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Background
In RAN1 #86bis meeting, bandwidth adaptation facilitating DL control information monitoring over a narrower bandwidth was agreed [4]. The motivation was primarily driven by UE power saving. In the same meeting, cross-slot scheduling for DL was also agreed.
The term “bandwidth-part” (BWP) was introduced to refer to the portion of the bandwidth within which the UE operates. In RAN1 NR Ad-Hoc#2, the following agreement was made on bandwidth-part operation [12]:
· Activation/deactivation of DL and UL bandwidth parts can be
· by means of dedicated RRC signaling 
· Possibility to activate in the bandwidth part configuration
· by means of DCI (explicitly and/or implicitly) or MAC CE [one to be selected]
· by means of DCI could mean
· Explicit: Indication in DCI (FFS: scheduling assignment/grant or a separate DCI) triggers activation/deactivation
· Separate DCI means DCI not carrying scheduling assignment/grant
· Implicit: Presence of DCI (scheduling assignment/grant) in itself triggers activation/deactivation
· This does not imply that all these alternatives are to be supported. 
· FFS: by means of timer 
· FFS: according to configured time pattern

Introduction
Active state generally refers to the state of RRC-connected UE which is actively monitoring the DL control channel and is ready to receive DL data or transmit UL control or data. Within the framework of C-DRX (Connected mode DRX), it includes the ON duration and the time when the inactivity timer and/or the retransmission timer is running. For typical MBB (mobile broadband) applications, it has been shown that UE could spend a significant percentage of energy monitoring PDCCH without receiving any data, even when C-DRX is configured [3]. It is expected that NR not only should be more efficient in serving similar applications, NR will need to support new applications, and one of these new applications could be virtual reality (VR). For example, interactive VR has extremely stringent latency requirements, and it is envisioned that the UE would need to stay in active state for majority of the time supporting such application. Hence, for NR, enabling power saving during active state is an important aspect for improving the overall energy efficiency of the UE. 
In this contribution, we will discuss various power saving techniques that can be applied during UE’s active state. These includes: microsleep, cross-slot scheduling, bandwidth adaptation, PDCCH monitoring periodicity. These techniques can work together to improve power efficiency for the active state, and can be further incorporated into the C-DRX (Connected mode DRX) framework.

Discussion
Power Saving Techniques
Microsleep
When UE’s workload is light, for example, when it only needs to process the DL control channel without tight timeline constraint, typically the modem hardware can operate in low power mode, by employing VLSI technique called dynamic clock and voltage scaling (DCVS). Moreover, if the Rx samples for processing have already been buffered, the RF circuitry can be put into a sleep mode. Such low power / sleep mode, when applied to a time slot for which no data has been scheduled, is called microsleep. It is an important power saving feature for LTE and likewise for NR.
However, the extent of power saving that can be achieved with microsleep for LTE is fairly limited. First, due to short time scale of the sleep, only fairly limited number of hardware blocks (e.g. RF circuitry) can be put into sleep mode; The entire modem cannot be put into sleep mode. Second, there is dependency on the same slot grant, which is not decoded until at least several symbols after the last DL control symbols. For NR, DL control channel decoding complexity is likely to be improved from LTE; However, given that the main use case for subcarrier spacing is likely to be 30kHz or higher, the slot duration is also going to be reduced to half of the subframe duration or even less. This poses challenges for the extent of power saving that microsleep can achieve.
In the next section, ideas for improving the efficiency of microsleep is proposed.

Cross-Slot Scheduling
If the grant can be transmitted one slot in advance, i.e. data assignment being cross-slot scheduled, DL control channel processing would not be in the critical timeline for microsleep decision. Suppose in Slot n, UE knows from decoding the PDCCH that there is no grant for the Slot n+1; During Slot n+1, it only needs to buffer up first few symbols containing the PDCCH, and can immediately go into microsleep for the rest of the slot. During microsleep in Slot n+1, the modem can still operate in low power mode and process the PDCCH based on the captured Rx samples. Overall, the duration achievable for microsleep would be close to the entire data portion of the slot. Similar observation was also made in [1][2].
In the following, the left figure illustrates microsleep with same-slot scheduling, and the right figure illustrates cross-slot scheduling. The shaded portion of the slot represents achievable microsleep duration. On both figures, the first slot can be ignored for microsleep comparison; The comparison should be for Slot n+1 and n+2.
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In RAN1#86bis, agreement has been made to support k0 > 0, where k0 is the latency from the time slot containing the grant to the time slot containing the associated data [4]. For LTE, k0=0. For NR, we propose that for power saving during active state, k0 can be set to at least 1.
It has been further agreed that k0 can be dynamically signalled. Therefore, quick transition with low overhead between cross-slot scheduling for power saving (i.e. during periods of low data activity), and same-slot scheduling for high performance mode (i.e. during periods of high data activity) can be an attainable goal.
Alternatively, advanced grant indication, which tells the UE whether a grant will be transmitted in a subsequent slot, can be used with actual grant being transmitted in the same slot as the data. Because UE can know in advance that no grant will be scheduled, the same benefits in terms of maximizing microsleep can be attained. Advanced grant indication is discussed more details in [13]. 

