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At RAN#86 meeting, the new SID on support of reduced capability NR devices was approved [1]. In order to satisfy the generic requirements, i.e. device complexity, device size and deployment scenarios, several objectives have been identified. PDCCH monitoring has significant impacts on UE battery life and device complexity, hence the study item includes the following objectives on PDCCH monitoring:
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]
In this contribution, we provide our views on how to reduce PDCCH monitoring.
Discussion
Currently, the search space configuration is very flexible and can achieve any intended number of PDCCH candidates. A search space consists of one or multiple PDCCH candidate(s) which have same or different aggregation level(s). The IE to configure the PDCCH candidates for a search space is shown below. 
nrofCandidates                          SEQUENCE {
        aggregationLevel1                       ENUMERATED {n0, n1, n2, n3, n4, n5, n6, n8},
        aggregationLevel2                       ENUMERATED {n0, n1, n2, n3, n4, n5, n6, n8},
        aggregationLevel4                       ENUMERATED {n0, n1, n2, n3, n4, n5, n6, n8},
        aggregationLevel8                       ENUMERATED {n0, n1, n2, n3, n4, n5, n6, n8},
        aggregationLevel16                      ENUMERATED {n0, n1, n2, n3, n4, n5, n6, n8}
    }                                                                                                   OPTIONAL,   -- Cond Setup
In an extreme case, a search space can only include one PDCCH candidate corresponding to a certain aggregation level. From this perspective, the smaller number of blind decodes and CCE limits can be achieved by the existing configuration. However, it does not help a RedCap UE to reduce the complexity and cost as it still has to support the maximum number of BD and non-overlapping CCEs as legacy NR UEs.
In Rel-15, the UE PDCCH monitoring capability defined in terms of maximum number of BD and maximum number of non-overlapped CCEs per slot as in the following tables defined in TS38.213 is mandatory. In Rel-16, the PDCCH monitoring capability is further enhanced in order to satisfy the requirement of high reliability and low latency. 
It is well-known that the PDCCH monitoring capability plays an important role in the UE complexity: 
1) Blind decoding consumes lots of processing power at UE side, i.e. PDCCH detection on each PDCCH candidate, DCI content parsing, etc. 
2) The channel estimation for NR-PDCCH is handled in terms of REG-bundle, which constitutes NR-CCE. The more non-overlapping CCEs configured for a RedCap UE, the more complicated for channel estimation. 
Considering that the requirements for the reduced capability NR devices are lower than URLLC and eMBB, it is reasonable to introduce a smaller maximum number of PDCCH candidates per slot and a smaller maximum number of non-overlapped CCEs per slot for reduced capability NR devices than those of Rel-15. Accordingly, the gNB can only configure the search space for reduced capability NR devices subject to the PDCCH monitoring capability defined for reduced capability NR devices. 
Observation 1: The reduction on maximum number of BDs and non-overlapping CCEs is beneficial for reducing RedCap UE complexity and cost.


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Table 1: Maximum number  of monitored PDCCH candidates per slot for a DL BWP with SCS configuration  for a single serving cell [2]
	

	
Maximum number of monitored PDCCH candidates per slot and per serving cell 

	0
	44

	1
	36

	2
	22

	3
	20





Table 2: Maximum number  of non-overlapped CCEs per slot for a DL BWP with SCS configuration  for a single serving cell [2]
	

	
Maximum number of non-overlapped CCEs per slot and per serving cell 

	0
	56

	1
	56

	2
	48

	3
	32



Furthermore, reduction on power consumption is a fundamental requirement for RedCap use cases. In Rel-16, the relationship between BD/CCE reduction and power saving has been extensively studied. In short, the power saving gain obtained from the BD reduction can be expressed by the following formula compared to the baseline, i.e. the PDCCH-only power for same slot scheduling:
P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt
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. To be specific, the power saving benefits from BD/non-overlapping CCE reductions compared to the current per slot limit in Rel-15 is shown in the following table.
Table 3: Power saving gain obtained from BD reduction assuming SCS=15 kHz
	Baseline(BD)
	~20% BD reduction
	~40% BD reduction
	~60% BD reduction

	
	Reduced limit
	Power saving gain
	Reduced limit
	Power saving gain
	Reduced limit
	Power saving gain

