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1. Introduction
In RAN1 #102 e-meeting [1], the following agreements were made for reduced PDCCH monitoring for reduced capability NR devices (RedCap):
	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.   


We will first discuss the evaluation results for power saving by BDs reduction and PDCCH blocking, followed by potential schemes of reducing PDCCH monitoring for RedCap UE in this contribution.
2. [bookmark: _Hlk25060711][bookmark: _Ref498564494][bookmark: _Hlk521582650]Evaulation methodology and simulation results
2.1. Power saving by blind decoding reduction
[bookmark: _Hlk53686199]For Rel-17 RedCap UE, there seems no significant complexity and cost saving by reduced blind decoding (BD) and CCE numbers based on the agreements adopted in the RAN1 102 e-meeting [1]. However, for RedCap UEs especially for wearables requiring up to 1-2 week battery life, reducing power consumption is much necessary. The power saving gain will be the crucial metric for BD and CCE reduction, if justified. With reduced operating bandwidth of 20 MHz for FR1, the number of non-overlapping CCEs in a CORESET is much smaller than the maximum number of non-overlapping CCEs defined in Rel-16. Assuming that there are 48 RBs in 20 MHz BWP and subcarrier spacing (SCS) is 30kHz, at most 24 CCEs can be used to transmit PDCCH when the CORESET duration is 3 symbols. Hence, it is naturally to reduce the maximum number of monitored PDCCH candidates and non-overlapped CCEs per slot, based on the fact that the PDCCH resource will be limited for RedCap UE with reduced operating bandwidth. 
Besides, the straightforward way to reduce the power consumption due to PDCCH monitoring is to reduce the number of BD attempts, e.g. by reducing number of PDCCH candidates or DCI sizes to be processed. There are three schemes to achieve BD reduction effect, i.e. by reducing the maximum number of BD per slot, by reducing the number of DCI sizes to be monitored per PDCCH candidate and by extending the PDCCH monitoring span gap from 1 slot to X slots where X>1 as described below.
· Scheme#1: Reduce the maximum number of BD per slot
[bookmark: _Hlk53733301]Based on the TR 38.840 ‎[2], the power scaling for PDCCH candidate processing is according to
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) and Pt is the PDCCH-only power for same-slot scheduling. But no matter what value α takes, the result is always no less than micro sleep power consumption. Based on the evaluation assumptions given by the RedCap power template (including the agreed power model and traffic models for RedCap UEs in RAN 1 102 e-meeting) [3], Table 1 shows the results of power saving gain at approximately 25%, 50% and 75% reduction in BDs for FR1. We consider the following reference case to obtain the power saving gain by reducing the number of BDs. And we compare the power saving benefit in same-slot scheduling and cross-slot scheduling cases.
· FR1 (20MHz, SCS=30 kHz): 2-symbol PDCCH CORESET, 36 BDs, maximum number of CCEs=56.
[bookmark: _Ref47532512][bookmark: _Hlk47612934]Table 1 Power saving gain by BD reduction in per slot for FR1
	Power saving gain
	Same slot scheduling
	Cross slot scheduling

