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Introduction
In the UE power saving study item, several potential techniques have been identified so far and the following agreements were taken during the WG1 #AH1901 meeting [1]:
Agreements:
Update the text in TR 38.840 as follows:
Cross-slot scheduling    
·  Minimum K0 > 0 and aperiodic CSI-RS triggering offset is not within the duration - UE could switch to micro sleep after PDCCH reception – no addition PDSCH and CSI-RS signals reception within the given duration (e.g. the same slot)
· It is known to the UE at PDCCH decoding
· Extended micro sleep time and reduce the PDCCH processing in reducing UE power consumption 
· Minimum K2 > 0 is essential to avoid the requirements of fast PDCCH processing 
Agreements:
The general procedure for the study of the power saving scheme when cross-slot scheduling is used 
· gNB semi-statically configures TDRA to the UE, subject to UE capability (if any) 
· All schedulable TDRA values have K0 > = x and K2 >= x where x > 0
· Determination of value x is FFS (which may also be done in the WI phase), e.g., may also be impacted by BWP switching triggered by DCI (jointly with cross-slot scheduling, if supported), etc.
· All aperiodic CSI-RS triggering offsets are not smaller than the value x
· UE decodes PDCCH and retrieves the index of schedulable TDRA value
· UE could go to micro sleep after reception of last PDCCH symbol 
· UE processes PDSCH at the indicated starting time from TDRA value
· Note: DRX cycle assumed in the evaluation results summarized in the table below is not necessarily long DRX cycle; detailed DRX cycle assumption can be found in each reference
· The following table is subject to further update, particularly regarding evaluation results/assumptions

Agreements:
Update the text in 38.840 as follows:
Same slot scheduling 
· Adaptation of TDRA configurations to achieve UE power saving – ensure the gap between PDCCH reception and PDSCH transmission known to the UE
· Adjustment of TDRA configuration
· Selection of TDRA entry in the TDRA table [38.214]
Agreements:
The general procedure for the study of the power saving scheme when same slot scheduling is used 
· gNB semi-statically configures TDRA to the UE, subject to UE capability (if any). 
· All schedulable TDRA values with K0=0 include at least Y symbols between the last PDCCH symbol and the first PDSCH symbol 
· Y is FFS 
· Note: the value of Y is necessary for power modelling in evaluation, although the specification (if specified) of Y value may also be done in the WI phase
· Note: in case there is a TDRA entry with K0>0, it is assumed that the gap between the last PDCCH symbol in a first slot and the first PDSCH symbol in a second slot is no less than Y
· All aperiodic CSI-RS triggering offsets are greater than Y symbols 
· UE decodes PDCCH and retrieves the index of schedulable TDRA values
· UE could go to micro sleep after reception of last PDCCH symbol 
· UE processes PDSCH at the indicated starting time from TDRA values

Agreements:
Update the text in the TR as follows (with change marks):
The general procedure for the study of UE adaptation to the DRX operation is as follows,
· UE adaptation of its behavior to the DRX operation for UE power consumption reduction 
When is configured with power saving signal/channel, power saving signal/channel as the indication whether to wake up or not before or at the beginning of DRX ON duration
· At least for the indication of PDCCH monitoring

· Preparation period is used for (e.g., to perform channel tracking, CSI measurements, beam tracking), 
· Preparation period can be used in preparation for the PDCCH/PDSCH decoding 
· Preparation period could be before or during the DRX ON duration
· Network can indicate UE to report CSI before or after the power saving signal/channel (if configured) during the preparation period 
· Network can indicate additional RS transmission (e.g., CSI-RS, TRS, SSB and power saving signal) at the preparation period 
· Go-to-sleep signaling as the indication allowing UE going to sleep state, e.g.,
· MAC-CE 
· DCI 
· Power saving signal/channel
· Constraints on scheduling DCI during DRX_ON