	44
	351
	6%
	26
	12.3%
	17
	18.3%


Note1: Floor operation is executed when the number of BDs after scaling is not integer.
It is observed that the power saving gain can be harvested from BD reduction. However, it should also be noticed that less than 20% power consumption reduction can be achieved even if the maximum number of BD is reduced by 60%. On the other hand, the reduction on the maximum number of BD will significantly increase the PDCCH blocking possibility from UE perspective.
Observation 2: The reduction of blind decoding is beneficial for power saving.
As described in SID, there are different use cases wherein the requirements are divergent. For example, the battery life of industrial wireless sensors should last at least few years while up to 1-2 weeks battery life is sufficient for wearable devices. Accordingly, the requirement on the reduction of PDCCH monitoring may be different. Therefore whether to determine multiple sets of PDCCH candidates and non-overlapped CCE limit targeting for different use cases should be further studied.
In SID document, the use case specific requirements are identified as follows:[1] 
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)
· Video Surveillance: As described in TR 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.
· Wearables: Reference bitrate for smart wearable application can be 5-50 Mbps in DL and 2-5 Mbps in UL and peak bit rate of the device higher, up to 150 Mbps for downlink and up to 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).
As described above, the required reliability can be as high as 99.99%. In order to achieve the overall reliability, the reliability of PDCCH transmission should at least have a magnitude as 99.999%.  Furthermore, the number of Rx antennas may be reduced down to 1 and the size of antenna is also limited. The performance of PDCCH reception would be degraded remarkably. From this point of view, large aggregation level is still necessary.
Observation 3: A relaxed limit on the number of non-overlapped CCE for a reduced capability NR device may have some impacts on the PDCCH reliability.

We consider the case of burst traffic, where a huge number of RedCap UEs staying in the system.  Consequently, it can be regarded that the number of scheduled UEs in each slot on average is constant. In order to give a clear picture on the PDCCH blockage issue coming with RedCap UE, we further conduct the LLS and SLS. The target scenario is Urban with 4 GHz frequency carrier. The required SNR for aggregation level {1,2,4,8,16} with different number of Rx is obtained from LLS as summarized in table 4. Furthermore, the geometry curves corresponding to different antenna configuration in urban scenario is provided in the appendix. The detailed assumptions for LLS and SLS can also be found in the appendix.
In Table 7, we give some analyses on PDCCH blockage issue in urban scenario with different UE numbers. We assume a BWP size of 20MHz for RedCap UEs and the SCS is 15 kHz. In order to guarantee the data channel are not impacted, we assume there are two PDCCH monitoring occasions from system perspective, wherein each PDCCH monitoring occasion occupies 3 OFDM symbols. The maximum number of non-overlapping CCEs would be 3*100*2/6=100. For simplicity, we assume the number of BD is sufficient. The AL distribution in Table 5 is determined by geometry shown in the appendix with the SNR points provided in Table 4. The average CCE number for a PDCCH candidate in urban scenario assuming different number of Rx is shown in Table 6. The PDCCH blocking percentile and PDCCH capacity is shown in Table 7.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Table 4: Required SNR for different AL with diverse Rx configuration
	PDCCH BLER=1%
	AL1
	AL2
	AL4
	AL8
	AL16

	
	Req. SNR [dB]
	Req. SNR [dB]
	Req. SNR [dB]
	Req. SNR [dB]
	Req. SNR [dB]

	4Rx
	2.2
	-1.65
	-5.82
	-8.30
	-10.15

	2Rx
	8.68
	3.87
	-0.50
	-4.83
	-7.56

	1Rx
	16.03
	10.47
	3.76
	-1.02
	-4.06


Table 5: The aggregation distribution for different number of Rx
	PDCCH BLER=1%
	AL1
	AL2
	AL4
	AL8
	AL16

	4Rx
	[bookmark: _GoBack]70%
	23%
	4.5%
	1%
	1.5%

	2Rx
	42%
	18%
	27%
	10%
	3%

	1Rx
	20%
	12%
	29%
	29%
	6%


Table 6: The required CCEs on average for different number of Rx
	Number of Rx at UE side
	1 Rx
	2 Rx
	4 Rx