	
	FR1 1RX
	FR1 2RX
	FR1 1RX
	FR1 2RX

	Instant messaging
(25% reduction in BD)
	3.54%
	4.22%
	3.13%
	3.80%

	Instant messaging
(50% reduction in BD)
	7.08%
	8.44%
	4.77%
	7.61%

	Instant messaging
(75% reduction in BD)
	10.62%
	12.66%
	4.77%
	11.41%

	Heart beat
(IAT = 200ms, 25% reduction in BD)
	2.29%
	2.88%
	1.95%
	2.50%

	Heart beat
(IAT = 200ms, 50% reduction in BD)
	4.59%
	5.76%
	2.98%
	4.99%

	Heart beat
(IAT = 200ms,75% reduction in BD)
	6.88%
	8.64%
	2.98%
	7.49%

	Heart beat
(IAT = 80ms, 25% reduction in BD)
	2.13%
	2.71%
	1.80%
	2.34%

	Heart beat
(IAT = 80ms, 50% reduction in BD)
	4.25%
	5.43%
	2.75%
	4.68%

	Heart beat
(IAT = 80ms, 75% reduction in BD)
	6.38%
	8.14%
	2.75%
	7.02%

	VoIP
(25% reduction in BD)
	2.85%
	3.45%
	2.47%
	3.04%

	VoIP
(50% reduction in BD)
	5.70%
	6.89%
	3.76%
	6.07%

	VoIP
(75% reduction in BD)
	8.55%
	10.34%
	3.76%
	9.11%



[bookmark: _Hlk53495672]It can be observed from Table 1 that up to 8.44% and 12.66% power saving gain can be obtained by adopting 50% and 75% reduction in BD respectively, for 2RX and same slot scheduling configuration of Instant messaging (IM) traffic model. The power saving gain achieved by 25% or 50% BD reduction are varied for different traffic models and DRX configurations, and the IM traffic model has the largest gain among them. The gain percentage by 50% BD reduction is nearly doubled compared to the gain by 25% BD reduction and it is half of the gain by 75% BD reduction. Besides, for 2RX UEs, more power saving gain can be observed by BD reduction than 1RX UEs. Due to the power consumption per slot of PDCCH-only for cross slot scheduling is limited by the power consumption of micro sleep, the overall power saving gain of cross slot scheduling is lower than that of same slot scheduling.
Observation 1: Up to 8.44% and 12.66% power saving gain can be obtained by adopting 50% and 75% reduction in BD respectively, for 2RX and same slot scheduling configuration of IM traffic model.
Observation 2: By reducing the maximum number of BDs per slot, the 2RX RedCap UEs can obtain more power saving gain than 1RX UEs, and there is more power saving gain due to BD reduction for UEs configured with same-slot scheduling, than cross-slot scheduling. 
· [bookmark: _Hlk53763179]Scheme#2: Decouple non-fallback DL and UL DCI
[bookmark: _Hlk53759034]Reducing the number of DCI sizes to monitor per PDCCH candidate is another method to reduce the BDs budget. In Rel-15/16, the non-fallback DL DCI and UL DCI are always configured simultaneously by search space set as shown in TS 38.331, i.e. DCI format 0_1 and 1_1, DCI format 0_2 and 1_2 (marked yellow as below). Typically, the non-fallback DL and UL DCI have different DCI sizes. However, in some use cases described in the scope of RedCap devices, the traffic is mainly either DL dominant or UL dominant, e.g. video surveillance and industrial sensors having UL dominant traffic, it is desired to configure UL non-fallback DCI for more frequent monitoring than DL non-fallback DCI. When the UL and DL non-fallback DCI sizes are different, it increases the number of BDs. Therefore, decoupling non-fallback DL and UL DCI monitoring for RedCap UE is another feasible method to reduce BDs budget for the purpose of power saving.
SearchSpace ::=                         SEQUENCE {
    searchSpaceId                           SearchSpaceId,
    controlResourceSetId                    ControlResourceSetId                                        OPTIONAL,   -- Cond SetupOnly
    ...                                                                                                   OPTIONAL,   -- Cond Setup
    searchSpaceType                         CHOICE {
        common                                  SEQUENCE {
            dci-Format0-0-AndFormat1-0              SEQUENCE {
                ...
            }                                                                                           OPTIONAL,   -- Need R
            dci-Format2-0                           SEQUENCE {
                nrofCandidates-SFI                      SEQUENCE {
                    aggregationLevel1                       ENUMERATED {n1, n2}                         OPTIONAL,   -- Need R
                    aggregationLevel2                       ENUMERATED {n1, n2}                         OPTIONAL,   -- Need R
                    aggregationLevel4                       ENUMERATED {n1, n2}                         OPTIONAL,   -- Need R
                    aggregationLevel8                       ENUMERATED {n1, n2}                         OPTIONAL,   -- Need R
                    aggregationLevel16                      ENUMERATED {n1, n2}                         OPTIONAL    -- Need R
                },
                ...
            }                                                                                           OPTIONAL,   -- Need R
            dci-Format2-1                           SEQUENCE {
                ...
            }                                                                                           OPTIONAL,   -- Need R
            dci-Format2-2                           SEQUENCE {
                ...
            }                                                                                           OPTIONAL,   -- Need R
            dci-Format2-3                           SEQUENCE {
                dummy1                                  ENUMERATED {sl1, sl2, sl4, sl5, sl8, sl10, sl16, sl20}  OPTIONAL, -- Cond Setup
                dummy2                                  ENUMERATED {n1, n2},
                ...
            }                                                                                           OPTIONAL    -- Need R
        },
        ue-Specific                                 SEQUENCE {
            dci-Formats                                 ENUMERATED {formats0-0-And-1-0, formats0-1-And-1-1},
            ...,
            [[
            dci-FormatsSL-r16                    ENUMERATED {formats0-0-And-1-0, formats0-1-And-1-1, formats3-0, formats3-1,
                                                             formats3-0-And-3-1}                        OPTIONAL,    -- Need R
            dci-FormatsExt-r16                   ENUMERATED {formats0-1-And-1-1, formats0-2-And-1-2, formats0-1-And-1-1And-0-2-And-1-2}
                                                                                                        OPTIONAL,    -- Need N
            searchSpaceGroupIdList-r16       SEQUENCE (SIZE (1.. 2)) OF INTEGER (0..1)                  OPTIONAL,    -- Need R
            freqMonitorLocations-r16             BIT STRING (SIZE (5))                                  OPTIONAL     -- Need R
            ]]
        }
    }                                                                                                   OPTIONAL    -- Cond Setup2
}

