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1. Introduction 
In RAN plenary meeting #80 a new study item “Study on UE Power Saving in NR” was approved [1]. The objective of the SI is to study the UE power saving framework taking into consideration latency and performance in NR as well as network impact. The objectives of the UE power saving study include the following,

1) Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
a) 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)
i) Network and/or UE assistance information 

ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme
b) Study the power saving signal/channel/procedure for triggering adaptation of UE power consumption characteristics
2) Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]
3) Study the enhancement of higher layer procedures for UE power saving [RAN2]
a) Study the enhancement of UE paging procedure based on the additional power saving signal/channel/procedure
b) Study the enhancement of UE power saving procedure in supporting efficient transition from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode   
In RAN #94bis, potential power saving techniques, in connection to Objective 1-a described above, were discussed. At least the following power saving techniques are agreed to be further studied (including detailed schemes, performance, complexity, overhead, etc.) [2]:
· Time domain 

· Cross-slot scheduling – enhancement from Rel-15

· Multi-slot scheduling 

· Slot aggregation– enhancement from Rel-15

· DRX configuration – C-DRX enhancement

· Dynamic Adaptation in configuration

· Adaptive parameters 

· Frequency domain 

· BWP – enhancement of dynamic switching from Rel-15

· RS (including SRS) configuration for channel tracking, CSI measurements etc.

· Efficient configuration/switching 

· Association with DRX

· CA/DC

· Quick activation/de-activation (e.g.,L1 signaling, MAC signaling) 

· Efficient configuration of SCell

· E.g., Power saving with CSI/RRM measurements and beam management only but no PDCCH monitoring before activation (SCell dormancy) 

· Antenna domain 

· Antenna adaptation

· Adaptation of number of panels/antenna with consideration of aspects, such as CSI measurements (for both Rx/Tx) 

· Adaptation multi-antenna processing 

· UE processing time 

· Adaptation in UE processing time 

· Timeline relaxing of UE processing 

· Reduce PDCCH Monitoring

· Reduced number of PDCCH processing

· Further reduce the number of PDCCH blind decoding 

· Adaptation in CORESET, search space, PDCCH candidate, AL, CCE, DCI formats/RNTI monitoring

· UE/Network Assistant Information 

· Adaptive configured parameters 

· Association with C-DRX

· Network assistance

· Decoupling of DL and UL grant 

· Configured RS for channel tracking and estimation 

· Assistant information for adaptation

· UE assistance: UE assistant information/feedback used for adaptation in some domains

· Adaptation profile 

In this contribution, we discuss power saving schemes to reduce UE power consumption. From the items listed above, we address C-DRX configuration and reduced PDCCH monitoring in association with C-DRX, BWP, and reduced number of blind decoding.
2. Discussion 

2.1 Dynamic discontinuous reception in connected mode

In connected mode, the UE needs to monitors the control channel prior to uplink or downlink data transmissions. This operation may comprise configuring connected mode DRX (C-DRX) parameters, including DRX cycles and inactivity timer values. These parameters are, however, configured at RRC level. Compared to the quick scheduling opportunities within NR that are of the order of milliseconds, the RRC configurations are much slower, and can in many cases be cell specific rather than UE specific. Further, RRC configured parameters may typically be configured at connection setup, and then not changed over time. Hence, even if the UE monitoring of control channels needs to be configured and re-configured, with existing solutions these (re) configurations are done in a static or semi-static way. 

As a result, the UE monitoring of control channels is not tailored towards its current traffic pattern and buffer state, resulting in a large amount of time spent by the UE waiting for potential data unnecessarily. In practice this means that the UE spends too much time and energy in the “on duration times” during connected mode DRX and during the “on time” of the inactivity timer.

Observation 1 – Static or semi-static configurations of both C-DRX cycles and inactivity timer values can result in high power consumption. 
To reduce the UE “idle” PDCCH monitoring, particularly when there is no traffic between the UE and network, we therefore propose a layer one dynamic signaling mechanism where the configuration of the inactivity timer and DRX cycles in connected mode can be easily adapted based on the traffic for the UE or network conditions.

Proposal 1 – Support physical layer (L1) based dynamic signaling to adapt C-DRX configuration in response to traffic. 
The enhanced configuration of the inactivity timer and DRX can be provided by additional parameters in the control signal and/or a new type of control signal. The gNB transmits a new power saving command either immediately after the data transmission is finished or after scheduling a (uplink or downlink) data transmission. This control signalling basically indicates when and how the UE should enter its power saving state (off state).
Proposal 2 – The power saving command includes parameters representing DRX configuration and inactivity timer. The parameters can be changed based on traffic to reduce unnecessary PDCCH channel monitoring. 
In Figure 1, we compare the existing (legacy) solution with our proposed solution. In this Figure 1, t1 and t2 are ”off” and “on” time periods. The time periods t1 and t2, i.e. the duty-cycle, as well as the time period where the UE listens based on this duty-cycle configuration are indicated in the power saving command. As can be seen, with the proposed functionality the DRX cycle can be dynamically configured based on the traffic type. Through this, the unnecessary energy cost of PDCCH channel monitoring can be reduced. The control of the monitoring can be done per UE by the base station, and the network can tailor a monitoring configuration based on the current UE traffic pattern. This gives a significantly more tailored UE receiver activity period depending on each UE traffic pattern compared to the legacy RRC based signaling, and therefore the idle-channel monitoring part can be reduced, or even removed completely.
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Figure 1 – Control of DRX parameters
2.2 Bandwidth size reduction

Bandwidth parts (BWP) are a power saving feature which allows the UE to reduce its power consumption by using a smaller portion of bandwidth compared to the total system bandwidth. A BWP consists of a group of contiguous physical resource blocks (PRBs). A UE can be configured with up to three BWPs in addition to the default BWP (BWP that contains the sync/broadcast (SSB) signals). But, only one BWP can be used by the UE at a time (so-called active BWP). 