Agreements:
Update the TR as follows (with change marks):
· Dynamic DRX configuration including at least the following– 
· UE is configured with multiple DRX configurations
· Dynamic selection of DRX configuration by gNB from multiple DRX configurations (e.g., traffic, mobility)  
· UE assistance information may be considered
· Adaptive parameters setting of one DRX configuration 
· UE assistance information may be considered
· DRX parameters are indicated by gNB
· Adaptive UE behavior in the DRX operation (e.g., restart the inactivity timer)
[bookmark: _GoBack]Agreements:
Update the TR as follows (with change marks):
The UE BWP adaptation is to dynamically switch the BWP by gNB based on e.g. the traffic to support efficient operation of BWP switching in reducing the UE power consumption.  

The UE adaptation to the CA/DC is to fast activation/deactivation of the SCell by gNB based on e.g. the traffic to support efficient operation for fast SCell activation/deactivation in achieving UE power saving.  

The UE power saving schemes for the UE adaptation in frequency domain for further study are as follows, 

· BWP - UE adaptation to different BWP
· RS to assist UE channel tracking and measurements to assist BWP switching  
· The assistance may also include CSI measurements (UE processes one BWP at a time)
· Enhancement of L1 signaling, e.g., power saving signal or DCI for power saving, in triggering the BWP switching
· Association of BWP and DRX
· UE assistance information could be considered
· CA/DC – 
· Quick activation/de-activation (e.g., L1 signaling, MAC CE enhancement) 
· Adaptation of PDCCH monitoring/search space on activated SCell 
· Including cross carrier scheduling
· Power adaptation based on the operation in a group of cell in power efficient way
· CSI/RRM measurements and beam management at non-active SCell
· UE assistance information could be considered

In this contribution, we present further discussion on some of the identified UE power saving techniques.
Discussion
Adaptation to the DRX operation 
Wake-up signal 
In C-DRX, the UE goes into sleep mode between the ON durations and must wake up to start monitoring the PDCCH during an ON duration. If the UE is not scheduled during an ON duration, the power spent on PDCCH monitoring and ramping up and ramping down of the transceiver are sources of considerable power usage that could be prevented with a wake-up signal (WUS).
As shown in Figure 2‑1, a wake-up signal can be used to inform the UE whether it is going to be scheduled during the upcoming ON duration, therefore allowing it to stay in the sleep state if no WUS is detected. Note that there is a time gap between the time when the WUS is transmitted and the start of the ON duration to accommodate ramping up from the sleep state. Between two ON durations, the UE may be in one of the deep, light, or micro sleep states depending on the time interval between those two ON durations. 
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[bookmark: _Ref943774]Figure 2‑1 WUS timeline within a DRX cycle

Several alternatives that have been proposed for the design of WUS include:
· PDCCH based WUS: In this approach, WUS is carried within the PDCCH and therefore the NR framework can be reused.
· Sequence based WUS: In this approach, a sequence is transmitted as the WUS. This approach may reuse the NR framework by using one of already existing sequences as the WUS.
· A new channel/signal such as one based on ON/OFF keying: ON/OFF keying is a well-known signaling scheme for WUS. Most of the existing ON/OFF keying methods rely on time-domain masking of an OFDM waveform. This approach results in out-of-band leakage and the integrity of the frequency domain sequence is not maintained, making it impossible to use the information contained in the sequence.

We show in [2] an approach in which an ON/OFF keying based WUS is generated using the existing NR OFDM framework. This approach preserves orthogonality within an OFDM symbol between the WUS subcarriers and the adjacent subcarriers. In addition to preserving orthogonality, the integrity of the input sequence is preserved since no time-domain processing such as masking is performed.

Proposal 1: Study Orthogonal OOK as a possible design method for WUS.