Based on the same evaluation assumptions as Scheme#1 given by template [3], we further give the evaluation for Scheme#2. Note that DCI format 0_1 and/or 1_1 are always considered in our evaluation. For other DCI formats, e.g., DCI formats 0_0 and 1_0 in CSS are scarcer than DCI format 0_1 and 1_1. Without loss of generality, we give the upper and lower boundary values of the power saving gain based on two reference baselines. One baseline assumes there are two DCI sizes, i.e. non-fallback DL DCI and UL DCI to be monitored by RedCap UEs; In another assumption, RedCap UEs need to monitor three DCI sizes, i.e. non-fallback DL DCI, non-fallback UL DCI and fallback DCI. Besides, VoIP traffic model with DL traffic is considered in simulation, then for enhanced scheme, only SS for DCI format 1_1 is considered. The simulation results are shown in Table 2.
· Case 1 (UE BD 3 DCI sizes): DCI format 1_1/ 0_1 and DCI 1-0/ 0-0 are configured, DCI format 1_1 and 0_1 have different DCI size.
· Case 2 (UE BD 2 DCI sizes in most slots): By decoupling non-fallback DL and UL DCI monitoring, DCI format 0_1 and DCI 1-0/ 0-0 or DCI format 1_1 and DCI 1-0/ 0-0 are configured. Up to 33.3% reduction in BDs per slot can be obtained relative to Case 1.
· Case 3 (UE BD 2 DCI sizes in most slots): DCI format 1_1 and DCI format 0_1 is configured, DCI format 1_1 and 0_1 has different DCI size.
· Case 4 (UE BD 1 DCI sizes in most slots): One of the DCI format 1_1 and DCI format 0_1 is configured. The number of BDs is half of that of Case 3, i.e. 50% reduction in BDs per can be obtained, by decoupling method.
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	Note: Sparse means the corresponding PDCCH monitoring is configured sparse in time-domain, such that the power consumption additionally caused by this can be minimized. Dense means the corresponding PDCCH monitoring is configured dense compared to the ‘sparse’. 



