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Introduction
At RAN plenary meeting #86, a study item (SI) for the support of reduced capability (RedCap) NR devices was agreed, the following objectives related to PDCCH monitoring reduction were identified for the SI[1]:
	Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]



The following have been agreed to in connection to relevant traffic models, power consumption analysis, and PDCCH blocking analysis [2]: 

	Agreements:
· Use the VoIP traffic model from TR 38.840 as baseline. Other VoIP traffic models are not precluded and companies to report if other VoIP traffic models are assumed in evaluation.

Agreements:
For power saving evaluation of RedCap UEs:
· Reuse the Instant message traffic model from TR 38.840 as baseline. Other Instant traffic models based on FTP model 3 are not precluded and companies to report the mean inter-arrival time and packet size if other instant traffic models are assumed in evaluation.
· FFS: ‘heartbeat’ traffic model 
Agreements: 
· The scaling factor ‘0.7’ is used for 2 Rx to 1Rx power scaling for power reduction related evaluation.
· For evaluation, the power scaling for PDCCH candidate reduction defined in TR 38.840 is reused for Redcap UEs.
· For power consumption evaluation, the DRX configurations of Instant message and VoIP in TR 38.840 are reused.
· Discussion on reduced maximum number of configurable CORESET technique for power saving is deprioritized in the Redcap power saving sub-agenda
· For power consumption evaluation, use FTP-3 model with 100 Bytes packet size and 60s mean inter-arrival time as baseline for ‘heartbeat’ traffic.
· For power consumption evaluation, reuse the following DRX configuration defined in TS 38.840 for ‘heartbeat’ traffic model:
· C-DRX cycle 640 msec, inactivity timer {200, 80} msec
· FR1 On duration: 10 msec
· FR2 On duration: 5 msec

Agreements: For the PDCCH blocking rate evaluation, at least the following parameters are assumed as baseline: 
	Parameters
	Assumptions

	Number of candidates for each AL
	Each company to report.

	SCS/BW  
	FR1: 30KHz/20MHz
· 15kHz/20MHz is optional
FR2: 120KHz/[100]MHz

	CORESET duration 
	2 symbols, with 3 symbols optional

	Delay toleration (Slot)
	1 (1: implies that PDCCH is blocked if it can’t be scheduled in the given slot), with 2 optional

	Aggregation level Distribution 
	Companies to report (including the necessary UE channel conditions and deployment scenario(s) for the aggregation level distribution)




Agreements: For Redcap power consumption evaluation:
· Note that 2RX is assumed
	Power State
	Alt.4a 

	Deep Sleep (PDS)
	0.8

	Light Sleep (PLS)
	18

	Micro sleep (PMS)
	31

	PDCCH-only (PPDCCH)
	50 for same-slot scheduling, 
40 for cross-slot scheduling

	PDCCH + PDSCH (PPDCCH+PDSCH)
	120

	PDSCH-only (PPDSCH)
	112

	SSB/CSI-RS proc. (PSSB)
	50

	Intra-frequency RRM measurement (Pintra)
	·        [60]Note4 (synchronous case, N=8, measurement only)
·        [80] Note4 (combined measurement and search)

	Inter-frequency RRM measurement (Pinter)
	[60] Note4 (neighbor cell search power per freq. layer)
·       [15080] Note4 (measurement only per freq. layer)
·        Micro sleep power assumed for switch in/out a freq. layer



Working assumption:
Adopting the following rule for power determination
· Rule 1: ‘Micro sleep’ power of 1 Rx is [0.8]x2 Rx ‘Micro sleep’ power 
· Rule 2: For both 1 Rx and 2 Rx configuration, 
· P(α) = max (Micro-sleep, α ∙ Pt + (1 – α) ∙ 0.7Pt))
· Pt is the PDCCH-only power for same slot and cross-slot scheduling cases.

Conclusion: It is up to each company to report the power consumption modeling for 3-symbols CORESET configuration and reduced number of non-overlapped CCEs.   





In this contribution, we present power consumption analysis based on agreed traffic model and power consumption model for RedCap when BD numbers are reduced from Rel-15 limits. Furthermore, we present PDCCH blocking probability analysis based on the agreed configurations.