The misdetection of a WUS will increase the latency and PDCCH resource waste as the UE would not wake up to monitor the PDCCHs during the ON durations associated with the WUS. In the case of using a sequence- based wake-up signal, a UE may judge the WUS quality by evaluating the received signal power and determine whether to monitor PDCCH and ignore the WUS based on the WUS quality. For example, if the WUS quality is below a threshold, a UE may always wake-up for the associated ON-durations in DRX cycles (or PDCCH monitoring occasions), thus minimizing the impact from the misdetection of the WUS.  
Proposal 2: Study a mechanism to ignore a WUS when the WUS quality is below threshold.
The use of power saving signal seems beneficial for all UEs irrespective of the UE coverage level. Considering that a power saving signal is used to trigger PDCCH monitoring in a UE-specific or a UE-group-specific manner, the power saving signal should be designed to support various coverage levels. For PDCCH based WUS, the power saving signal coverage level could be associated with the maximum PDCCH aggregation level of the configured search spaces for a UE to guarantee that the power saving signal coverage is better than the maximum PDCCH aggregation level configured for the UE.
Proposal 3: Study power saving signal design with multiple coverage levels.
Reduction of transition time
When configured to operate in C-DRX, the UE still needs to maintain Automatic Frequency Control (AFC) in order to be able to decode the PDCCH at the beginning of a DRX ON-period. When the NR UE attempts to decode the PDCCH in the first timeslot of a DRX ON-period, it can exploit any RS contained inside the RBs of the active BWP for the purpose of AFC only after the reception of the first timeslot has started. An NR UE may need to wake up in-between the C-DRX ON-durations to maintain coarse AFC when the use of SSB is configured. The power consumption overhead due to maintenance of AFC by the NR UE cannot be neglected in C-DRX. Ideally, a device configured in C-DRX should wake up as little as possible in-between its DRX ON-duration windows, therefore, any receiver on-time due to RRM measurements, beam management or AFC maintenance should be minimized. In our view, introduction of a re-synchronization signal (RSS) transmitted to the UE just prior to the start of the DRX ON-period should be considered.
Proposal 4: Study to use re-synchronization signal (RSS) transmitted just prior to the start of DRX ON-period to reduce transition time from sleep state.
Dynamic DRX configuration
A DRX configuration determines when a UE should monitor PDCCHs and how long a UE should stay awake once a grant is received during an ON duration. Therefore, a single DRX configuration may not be suited for all traffic types in order to minimize UE active time as well as to meet the QoS requirements of the traffic types.
In NR, multiple UE-specific search spaces (USS) could be configured for a UE and each USS could be associated with a traffic type. In this case, some of DRX configuration parameters (e.g., DRX cycle, inactivity timer) could be individually configured for each search space so that the UE active time could be optimized based on the traffic types when a UE needs to serve multiple traffic types during an RRC connected mode.
Alternatively, one or more DRX configuration parameters could be dynamically updated or overridden temporarily in each WUS cycle, where the WUS can include information related to DRX configuration parameters. This allows adaptation of DRX configuration based on the traffic type to be served during associated ON-duration(s) (or PDCCH monitoring occasions) at the expense of some signaling overhead in the WUS.
Proposal 5: Study a search space specific DRX configuration or dynamic DRX configuration updates.
Adaptation to achieve reduced PDCCH 
One important method to reduce power consumption is to reduce UE active time spent on PDCCH monitoring. The UE can go into micro sleep within the ON duration in the slots that do not have PDCCH or PDSCH. A way to achieve this is to configure the UE with a semi-static search space that can be activated and de-activated to match the PDCCH monitoring periodicity to the characteristics of the traffic. The activation/de-activation may be performed by L1 signaling (e.g., a WUS, a DCI in another search space) or a MAC-CE. An example for this method is shown in Figure 2‑2 (a), where the PDCCH search space periodicity is shown to change from every slot to every other slot, allowing the UE to go into micro sleep between two slots.
Handling of a burst traffic may also be a design consideration as current search space design mainly focuses on traffic that arrives periodically. For example, a search space with short duty cycle could be configured and activated/deactivated when a burst traffic arrives while other search spaces could be configured with a relatively long duty cycle to serve other traffic types. This approach would be beneficial in reducing the latency of delay sensitive traffic. In addition, the UE may be able to transition to a sleep state that preserves more power. A semi-persistent search space which can be activated/deactivated dynamically could help to handle the burst traffic as shown in the Figure 2‑2 (b). 
In another method, as shown in Figure 2‑2(c), the gNB may inform the UE of PDCCH monitoring occasions (e.g. using DCI in the PDCCH) with a pattern which may determine the slots within a time window in which a UE may need to monitor the PDCCH.
When L1 signaling is used to activate a semi-persistent search space, the same L1 signaling can be used to deactivate the semi-persistent search space. However, to address issues arising in case a UE misses the L1 signaling, a fallback mechanism should be used. For example, a timer may be used to deactivate the semi-persistent search and the UE may autonomously deactivate the search space when there is no activity. Otherwise, the UE will continuously monitor the deactivated search space which will increase power consumption significantly.
Proposal 6: Study DCI-based triggering of semi-persistent or dynamic PDCCH monitoring occasions.
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(a) Increasing PDCCH monitoring periodicity
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(b) Decreasing PDCCH monitoring periodicity
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(c) Signaling of scheduling pattern
[bookmark: _Ref964603]Figure 2‑2 Examples of reduced PDCCH monitoring