Other simulation assumptions are clarified below:
· DCI sizes for DCI format 0_1 and 1_1 are different and fallback DCIs have the same size;
· HARQ process is not modelled;
· Same-slot scheduling;
Table 2 The power saving gain by decoupling non-fallback DL and UL.
	Power saving gain
	FR1 1RX
	FR1 2RX

	DCI size reduction: 3 -> 2
	3.80%
	4.60%

	DCI size reduction: 2 -> 1
	5.70%
	6.89%



Observation 3: For RedCap VoIP UEs, decoupling non-fallback DL and UL can reduce the number of DCI sizes monitored by UE thus 3.8%~6.9% power saving gain.
Proposal 1: Capture the results of power saving gain by decoupling non-fallback DL and UL into RedCap TR.
Proposal 2: Support decoupling the configuration of DL non-fallback DCI and UL non-fallback DCI monitoring for RedCap UE.
· [bookmark: _Hlk53411627][bookmark: _Hlk53396776]Scheme#3: Extended PDCCH monitoring span gap to X slots
In addition to reduce PDCCH monitoring capability per slot, another way to achieve BD reduction for power saving is to extend the PDCCH monitoring span from 1 slot to multiple slots for RedCap UE. There are three evaluation cases for Extended PDCCH monitoring span as shown in Figure 1, which describes a comparison example for the last DL or UL packets in a traffic burst by using different PDCCH monitoring configurations. 
· Case 0: This is a reference case and it uses the Scheme#1 (i.e. BD reduction per slot) with 50% (for Case 0_1) and 75% (for Case 0_2) reduction in BDs per slot with PDCCH monitoring span equal to one slot; 
· Case 1: The PDCCH monitoring span is 2 slots and at most one PDSCH or PUSCH can be scheduled per slot. It can achieve the same BD reduction effect as Case 0_1, i.e. 50% reduction in BDs per slot; Note that case 1 is supported already by current specification. However, in this case, the peak data rate cannot be achieved for the UE although there is some power saving gain. 
· Case 2: The PDCCH monitoring span is 2 slots. In this case, at each PDCCH monitoring occasion, UE can be scheduled with up to two slots for PDSCHs or PUSCHs. If two slots are scheduled, either two separate grants (one for each PDSCH/PUSCH per slot) or a single grant scheduling two-slot PDSCH/PUSCH can be applied. This can be regarded as enhancement to case 1, i.e. possible to achieve peak data rate and still provide power saving gain by extended PDCCH monitoring span gap. Case 2 can achieve the same BD reduction effect as Case 0_1 and Case 1, i.e. 50% reduction in BDs per span gap; Case 2 is a new scheme which is not supported by current specification. 
· Case 3: The principle of Case 3 is similar to Case 2, the only difference is the PDCCH monitoring span of Case 3 is 4 slots. And in each monitoring occasion UE can be scheduled with up to 4 slots for PDSCH/PUSCH, either by up to 4 separate grants, or a single grant scheduling four PDSCHs/PUSCHs. Up to 75% reduction in BDs per span gap can be obtained.


Figure 1 Example of four evaluation cases for BD reduction.
Table 3 Power saving gain and delay by extended PDCCH monitoring span gap for RedCap UE
	
	FR1 1RX
	FR1 2RX

	
	Power saving gain
	Latency
(s)
	Power saving gain
	Latency
(s)

	Instant messaging
	Case 0_1 
(50% BD reduction)
	7.08%
	0.1501
	8.44%
	0.1486

	
	Case 1
(50% BD reduction)
	6.32%
	0.1610
	8.99%
	0.1515

	
	Case 2
(50% BD reduction)
	9.72%
	0.1510
	9.58%
	0.1491

	
	Case 0-2
(75% BD reduction)
	10.62%
	0.1501
	12.66%
	0.1486

	
	Case 3
(75% BD reduction)
	12.36%
	0.1524
	14.96%
	0.1512

	Heart beat
(IAT = 200ms)
	Case 0_1
(50% BD reduction)
	4.59%
	0.3055
	5.76%
	0.2912

