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Overview
In RAN1#86, the topic of UE power consideration based on Days-of-Use (DoU) has been discussed [1] and a several key use cases have been identified. In another contribution for RAN1#86bis, a methodology for evaluating UE DoU power consumption has been proposed [2], and the evaluation methodology has been applied on several key DoU use cases [3]. The results show that UE spends considerable amount of power for PDCCH monitoring. In [3], several options have been proposed to minimize PDCCH monitoring power consumption. This contribution addresses another target for optimization: Discontinous Reception (DRX). The focus will be on connected mode DRX because based on DoU, idle mode DRX is a lesser contributor to overall UE power consumption.

UE Power Evaluation Based on DoU Use Cases
Key Use Cases in Typical DoU Profile
Three key use cases in a typical DoU profile have been identified to be (the specific applications used for analysis in parentheses if applicable):
· Video streaming (YouTube)
· Instant messaging (Google hangout)
· Web-browsing

They constitute the three of the top five applications in a typical DoU in terms of time spent, except voice call. Voice call is not selected for this analysis because it is relatively well optimized for 3G (circuit-switched) and 4G (VoLTE). It is expected that voice call will not become an issue for NR and the design tradeoffs are very well understood.
The LTE networks from which the field logs are obtained is configured with these CDRX parameters:
· CDRX cycle: 320 milliseconds
· On-duration: 10 milliseconds
· Inactivity timer: 200 milliseconds



Modem Power Model
Modem states for power modelling have been defined and discussed in detail in [2]. The methodology for power evaluation has also been explained in detail. Here is a recap of the modem power states that will be used for use case power breakdown:
	Modem Power States
	Description

	Active: PDCCH-only
(Inactivity timer activated and not expired)
	Assuming DRX is configured and UE is in connected mode, this state corresponds to the condition that UE’s inactivity timer has started and not expired. For the purpose of this analysis, the associated ON duration is also considered part of this state.  The UE is monitoring PDCCH by decoding within the search space every subframe (SF), but there is no grant. If the UE is capable of microsleep, it would go into brief sleep until the next subframe.

	Active: Data
(Inactivity timer activated and not expired)
	Assuming DRX is configured and UE is in connected mode, for which UE is active, similar to the above state, but UE gets a grant for data (PDSCH or PUSCH).

	CDRX
(ON-duration-only cycle)
	Assuming DRX is configured and UE is in connected mode, this state corresponds to UE going through a “grant-less” CDRX cycle (which includes ON duration followed by sleep duration). UE does not receive any grant during the ON duration, so its inactivity timer does not trigger.



The modem power states time weight distributions are illustrated.
	Youtube Time Weight

	Google Hangout Time Weight

	Web-browsing Time Weight




Baseline Results
Evaluation based on the DoU power methodology has been applied to the three use cases and the results have been presented in [3]. One of the main observations is that significant amount of power is consumed in the “Active: PDCCH-only” state. PDCCH optimization such as narrowband / subbanded control with cross-slot scheduling could significantly improve the use case DoU power consumption by benefiting both the “Active: PDCCH-only” state and “CDRX” state by large to small degree respectively. The following illustrates the impact to the Google Hangout use case if the power consumption for PDCCH-monitoring subframes can be reduced by 30%.
For applications with sporadic traffic pattern such as Google hangout, the inactivity timer setting of 200ms may not be optimal. Besides optimizing PDCCH-monitoring power consumption, another idea is to make use of the “DRX command” such that eNB can send UE back to DRX when the eNB has finished serving the data to the UE. This mechanism is already supported in LTE and could be carried forward to NR. By applying this, the contribution from the “Active: PDCCH-only” state to DoU has been significantly reduced. It becomes obvious that the next target for optimization would be CDRX state power consumption.
	Google Hangout: 28% reduction in use case power with PDCCH optimization [3]
[image: ]
	Additional 18% reduction with DRX command optimization to “speed up” return to DRX state[footnoteRef:2] [2:  A simplistic assumption is made: By definition, all activity bursts end with no grant for the final period equal to the inactivity timer duration. With DRX command, each activity burst can be shortened by at least a period equal to the inactivity timer duration.] 
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Baseline for CDRX optimization in next section.

	Note: Yellow represents Active state overhead which includes the power for transitioning between active state and sleep state.




CDRX with Wake-Up Signaling
For use cases with high percentage of power consumption contributed by the CDRX state, it is the next target for optimization. Generally, improving PDCCH also benefits CDRX state power consumption to some extent. Beyond that, new ideas to optimize the DRX design is needed to obtain more saving.
Overview
In this contribution, CDRX state refers to the DRX cycle for which no grant is received by the UE. (Those for which any grant is received are considered Active state.) It is apparent that for those CDRX cycles, the UE wakes up from deep sleep, spends the time and energy on ramp-up, monitors the PDCCH for ON duration, and finally ramps down and returns to sleep. In an alternate design, the eNB could provide a “wake-up” (WU) signal, or WUS, to the UE closely before the start of the ON duration. The WU signal indicates to the UE whether it should expect grant for the upcoming ON duration. If no grant should be expected, the UE can optionally go back to sleep and skip the ON duration. If the energy expended to receive the wake-up signal is substantially lower than the energy to get through the ON duration, power consumption for CDRX state can be reduced. Such a low power receiver is often referred to as a “wake-up receiver”.
It would be useful to view the power profile timeline for the baseline case and the new DRX scheme with wake-up signaling. 
Baseline

                
DRX with wake-up signaling (no grant)


UE Operational State Legend:



If the wake-up signal indicates a grant should be expected, the modem with high capabilities including support for data Rx/Tx can come online. The high capability modem is also expected to operate at higher power consumption relative to the wake-up receiver. In the illustration, the wake-up receiver allows the high capability modem to remain in sleep state while it is active (at very low power consumption) during the WUS duration.

