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1. Introduction

According to the WID for Study on UE Power Saving in NR [1], a major objective of the study item is to identify the UE adaptation to the traffic for UE power saving:
· Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
· Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
             (Note: existing UE capabilities are assumed for UE processing timeline) 
· Network and/or UE assistance information
· Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme
· Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics
This paper presents our views on the UE adaptation for power saving.
2. Priotization of study areas

2.1. Unified power saving mechanisms for all power states
In the email discussion before the meeting, the power states, e.g. normal access state, deep sleep, micro sleep, light sleep were discussed. In the different power states, different UE adaptation behaviours can be applied for different power saving performances. However, the power states should be the results of a unified power saving mechanism with different configurations/parameter sets. For example, a unified PDCCH montoring reduction mechanism needs to be designed. The different gNB/UE implementations of the mechanism can lead to different density of search spaces in time domain, thus results in different levels of power consumption. Different power saving schemes for different power states should be avoided. And the power states would not be defined in the R16 specification.
Proposal 1: Study unified UE power saving mechanisms for all power states. The power states would not be specifed in the specifications.

2.2. Focus on slot-based power saving mechanism
Also in the email discussion, the discussion about the granularity of power saving operation was carried out. Although the symbol-level UE adaptation is possible in NR TDD system, and seems necessary in some slot formats. But some companies also pointed out that a feasible power consumption on UE side can only be measured in unit of slot. The transition from one state to another consumes at least severl symbols. And the symbol-level UE adaptation only provides a marginal power saving gain over the slot-level UE adaptation. Finally, we believe the UE power saving mechanism is mainly employed in a normal eMBB system, not a low latency system. Hence a NR TDD system configured with a large portion of self-contained slots is not the design target of UE power saving. The UE power saving should be designed for a NR TDD system in which most of the slots are DL-only or UL-only slots. Therefore, the slot-based power saving mechanisms should be studied with a higher priority at least in the early stage of the study item.
Proposal 2: Study slot-based power saving mechanisms with a higher priority than symbol-based power saving.

3. UE adaptation in time domain
UE adaptation in time domain is mainly used for PDCCH monitoring reduction.

In R15 NR, the PDCCH monitoring is based on a two-level search space set configuration. On slot-level, the slots containing PDCCH search space sets are configured by higher layer parameter monitoringSlotPeriodicityAndOffset. And within each configured slot, a symbol-level PDCCH monitoring pattern is configured by higher layer parameter monitoringSymbolsWithinSlot. Thus the slot-level PDCCH monitoring occasion is evenly-distributed (in the example shown in Figure 1, the monitoring slot is the 2nd slot in the 4-slot period), with which a UE cannot go to a microsleep if the periodicity is relatively small. Even if the gNB has the clear picture that the DCI will not be sent in some slots, it cannot inform the UE to skip the slots for its PDCCH monitoring for power saving.
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Figure 1: Short monitoring periodicity cannot enable an efficient UE sleep

In order to enable a UE to sleep in the slots not containing a DCI targeting the UE, the key is to let the  UE know which slots in a period can be skipped. To achieve this, the potential options can be studied:

Option 1: Configure a longer monitoring periodicity with multiple monitoring occassions
A simple approach for power saving is to configure a large monitoring periodicity. If the service is not latency-sensitive for a UE, the UE can sleep in the most slots in the period, but wake up only in the monitoring slots. The key of the approach is to finish the needed transmission/reception within the monitoring slots in the period, so that the UE can go to sleep in other slots in the period. In the “wake up” duration, multiple DCIs may need to be sent to the UE for scheduling DL and UL data, and for initial transmission as well as re-transmission. In our understanding the multiple DCIs cannot be conveyed in a search space set. Although 
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consecutive slots can be configured in a search space set, the
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 slots only provides a single monitoring occasion , i.e. only one slot in the 
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 slots will contain DCIs for the UE, as shown in Figure 2. This is not sufficient to accommodate the DCIs for  DL scheduling, UL scheduling, initial transmission scheduling and re-transmission scheduling because they need to be present in different timeline points. 
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Figure 2: A longer monitoring periodicity with single SS set cannot enable an efficient UE sleep either

Therefore, multiple monitoring occasions within a monitoring period are needed to support the multi-DCI transmission in a wakeup duration. In our perspective, two options can be considered to realize the multiple monitoring occasions in a monitoring period:
Option 1a: Configure multiple SS sets with the same monitoring periodicity (without specification impact)
A straightforward approach is to configure multiple search space sets with the same monitoring periodicity. As depicted in Figure 3, a group of search space sets (4 in the example) can be configured with the same monitoring periodicity. The SS set group would satisfy the timeline requirement of the different types of DCIs. The UE needs to keep in normal access state in the duration covering the SS set group (i.e. wakeup duration). A sleep occasion can be provided in the remaining part of the monitoring periodicity, in which the UE can enter the power efficient state.
This option does not require additional specification work, but seems to set a constraint to the search space resource alloction on gNB side.
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Figure 3: Option 1a: A longer monitoring periodicity with multiple SS sets

Option 1b: Configure a SS set with non-contiguous monitoring slots (with specification impacts)