	
	Case 1
(50% BD reduction)
	4.07%
	0.3102
	7.02%
	0.3018

	
	Case 2
(50% BD reduction)
	4.44%
	0.3059
	7.56%
	0.2926

	
	Case 0_2
(75% BD reduction)
	6.88%
	0.3055
	8.64%
	0.2912

	
	Case 3
(75% BD reduction)
	7.03%
	0.3063
	10.55%
	0.2933

	Heart beat
(IAT = 80ms)
	Case 0_1
(50% BD reduction)
	4.25%
	0.3191
	5.43%
	0.3058

	
	Case 1
(50% BD reduction)
	4.16%
	0.3231
	6.87%
	0.3102

	
	Case 2
(50% BD reduction)
	4.38%
	0.3198
	6.89%
	0.3061

	
	Case 0_2
(75% BD reduction)
	6.38%
	0.3191
	8.14%
	0.3058

	
	Case 3
(75% BD reduction)
	6.29%
	0.3204
	10.58%
	0.3081



As Table 3 shows, for FR1 1RX the power saving gain among Case 0_1, Case 1, Case 2 is very close and for FR1 2RX Case 1 can even achieve 0.5-1.5% more gain than Case 0_1. By adopting the extended PDCCH monitoring span and allowing multiple TBs scheduling in a monitoring occasion, i.e. Case 2, additional power saving gain can be provided compared to Case 1 and Case 0_1 without sacrificing peak data rate. Furthermore, if we reduce the BDs number by 75%, Case 0_2 shows more gain and up to 14.96% power saving gain can be achieved by Case 3 for FR1 2RX of Instant messaging traffic model, which is 2.5% more gain than Case 0_2. In conclusion, for the denser traffic and the bigger packet size, with more RX, the more power saving gain will be achieved by Case 3 compared with the reference baseline (i.e. Case 0_2). Hence, it can be beneficial to consider the BD reduction by extended PDCCH monitoring span gap and allowing multiple TBs scheduling in a monitoring occasion.
[bookmark: _Hlk53748804]Besides, the latency should also be overall considered with power saving gain. In principle, Case 1, Case 2 and Case 3 will cause an increase of latency, but the simulation results explicitly show that the latency caused by extending span gap is negligible and at most 1ms which is marginal for RedCap use cases other than the safety related sensors and still acceptable for safety related sensors requiring 5-10ms latency. Compared with others, Case 1 has the biggest latency due to the existence of the non-schedulable slots. Since long DRX cycle is applied for the corresponding traffic model, the main contributor of the latency is DRX thus there is no much difference in latency performance across different simulated cases. 
Observation 4: Depending on the scenarios, there can be 4%~15% power saving gain by PDCCH BD reduction.
Observation 5: To achieve same effective BD reduction, extended PDCCH monitoring span gap to multiple slots can provide slightly more power saving gain than only reduce the BD budget per slot.
Observation 6: On top of extended PDCCH monitoring span gap to multiple slots, allowing multiple TBs scheduling in a monitoring occasion can provide additional power saving gain and throughput gain. 
Observation 7: The latency increase caused by BD reduction is negligible.
Proposal 3: To conclude that there is clear power saving benefit by PDCCH BD reduction.  
2.2. PDCCH blocking by reduced PDCCH monitoring
Based on the analysis above, BD reduction will no doubt to bring the power saving gain for RedCap UE. However, there are some concerns about potential PDCCH blocking increase. In order to evaluate the impact of BD reduction on blocking probability, we give the following evaluation results based on the parameters given in [3] and the further configuration can be found in Table 4. The operating bandwidth for RedCap in FR1 is 20MHz. There are 48 RBs in 20 MHz BWP with SCS of 30kHz and 96 RBs with SCS of 15KHz. So for 30kHz, there is at most 16 or 24 CCEs for 2 symbols or 3 symbols CORESET duration, and for 15kHz there is at most 32 or 48 CCEs for 2 or 3 symbols CORESET duration respectively.
Table 4 Parameters for blocking probability analysis for FR1 (20MHz).
	Aggreation levels (ALs)
	[1, 2, 4, 8, 16]

