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Introduction

In RAN1#103-e meeting, two power saving schemes, i.e., dynamic search space set switching and dynamic PDCCH monitoring skipping, are observed to be beneficial to UE power consumption according to companies’ evaluations with the following Rel-15 and/or Rel-16 power saving solutions used as the baseline[1].
	Agreements:

Observation: 

Each of the following schemes is individually shown to be beneficial for UE power saving compared to the baseline.

Dynamically switching search space set

Dynamically skipping PDCCH monitoring for a certain duration or until next DRX ON

At least the following Rel-15 and/or Rel-16 power saving solutions have been utilized for baseline,

For eMBB traffic,

DRX setting(including using short DRX or long DRX with a short IAT or long IAT), Wake-up signal, Cross-slot scheduling, CA/Scell dormancy, MAC-CE skipping, BWP switching

For VoIP traffic,

DRX setting(only long DRX cycle with a short IAT), Wake-up signal,  Cross-slot scheduling, MAC-CE skipping

For IM traffic,

DRX setting(long DRX cycle [with a short IAT]), Wake-up signal

For intensive eMBB traffic,

DRX setting(including using short DRX or long DRX with a short IAT), Wake-up signal, Cross-slot scheduling, [CA/Scell dormancy], MAC-CE skipping, BWP switching

Note: intensive eMBB traffic is optional and companies may use FTP model 3 with different packet size and mean data arrival time, e.g., 15ms, 30ms, 50ms or 100ms. 

Note 1: For Search space switching, switching from 1slot monitoring to 2, 4, 8, 10, 16 or 32 slot with 30kHz SCS (FR1) and 120kHz (FR2) is utilized.

Note 2: For PDCCH skipping , skipping 2ms, 4ms, 5ms, 8ms, 15ms, 16ms, 32ms,  64ms or to next DRX cycle is utilized

Note 3: the baseline assumed may vary across companies


Furthermore, it was agreed that at least one of the two beneficial PDCCH monitoring reduction schemes needs to be specified for Rel-17 dynamic PDCCH adaptation. And the candidate DCI formats for the dynamic PDCCH adaptation were agreed as follows [1]. 
	Agreements:

Specify at least one of the following options for Rel-17 dynamic PDCCH adaptation in time-domain for active time,
Option 1: Search space set group switching,e.g., potential adjustments/enhancements forincluding explicit and implicit search spaceset group switching specified in R16 for NR-U 
Option 2: PDCCH skipping for a certain duration / DRX cycle
FFS: which option(s)(e.g. taking into account additional gain of option 1 over option 2, or vice-versa)
Candidate DCI formats for dynamic PDCCH adaptation include DCI formats 1_1(including scheduling and non-scheduling DCI), 0_1, 1_2, 0_2, 2_0, 2_6.
Note:
Companies are encouraged to provide analysis on specification impact, power saving benefit and system impact (e.g., packet latency, system overhead)
FFS: other schemes are not precluded for further study


In this contribution, more detailed evaluations and analysis for the two beneficial schemes, i.e., search space set group switching and PDCCH skipping, are presented. Some potential specification impacts of the two schemes are discussed. 
Evaluations and analysis for PDCCH skipping and search space set group switching 
For all the traffic models including FTP, VoIP and data-intensive traffic models, the simulation results in [2] show that most UE power is consumed by the PDCCH-only state even with a proper incorporation of Rel-15 and Rel-16 power saving techniques.

In RAN1#103-e meeting, some companies showed their views that the power saving gain for PDCCH skipping can be also achieved by the DRX command MAC CE as the DRX command MAC CE can be also used to terminate the DRX Active Time. Herein, in order to testify the necessity of a dynamic PDCCH reduction, the DRX command MAC CE in addition to the baseline is also evaluated. The simulation assumptions on the three power saving schemes, i.e, DRX command MAC CE, search space set group switching and PDCCH skipping, are described as follows.
DRX command MAC CE
Besides the Rel-15/Rel-16 power saving techniques considered in the baseline in Appendix A.1, a PDSCH carrying DRX command MAC CE is indicated after (1/2*DRX IAT) ms if there is no new packet scheduled. It is assumed that 4 slots are required to process the DRX command MAC CE including 1 slot for receiving PDCCH and PDSCH, 1 slot for transmitting HARQ-ACK information and 2 slots as the interval between PDSCH and HARQ-ACK feedback. 