2.4 Adaptation to number of antennas
A UE is equipped with multiple RF chains to support DL multi-antenna operation and carrier aggregation. The instantaneous UE power consumption level is significantly impacted by the number of active Rx RF chains. Considering that 4Rx has been agreed as a baseline UE receiver for most of the NR frequency bands in FR1, reducing the number of Rx antennas used by the UE to demodulate DL signals and channels when possible (e.g., 2Rx) will lower the UE power consumption.
Temporarily reducing the number of Rx RF front-ends in use by the UE is particularly meaningful for RRC_CONNECTED mode in those time periods where the UE is not scheduled data. When reducing the number of activated Rx RF chains from 4Rx to 2Rx, a link penalty of 3-5 dB is incurred. For UEs in good or medium coverage conditions, PDCCH decoding will then only require a modest amount of repetition, e.g. increasing the aggregation level to ensure that PDCCH is decodable. For UEs at the cell edge, switching from 4Rx to 2Rx to demodulate the PDCCH is best avoided. The corresponding SINR loss will effectively result in the need for greatly increased PDCCH aggregation levels and/or repetition that becomes prohibitive. 
PDSCH reception by the UE should make use of all UE Rx RF front-ends to avoid the loss of spectral efficiency at system-level. Sometimes only small amounts of data may be scheduled for a UE, here, the use of 2Rx for PDSCH by the UE may not make a big difference in terms of number of spatial layers and MCS settings by the gNB given practical constraints on CSI reporting and latencies.  
In principle, two approaches are possible to adapt the number of active RF chains in the UE. One possibility is to leave it up to the UE implementation to dynamically adjust its number of active Rx RF chains. The other possibility is to allow some degree of network control over such a Rx RF adaptation feature.
In our view, a network-controlled adaptation of the number of UE Rx RF chains is preferred. Since the use of reduced number of Rx antennas results in a coverage loss for DL control and data channels, the gNB must as a minimum be able to account for it in terms of semi-static link adaptation for PDCCH and for channel-dependent scheduling on PDSCH. Even more so, the gNB should be in the position to allow for UE Rx RF adaptation on a per-UE basis. Some UEs will easily benefit from reduced power consumption when only decoding PDCCH using 2Rx when their aggregation level is doubled. Other UEs will require a prohibitive amount of increase in the PDCCH aggregation level or repetition, so the gNB best disables RF chain adaptation for such a UE. Still other UEs may be able to receive small PDSCH allocations using only 2Rx. Similarly, PDCCH decoding and flexibility for scheduling multiple UEs is determined by CORESET and BWP configurations. Increasing PDCCH aggregation levels is more difficult when CORESET allocations are small and monitoring opportunities are short. Switching the number of Rx antennas will impact the coverage of search spaces considering that the aggregation levels and the number of decoding candidates per aggregation level could be configured for each search space. Therefore, the search space configurations could be changed based on the number of Rx antennas used.
If a UE is configured for antenna adaptation, it may operate in a low-power mode (e.g. using 2 active RF chains) once it enters the ON duration state from the sleep state. UE may stay in this mode until a PDCCH is detected in which case it may transition to a high-power mode (e.g. using 4 active RF chains). Note that a gap may be necessary to allow for the activation of the additional RF chains depending on the exact nature of the sleep state of those RF chains. The UE may stay in the high-power mode until the end of the ON duration, however, the gains may be limited in this case if there is no further PDCCH or PDSCH. As an alternative, the UE may transition to the low-power mode if a certain amount of time passes without detection of a new PDCCH or PDSCH. This semi-autonomous method for antenna adaptation is show in Figure 2‑3.
Proposal 7: Consider a semi-autonomous antenna adaptation scheme.
Proposal 8: Study the following standards impacts for Rx antenna adaptation:
· Measurement/reporting per the number of active Rx antennas supported
· Coverage level adaptation of PDCCH based on the number of active Rx antennas
· A gap for switching between different number of active Rx antennas
· UE capability signaling of supporting reduced number of active Rx antennas
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[bookmark: _Ref1036171]Figure 2‑3 Antenna adaptation based on channel using a timer

