bookmark: _Ref71560035]Table 4: The delay of 1st out-of-sync for the baseline case (i.e. one RLM evaluation period, e.g.  TEvaluate_out_SSB)
	 
	DRX cycle [ms]

	
	20
	40
	80

	Delay of 1st out-of-sync [ms]
	300
	600
	1200




 
Table 5: Additional delay in RLF declaration as function of relaxation factor K 
(applied to the RLM evaluation period) and DRX cycle.
	Relaxation factor, K
	Additional delay in RLF declaration [ms]

	2
	300
	600
	1200

	4
	900
	1800
	3600

	8
	2100
	4200
	8400



In case relaxation is obtained by reducing the number of measurement samples collected during an evaluation period with equidistant sampling, while the evaluation period is not changed (i.e. not relaxed), there is no additional delay in RLF declaration as shown in Figure 17. We note that this is valid in case an equal distance between samples is applied.
[image: ]
[bookmark: _Ref71561719]Figure 17: Release 17 RLM/BFD relaxation of number of evaluated samples with equidistant sampling.
In contrast, in case relaxation is obtained by reducing the number of measurement samples collected during an evaluation period, while the evaluation period is not changed (i.e. not relaxed), but there is not an equal distance between samples, as shown in Figure 18, the additional delay can in worst case half of the evaluation period depending on where the out-of-sync may be observed.
[image: ]
[bookmark: _Ref71562173]Figure 18: Release 17 RLM/BFD relaxation of no. of evaluated samples with non-equidistant sampling.
Other system level performance metrics
Simulation parameters
System simulations in this paper are done applying the major part of the parameters and assumptions agreed in [2]. Additional parameter values as given in Table 6. The relaxation factor is applied during the entire simulation. 
[bookmark: _Ref71552134]Table 6: Additional system simulation parameters in FR1 and FR2
	Parameters
	Values

	Relaxation factor (K)
	2, (3), 4, 8


	Environment
	Urban Micro cellular with 7 gNBs 3 sectors, 
200 meters ISD.  
3D UMi channel model TR 38.901

	DRX
	Long cycle: 80 TTIs (40 ms); 
on Duration: 8 TTIs (4 ms); 
inactivity time: 8 TTIs (4 ms); 
no short DRX

	Traffic
	FTP3 model: average inter-arrival: 50 ms; 
packet size: 0.1 Mbytes

	Mobility
	105 UEs moving in random direction, wrap around in the area of 528 m * 460 m

	RLMF/BFD
	T_Evaluation_Period = acc. To Rel15/Re.16 requirements,
Resource type: CSI-RS

	Beam Management
	L1 RSRP Measurement interval: 40 ms, 
Resource type: SSB; 

	RRM Measurement
	Measurement interval: 40 ms; 
Resource type: SSB;


Simulation results
[bookmark: _Hlk68118400]The time of outage is counted whenever SINR for hypothetical PDCCH BLER in Table 8.1.1-1 of TS 38.133 falls below the threshold and the average value is shown in Figure 18. It is observed that there is significant increase of time of outage at both FR1 and FR2 when applied with higher relaxation factor at higher speed. 
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[bookmark: _Ref71530453]Figure 19: Average time of outage in RLM + BFD relaxation with and without RRM relaxation 
The measured SINR at bottom 5% is shown in Figure 19. 
[image: ][image: ]
[bookmark: _Ref71558516][bookmark: _Ref71620245]Figure 20: SINR at bottom 5% in RLM + BFD relaxation with and without RRM relaxation 
Percentage of radio link failure (RLF) and handover failure (HOF) is shown in Figure 20.
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[bookmark: _Ref71558428][bookmark: _Ref71558433][bookmark: _Ref71620277]Figure 21: Percentage of radio link and handover failures in RLM + BFD relaxation with and without RRM relaxation
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