After receiving DRX command MAC CE, UE shall perform the following steps as specified in TS 38.321[3]. 

	Section 5.7 in TS 38.321 V16.3.0 
1>
if a DRX Command MAC CE or a Long DRX Command MAC CE is received:

2>
stop drx-onDurationTimer for each DRX group;

2>
stop drx-InactivityTimer for each DRX group.

1>
if a DRX Command MAC CE is received:

2>
if the Short DRX cycle is configured:

3>
start or restart drx-ShortCycleTimer for each DRX group in the first symbol after the end of DRX Command MAC CE reception;

3>
use the Short DRX cycle for each DRX group.

2>
else:

3>
use the Long DRX cycle for each DRX group.


Search space set group switching

The intention of the search space set group switching is to trigger the UE to switch the PDCCH monitoring behavior, e.g. changing into the PDCCH monitoring parameters with sparse PDCCH monitoring occasions to reduce power consumption. The search space set group switching between two search space set groups, i.e. monitoring PDCCH per slot according to search space set group 0 and per 5 slots according to search space set group 1, is assumed in this section. For example, after receiving a DCI with search space set group switching indication, the UE stops monitoring PDCCH according to search space set group 0 and starts monitoring PDCCH according to search space set group 1 as shown in Figure 1.  
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Figure 1 Search space set group switching
PDCCH skipping

The framework of the PDCCH skipping is shown as Figure 2. The UE receives a DCI which indicates the UE whether to perform a PDCCH skipping. If the DCI indicates a PDCCH skipping, UE stops monitoring PDCCH during a skipping period. In this section, PDCCH skipping scheme indicated by a DCI with one configurable skipping period is assumed. The value of skipping period is set as (4/5*DRX IAT) which is equal to the number of PDCCH monitoring occasions reduced by search space set group switching scheme. After the PDCCH skipping period, UE starts to monitor PDCCH. 
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Figure 2 PDCCH skipping

For the evaluations of the DRX command MAC CE, search space set group switching and PDCCH skipping schemes, the simulation assumptions are shown in Appendix A.1 and three traffic models are shown in Appendix A.2. 

In the simulation, scheduling DCI is used to indicate PDCCH skipping or search space set group switching. The UE starts to perform PDCCH skipping or search space set group switching from the next slot after receiving an indication from DCI.
According to the simulation assumptions, the power saving gain from FTP, VoIP and Data-intensive traffic are shown in Figure 3 based on the baseline without and with DCP, respectively. The corresponding latency for FTP, VoIP and Data-intensive traffic are shown in Figure 4 based on the baseline without and with DCP, respectively. The corresponding mean power consumption without or with DCP configuration for all simulated schemes can be found in Appendix A.3.
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Figure 3 Power saving gain for FTP, VoIP and Data-intensive traffic
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Figure 4 Latency for FTP, VoIP and Data-intensive traffic

As shown in Figure 3, both PDCCH skipping and search space set group switching can reduce more power consumption than DRX command MAC CE in the cases without DCP configuration and with DCP configuration. And even though the PDCCH skipping period is configured to be equal to the number of PDCCH monitoring occasions reduced by search space set group switching scheme, the power saving gain of PDCCH skipping is larger than that of search space set group switching. 

Observation 1: Both PDCCH skipping and search space set group switching can reduce more power consumption than DRX command MAC CE.

Observation 2: In the case that the PDCCH skipping period is configured to be equal to the number of PDCCH monitoring occasions reduced by search space set group switching scheme, PDCCH skipping provides larger power saving gain than search space set group switching.