However, the flexibility of the BWP feature is somewhat limited. The NR carrier bandwidth can be very wide, e.g. 400 MHz. A portion of the NR carrier. i.e. the BWP, can still be relatively wide (e.g. of the order of hundreds MHz). Depending on the traffic conditions, e.g., packet arrival time and/or packet size, the entire BWP is not needed. 
Observation 2 – While active BWP configuration can reduce the power consumption of the UE, its limited flexibility in adapting to traffic and network conditions can result in relatively high-power consumption.  

Therefore, to reduce UE power consumption we propose an improvement of the active bandwidth part where the bandwidth utilization within an allocated bandwidth part (BWP) is dynamically adjusted without the need to specifically reassign/reconfigure UEs to different alternative bandwidth parts. Through this, the UE monitors control channels, performs data exchange (via shared and control channels), and does measurements over a limited portion of a BWP. Thus, the cost of unnecessary channel monitoring and data transmission is reduced. Furthermore, by reducing the bandwidth, the UE can operate the ADC/DAC with a lower clock speed and thus, a non-negligible power saving can be obtained. The configuration of the sub-BWP can be done by the UE providing assistance information to the base station. For example, when a UE transmits a scheduling request in a certain BWP the UE includes a BWP indicator which indicates to the network the UE bandwidth preferences, i.e., either to use only a sub-BWP or a complete BWP. 
Proposal 3 – Support dynamic adjustment of the utilized bandwidth within the active BWP in response to traffic. 
2.3 Uplink transmission and reduced PDCCH monitoring
When requesting to be scheduled in the uplink, a UE needs to wait for a scheduling grant response from the network, specifying the resources to be used by the UE for the transmission. The UE transmits according to the scheduling grant once it receives the response from the network. In case, however, that the network does not have any resources available for the UE to transmit, or for any other reason the network does not acknowledge the UE’s scheduling request, the UE does not receive the scheduling grant. Instead the UE needs to repeat its scheduling request after SR-Prohibit status timer expires, until it receives a scheduling grant or the UE has retried max SR times. After max SR attempts, the UE is considered to have lost uplink synchronization and thus, the UE needs to initiate a random access procedure. Through this process, the UE consumes unnecessary energy, since it needs to repeatedly monitor the control channel for a potential scheduling grant and also re-transmit scheduling request. 

Observation 3 - The uplink grant procedure where the is UE required to periodically monitor the channel for a potential scheduling grant and retransmit a scheduling request, even if network has received the request and cannot schedule the UE in the upcoming TTI, can lead to high power consumption at the UE.
We propose to address this issue by introducing a new network assistance information message. The message is intended to be a response message that indicates the network has received the scheduling request, but the network will not schedule the UE immediately. The expected UE behavior is therefore to not monitor the control channel for a potential scheduling grant and to not transmit any further scheduling request, but instead go to a low-power state mode and wait for a scheduling grant which is expected to be received after a period of time (indicated in the network assistance information message). 

Proposal 4 – Support a new network assistance information message to the UE. This is a response message that indicates the network has received the scheduling request, and the network will not schedule the UE immediately.   
This functionality allows the UE to save its energy by reducing both the number of uplink scheduling request re-transmissions and PDCCH monitoring. The latter is due to the fact that there is no need for the UE to monitor the channel for a scheduling grant periodically and it only monitors at a certain time indicated through the network assistance information. 
3.   Conclusion

We make the following observation based on the discussion in Section 2.
Observation 1 – Static or semi-static configurations of both C-DRX cycles and inactivity timer values can result in high power consumption. 

Observation 2 – While active BWP configuration can reduce the power consumption of the UE, its limited flexibility in adapting to traffic and network conditions can result in relatively high-power consumption.  

Observation 3 - The uplink grant procedure where the is UE required to periodically monitor the channel for a potential scheduling grant and retransmit a scheduling request, even if network has received the request and cannot schedule the UE in the upcoming TTI, can lead to high power consumption at the UE.
Based on the discussion and observation, we propose 
Proposal 1 – Support physical layer (L1) based dynamic signaling to adapt C-DRX configuration in response to traffic. 
Proposal 2 – The power saving command includes parameters representing DRX configuration and inactivity timer. The parameters can be changed based on traffic to reduce unnecessary PDCCH channel monitoring. 
Proposal 3 – Support dynamic adjustment of the utilized bandwidth within the active BWP in response to traffic. 

Proposal 4 – Support a new network assistance information message to the UE. This is a response message that indicates the network has received the scheduling request, and the network will not schedule the UE immediately.   
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