Another approach is to enhance the NR search space configuration to support the search space set containing multiple non-contiguous monitoring slots. As illustrated in Figure 4, the multiple monitoring occasions (slots) can be configured for a search space set with a bitmap in a monitoring periodicity, which would satisfy the timeline requirement of the different types of DCIs. The span of the multiple monitoring occasions forms the wakeup duration. A sleep occasion can be provided in the remaining part of the monitoring periodicity, in which the UE can enter the power efficient state.
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Figure 4: Option 1b: A longer monitoring periodicity with a SS set over multiple non-contiguous slots

The advantage of Option 1 is free of mis-detection problem. However Option 1 can only support the semi-static configuration of sleep occasions, and cannot adapt to the various service requirements, especially the low latency requirement.
Option 2: Dynamically-indicated monitoring period skipping
From the UE power saving perspective, skipping the monitoring period without DCI based on dynamic indicatiion can support a more efficient micro sleep. Indication based on DCI or a newly-designed power saving signal (PS signal) can be studied and compared. And for either DCI or power saving signal, the indication of wakeup duration or sleep occasion can be studied and compared.
Option 2a: DCI-based “sleep indication” (as shown in Figure 5). When a UE receives the indication, the UE can enter microsleep state and skip a specific number of subsequent monitoring periods. And after the number of slots, the UE returns to the normal access state.
Option 2b: DCI-based “wakeup indication” (as shown in Figure 6). When a UE receives the indication, the UE can enter normal access state and start monitoring PDCCH in a specific number of subsequent monitoring periods. And after the number of slots, the UE returns to the microsleep state.
Option 2c: PS signal-based “sleep indication” (as shown in Figure 7). Different from Option 2a, the UE monitors the power saving signal to enter microsleep state and skip the number of subsequent monitoring periods. 
Option 2d: PS signal -based “wakeup indication” (as shown in Figure 8). Different from Option 2b, the UE monitors the power saving signal to enter normal access state and start monitoring PDCCH in the number of subsequent monitoring periods.
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Figure 5: Option 2a: DCI-based “sleep indication”
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Figure 6: Option 2b: DCI-based “wakeup indication”
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Figure 7: Option 2c: PS signal-based “sleep indication”
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Figure 8: Option 2d: PS signal-based “wakeup indication”
DCI and PS signal will encounter the mis-detection problem. Especially if the wakeup DCI or the wakeup signal (which triggers the UE to enter normal access state) is mis-detected, the UE will fail to enter the normal access state and miss the subsequent PDCCH monitoring occasions.
Option 3: Dynamic switching between monitoring periodcities
The third option is to dynamically switch from a monitoring periodicity to another. 
Option 3a: DCI-based short(long periodicity switching (as shown in Figure 9). When a UE receives the DCI, the UE can switch from a short PDCCH monitoring periodicity (for normal access state) to a long PDCCH monitoring periodicity (for microsleep state). And after the long period, the UE returns to the short period.
Option 3b: DCI-based long(short periodicity switching (as shown in Figure 10). When a UE receives the DCI, the UE can switch from a long PDCCH monitoring periodicity (for microsleep state) to a short PDCCH monitoring periodicity (for normal access state). And after the short period, the UE returns to the long period.
Option 3c: PS signal-based short(long periodicity switching (as shown in Figure 11). Different from Option 3a, the UE monitors the power saving signal to switch from a short PDCCH monitoring periodicity (for normal access state) to a long PDCCH monitoring periodicity (for microsleep state).
Option 3d: PS signal long(short periodicity switching (as shown in Figure 12). Different from Option 3b, the UE monitors the power saving signal to enter normal access state and start monitoring PDCCH in the subsequent monitoring periods.
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Figure 9: Option 3a: DCI-based short(long periodicity switching
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Figure 10: Option 3b: DCI-based long(short periodicity switching
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Figure 11: Option 3c: PS signal-based short(long periodicity switching
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Figure 12: Option 3d: PS signal long(short periodicity switching

Similar to Option 2, Option 3 will also encounter the mis-detection problem of DCI and PS signal. Especially if the wakeup DCI or the wakeup signal (which switch the UE to short monitoring periodicity) is mis-detected, the UE may fail to enter the normal access state and miss the subsequent PDCCH monitoring occasions.

From our perspective, although different power saving mechanisms can be applied for PDCCH monitoring and DRX operation, the above options can be considered for triggering different DRX configurations.
Proposal 3: For PDCCH monitoring reduction, study following options:

· Option 1: Configure a longer monitoring periodicity with multiple monitoring occassions;