Power consumption analysis for BD reduction

Below, we provide power consumption analysis for heartbeat and instant message (IM) traffic models with corresponding DRX configurations for different TDD and FR1 and FR2 antenna configurations. The parameters are collected in the following table.
Table 1  Parameters for power consumption evaluation
	Parameter
	Value

	FR1, FR2 Rx antenna
	1, 2

	TDD configurations
	FR1: TDD 1: DDDDDDDSUU and TDD 2: DDDSUDDSUU
(S: 6D:4G:4U) 

FR2: DDDSUDDDSU
(S: 10D:2G:2U)

	SCS configurations and BW
	FR1: 30kHz, 20MHz
FR2: 120kHz, 100MHz

	Modelling of measurement signals (e.g., SSB)
	20ms periodicity

	Traffic models
	Heartbeat: FTP3: 100Bytes, 60s mean inter-arrival time, C-DRX: 640ms cycle, 200ms IAT, 10ms (FR1) and 5ms (FR2) ON duration
IM: FTP3: 0.100Mbytes, 2s mean inter-arrival time, C-DRX: 320ms cycle, 80ms IAT, 10ms (FR1) and 5ms (FR2) ON duration

	Number of PDSCHs and layers assumed for 1 packet transmission
	Single layer transmission
Heartbeat: 1 PDSCH, both FR1 and FR2
IM: 24 PDSCHs in FR1 (assuming cell center UE with TBS 4097 bytes obtained from geometry analysis of Dense Urban scenario)
       16 PDSCHs in FR2 (assuming cell center UE with highest MCS allocation)




In Table 2 and 3, we show the power consumption and relative power saving gain when maximum number of PDCCH candidates is reduced by 50% (i.e., when alpha in the power consumption model is half) for Heartbeat and IM traffic models respectively.
Table 2: Power consumption results (average power/ms) based on heartbeat traffic model
	Alpha
	FR1, 2Rx (TDD 1)
	FR1, 2Rx (TDD 2)
	FR1, 1Rx (TDD 1)
	FR1, 1Rx (TDD 2)
	FR2, 2Rx
	FR2, 1Rx

	1
	4.049
	4.009
	3.576
	3.53
	22.02
	18.273

	0.5
	3.8818 (~4.13% saving)
	3.847 (~4.04% saving)
	3.406
(~4.75% saving)
	3.383 (~4.16% saving)
	20.31 (~7.8% saving)
	16.82
(~7.94% saving)


Table 3: Power consumption results (average power/ms) based on IM traffic model

	Alpha
	FR1, 2Rx (TDD 1)
	FR1, 2Rx (TDD 2)
	FR1, 1Rx (TDD 1)
	FR1, 1Rx (TDD 2)
	FR2, 2Rx
	FR2, 1Rx

	1
	9.8252
	9.5786
	7.846
	7.782
	69.59
	52.37

	0.5
	9.2278 (~6% saving)
	9.1098 (~4.9% saving)
	7.340
(~6.4% saving)
	7.301
(~6.2% saving)
	62.82 (~9.73% saving)
	46.81 (~10.62 saving)



[bookmark: _Hlk53779943]Observation 1: Approximately 4% and 8% power saving gain is observed for FR1 and FR2, respectively, when number of PDCCH candidates is reduced by half for heartbeat traffic model.

Observation 2: Approximately 6% and 9-10% power saving gain is observed for FR1 and FR2, respectively, when number of PDCCH candidates is reduced by half for IM traffic model, assuming cell center UE.

Next, we collect the results in the tables from the agreed templates.
                       Table 4: Power saving gain due to reduced blind decoding (BD) in FR1, 2Rx
	TDD configuration
	Power saving gain at approximately 50% reduction in BDs for instant message traffic model
	Power saving gain at approximately 50% reduction in BDs for heartbeat traffic model
(inactivity timer = 200 msec) 

	TDD 1: DDDDDDDSUU
	 6%
	 4.13%

	TDD 2: DDDSUDDSUU

	4.9%
	4.04%



                         Table 5: Power saving gain due to reduced blind decoding (BD) in FR1, 1Rx
	TDD configuration
	Power saving gain at approximately 50% reduction in BDs for instant message traffic model
	Power saving gain at approximately 50% reduction in BDs for heartbeat traffic model
(inactivity timer = 200 msec) 