	Average number of CCEs for a PDCCH candidate
	4.88
	3.14
	1.51



Table 7: PDCCH blockage coming with RedCap UE
	         Number of Rx  
Number of UEs
	4 Rx at UE side
	2 Rx at UE side
	1 Rx at UE side

	
	Baseline blockage
	Blockage
	Blockage

	40 UEs per slot
	0% 
	20.4%
	48.8%

	70 UEs per slot
	5.4 %
	54.5%
	70.7%

	80 UEs per slot
	17.2%
	60.2%
	74.4%

	90 UEs per slot
	26.4%
	64.6%
	77.2%



From the above simulation results, we can have the following observations:
· The reduction of the Rx antenna will increase the PDCCH blockage significantly
· The required CCEs for a PDCCH candidate on average would increase, i.e. triple compared to 4 Rx if the Rx is reduced to 1 and double compared to 4 Rx if the Rx is reduced to 2.
· The numerous number of RedCap UE and the limited bandwidth also increase the PDCCH blocking possibility

Proposal 1: PDCCH blockage increase due to reduced number of Rx antennas of RedCap UE should be carefully studied.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Currently, the DCI payload size budget is 3+1, i.e. up to 3 different DCI sizes corresponding to C-RNTI/CS-RNTI/MCS-C-RNTI and 1 DCI size corresponding to other RNTI values. The various DCI payload sizes are friendly to support diverse scheduling functionality but also have the penalty of increasing the effort on blind decoding. There are three groups of DCI formats in Rel-16 for unicast scheduling, i.e. DCI format 0_0 and DCI format 1_0, DCI format 0_1 and DCI format 1_1, DCI format 0_2 and DCI format 1_2, and each DCI format may result in different payload sizes. If more than one DCI format can be configured to a RedCap UE, the RedCap UE may have to handle up to three different payload sizes. Subsequently, more blind decodings are needed for the same number of PDCCH candidate. In order to reduce the effort on PDCCH monitoring for RedCap UE, one straightforward mechanism is to reduce the DCI payload size budget.
Assuming there are two search spaces configured in a slot for RedCap UE, i.e. one CSS associated with fallback DCI formats, one USS associated with DCI format 0_1/1_1. Assuming there are 7 and 15 available PDCCH candidates in the CSS and USS respectively. Then the RedCap UE has to handle 7+15*2=37 BDs in the slot. If the DCI payload size budget is reduced to 2+1, there would be unified DCI payload size and the number of BD would be reduced to 22 accordingly.
Proposal 2: The DCI payload size budget for RedCap UE can be considered to be reduced. 

gNB configures the search space for a UE via semi-static signaling and UE handles the PDCCH monitoring according to the semi-static configuration. In other words, the PDCCH monitoring behavior would be the same unless the RRC configuration is updated. In order to guarantee there are enough spaces for PDCCH link adaptation, the search space configuration is typically redundant. For example, gNB may configure one or multiple PDCCH candidates with very large aggregation level in order to compensate the possible deep loss when channel condition is pretty bad. Another example may be gNB configures more PDCCH candidates than necessary to avoid PDCCH blocking in case of burst traffic. However, the channel condition is not always extremely bad and the traffic load is dynamically changing as well. It will be beneficial to further reduce PDCCH monitoring if the search space can be dynamically adapted based on the practical status. One example could be a search space is configured with 20 PDCCH candidates in total, gNB can use a DCI carrying search space adaptation indication to shut down some of the candidates in the following search space. The detailed design can be found in our companion contribution [3].

Proposal 3: The dynamic adaptation on search spaces via DCI should be considered to further reduce the effort on PDCCH monitoring. 

It can be observed that the requirement of reliability and latency are quite different. The end to end latency can be relaxed to up to 500 ms. From this perspective, the values of PDCCH monitoring periodicity supported in Rel-15 and Rel-16 should be reconsidered. For example, at least mini-slot periodicity is not necessary. The restriction on smaller PDCCH monitoring periodicity can further reduce the effort on PDCCH monitoring and lead to lower power consumption accordingly. Furthermore, the subcarrier spacing should also be taken into consideration when determine the periodicity for reduced capability NR devices.
[bookmark: OLE_LINK5][bookmark: OLE_LINK8]Proposal 4: PDCCH monitoring periodicity for reduced capability NR devices should be restricted on top of that supported in Rel-15 and Rel-16, e.g. more than one PDCCH monitoring occasion within 1 slot is not supported.