The corresponding latency is calculated as the average delayed time for each scheduling packet as shown in Figure 4. It is observed that the latency for the three schemes of DRX command MAC CE, PDCCH skipping and search space set group switching are almost the same with the baseline. 

Observation 3: Latency for DRX command MAC CE, PDCCH skipping and search space set group switching are almost the same as the baseline.
According to the simulation assumption of search space set group switching scheme, it is observed that the sleep period is dispersed by the search space set group 1 with Ts=1 slot and ks=5 slots as shown in Figure 5(a). But for the scheme of PDCCH skipping with a short PDCCH skipping period, the sleep period is continuous after the indication of PDCCH skipping as shown in Figure 5(b). According to the cases illustrated in Figure 5, it is easy to explain why that PDCCH skipping can reduce the more power consumption compared with search space set group switching. 

Observation 4: For search space set group switching scheme, the sleep period is dispersed by the search space set group 1 with sparser PDCCH monitoring occasions, which results in a lower power saving gain from search space set group switching compared with PDCCH skipping.
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Search space set group switching
[image: image10.png]LR

-Skipping period- -Skipping period-

P ]

» ]

i ic] -

[ 1©

12 15 i

[ detectarpecn

I FoccH sppingindicaion

T 7 notdetectBDCCE




PDCCH skipping

Figure 5 Illustration on sleep period distribution for PDCCH skipping and search space set group switching
According to the above analysis on the sleep period shown in Figure 5, we simulate the power saving gain from PDCCH skipping with various skipping periods and search space set group switching with various PDCCH monitoring periodicity ks for Data-intensive traffic based on the cases shown in Table 1. In each case, the simulation assumptions for skipping period and PDCCH monitoring periodicity provides the same total number of reduced PDCCH monitoring occasion(s). The simulation results of PDCCH skipping and search space set switching compared with the maximum power saving gain with no PDCCH-only state are shown in Figure 6. It can be seen that when the total reduced PDCCH monitoring occasion(s) for PDCCH skipping (i.e. skipping period=10 ms) and search space set group switching (i.e. ks for SSS group 1=20 slots) is almost equal to the DRX IAT=10ms, the power saving gain from PDCCH skipping (i.e. 41%) is closer to the maximum power saving gain (i.e. 43%) than that for search space set group switching (i.e. 29%).

Table 1 Simulation cases for PDCCH skipping and SSS group switching
	
	Skipping period
(ms)
	PDCCH monitoring periodicity(ks) of SSS group 1with Ts=1 slot

(slot)
	Total reduced PDCCH monitoring occasion(s) within a DRX cycle ( T Reduced_M.O. )
(ms)

	Case 1
	8
	5
	8

	Case 2
	9
	10
	9

	Case 3
	10
	20
	10
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Figure 6 Power saving gain from PDCCH skipping and search space set switching
Hence, according to the above analysis on power saving gain and latency performance, PDCCH skipping should be adopted as the Rel-17 dynamic PDCCH adaptation scheme during DRX active time.

Besides the power saving gain, there are some other factors to be considered in the design of Rel-17 dynamic PDCCH adaptation. Search space set group switching scheme specified in Rel-16 supported by NR-U is indicated by DCI format 2-0. DCI format 2-0 is used to indicate a group of UE. But for NR licensed band, the UE expects a UE-specific DCI to indicate the power saving operation more accurately than the group-common DCI. Moreover, the overhead of a group-common DCI is much larger than that of a UE-specific DCI. Therefore, for NR, a new field in UE-specific DCI needs to be specified for any dynamic PDCCH adaptation. The additional specification work of introducing a dynamic indication is the same to support either search space set group switching or PDCCH skipping.

Search space set group switching is achieved by configuring UE with two search space set groups, and PDCCH skipping can be achieved by configuring the UE with a skipping period. In fact, the PDCCH skipping can be implemented in the same way as search space set group switching if a periodic PDCCH skipping scheme is considered.