	TDD 1: DDDDDDDSUU
	6.4%
	4.75%

	TDD 2: DDDSUDDSUU

	6.2%
	4.16%



                      Table 6: Power saving gain due to reduced blind decoding (BD) in FR2, 2Rx
	TDD configuration
	Power saving gain at approximately 50% reduction in BDs for instant message traffic model
	Power saving gain at approximately 50% reduction in BDs for heartbeat traffic model
(inactivity timer = 200 msec) 

	DDDSUDDDSU
	 9.73%
	 7.8%



                   Table 7: Power saving gain due to reduced blind decoding (BD) in FR2, 1Rx
	TDD configuration
	Power saving gain at approximately 50% reduction in BDs for instant message traffic model
	Power saving gain at approximately 50% reduction in BDs for heartbeat traffic model
(inactivity timer = 200 msec) 

	DDDSUDDDSU
	10.62%
	7.94%




PDCCH Blocking probability analysis

Per Rel-15 NR specifications, a UE needs to be able to support a minimum number of PDCCH blind decoding attempts (BDs) and be able to perform channel estimation for a minimum number of non-overlapped CCEs per slot and per serving cell, where the minimum values are as summarized in Tables 8 and 9, respectively.
Table 8: Maximum number of BDs per slot and per serving cell that may be configured for monitoring for 15 kHz, 30 kHz, 60 kHz, and 120 kHz [3]
[image: ]

Table 9: Maximum number of non-overlapped CCEs per slot and per serving cell that may be configured for 15 kHz, 30 kHz, 60 kHz, and 120 kHz [3]
[image: ]

In the recently conducted email discussion, the following configurations were listed for AL distributions so that expensive simulation efforts in system and link level can be avoided. 

· Configuration 1: [0.5, 0.4, 0.05, 0.03, 0.02], assuming majority of the UEs are in is good coverage
· Configuration 2: [0.1, 0.2, 0.4, 0.2, 0.1]: Majority of the UEs are in medium coverage
· Configuration 3: [0.05, 0.05, 0.2, 0.3, 0.4]: Majority of the UEs are in poor coverage
· Configuration 4: [0.2, 0.2, 0.2, 0.2, 0.2]: Uniform distribution

Configuration 4 was originally intended for calibration purpose only, not considering practical deployment. In our view, configurations 2 and 3 are not realistic. Assumption of 30% and 70% UEs requiring AL8 and AL16 in Configuration 2 and 3 would artificially increase blocking probability significantly, let alone the fact that whether they can be at all scheduled within 20MHz BW, where 30kHz SCS configuration with 2OS CORESET only result in 16 CCEs to share among the UEs. Below, for Configuration 2, the figure shows blocking performance assuming maximum number of candidates that can be allocated per AL, for 30kHz SCS and 2OS CORESET within 20 MHz. As it can be seen from the figure, this configuration does not work and is not a practical choice.
                             [image: ]
          Figure 1: PDCCH blocking probability for Configuration 2 assuming 30kHz, 2OS CORESET


We think configuration 1, although far from ideal, is more realistic in terms of deployment. AL 8 and AL 16 probabilities are expected to be much smaller if most, if not all, UEs are in good coverage. Hence, we present PDCCH blocking probability performance for Configuration 1 in Figures 2 and 3 assuming 30kHz, 2 OS CORESET and 15kHz 3 OS CORESET, respectively.  For 30kHz 2OS CORESET, blocking performance is already worse due to limited resources available for simultaneously scheduling multiple UEs. Hence, further reducing BD numbers does not have any noticeable impact. As can be seen From Figure 2, reducing BD numbers by half has no impact. Even when BD numbers are reduced to 1/3 of the maximum value, there is not much impact for operating at 10% blocking probability or below, i.e., when up to 5 UEs can be simultaneously scheduled. For 15kHz 3OS CORESET, there are more resources available for scheduling a larger number of UEs. Even in this case, as can be seen from Figure 3, reducing the BD numbers by half result in negligible degradation in blocking probability and large number of UEs such as 12 and 13 UEs can be potentially scheduled maintaining 1 % blocking probability when BD numbers are reduced by half and maximum BD numbers are used.

