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1 Introduction
In Rel.17 NR, the RedCap UE should be defined to adapt the use case of IoT, e.g. industrial sensor, video surveillance and wearables. Based on the objective of the SID [1], the RedCap UE can have the following methodology to save power.
	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].


In this contribution, we discuss the PDCCH monitoring reduction for the RedCap UE. This contribution is a revision of R1-2006286.

2 PDCCH monitoring reduction
It is common understanding that the more stringent requirement of power consumption should be applied for RedCap UE, and thus the reduction of PDCCH monitoring could be studied for the RedCap UE.

2.1 BD number reduction
The number of BD directly affect the power consumption for decoding PDCCH candidate.
In our evaluation results in Section 3, it can be seen that the power saving gain by reducing the number of BD by half is approximately 6%~14%. Therefore, reducing the number of BD should be considered.
Proposal 1: Reducing the number of BD can be considered.

Standard impact
The limitation of the maximum number of BD
The number of non-overlapping CCE number decides the UE complexity of channel estimation, and the number of BD decides the UE complexity of decoding of PDCCH candidates. The large number of BD/CCE provide the flexibility of allocating PDCCH candidate at gNB side, which can reduce PDCCH blocking rate at gNB side. However, the large number of BD/CCE will cause too large UE complexity and power consumption, which is not friendly at UE sider. Therefore, the maximum number of BD/CCE is specified in the standard for the eMBB UE. 
As the number of BD directly affect the power consumption for decoding PDCCH candidate, whether the maximum number of BD can be further limited in the standard is worthy studying.
The further limiting the maximum BD number may have the following standards impact, such as
· The further limitation of the maximum number of BD, and
· PDCCH candidates dropping rule.
Proposal 2: The follow standard impact can be considered.
· The further limitation of the maximum number of BD
· PDCCH candidates dropping rule

[bookmark: _Ref502921678][bookmark: _Ref502921460]The reduction of DCI size budget
DCI size budget directly impacts the BD/CCE number. It is common understanding reducing DCI size budget is helpful for BD/CCE limit. 
However, limiting to small DCI size budget for hypotheses to blind decoding could result in spectral efficiency loss, since large number of padded bits are needed. 
Fortunately, this is not critical for RedCap UE. Since RedCap UE may work with small data or fixed data packet, the dedicated DCI format can be designed for RedCap UE with the DCI size as common as possible. For example, one codeword and narrowband BWP can fit for the small data transmission, which cause DCI bits being reduced in some fields, e.g. multi-antenna information, carrier indicator and resource allocation. 
For eMBB UE, at most 4 different DCI sizes are monitored by the UE per slot and at most 3 different DCI sizes are monitored per C-RNTI per slot. For RedCap UE, it is expected to reduce the DCI size budget to 1 or 2.
[bookmark: OLE_LINK43]Proposal 3: The follow standard impact can be considered.
· [bookmark: OLE_LINK25][bookmark: OLE_LINK26]DCI size budget reduction

3 Evaluation
In this section, we provide some numerical analyses on the power saving gain by reducing the number of PDCCH candidates, which is based on the power consumption models agreed in last meeting and scaling factors provided in TR 38.840 [2].
3.1 Evaluation assumptions
Power scaling scheme
According to [2], the power scaling scheme for PDCCH candidates processing reduction is as following:
	Power scaling scheme for PDCCH candidates processing reduction:
-	Scaling for the power reduction due to PDCCH candidates processing (e.g. AL/CCE/BD) reduction is modelled solely based on its effect on micro sleep portion of the PDCCH-only slot
-	The UE power scheme should include the portion of PDCCH processing time reduction in accordance to PDCCH candidates (e.g. AL/CCE/BD) reduction
-	Note: In the reference configuration, the first two symbols are PDCCH symbols
-	For power scaling for PDCCH candidate reduction (for same slot scheduling only):
	P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt
-	where α is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0). Pt is the PDCCH-only power for same-slot scheduling.


UE power consumption model 
· FR1 2RX
According to [3], the power consumption mode for redcap in the case of FR1 2RX is as following:
	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



· FR1 1RX
In some case, PDCCH-only power may be smaller than micro sleep power after applying scaling factor. To address this issue, the following rules are proposed in last meeting. In our evaluation, Rule 1 is adapted. 
	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.