Besides, to allow a flexible and dynamic PDCCH adaptation, the multiple search space set groups with different periodicity should be considered. However, a simple configuration of multiple skipping period can easily achieve the same purpose.

According to the above analysis on the aspects, including power saving gain, latency, dynamic indication, overhead, and specification work, for both PDCCH skipping and search space set group switching, it is obvious that PDCCH skipping is a better choice for Rel-17 PDCCH adaptation during DRX active time.

Proposal 1: According to the power saving gain, latency and specification workload, PDCCH skipping should be adopted as the Rel-17 dynamic PDCCH adaptation during DRX active time.

Details on PDCCH skipping and search space set group switching 
According to the evaluation results in section 2, PDCCH skipping can provide larger power saving gain. Therefore, some details of PDCCH skipping are discussed in this section.
DCI format

In Release 16, DCI format 0_0 and DCI format 1_0 are usually used in RRC reconfiguration period to avoid ambiguity between gNB and UE. DCI format 0_1 and DCI format 1_1 are used to exploit the sophisticated UE capability. The compact DCI, i.e., DCI format 0_2 and DCI format 1_2, are designed for URLLC. Considering that the power saving benefits of PDCCH skipping is achieved at the cost of scheduling latency, the DCI format 0_2 and DCI format 1_2 are not the best choice. Hence, DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping. A new field or reusing legacy field can be considered.

Proposal 2: DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping.
Data Retransmission during PDCCH skipping period
As described in the above section, the UE shall not monitor PDCCH during the skipping period. However, there may be some PDCCH scheduling retransmission data during the PDCCH skipping period as shown in Figure 7. If the UE is only allowed to perform PDCCH skipping after the data of all the HARQ process are received successfully, it may beyond the gNB’s prediction ability and degrades the UE power saving benefits. On the contrary, if the UE does not monitor the PDCCH scheduling retransmission data during skipping period, the latency for the retransmission data may increase significantly. 
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Figure 7 PDCCH scheduling retransmission data during PDCCH skipping period
In this sense, if the UE is allowed to monitor PDCCH scheduling retransmission data during the PDCCH skipping period, the retransmission data can be processed normally. When DRX is configured, it is easy to determine the duration for monitoring PDCCH scheduling retransmission data by the configured drx-RetransmissionTimerDL and drx-RetransmissionTimerDL. To serve the purpose of reducing UE power consumption, the UE does not expect to monitor PDCCH scheduling an initial-transmission data during the PDCCH skipping period.

Proposal 3: The UE should monitor PDCCH for retransmission data, but it does not monitor PDCCH for an initial-transmission data during the PDCCH skipping period.
PDCCH skipping period configuration
Different PDCCH skipping periods will result in different power saving gain and latency. So different PDCCH skipping periods can be used to satisfy different traffic models and system requirements. To change the PDCCH skipping period dynamically and reduce overhead, one or more PDCCH skipping periods can be configured by RRC and DCI is used to indicate one of the PDCCH skipping periods.

Proposal 4: A list of PDCCH skipping periods is configured by RRC, DCI is further used to indicate one PDCCH skipping period.

Furthermore, PDCCH skipping can also be implemented with search space set group switch. For example, the UE can stop monitoring PDCCH according to a search space set group by setting the duration parameter as 0 slot. When the PDCCH skipping is indicated to the UE, the maximum PDCCH monitoring periodicity of all of search space sets in the group shall be assumed as the skipping period. Moreover, after the skipping period, the UE can fall back to the normal PDCCH monitoring according to other search space set groups.
Conclusion

In this contribution, we discuss some aspects on extension(s) to Rel-16 DCI-based power saving adaptation for connected-mode UE. We have the following observations and proposals.

Observation 1: Both PDCCH skipping and search space set group switching can reduce more power consumption than DRX command MAC CE.

Observation 2: In the case that the PDCCH skipping period is configured to be equal to the number of PDCCH monitoring occasions reduced by search space set group switching scheme, PDCCH skipping provides larger power saving gain than search space set group switching.