                [image: ] 
              Figure 2: PDCCH blocking probability for Configuration 1 assuming 30kHz, 2OS CORESET.
                      
                   [image: ]
            Figure 3: PDCCH blocking probability for Configuration 1 assuming 15kHz, 3OS CORESET.
 
Observation 3: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], i.e., good coverage UEs, no degradation in blocking probability is observed when number of candidates is reduced by half for 30kHz, 2OS CORESET configuration.
Observation 4: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], blocking probability degradation when number of candidates is reduced by half is insignificant for 15kHz, 3OS CORESET.
· At 1% blocking probability, 12 and 13 UEs can be simultaneously scheduled for half and full BD limit, respectively. 

Observation 5: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], scheduling flexibility is not compromised for 30kHz, 2OS CORESET configuration and only minimally impacted for 15kHz 3OS CORESET, when BD numbers are reduced by half. 

Next, we copy the results in the tables from agreed template.
Table 10: PDCCH blocking rate due to reduced blind decoding for FR1, with 30kHz/20MHz, CORESET duration: 2 symbols, Delay toleration: 1 slot
	AL distribution
(e.g., [0.2 0.2 0.2 0.2 0.2] for AL = [1 2 4 8 16])
	Number of users (e.g., 1 to 10)
	Number of DCI sizes to monitor per PDCCH candidate (e.g., 2)
	Number of candidates for each AL for the reference case, i.e., with no reduction in BD limit (e.g.,  [6 6 2 2 2] for AL = [1 2 4 8 16])
	PDCCH blocking rate
for the reference case, i.e., with no reduction in BD limit
	Number of candidates for each AL with approximately 25% reduction in BD limit
	PDCCH blocking rate at approximately 25% reduction in BDs
	Number of candidates for each AL with approximately 50% reduction in BD limit
	PDCCH blocking rate at approximately 50% reduction in BD limit
	Comments

	[0.5, 0.4, 0.05, 0.03, 0.02]
	4
	1
	[16, 8, 4, 2, 1]
	6%
	[11, 8, 2, 1, 1]
	6%
	[8 4 1 1 1]
	6%
	30kHz 2OS CORESET with 20MHz only results in 16 CCEs. Hence, resource is limited for simultaneously scheduling large number of UEs and this is more dominant factor in increasing PDCCH blocking than BD reduction in this case.
Also, note that maximum value of BD limit of 36 cannot be reached due to limited number of CCEs available.
 

	[0.5, 0.4, 0.05, 0.03, 0.02]
	8
	1
	[16, 8, 4, 2, 1]
	20%
	[11, 8, 2, 1, 1]
	20%
	[8 4 1 1 1]
	20%
	




Table 11: PDCCH blocking rate due to reduced blind decoding for FR1, with 15kHz/20MHz, CORESET duration: 3 symbols, Delay toleration: 1 slot
	AL distribution
(e.g., [0.2 0.2 0.2 0.2 0.2] for AL = [1 2 4 8 16])
	Number of users (e.g., 1 to 10)
	Number of DCI sizes to monitor per PDCCH candidate (e.g., 2)
	Number of candidates for each AL for the reference case, i.e., with no reduction in BD limit (e.g.,  [6 6 2 2 2] for AL = [1 2 4 8 16])
	PDCCH blocking rate
for the reference case, i.e., with no reduction in BD limit
	Number of candidates for each AL with approximately 25% reduction in BD limit
	PDCCH blocking rate at approximately 25% reduction in BDs
	Number of candidates for each AL with approximately 50% reduction in BD limit
	PDCCH blocking rate at approximately 50% reduction in BD limit
	Comments

	[0.5, 0.4, 0.05, 0.03, 0.02]
	10
	1
	[16, 14, 8, 4, 2]
	0.2%
	[13, 11, 6, 2, 1]
	0.2%
	[9, 8, 3, 1, 1]
	0.6%
	Reducing the BD numbers by 25% have no impact. Reducing BD numbers by 50% have insignificant impact and large number of UEs can be simultaneously scheduled with very low blocking probability. 

