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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]. This contribution applies the evaluation methodology on several key DoU use cases and try to obtain some insight as to which aspect of the UE operation should be optimized. This is also relevant for 5G NR design as some of the optimization ideas may require air interface support. 

UE Power Evaluation Based on DoU Use Cases
[bookmark: _GoBack]Key Use Cases in Typical DoU Profile
The three key use cases in a typical DoU profile are (the specific applications used for analysis in parentheses if applicable):
· Video streaming (YouTube)
· Instant messaging (Google hangout)
· Web-browsing

They constitute the top three 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 in [2]. 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 decoding the PDCCH 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
	Youtube: ~3X power
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	Google Hangout: 1X power
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	Web-browsing: ~2X power
[image: ]
	Note: Yellow represents Active state overhead which includes the power for transitioning between active state and sleep state. It is small and can be generally neglected. The CDRX state sector does not show further breakdown and it encompasses ON duration, sleep, and transition power.



As discussed in [1], the “Active: PDCCH-only” state consumes majority of the power for each use cases. This is related to the long inactivity timer setting chosen by the network. However, if the setting is reduced, it can be expected that average latency would get worse, and to compensate for that, DRX cycle needs to be shortened which drives up CDRX state power. DRX performance tradeoff and parameter optimization is not a topic for RAN1, and it is unclear that optimizing DRX parameters alone would lead to dramatic improvement in power consumption while satisfying similar latency requirements. Next, PHY level solutions will be explored which could potentially offer gain in a more fundamental way.

Implications to Downlink Control Channel Design
PDCCH-only State
Since PDCCH-only power is dominant for all of the use cases analysed, it would be important to optimize PDCCH power consumption. For 5G NR, it is expected that the carrier bandwidth will likely grow, PDCCH-only power will likely scale more sensitively to the control channel bandwidth (due to RF bandwidth scaling), as compared to PDSCH reception. The rationale is that to send a given amount of data to UE, if the bandwidth is larger, the time it takes to complete the transfer would be shorter. Based on this qualitative argument, the PDCCH-only power consumption issue is expected to get worse if the same design of LTE is extended for 5G NR without any optimizations.
Narrowband / Subbanded Control and Cross-Slot Scheduling
If the RF bandwidth for PDCCH reception is reduced relative to the carrier bandwidth, PDCCH reception power can potentially be reduced. Given the high impact of PDCCH-only on DoU use case power consumption, any significant reduction would translate to very visible to overall DoU power saving.
To illustrate how narrowband/subbanded control channel and cross-slot scheduling may help with reducing power consumption of PDCCH, two power timelines will be shown. The first scheme is the baseline scheme same as LTE, and the second scheme is with narrowband/subbanded control and cross-slot scheduling. In the following illustrations, one DL grant is received during the 2nd subframe of the ON duration. The timeline illustration ends with the subsequent DRX cycle, where the UE goes through the ON duration without receiving any grants. The x-axis is time and y-axis is instantaneous power consumption, drawn with some consideration for the proportion but not exactly to scale.
Baseline

      
UE Operational State Legend:


With narrowband/subbanded control and cross-slot scheduling


The power saving mainly comes from the fact that when there is no grant, PDCCH Rx bandwidth can be kept narrow. When a grant is received, because it applies to the next slot, there is enough time for UE to reconfigure its Rx RF bandwidth to accommodate the data assignment, which could span a wider bandwidth within the carrier bandwidth.
Narrowband/subbanded control channel can be designed to be based on the concept of dividing the control region into multiple subbands. The control region may span the entire carrier bandwidth or a major portion of it. An intuitive recommendation is to keep the control subband bandwidth similar to LTE in terms of the number of tones, to keep RF and Rx front-end power consumption in line with LTE when the UE operates in this power optimized mode.
The following illustrates the impact to DoU power consumption if PDCCH-only power can be reduced by 30%.
	Youtube: 18% reduction in use case power
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	Google Hangout: 29% reduction in use case power
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	Web-browsing: 21% reduction in use case power
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	Note: Yellow represents Active state overhead which includes the power for transitioning between active state and sleep state.



Proposal 1: Downlink control channel design options should be evaluated with power consumption as one of the criteria, based on DoU methodology. One of the design goals should be low power consumption.
Proposal 2: Narrowband / subbanded control channel and cross-slot scheduling should be considered as one of the design options to achieve better power efficiency.

CDRX State
For use case 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. Beyond that, optimization has to be applied to the DRX design to obtain more saving.
DRX with Pre-Wake-Up Signaling
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. An alternate design would be to add a pre-wake-up duration before the ON duration, and the eNB could provide a “wake-up” signal to the UE during the pre-wake-up duration. The wake-up 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 after the pre-wake-up duration 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 pre-wake-up. To have a fair comparison, the ON duration for the baseline case has been reduced to the shortest time possible, which is a single subframe. If ON duration is longer than one subframe, it could potentially support serving the data that has just arrived within the ON duration – a performance advantage that comes at the price of higher power consumption.
Baseline

                
DRX with pre-wake-up (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 deep sleep while it is active (at very low power consumption) during the pre-wake-up duration.

DRX with pre-wake-up (grant expected)


Proposal 3: DRX with pre-wake-up duration should be considered as one of the design options and studied for 5G NR.

Conclusions
In this contribution, design options to achieve better power efficiency related to DL control channel operations have been discussed. The DoU power evaluation methodology proves to be an important tool to evaluate and quantify the power saving for different design options.
Here is the summary of the proposed requirements from the above discussion.
Proposal 1: Downlink control channel design options should be evaluated with power consumption as one of the criteria, based on DoU methodology. One of the design goals should be low power consumption.
Proposal 2: Narrowband / subbanded control channel and cross-slot scheduling should be considered as one of the design options to achieve better power efficiency.
Proposal 3: DRX with pre-wake-up duration should be considered as one of the design options and studied for 5G NR.
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