The power consumption mode for redcap in the case of FR1 1RX is as following:
	Power State
	

	Deep Sleep (PDS)
	0.8

	Light Sleep (PLS)
	18

	Micro sleep (PMS)
	25

	PDCCH-only (PPDCCH)
	35 for same-slot scheduling, 
28 for cross-slot scheduling

	PDCCH + PDSCH (PPDCCH+PDSCH)
	84

	PDSCH-only (PPDSCH)
	78

	SSB/CSI-RS proc. (PSSB)
	35

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

	Inter-frequency RRM measurement (Pinter)
	[42] Note4 (neighbor cell search power per freq. layer)
·       [15056] Note4 (measurement only per freq. layer)
·        Micro sleep power assumed for switch in/out a freq. layer



· FR2 2RX
According to TR 38.840, UE power consumption model for FR2 2RX is as following.
	Power State
	Values

	Deep Sleep (PDS)
	1

	Light Sleep (PLS)
	20

	Micro sleep (PMS)
	45

	PDCCH-only
	175

	SSB or CSI-RS proc.
	175

	PDCCH + PDSCH
	350



· FR2 1RX
According to TR 38.840, UE power consumption model for FR2 1RX is as following.
	Power State
	Values

	Deep Sleep (PDS)
	1

	Light Sleep (PLS)
	20

	Micro sleep (PMS)
	45

	PDCCH-only
	122.5

	SSB or CSI-RS proc.
	122.5

	PDCCH + PDSCH
	245



Traffic models and DRX configuration 
According to the agreement of the last meeting, the parameters and DRX configuration corresponding to various traffic models are shown in the following table.
	
	Instant messaging
	VoIP
	heartbeat

	Model
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.
	FTP model 3

	Packet size
	0.1 Mbytes
	
	100 Bytes

	Mean inter-arrival time
	2 sec
	
	60 sec

	DRX setting
	C-DRX cycle: 320ms
inactivity timer: 80ms
On duration: 10ms
	C-DRX cycle: 40ms inactivity timer: 10ms
On duration: 4ms
	C-DRX cycle: 640ms
inactivity timer: 80ms, 200ms
FR1 On duration: 10ms
FR1 On duration: 5ms



Reference configuration
The following reference configuration are adopted for FR1:
	Reference Configuration for FR1
-	Downlink: TDD 
· Subcarrier spacing (SCS): 30 kHz 
· Number of carrier:  1CC, 
· System Bandwidth: 20 MHz  
· PDCCH periodicity: 1 slot 
· PDCCH region of 2 symbol at beginning of a slot, 
-	k0 = 0, 
-	36 PDCCH blind decoding, 


[bookmark: OLE_LINK37][bookmark: OLE_LINK38]The following reference configuration are adopted for FR2:
	Reference configuration for FR2:
-	Downlink: TDD, FR2
· Subcarrier spacing (SCS): 120 kHz
· Number of carriers: 1CC
· System Bandwidth: 100 MHz
· PDCCH periodicity: 1 slot
· PDCCH region of 2 symbol at beginning of a slot
-	k0 = 0
-	20 PDCCH blind decoding



3.2 Evaluation results
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]For the power reduction evaluation for reduced number of BD, the follow case are considered in our evaluation.
· FR1, TDD, 1 RX
· FR1, TDD, 2 RX
· FR2, TDD, 1 RX
· FR2, TDD, 2 RX
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]For each test case, we evaluate the power saving gain with reducing the BD number compared to the scenario without BD number reduction. In our evaluation, PDCCH/PDSCH repetition for coverage recover is not considered. However, in our view, PDCCH and PDSCH with the same repetition number can also use the agreed UE power consumption model for the power reduction evaluation. 
The evaluation time is 100 C-DRX for each test case. Furthermore, in order to simplify the evaluation, the power saving technologies agreed in R16 are not considered. We calculated the time occupied by various power states according to the agreed traffic model, as shown in the following table.
Table 1: Time distribution for different power state in FR1
	[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Power state
	Instant messaging
	VoIP
	[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Heartbeat (Inactivity timer=80ms)
	[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Heartbeat (Inactivity timer=200ms)