	[0.5, 0.4, 0.05, 0.03, 0.02]
	15
	1
	[16, 14, 8, 4, 2]
	1.8%
	[13, 11, 6, 2, 1]
	1.8%
	[9, 8, 3, 1, 1]
	2.5%
	



Proposal 1: Capture Tables 4-7 and 10-11 into TR.
Based on the observations above, we find that increased power saving gain can be observed with minimal impact on PDCCH blocking performance when number of BDs is reduced by half, based on the considered configurations and agreed models. 

Proposal 2: Support BD number reduction of 50% for RedCap UEs.

Discussion on methods of reducing BD numbers

Based on the analysis presented in the previous two sections, we observe that it is certainly beneficial for RedCap UEs to assume reduced BD numbers. Although increased BD numbers may improve PDCCH blocking performance and scheduling flexibility, for the considered models and configurations, we observe that reducing BD numbers considerably such as by half does not impact PDCCH blocking or scheduling flexibility loss much. Hence, for the given transmission parameters such as BW, we observe that RedCap UEs do not require support of maximum limit of BD numbers for different SCS configurations. 
Although in principle, it may be possible that BD numbers can be reduced by configuring sparse PDCCH monitoring, RedCap UEs would still have to be dimensioned for the maximum limits of BD values. Hence, we think reducing the limits for RedCap UEs is preferable given the observations. Moreover, it not only helps the UE in saving power but also in reducing complexity in detection of PDCCHs. 

Proposal 3: Support BD number reduction by reducing the maximum limit of BD values for different SCS configurations for RedCap UEs.

Considerations on simplifications for PDCCH monitoring
Several factors identified below may facilitate UE complexity reduction by simplifying the requirements on PDCCH monitoring.

· Simplified PDCCH monitoring can be adopted for RedCap UEs, such as only PDCCH monitoring Case 1-1 is supported (i.e., PDCCH MOs are restricted to the first three symbols in a slot), at least for monitoring scheduling DCI formats. 
· Reduction on the max # of DCI format sizes compared to the “3+1” rule of R15. For instance, “2+1” rule maybe considered assuming non-fall back DCI formats are size aligned.
· Avoiding partial overlapping monitoring occasions belonging to different CORESETs. 
· Reduction in max # of DL and UL scheduling DCI formats a UE may expect to need to store (i.e., max # PDSCHs/PUSCHs not yet recd./transmitted. Rel-15 supports value of 16 which can be reduced for RedCap UEs.

Proposal 4: Further simplifications/reduction/constraints related to the following features can be considered during the normative phase:
· Locations of PDCCH monitoring occasions in a slot.
· Maximum number of DCI format sizes compared to the “3+1” rule of Rel-15.
· Overlapping monitoring occasions. 
· Maximum number of DL and UL scheduling DCI formats that a UE may be expected to store.

In addition, towards enabling an efficient trade-off between scheduling flexibility and efficiency (that in turn define the impact on system performance from the introduction of RedCap UEs) and UE power consumption and complexity, options that enable operation with reduced PDCCH load in a cell should be pursued. For instance, the following should be considered further towards reducing PDCCH loading and associated probability of user blocking in the cell:
· Enabling configuration of DCI formats with compact size, smaller than formats 0_0/1_0 for a given DL/UL BWP.
· Enabling scheduling of multiple PDSCHs/PUSCHs with different TBs using a single DCI format.
For the first feature, DCI formats 0_2/1_2 may be considered as a starting point for further adaptation. 
The second feature is especially motivated for use cases involving bursty traffic profiles, wherein the UE may be scheduled for multiple PDSCHs/PUSCHs in succession over relatively short periods of time (e.g., much shorter compared to semi-static signaling time profiles), e.g., whenever there would be transfer of relatively large packets (relative in context of RedCap UEs). For such scenarios, it can be quite beneficial to schedule multiple PDSCHs/PUSCHs using a single DCI format. 
Although the size of a single DCI format scheduling multiple PDSCHs/PUSCHs would likely be larger than a DCI format scheduling a single PDCSH/PUSCH, and thus, in apparent contradiction with the first feature, the benefits offered would be at the system level, and can be seen as a way to mitigate some of the adverse impact to system spectral efficiency from introduction of service to RedCap UEs in the network.    