	Number of PDCCH candidates for each AL
	· Reference: [6, 6, 2, 2, 2]
· BD reduction by 25%: [5, 5, 1, 1, 1]
· BD reduction by 50%: [3, 3, 1, 1, 1]

	Number of BDs (when monitoring two different DCI sizes)
	· Reference: 36 (baseline)
· BD reduction by 25%: 26
· BD reduction by 50%: 18

	AL distribution [4]
	· [0.5, 0.4, 0.05, 0.03, 0.02], assuming majority of the UEs are in is good coverage;

	Number of UEs need to be scheduled per slot
	1-10

	Total CCE number
	16, 24 for 30kHz; 32, 48 for 15kHz

	SCS
	15kHz or 30kHz

	CORESET duration
	2 or 3 symbols

	Delay tolerant
	1 slot



Table 6 shows the results that the system AL distribution is [0.79 0.15 0.04 0.01 0.00] corresponding to the different SNR based on the following configurations given in Table 5 and the details results and configurations can be found in our companion’s contribution [5]. Hence, Configuration 1: [0.5, 0.4, 0.05, 0.03, 0.02] given in [4] is the closest AL distribution as the simulation results we provided, which has been considered in our following PDCCH blocking evaluations.
Table 5 The parameters for evaluation of each AL’s distribution. 
	Parameters
	Values

	Scenario
	Uma

	Carrier frequency
	2.6GHz

	Subcarrier spacing
	15kHz

	Simulation bandwidth/No. of PRBs
	20MHz/106 RB

	Antenna configuration at UE
	2R

	CORESET duration
	2

	CORESET RBs
	96

	Total CCE number
	32

	Aggregation level
	1/2/4/8/16

	DCI size without CRC bits
	60 bits



[bookmark: _Ref48246499]Table 6 The distribution of each AL for Uma (2.6GHz) scenario. 
	
	SNR
	Distribution

	AL=1
	14.45
	79%

	AL=2
	7.047
	15%

	AL=4
	2.5421
	4%

	AL=8
	0.842
	1%

	AL=16
	-3.787
	0%



Figure 2 shows the PDCCH blocking probability versus the number of scheduled UE per slot in terms of the total number of CCEs for FR1 baseline (36 BDs) and two cases with reduced BDs corresponding to the three AL distributions given in Table 4. The definition of PDCCH blocking probability is the ratio of the number of blocked UEs to the total number of scheduled UEs.
[image: ]
Figure 2 Blocking probability of AL distribution 1.
From the charts, we can intuitively know that the blocking probability increases with increase of simultaneous scheduled UE in a slot and it has been verified that when majority of the UEs are in is good coverage, the PDCCH blocking probability is relatively low. Figure 2 shows that the probability gap between the curves of BD reduction by 50% and reference baseline is more magnified with the increase of the total UE number. Besides, the probability will be no more than 25% even when there are 10 scheduled UEs per slot and the total CCE number is 16 (i.e. 30KHz and 2-symbol PDCCH CORESET).
Table 7 Percentage of number of UE scheduled per slot for Uma (2.6GHz) scenario.
	Percentage of number of UE scheduled per slot
	Number of scheduled UE per slot
	System blocking probability
When the total CCE number is 16 (i.e. 30KHz and 2-symbol PDCCH) and 50% BD reduction