	
	[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Time distribution/ms

	Deep sleep
	29792
	0
	62920
	62800

	Light sleep
	0
	3150
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	2200
	1000
	1080
	1200

	PDCCH+PDSCH
	8
	40
	0.5
	0.5



Table 2: Time distribution for different power state in FR2
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Time distribution/ms

	Deep sleep
	30260
	0
	63420
	63300

	Light sleep
	0
	3080
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	1746
	910
	580
	700

	PDCCH+PDSCH
	2
	10
	0.125
	0.125



Case1：FR1 2RX
Power distribution for different traffic mode without the BD number reduction in FR1 2RX can be seen from the follow table.
Table 3: Power distribution without the BD number reduction in FR1 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	220000
	100000
	108000
	120000

	PDCCH+PDSCH
	1920
	9600
	120
	120

	Total
	269587.2
	216160
	208792
	220600



Power distribution with reducing the BD number by half in FR1 2RX can be seen from the follow table.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Table 4: Power distribution with reducing the BD number reduction by half in FR1 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	187000
	85000
	91800
	102000

	PDCCH+PDSCH
	1800
	9000
	112.5
	112.5

	Total
	236467.2
	200560
	192584.5
	202592.5



Power saving gain of reducing the BD number by half in FR1 2RX can be seen from the follow table.
Table 5: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	12.3%

	VoIP
	7.2%

	Heartbeat (80ms)
	7.8%

	Heartbeat (200ms)
	8.2%



Power distribution with 25% reduction of the BD number for FR1 2RX can be seen from the follow table.
Table 6: Power distribution with 25% reduction if the BD number for FR1 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	203500
	92500
	99900
	111000

	PDCCH+PDSCH
	1800
	9000
	112.5
	112.5

	Total
	252967.2
	208060
	200684.5
	211592.5



Power saving gain with 25% reduction of the BD number for FR1 2RX can be seen from the follow table.
Table 7: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	6.2%

	VoIP
	3.7%

	Heartbeat (80ms)
	3.9%

	Heartbeat (200ms)
	4.1%



Case2：FR1 1RX
Power distribution for different traffic mode without the BD number reduction in FR1 1RX can be seen from the follow table.
Table 8: Power distribution for different traffic mode without the BD number reduction in FR1 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	154000
	70000
	75600
	84000

	PDCCH+PDSCH
	1344
	6888
	84
	84

	Total
	203011.2
	183280
	176356
	184564



Power distribution for different traffic mode with reducing the BD number by half in FR1 1RX can be seen from the follow table.
Table 9: Power distribution for different traffic mode with reducing the BD number by half in FR1 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 
	

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	130900
	59500
	64260
	71400

	PDCCH+PDSCH
	1260
	6300
	78.75
	78.75

	Total
	179827.2
	172360
	165010.75
	171958.75



Power gain for different traffic mode with reducing the BD number by half in FR1 1RX can be seen from the follow table.
Table 10: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	11.4%

	VoIP
	6.0%

	Heartbeat (80ms)
	6.4%

	Heartbeat (200ms)
	6.8%



Power distribution for different traffic mode with 25% reduction of the BD number in FR1 1RX can be seen from the follow table.
Table 11: Power distribution for different traffic mode with 25% reduction of the BD number in FR1 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 
	

	Deep sleep
	47667.2
	0
	100672
	100480

	Light sleep
	0
	106560
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	142450
	64750
	69930
	77700

	PDCCH+PDSCH
	1260
	6300
	78.75
	78.75

	Total
	191377.2
	177610
	170680.75
	178258.75



Power gain for different traffic mode with 25% reduction of the BD number in FR1 1RX can be seen from the follow table.
Table 12: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	5.7%

	VoIP
	3.1%

	Heartbeat (80ms)
	3.2%

	Heartbeat (200ms)
	3.4%



Case3：FR2 2RX
Power distribution for different traffic mode without the BD number reduction in FR2 2RX can be seen from the follow table.
Table 13: Power distribution for different traffic mode without the BD number reduction in FR2 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	611100
	318500
	203000
	245000