[bookmark: _Toc531103511]Adaptation to the variation in time 
It has been agreed that the cross-slot scheduling consumes 70% less power than the same slot scheduling since the same slot scheduling requires PDSCH region buffering although there is no PDSCH scheduled for the UE. Moreover, it is observed that UE receives no grant in most of PDCCH monitoring occasions during RRC connected mode, thus wasting of UE battery unnecessarily.
It has been proposed that the same slot scheduling could be limited in a power saving mode by selecting a BWP without the same slot scheduling candidate in the PDSCH-TimeDomainResourceAllocationList. However, considering that the maximum number of BWPs per cell is limited and the BWP is used for other purposes such as supporting of different service types, numerologies, and so on, it seems beneficial to support dynamic limitation of same slot scheduling within the configured slot offset list. For example, based on the power saving mode of operation, the slot offset candidates for the same slot scheduling could be inactivated (e.g., a UE doesn’t expect to receive the same slot scheduling indication for a PDSCH reception in the associated DCI). 
Proposal 9: Consider supporting a dynamic limitation of same-slot scheduling of PDSCH in the same BWP.

Summary
In this contribution, we discuss some of the power saving technique candidates. Our proposals are as follows: 
Proposal 1: Study Orthogonal OOK as a possible design method for WUS.
Proposal 2: Study a mechanism to ignore a WUS when the WUS quality is below threshold.
Proposal 3: Study power saving signal design with multiple coverage levels.
Proposal 4: Study to use re-synchronization signal (RSS) transmitted just prior to the start of DRX on-period to reduce transition time from sleep state.
Proposal 5: Study a search space specific DRX configuration or dynamic DRX configuration updates.
Proposal 6: Study DCI-based triggering of semi-persistent or dynamic PDCCH monitoring occasions.
Proposal 7: Consider a semi-autonomous antenna adaptation scheme.
Proposal 8: Study the following standards impacts for Rx antenna adaptation:
· Measurement/reporting per the number of active Rx antennas supported
· Coverage level adaptation of PDCCH based on the number of active Rx antennas
· A gap for switching between different number of active Rx antennas
· UE capability signaling of supporting reduced number of active Rx antennas

Proposal 9: Consider supporting a dynamic limitation of same-slot scheduling of PDSCH in the same BWP.
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