Proposal 1: Cross-slot scheduling can improve the efficiency of microsleep, and should be considered as a power saving mode for NR.
		FFS: Whether advanced grant indication is used instead of cross-slot grant
Proposal 2: Transition between cross-slot and same-slot scheduling should be based on dynamic L1 signaling.

Bandwidth Adaptation
In RAN1#86bis, the idea of receiving in a smaller RF bandwidth for DL control information was agreed [4]. In RAN1#88bis, there has been further agreements on bandwidth adaptation [7]. Further definition of CORESET supports localized span in frequency facilitating DL control information monitoring with a smaller RF bandwidth. In [3], the idea of using narrower bandwidth for control channel monitoring, and wider bandwidth for data reception, was introduced. It is further developed in [5][6] submitted in RAN1#87, and in [10][11] submitted in RAN1#89.
One issue with bandwidth adaptation is the RF transition time. Based on RAN4’s reply LS [8], the transition time has been determined to be within 50 to 200 microseconds for the case where both the bandwidth and center frequency change, while remaining in the same band. For bandwidth-only change, the transition time is shorter (<20 microseconds), but we view that restricting the same center frequency for bandwidth adaptation may be sacrifice resource allocation flexibility too much. In the following, the design with both bandwidth and center frequency change (within the same band) is considered.
In RAN1#88bis, it has been agreed to be the working assumption that bandwidth adaptation can be based on semi-static signalling [7]. Our view is that while semi-static signalling (either through L3 RRC configuration or L2 MAC CE signalling) can be useful and essential for configuration of the bandwidth parts (i.e. the center frequency and bandwidth for the “first” and “second” bandwidth, or Bandwidth A and B in above agreements), the switching between different bandwidth configurations should be based on dynamic signalling (i.e. L1 signalling based on DCI). If only semi-static signalling is available, the following drawbacks cannot be circumvented:
· L2 MAC CE signalling incurs higher latency compared to L1 signaling (DCI-based)
· Also signalling resource overhead is high, which would discourage switching frequently
· In a loaded system, UE may not get scheduled in significant percentage of the slots resulting in lost power saving opportunities

Only through L1 signalling that bandwidth adaptation can take advantage of the scheduling dynamics. 
Hence, a two-layered approach to bandwidth adaptation should be considered:
1. Bandwidth parts configuration is done via semi-static signalling which is based on L2 (MAC CE) or L3 (RRC) signalling
2. Dynamic switching between BWP is based on DCI signaling and/or timers (for tracking scheduling inactivity, pending retransmissions, etc)

Typically, bandwidth and frequency configuration needs more latency for RF SW preparation and programming, but once that is done, switching between different configurations can be quick with little SW overhead. This is another motivation to partition between configuration and switching in the above manner. 
Going back to the RF transition time of 50~200 microseconds for both bandwidth and center frequency change, assuming the SW overhead to execute the switching is small, the latency is in the order of a slot’s duration (for reference 30kHz SCS), up to several slots for wider SCS. At least for the reference SCS, a cross-slot grant (or advanced grant indication) can serve as a trigger for bandwidth switching from narrower BW to wider BW. In the following figure, the cross-slot grant received in Slot n+1 triggers bandwidth to expand to the wider BW. Once RF bandwidth is transitioned to wider BW for data reception, scheduling can stay with cross-slot or switch to same slot (not shown in figure). Returning back to the narrower BW can be triggered by either scheduling inactivity (i.e. based on a threshold number of consecutive slots without grants) or explicit L1 signaling. 
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If the RF transition latency spans multiple slots (for the case of very wide SCS, e.g. 120kHz, and/or mini-slots), cross-slot scheduling (or advanced grant indication) may need to be advanced enough to accommodate RF transition latency.

Proposal 3: Bandwidth parts configuration should be done via semi-static signaling (L2 or L3). Dynamic switching between configurations should be based on DCI signaling (L1), and/or timers (e.g. for scheduling inactivity).