· Option 2: Dynamically-indicated monitoring period skipping;
· Option 3: Dynamic switching between monitoring periodcities.
· Above options can also be studied for triggering different DRX configurations.
An SPS-based data channel may be impacted by UE adaptation in time domain. But the time-domain UE adaptation may not impact a scheduling-based data channel because its timeline feature depends on the time point of traffic arrival. The cross-slot scheduling can reduce UE power assumption by avoiding PDSCH to be scheduled in the same slot as the DCI, thus avoid buffering the whole slot. But the cross-slot scheduling has been supported in R15 NR specification, and no further enhancement is needed.
4. UE adaptation in frequency domain
Bandwidth adaptation was introduced in R15 NR study for UE power saving, which became a major motivation of introduction of bandwidth part (BWP) concept. In the R15 NR system, a UE can be switched to the default DL BWP (which can be much smaller than the BWP for PDSCH reception) when no PDSCH is scheduled, so to reduce the UE power consumption in PDCCH-monitoring-only state, as shown in Figure 13.
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Figure 13: Switching between default DL BWP and other DL BWP for PDSCH reception
However, since no DCI is sent to the UE in most of monitoring slots, operating in the default BWP is still unnecessary in most of time. As introduced in Section 3, a newly-designed power saving signal (PS signal) can be introduced for time-domain UE adaptation. The PS signal may provide a better robustness over DCI-based PS indication by substantially reducing the payload (e.g. only containing severel bits or with sequence-based design). Thus the PS signal may be accommodated in a much smaller BWP than the default BWP. As shown in Figure 14, in the power efficient states, the UE can stay to the “PS signal BWP”. When the UE is waken up (i.e. enters the normal access state), it can switch to the default DL BWP to start monitoring PDCCH, or even switch directly to a wider BWP for PDSCH reception. Since no PDCCH needs to be monitored in the “PS signal BWP”, the “PS signal BWP” without CORESET configuration should be allowed.
[image: image17.jpg]Frequency

£
£
ST i
ame g
L P
\ B
2
||||||||| -
anda £
e EP
ZE
z
——
wondaoas g
HOSAd 103 dME EF]
22
=
2
g ~
2 ke
g s

|




Figure 14: Switching between “PS signal BWP” and other DL BWPs
The impact the approach may bring is introducing more RF retuning time, which should be taken into account when calculating the latency from receiving the wakeup signal to actually starting the PDCCH monitoring. In order to minimize the RF retuning time, the “PS signal BWP” can have the same center frequency as the default DL BWP.
DCI-based SCell activation/deactivation was discussed in R15 NR WI. Compared to MAC CE-based mechanism, DCI-based approach enables a faster adaptation in carrier domain, and thus benefit for reducing the unnecessary power consumption due to carrier aggregation when high date rate is not required. This approach should be further studied in R16 for UE power saving.

Proposal 4: Study the enhanced bandwidth adaptation scheme, e.g. configuring a DL BWP smaller than default DL BWP and not containing a CORESET.
· FFS the impact of introducing additional RF retuning time.
Proposal 5: Study dynamic SCell activation/deactivation mechanism based on PHY signaling, e.g. DCI.

5. UE adaptation in antenna domain
NR UE shall support at least 4 Rx antennas for some NR bands. This may result in an unnecessary power consumption in most of time if the UE only receives a low or medium date-rate service. 
One approach for power saving in this scenario is that the UE can enter the 2-Rx mode after informing the gNB. Then the gNB can aviod to schedule PDSCH with more than 2 MIMO layers to the UE.
Proposal 6: Study the Rx antenna adaptation scheme, e.g. 4-Rx ( 2-Rx adaptation based on UE reporting.

6. UE adaptation for different timeline requirements
Another innovation of NR is supporting the low-latency services. UE can be scheduled PUSCH transmission in the same slot of the corresponding DCI, and can be scheduled HARQ-ACK in the same slot of the corresponding PDSCH. Some eMBB UEs would have the ability to encode/modulate the PUSCH and decode/demodulate the PDSCH in several symbols. However this requires the UE’s chipset to run in the highest processing speed, thus leads to a high power consumption. When only latency-tolerant services are transmitted/received, the power consumption is unnecessary.
One approach for power saving Possible method to solve this issue: 
      1) the UE inform the gNB to expect to use the power-saving mode, and the gNB configure the UE a relaxed minimum HARQ timeline

      2) For different services, use different minimum HARQ timeline

Proposal 7: Study the processing timeline adaptation scheme, e.g. changing minimum processing time based on UE reporting.

7. Conclusions
Based on the analysis above on study areas of UE adaptation for power saving, followings are proposed:

Proposal 1: Study unified UE power saving mechanisms for all power states. The power states would not be specifed in the specifications.
Proposal 2: Study slot-based power saving mechanisms with a higher priority than symbol-based power saving.

Proposal 3: Study following options for PDCCH monitoring reduction:

· Option 1: Configure a longer monitoring periodicity with multiple monitoring occassions;

· Option 2: Dynamically-indicated monitoring period skipping;

· Option 3: Dynamic switching between monitoring periodcities.

· Above options can also be studied for triggering different DRX configurations.

Proposal 4: Study the enhanced bandwidth adaptation scheme, e.g. configuring a DL BWP smaller than default DL BWP and not containing a CORESET.

· FFS the impact of introducing additional RF retuning time.

Proposal 5: Study dynamic SCell activation/deactivation mechanism based on PHY signaling, e.g. DCI.

Proposal 6: Study the Rx antenna adaptation scheme, e.g. 4-Rx ( 2-Rx adaptation based on UE reporting.

Proposal 7: Study the processing timeline adaptation scheme, e.g. changing minimum processing time based on UE reporting.
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