Observation 3: Latency for DRX command MAC CE, PDCCH skipping and search space set group switching are almost the same as the baseline.
Observation 4: For search space set group switching scheme, the sleep period is dispersed by the search space set group 1 with sparser PDCCH monitoring occasions, which results in a lower power saving gain from search space set group switching compared with PDCCH skipping.
Proposal 1: According to the power saving gain, latency and specification workload, PDCCH skipping should be adopted as the Rel-17 dynamic PDCCH adaptation during DRX active time.

Proposal 2: DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping.
Proposal 3: The UE should monitor PDCCH for retransmission data, but it does not monitor PDCCH for an initial-transmission data during the PDCCH skipping period.
Proposal 4: A list of PDCCH skipping periods is configured by RRC, DCI is further used to indicate one PDCCH skipping period.
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Appendix

A.1: Simulation assumptions
In this contribution, only FR1 is evaluated. The following Rel-15 / 16 features of the power saving solutions are used as the baseline. 
DRX

C-DRX cycle 40msec for Data-intensive traffic
10ms IAT, 8ms On-duration

C-DRX cycle 40msec for VoIP

10ms IAT, 8ms On-duration

C-DRX cycle 160msec for FTP 3

short DRX

20 ms IAT, 8ms On-duration

20 ms for short DRX cycle, 4 cycles

DCP for DRX adaptation for baseline with DCP,

The minimum time gap before DRX OnDuration is 1 slot for FR1
Power unit is 50 for WUS.
BWP switching, including

BWP for power saving:

Bandwidth: 20MHz

Max # of MIMO layer: 2 layer
Scheduling technique: cross-slot scheduling(Minimum K0 is 1)
PDCCH monitoring period: per 2 slots
BWP for data scheduling: 

Bandwidth: 100MHz

Max # of MIMO layer: 4 layer
Scheduling technique: same-slot scheduling(Minimum K0 is 0)
PDCCH monitoring period: per slot
Note: 

BWP for power saving is a default BWP without data scheduling and BWP for data scheduling is used for data transmission. For example, when data packet arrives, UE is indicated by DCI to switch to BWP for data scheduling to perform DL/UL data transmission. UE will fall back to BWP for power saving after BWP inactivity timer expires
Type 2 BWP switch delay  is assumed

BWP switching is Y (ms) after last packet/data burst.

Y is 30 for FTP and 20 for VoIP 

The CSI-RS measurement and reporting are also considered in the simulation assumption.
 For CSI-RS measurement, the periodicity is equal to max (C-DRX cycle, 160ms). The CSI-RS measurement duration is one slot.
 The UE performs CSI-RS measurement in the active BWP.

A.2: Traffic models
In this contribution, FTP 3 and VoIP traffic models are used. 

Table A.1 Traffic model
	Traffic model
	FTP3
	VOIP
	Data-intensive traffic 

	Model
	FTP model 3
	As defined in R1-070674.

Assume max two packets bundled.
	FTP model 3

	Mean arrive time
	200ms
	
	50ms

	Payload
	0.5Mbytes
	
	0.1Mbytes


A.3: Simulation results
Table A.2 Mean power consumption without DCP configuration 
	Mean power consumption
	Baseline
	DRX command MAC CE
	PDCCH skipping
	Search space set group switching

	FTP 
	24.82 
	22.60 
	19.68 
	21.67 

	VoIP
	36.24 
	35.00 
	26.95 
	29.79 

	Data-intensive traffic
	35.79 
	33.94 
	27.22 
	29.48 


Table A.3 Mean power consumption with DCP configuration
	Mean power consumption
	Baseline
	DRX command MAC CE
	PDCCH skipping
	Search space set group switching

	FTP 
	23.34 
	21.29 
	18.42 
	20.35 

	VoIP
	32.79 
	31.34 
	23.23 
	26.03 

	Data-intensive traffic
	30.42 
	29.28 
	22.47 
	24.69 
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