PDCCH Monitoring Periodicity
Monitoring PDCCH in every slot facilitates the smallest scheduling latency at the expense of power consumption. Generally, there is a tradeoff between latency and power consumption. The PDCCH monitoring periodicity should be configurable to a multiple of slots to allow this tradeoff. Especially for very short slot duration (e.g. for 120kHz SCS, slot duration is only 0.125 milliseconds), gNB and UE can agree that PDCCH should be monitored only at certain slot periodicity, even during active state, in order to save power. The PDCCH could carry grant information for multiple slots.
If RF bandwidth switching latency is more than a slot duration, it is also helpful to aggregate multiple slots together and lengthen the PDCCH monitoring periodicity to match the aggregated slots. Then the benefits of cross-slot scheduling as describe above can be realized with cross-aggregated-slot scheduling.

Incorporation to C-DRX Framework
The power saving techniques described are most effective when they are triggered based on dynamic signalling. This is due to the ability to take advantage of scheduling dynamics.
It is well known that there already exists a framework to take advantage of traffic pattern and scheduling dynamics for power saving – DRX. It would be consequential to enhance the DRX framework with the power saving techniques, targeting to optimize active state power consumption.
While DRX procedure and design is a RAN2 matter, it is worthwhile to touch on the potential impact and benefits of this enhanced DRX scheme in this RAN1 contribution. Another contribution [9] shares a similar view.
Regular DRX operates in terms of DRX cycle which is typically tens of milliseconds to hundreds of milliseconds. DRX basically specifies when UE can skip monitoring PDCCH (and hence go to sleep).
LTE (legacy) DRX scheme currently supports essentially two modes of operation, ON and OFF, for the UE. These modes of operation can also be referred to as “power states” as the UE’s power levels and capabilities would be different between these states. NR DRX should facilitate intermediate operating points between ON and OFF mode, where power and latency can be traded off. For the active state (considered to include both the ON duration and inactivity timer duration), a new mode of operation employing above power saving techniques can be introduced, and it can be referred to as PDCCH monitoring mode. In this mode, UE may operate with reduced bandwidth, cross-slot scheduling, and/or with sparser PDCCH monitoring periodicity, in order to save power.
The inactivity timer is typically configured to be relatively long to ensure low latency when data arrive in bursts (e.g. HTTP GET objects during webpage loading). The default mode during inactivity timer could be PDCCH monitoring mode, and when a data burst arrives, UE can switch to the data optimized mode for efficient reception of data. Such data optimized mode may support same slot scheduling, wider BW for data reception. To reduce dynamic signaling overhead, transition in and out of the states or sub-states should be based on implicit DCI signaling and timers, consistent with DRX operation. Implicit DCI signaling means the UE infers the need to perform state transition based on decoding of DL grant, or based on scheduling inactivity.

Proposal 4: NR should consider employing power saving techniques during active state 
· Active state can have at least two modes of operation: PDCCH monitoring mode for low data activity, and data optimized mode for high data activity. 
· PDCCH monitoring mode employs power saving techniques such as cross-slot scheduling, narrower bandwidth sufficient for at least DL control, sparser PDCCH monitoring periodicity, etc
· Data optimized mode targets lower latency by employing same-slot scheduling, wider bandwidth for both DL control and data, etc
· Switching between the modes can be dynamic, based on implicit DCI signaling and/or timers

Extension to Carrier Aggregation
Due to support for wide bandwidth operation, single carrier may satisfy most of the NR use cases.
For carrier aggregation, if cross-carrier scheduling or grant indication can be aggregated on the PCC, and the carriers can be configured to have the same DRX configuration, the power saving techniques for active state should also be applicable.

Conclusions
Proposal 1: Cross-slot scheduling (or alternate approach using advanced grant indication) can improve the efficiency of microsleep, and should be considered as a power saving mode for NR.
		FFS Adopting advanced grant indication instead of cross-slot grant
Proposal 2: Transition between cross-slot and same-slot scheduling should be based on dynamic L1 signaling, or conditions derived from such signalling.
Proposal 3: Bandwidth parts configuration should be done via semi-static signalling (L2 or L3). Dynamic switching between configurations should be based on DCI signaling (L1), or conditions derived from DCI signalling (e.g. inactivity).
Proposal 4: NR should consider employing power saving techniques during active state 
· Active state can have at least two modes of operation: PDCCH monitoring mode for low data activity, and data optimized mode for high data activity. 
· PDCCH monitoring mode employs power saving techniques such as cross-slot scheduling, narrower bandwidth reception for DL control, sparser PDCCH monitoring periodicity, etc
· Data optimized mode targets lower latency by employing same-slot scheduling, wider bandwidth reception for both control and data, etc
· Switching between the modes can be dynamic, based on L1 signaling and/or timers
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