	PDCCH+PDSCH
	5600
	28000
	350
	350

	Total
	677220
	469700
	330190
	371950



Power distribution for different traffic mode with reducing the BD number by half in FR2 2RX can be seen from the follow table.
Table 14: Power distribution for different traffic mode with reducing the BD number by half in FR2 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	519435
	270725
	172550
	200900

	PDCCH+PDSCH
	5180
	25900
	323.75
	323.75

	Total
	585135
	419825
	299713.75
	327823.75



Power gain for different traffic mode with reducing the BD number by half in FR2 2RX can be seen from the follow table.
Table 15: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	13.6%

	VoIP
	10.5%

	Heartbeat (80ms)
	9.2%

	Heartbeat (200ms)
	11.9%



Power distribution with 25% reduction of the BD number for FR2 2RX can be seen from the follow table.
Table 16: Power distribution for different traffic mode with 25% reduction of the BD number in FR2 2RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	565267.5
	612.5
	187775
	226625

	PDCCH+PDSCH
	5180
	25900
	323.75
	323.75

	Total
	630967.5
	443712.5
	314938.75
	353548.75



Power gain for different traffic mode with 25% reduction of the BD reduction in FR2 2RX can be seen from the follow table.
Table 17: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	[bookmark: OLE_LINK24]6.8%

	VoIP
	5.5%

	Heartbeat (80ms)
	4.6%

	Heartbeat (200ms)
	4.9%



Case4：FR2 1RX
Power distribution for different traffic mode without the BD number reduction in FR2 1RX can be seen from the follow table.
Table 18: Power distribution for different traffic mode without the BD number reduction in FR2 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	427770
	222950
	142100
	171500

	PDCCH+PDSCH
	3920
	19600
	245
	245

	Total
	488780
	365750
	269185
	298345



Power distribution for different traffic mode with reducing the BD number by half in FR2 1RX can be seen from the follow table.
Table 19: Power distribution for different traffic mode with reducing the BD number by half in FR2 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	363604.5
	189507.5
	120785
	145775

	PDCCH+PDSCH
	3332
	18130
	208.25
	208.25

	Total
	427456
	330837
	247833.25
	272620



Power gain for different traffic mode with reducing the BD number by half in FR2 1RX can be seen from the follow table.
Table 20: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	13.1%

	VoIP
	[bookmark: OLE_LINK23]9.4%

	Heartbeat (80ms)
	7.9%

	Heartbeat (200ms)
	8.6%



Power distribution for different traffic mode with 25% reduction of the BD number in FR2 1RX can be seen from the follow table.
Table 21: Power distribution for different traffic mode with 25% reduction of the BD number in FR2 1RX
	Power state
	Instant messaging
	VoIP
	Heartbeat (Inactivity timer=80ms)
	Heartbeat (Inactivity timer=200ms)

	
	Power distribution 

	Deep sleep
	60520
	0
	126840
	126600

	Light sleep
	0
	123200
	0
	0

	Micro sleep
	0
	0
	0
	0

	PDCCH-only
	395687.25
	206228.75
	131442.5
	158637.5

	PDCCH+PDSCH
	3332
	18130
	208.25
	208.25

	Total
	459539.25
	347558.75
	258490.75
	285482.5



Power gain for different traffic mode with 25% reduction of the BD number in FR2 1RX can be seen from the follow table.
Table 22: Evaluation results 
	Traffic mode
	Power gain

	Instant messaging
	6.6%

	VoIP
	5.0%

	Heartbeat (80ms)
	4.0%

	Heartbeat (200ms)
	4.3%



[bookmark: OLE_LINK39][bookmark: OLE_LINK40]Observation 1: The power saving gain by reducing the number of BD by half is approximately 6%~14% for different traffic mode.

4 Conclusion
Based on the analyses and discussions, we have the following observations and proposals:
Proposal 1: Reducing the number of BD can be considered.
Proposal 2: The follow standard impact can be considered.
· The further limitation of the maximum number of BD
· PDCCH candidates dropping rule
Proposal 3: The follow standard impact can be considered.
· DCI size budget reduction
Observation 1: The power saving gain by reducing the number of BD by half is approximately 6%~14% for different traffic mode.
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