	
	0
	1
	2
	3
	4
	

	Medium Loading (N=12, M=0), 1 Rx RedCap
	52.4%
	37.6%
	7.8%
	1.8%
	0.4%
	0.400%

	Medium Loading (N=12, M=4), 1 Rx RedCap
	48.3%
	41.1%
	8.2%
	1.9%
	0.4%
	0.419%

	Medium Loading (N=12, M=12), 1 Rx RedCap
	43.2%
	44.9%
	9.3%
	2.0%
	0.4%
	0.464%

	Medium Loading (N=12, M=0), 2 Rx RedCap
	53.2%
	37.3%
	7.5%
	1.6%
	0.3%
	0.372%

	Medium Loading (N=12, M=4), 2 Rx RedCap
	50.4%
	39.5%
	7.8%
	1.8%
	0.4%
	0.400%

	Medium Loading (N=12, M=12), 2 Rx RedCap
	43.5%
	44.4%
	9.3%
	2.2%
	0.5%
	0.481%
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Figure 3 Time distribution of different scheduled UE per slot.
For a more comprehensive analysis of the blocking curves above, Table 7 provides the initial results of the time distribution of the number of scheduled UE per slot for Urban Macro scenario with carrier frequency equal to 2.6GHz. We assume the system is under medium loading (i.e. the resource allocation is nearly to 50%). N represents the total number of eMBB UE and M denotes the total number of RedCap UE. And other detail configurations can be found in our companions’ contribution [6]. Intuitively, up to 99.6% of the time, the number of simultaneously scheduled UEs in one slot is no more than 3, rarely 4 or 5 as explained in Figure 3. So the cases that more than 3 UEs need to be scheduled in one slot simultaneously are rare or invalid case, which should not be considered.
When the maximum number of simultaneously scheduled UE number is 3, the blocking probabilities are pretty close between BD reduction 25% and 50% for all the CCE configurations. And according to Figure 2, the blocking probability with 50% BD reduction does not exceed 5% respectively. Due to the time ratio of 3 scheduled UEs per slot is only near to 2%, even though there is a blocking rate of 5%, the total PDCCH blocking probability of the whole system is only 2%*5%=0.1%, which can be ignored. As shown in the last column of the Table 7, we give the results of system blocking probability when the total CCE number is 16 and 50% BD reduction. And the system blocking probability should be consider as an additional metric for evaluation of PDCCH blocking. It can be calculated by summing the product of each the percentage of number of UE scheduled per slot and its corresponding blocking probability. The specific values of the PDCCH blocking probabilities with different configurations are given in [3]. Hence, the negative impact to PDCCH blocking probability caused by BD reduction is a negligible sacrifice compared with the obtained power saving gain.
Observation 8: In the simulated case, the number of simultaneously scheduled UEs per slot is no more than 3 in nearly 99.6% cases, rarely 4 or 5.
Observation 9: The PDCCH blocking probability does not exceed 5%, assuming simultaneously scheduled number of UEs is 3.
Observation 10: The overall PDCCH blocking probability of the system is at the level of 0.5% for 50% BD reduction, even though there is a blocking rate of 5% for the reason that the time ratio of 3 scheduled UEs per slot is only 2%.
Observation 11: Very close PDCCH blocking probability is observed for 25% and 50% BD reduction. 
Proposal 4: To conclude that 50% BD reduction has non-significant impact to PDCCH blocking probability. 
3. Schemes of PDCCH monitoring reduction
3.1. Scheduling multiple PDSCHs/PUSCHs from a PDCCH monitoring occasion
As shown in Table 8, the current specification does not support either 1) more than one unicast DL/UL scheduling DCI from one PDCCH monitroing occasion for a given UE , or 2) multiple PDSCHs/PUSCHs scheduled by a single DCI. However, as discussed in section 2.1 above, there is clear power saving benefit by allowing multiple PDSCHs/PUSCHs scheduling in a monitoring occasion on top of extended PDCCH monitoring span to multiple slots.
· It can have more power saving gain without introducing more scheduling latency when PDCCH monitoring span is more than one slot as illustrated in section 2.1;
· UE peak data rate can be achieved, i.e. no non-schedulable slot.
Table 8 UE features for DL control channel and procedure.
	3.DL control channel and procedure
	3-1
	Basic DL control channel
	…
5) Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per slot per scheduled CC for FDD
6) Processing one unicast DCI scheduling DL and 2 unicast DCI scheduling UL per slot per scheduled CC for TDD


	
	3-5a
	For type 1 CSS with dedicated RRC configuration, type 3 CSS, and UE-SS, monitoring occasion can be any OFDM symbol(s) of a slot for Case 2 with a DCI gap
	…
Up to one unicast DL DCI and up to one unicast UL DCI in a monitoring occasion except for the monitoring occasions of FG 3-1.