Conclusion
This contribution discusses possible PDCCH monitoring reduction solutions and raises some issues related to capability reduction and bandwidth reduction. We have the following observation:
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Observation 1: The reduction on maximum number of BDs and non-overlapping CCEs is beneficial for reducing RedCap UE complexity and cost.
 Observation 2: The reduction of blind decoding is beneficial for power saving.
Observation 3: A relaxed limit on the number of non-overlapped CCE for a reduced capability NR device may have some impacts on the PDCCH reliability.
Furthermore, we propose the following proposal:
Proposal 1: PDCCH blockage increase due to reduced number of Rx antennas of RedCap UE should be carefully studied.
Proposal 2: The DCI payload size budget for RedCap UE can be considered to be reduced. 
Proposal 3: The dynamic adaptation on search spaces via DCI should be considered to further reduce the effort on PDCCH monitoring. 
Proposal 4: PDCCH monitoring periodicity for reduced capability NR devices should be restricted on top of that supported in Rel-15 and Rel-16, e.g. more than one PDCCH monitoring occasion within 1 slot is not supported.
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Appendix
Table A-1: LLS assumptions
	Parameters
	Values

	Scenario and frequency
	2.6G Hz

	Subcarrier Space
	30KHz

	UE velocity
	3km/h

	System bandwidth
	100M, 20M

	PDSCH duration
	12 OS

	PDCCH duration
	2 OS

	PDCCH AL
	1，2，4，8，16

	Tx-Rx
	1T - 1R/2R/4R

	Channel Model
	TDL-C, 300ns

	Channel estimation
	RCE



Table A-2: SLS assumptions
	Parameters
	Values

	Carrier frequency
	2.6 GHz

	SCS
	30

	BS antenna height
	25 m

	TRP transmit power
	41 dBm for 10 MHz bandwidth

	UE power class
	23 dBm

	ISD
	400 m/500m

	TRP antenna configuration
	96Tx/Rx,
(M,N,P,Mg,Ng) = (12,8,1,1,1)
	96Tx/Rx,
(M,N,P,Mg,Ng) = (12,8,1,1,1)
	96Tx/Rx,
(M,N,P,Mg,Ng) = (12,8,1,1,1)

	TRP TXRU configuration
	1TXRU,
(Mp,Np,P,Mg,Ng) = (1,1,1,1,1)
	1TXRU,
(Mp,Np,P,Mg,Ng) = (1,1,1,1,1)
	1TXRU,
(Mp,Np,P,Mg,Ng) = (1,1,1,1,1)

	UE antenna configuration
	4Tx/Rx,
(M,N,P,Mg,Ng) = (1,2,2,1,1)
	2Tx/Rx,
(M,N,P,Mg,Ng) = (1,1,2,1,1)
	1Tx/Rx,
(M,N,P,Mg,Ng) = (1,1,1,1,1)

	UE TXRU configuration
	4TXRU,
(Mp,Np,P,Mg,Ng) = (1,2,2,1,1)
	2TXRU,
(Mp,Np,P,Mg,Ng) = (1,1,2,1,1)
	1TXRU,
(Mp,Np,P,Mg,Ng) = (1,1,1,1,1)

	Device deployment
	80% indoor, 20% outdoor (in car)

	UE speeds of interest
	Indoor users: 3km/h
Outdoor users (in-car): 30 km/h

	BS noise figure
	5 dB

	UE noise figure
	7 dB

	BS antenna element gain
	8 dBi

	UE antenna element gain
	0 dBi

	Thermal noise level
	-174 dBm/Hz

	Simulation bandwidth
	20 MHz

	Number of UEs per cell
	20 UEs per TRxP

	UE antenna height
	Outdoor UEs: 1.5 m
Indoor UTs: 3(nfl – 1) + 1.5; nfl ~ uniform(1,Nfl) where Nfl ~ uniform(4,8)

	Channel model variant
	Channel model A

	Mechanic tilt 
	90° in GCS (pointing to horizontal direction)

	Electronic tilt
	96°

	Handover margin (dB)
	0
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Figure 1: Geometry for urban scenario
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