Proposal 5: Mechanisms to help mitigate the adverse impact to system-level performance due to reduced PDCCH monitoring capabilities should be considered during the normative phase. At least the following should be considered:
· Enabling configuration of DCI formats with compact size, smaller than formats 0_0/1_0 for a given DL/UL BWP.
· Enabling scheduling of multiple PDSCHs/PUSCHs with different TBs using a single DCI format.
Conclusions
In summary, we have the following list of proposals and observations:

Observation 1: Approximately 4% and 8% power saving gain is observed for FR1 and FR2, respectively, when number of PDCCH candidates is reduced by half for heartbeat traffic model.
Observation 2: Approximately 6% and 9-10% power saving gain is observed for FR1 and FR2, respectively, when number of PDCCH candidates is reduced by half for IM traffic model, assuming cell center UE.
Observation 3: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], i.e., good coverage UEs, no degradation in blocking probability is observed when number of candidates is reduced by half for 30kHz, 2OS CORESET configuration.
Observation 4: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], blocking probability degradation when number of candidates is reduced by half is insignificant for 15kHz, 3OS CORESET.
· At 5% blocking probability, 19 and 20 UEs can be simultaneously scheduled for half and full BD limit, respectively.

Observation 5: For AL distribution [0.5, 0.4, 0.05, 0.03, 0.02], scheduling flexibility is not compromised for 30kHz, 2OS CORESET configuration and only minimally impacted for 15kHz 3OS CORESET, when BD numbers are reduced by half. 

Proposal 1: Capture Tables 4-7 and 10-11 into TR.
Proposal 2: Support BD number reduction of 50% for RedCap UEs.
Proposal 3: Support BD number reduction by reducing the maximum limit of BD values for different SCS configurations for RedCap UEs.
Proposal 4: Further simplifications/reduction/constraints related to the following features can be considered during the normative phase:
· Locations of PDCCH monitoring occasions in a slot.
· Maximum number of DCI format sizes compared to the “3+1” rule of Rel-15.
· Overlapping monitoring occasions. 
· Maximum number of DL and UL scheduling DCI formats that a UE may be expected to store.
Proposal 5: Mechanisms to help mitigate the adverse impact to system-level performance due to reduced PDCCH monitoring capabilities should be considered during the normative phase. At least the following should be considered:
· Enabling configuration of DCI formats with compact size, smaller than formats 0_0/1_0 for a given DL/UL BWP.
· Enabling scheduling of multiple PDSCHs/PUSCHs with different TBs using a single DCI format.
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  The following have been agreed to in connection to relevant traffic models, power consumption analysis, and  PDCCH blocking  analysis   [ 2 ] :     

Agreements:      Use the VoIP traffic model from TR 38.840 as baseline. Other VoIP traffic models are not precluded and  companies to report if other VoIP traffic models are assumed in evaluation .     Agreements :   For power saving evaluation of RedCap UEs:      Reuse the Instant message traffic model from TR 38.840 as baseline.  Other  Instant   traffic models based on  FTP model 3  are not precluded and companies to report  the mean inter - arrival time and packet size   if other  instant   traffic models are assumed in evaluation.      FFS: ‘heartbeat’ traffic model    Agreements :       The scaling factor ‘0.7’ is used for 2 Rx to 1Rx power  scaling for power reduction related evaluation.      For evaluation, the power scaling for PDCCH candidate reduction defined in TR 38.840 is reused for  Redcap UEs.      For power consumption evaluation, the DRX configurations of Instant message and VoIP in TR 38.840   are reused.      Discussion on reduced maximum number of configurable CORESET technique for power saving is  deprioritized in the Redcap power saving sub - agenda      For power consumption evaluation, use FTP - 3 model with 100 Bytes packet size and 60s mean inter - arri val time as baseline for ‘heartbeat’ traffic.      For power consumption evaluation, reuse the following DRX configuration defined in TS 38.840 for  ‘heartbeat’ traffic model:   o   C - DRX cycle 640 msec, inactivity timer {200, 80} msec   o   FR1 On duration: 10 msec   o   FR2 On duration: 5 msec  