DRX with wake-up signaling (grant expected)


Sources of Power Saving
It can be intuitively seen that the power saving comes from the combination of two sources (i) energy consumption disparity between reception during WUS and ON duration, and (ii) a significant percentage of ON-duration-only DRX cycles (represented as the “CDRX” state in this analysis). To further trace it down, the source of saving for (i) could be due to effectively an early termination of the ON duration (if WUS duration is viewed as part of the ON duration), and/or a real power disparity between reception during WUS and the ON duration. Gain from early termination of ON duration could be attained, even with an existing DRX scheme, by configuring the ON duration to the minimum (e.g. 1~2 SF) and relying on inactivity timer for active time extension if eNB issues a data grant or a “stay awake” grant in the downlink control channel. To achieve saving beyond what is achievable with an existing DRX scheme, there needs to be a real power disparity between the WUS duration and the minimum ON duration. More specifically, the energy needed to receive the wake-up signal should be substantially reduced from the energy needed for PDCCH and associated CRS reception and processing.
To this end, it is noted that the power for PDCCH and CRS processing is a function of the following baseband, architecture and RF processing. Design of the new wake-up signal can aim at reducing the impact of the following on power consumption: 
1) RF power 
a. Bandwidth and number of receive antennas 
2) [bookmark: _GoBack]Baseband processing  (scaled with number of tones, and Tx/Rx antenna ports) 
a. RxFFT, channel estimation, PDCCH demap and blind decoding. 
3) Infra-structure overhead 
a. The amount of memory needed for PDCCH decode (and being ready for the allocation) and the memory bandwidth requirements. This has a direct impact on power consumption. 
b. Infrastructure wake up penalty: a simpler hardware that is specialized in processing a specific channel can be very efficient compared to the main modem that requires considerable infrastructure for PDCCH/PDSCH or PUSCH data transmission  

From the above, baseband processing for a robust decode of PDCCH DCI is a fundamental contributor to modem power consumption. For example, a robust channel estimate for PDCCH would require a per Tx-Rx estimate of all reference signals plus the essential inter- and extrapolations. UE also needs accurate AGC, time/frequency tracking for PDCCH decode robustness. The complexity of these operations usually require processing to be done in the baseband modem with non-negligible timeline impact, which translates to higher energy consumption. Even if an indicator channel (e.g. similar to PCFICH / PHICH in LTE) is used instead of PDCCH, CRS processing still needs to be performed and this tends to be the long pole for timeline and energy reduction.
On the other hand, wake-up signalling carries very limited information (e.g. one or a few bits) for one or more UEs (is UE-specific or to a group of UEs). Therefore it can be designed with a non-coherent receiver at very low effective code rate, and not requiring very accurate time, frequency or channel estimate. It can also be designed to operate at a lower number of receive antenna ports. 
Observation 1: Reference signal processing is required for any coherent detection scheme and this is often the long pole for timeline and energy consumption reduction. Substantial energy consumption reduction could be feasible with non-coherent signal detection.
In another contribution, the design options and evaluation criteria for wake-up signaling are discussed. [4]
Proposal 1: Wake-up signalling based on non-coherent signal detection should be considered for DRX for 5G NR. This should be compared against other candidates based on coherent detection including PDCCH and indicator channel in terms of energy saving, performance, and robustness.

Power Modeling: Assumptions and Results
The amount of saving is directly related to the energy disparity between wake-up signal reception and PDCCH reception including CRS processing. Based on references for typical modem and RF chipset architectures and implementation, it is believed that an order of magnitude smaller energy consumption for wake-up signal reception is achievable. The chipset energy overhead for transitioning in and out of sleep state is also accounted for as part of the energy consumption.
	[image: ]
	Google Hangout
Left (1): Baseline
Right (2): DRX with =wake-up signaling
Contribution from CDRX state is substantially reduced, leading to 35% reducation of use case power consumption for this example.
Note: Yellow represents Active state overhead which includes the power for transitioning between active state and sleep state



The use case (Google Hangout) being studied is selected out of the top five contributors to DoU. The power saving achieved is not exclusive to this use case only but should be generally applicable to applications with sporadic traffic pattern. Moreover, if DRX cycle and inactivity timer values are set to be shorter, with the same level of sporadicity in the traffic the benefit of wake-up signalling should be further magnified due to higher frequency of “ON-duration-only DRX cycles” (i.e. no grant detected during ON duration). Another contribution in RAN2 explores the tradeoff between power saving and latency across a range of different DRX assumptions [5].

Observation 2: Substantial DoU power saving can be achieved with wake-up signaling, especially for use cases with high power consumption contributed by ON-duration-only DRX cycles.
Proposal 2: DRX with wake-up signaling should be considered as one of the design options and studied for 5G NR.

Conclusions
Here is the summary of the observations and proposals from the above discussion.
Observation 1: Reference signal processing is required for any coherent detection scheme and this is often the long pole for timeline and energy consumption reduction. Substantial energy consumption reduction could be feasible with non-coherent signal detection.
Proposal 1: Wake-up signalling based on non-coherent signal detection should be considered for DRX for 5G NR. This should be compared against other candidates based on coherent detection including PDCCH and indicator channel in terms of energy saving, performance, and robustness.
Observation 2: Substantial DoU power saving can be achieved with wake-up signaling, especially for use cases with high power consumption contributed by ON-duration-only DRX cycles.
Proposal 2: DRX with wake-up signaling should be considered as one of the design options and studied for 5G NR
.
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