	
	3-5b
	All PDCCH monitoring occasion can be any OFDM symbol(s) of a slot for Case 2 with a span gap
	For the set of monitoring occasions which are within the same span:
· Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for FDD
· Processing one unicast DCI scheduling DL and two unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD
· Processing two unicast DCI scheduling DL and one unicast DCI scheduling UL per scheduled CC across this set of monitoring occasions for TDD



To allow multiple PDSCHs/PUSCHs scheduling from one PDCCH monitoring occasion, two options can be envisioned. 
· Option 1: To allow transmitting multiple grants in one PDCCH monitoring occasion with each grant scheduling one PDSCH/PUSCH. 
· Option 2: To support multiple PDSCHs/PUSCHs scheduled by a single DL/UL grant, i.e. multi-TTI scheduling.
Clearly, option 2 has higher specification impact as new DCI format should be specified for multi-TTI scheduling. Option 1 can be simpler as it can be implemented by just increase the UE capability for detected DL/UL grants with a single PDCCH monitoring occasion.  
Proposal 5: To support multiple PDSCHs/PUSCHs scheduled from a single PDCCH monitoring occasions for a given UE. 
4. Conclusion
In this contribution, we discuss the evaluation methodologies and potential schemes of reducing PDCCH monitoring for RedCap NR devices. The following observations and proposals:
Observation 1: Up to 8.44% and 12.66% power saving gain can be obtained by adopting 50% and 75% reduction in BD respectively, for 2RX and same slot scheduling configuration of IM traffic model.
Observation 2: By reducing the maximum number of BDs per slot, the 2RX RedCap UEs can obtain more power saving gain than 1RX UEs, and there is more power saving gain due to BD reduction for UEs configured with same-slot scheduling, than cross-slot scheduling. 
Observation 3: For RedCap VoIP UEs, decoupling non-fallback DL and UL can reduce the number of DCI sizes monitored by UE thus 3.8%~6.9% power saving gain.
Observation 4: Depending on the scenarios, there can be 4%~15% power saving gain by PDCCH BD reduction.
Observation 5: To achieve same effective BD reduction, extended PDCCH monitoring span gap to multiple slots can provide slightly more power saving gain than only reduce the BD budget per slot.
Observation 6: On top of extended PDCCH monitoring span gap to multiple slots, allowing multiple TBs scheduling in a monitoring occasion can provide additional power saving gain and throughput gain. 
Observation 7: The latency increase caused by BD reduction is negligible.
Observation 8: In the simulated case, the number of simultaneously scheduled UEs per slot is no more than 3 in nearly 99.6% cases, rarely 4 or 5.
Observation 9: The PDCCH blocking probability does not exceed 5%, assuming simultaneously scheduled number of UEs is 3.
[bookmark: _GoBack]Observation 10: The overall PDCCH blocking probability of the system is at the level of 0.5% for 50% BD reduction, even though there is a blocking rate of 5% for the reason that the time ratio of 3 scheduled UEs per slot is only 2%.
Observation 11: Very close PDCCH blocking probability is observed for 25% and 50% BD reduction. 
Proposal 1: Capture the results of power saving gain by decoupling non-fallback DL and UL into RedCap TR.
Proposal 2: Support decoupling the configuration of DL non-fallback DCI and UL non-fallback DCI monitoring for RedCap UE.
Proposal 3: To conclude that there is clear power saving benefit by PDCCH BD reduction.  
Proposal 4: To conclude that 50% BD reduction has non-significant impact to PDCCH blocking probability. 
Proposal 5: To support multiple PDSCHs/PUSCHs scheduled from a single PDCCH monitoring occasions for a given UE. 
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