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Typical EMBB Applications and “Days-of-Use”
UE power consumption has always been an area for improvement since the advent of smartphones. While the battery consumption of smartphone is not consumed only by the cellular modem, it is significant and it is often singled out for evaluation purposes. For NR, with much larger bandwidth and peak throughput, it is expected that modem power consumption will be an even greater factor influencing the user experience of mobile devices. It is important to consider power consumption from the beginning of NR design and specification process.
Mobile broadband (MBB) is one of the main categories of use cases for 4G systems. It is envisioned that despite NR will enable many other use cases, it is still expected to support MBB use cases in an enhanced manner. For 3GPP evolution, this important use case category is referred to as Enhanced Mobile Broadband (EMBB).
In order to investigate how to design and what to optimize for NR EMBB use cases, it is important to understand how MBB performs in terms of power consumption with the latest applications on the horizon. Beyond that, it would become easier to understand and make good judgement on the power consumption tradeoffs for other nascent use cases and requirements for NR.
UE power consumption can vary greatly depending on the state of the modem. For example, the modem draws the least power during sleep state, and it can draw maximum power during active, full bandwidth, peak throughput traffic scenarios. Moreover, different applications on the smartphone may result in different percentage of time spent across the modem states. Therefore, in order to have a representative and consistent methodology to evaluate UE power consumption, experts have defined the “days-of-use” (DoU) profile, which is the composition of different applications and the time spent throughout a day for a typical user of the device. Based on the “days-of-use” profile, power consumption evaluation can be done more representatively and the result is the average power consumption and/or battery life. The latter is often expressed also as “days-of-use”, literally meaning the number of days the battery can last.
In the following, a few key use cases in a typical DoU are singled out and analyzed further based on field traffic logs captured from two major commercial LTE networks. Post-processing is done on the logs to hypothetically evaluate the effect on average power consumption by adjusting the connected-mode DRX (C-DRX) parameters.

UE Power Analysis Based on DoU Use Cases
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

Next, modem power states will be explained and the distribution of the power states for each application will be analysed.

Modem Power State: Time and Power Distribution
Modem power consumption can vary greatly depending on the state of operation. Empirically five states are sufficient to characterize the variations and achieve accurate power modelling. 
	Modem Power States
	Description

	Idle
	This corresponds to the RRC idle mode for the UE. UE is typically in idle mode DRX and it wakes up every paging cycle to check for page, typically set to 1.28 seconds. Because the field logs are captured during RRC connected state, the idle power state is not applicable for analysis. Based on overall DoU analysis, typically idle mode contributes only to a few to within single-digit percent in terms of average power consumption. This does not include mobility procedure (neighbour cell measurement/search, cell reselection), but this is beyond the scope of this contribution.

	Active: PDCCH-only
(Inactivity timer activated and not expired)
	This corresponds to RRC connected mode, where UE is active (in other words, the inactivity timer is activated and counting down). The UE is decoding the PDCCH every subframe, but there is no grant. If the UE is capable of microsleep, it would go into brief sleep until the next subframe.
In the power model used in this contribution, a certain power level is assumed for this state.

	Active: Data
(Inactivity timer activated and not expired)
	This corresponds to RRC connected mode, where UE is active, similar to the above state, but UE gets a grant for data (PDSCH or PUSCH).
In the power model used in this contribution, a certain fixed power level is assumed for this state, regardless of the RB allocation and MCS. This is to simplify the analysis and to observe first order effects.

	CDRX
(ON-duration-only cycle)
	This corresponds to RRC connected mode, where UE has gone through a complete CDRX cycle (which includes ON duration followed by sleep duration). UE did not receive any grant, so its inactivity timer does not trigger. Note that during the ON duration, technically there are also PDCCH-only subframes, but those are classified only within CDRX state for easier modelling.
In the power model used in this contribution, a certain fixed power level is assumed for CDRX state, which is the average power for UE to go through a complete CDRX cycle including the ON duration.



While the actual power numbers used for power modelling are not disclosed, it is true that 
Power(Idle) < Power(CDRX) < Power(PDCCH-only) < Power(Data)
The modem power states time weight distributions are illustrated.
	
	

	
	



Even though the time spent in CDRX state is high, the impact to overall power contribution is diluted as the average power in CDRX state is low. (Note: CDRX state represents inactivity timer not activated, includes only ON duration and sleep power throughout the CDRX cycle.)
Next a hypothetical power model is assumed. The PDCCH-only state power level is assumed to be half of the data state for simplicity. The average power shown as approximate ratio to Google Hangout is shown.
	
	

	
	



The “Active: PDCCH-only” state dominates power consumption. A qualitative explanation is as follows. In order to keep CDRX average power low, the CDRX cycle is set to be fairly large (approximate 1/3 of a second). This has drawback on resulting in proportionally large average latency. Also, it is observed that certain traffic tends to arrive in bursts. In order to reduce the average latency, the inactivity timer is set to be large. This would significantly reduce the average latency by reducing the occurrences of traffic arriving when UE is asleep and getting delayed to the next ON duration. But by setting inactivity timer large, it causes the PDCCH-only state to be the primary power consumer.
Then the natural question is, whether this is merely a parameter optimization issue. Next section will show that power consumption varies according to different DRX parameter settings. Power can be further reduced by sacrificing latency performance, but this is contrary to the goal of NR to have low latency.
Observation 1: Legacy connected mode DRX design and typical parameter settings result in large percentage of power spent in the active state but decoding PDCCH only without any grant.
Proposal: Downlink control channel should be designed with low power consumption as one of the goals. This calls for study of ideas such as narrow bandwidth, low complexity, and efficient microsleep.

Considerations for Optimized DRX Design
Optimization over DRX Parameters
Generally, smaller inactivity timer setting lowers power consumption, at the expense of higher latency. Higher latency is associated with other issues, such as more buffering at the eNB, and it may not satisfy the requirements for certain applications. Another knob to improve latency is to shorten the DRX cycle. However, generally power consumption worsens as DRX cycle is shortened. 
It can be conceived that if latency cannot be sacrificed by too much, there is no straight-forward way to significantly lower power consumption by simply tuning the DRX parameters. It is expected that as inactivity timer is stepped down, the DRX cycle also needs to step down. The exact tradeoff to maintain the latency performance needs to be evaluated and is not the objective of this contribution.

Physical Channel Level Optimizations
As already pointed out, the physical downlink control channel should be designed such that efficient microsleep can be supported. Another idea is to make use of the “pre-wake-up” concept for DRX. Intuitively, when DRX cycle becomes shorter (as well as the inactivity timer also becoming shorter), the power consumption contribution from the wake-up for the ON duration becomes more significant. If the statistics for the traffic behaves such that most of these wake-ups are PDCCH-only, i.e. no grants, there would be benefit to use a separate receiver which operates at a lower power level, to detect for an indication during a “pre-wake-up” time, whether the UE should expect grants or not for the true wake-up opportunity (i.e. ON duration in current DRX nomenclature). If the indication shows no grant should be expected, the UE does not need to wake up the more power-hungry receiver, and immediately go back to sleep.
In order to facilitate very low pre-wake-up power overhead, special physical channel can be designed. Non-coherent detection may enable the use of extremely low power receivers. The detection performance, capacity of such signalling, multiplexing with other channels, and receiver options should be studied for NR.

[bookmark: _Ref378529477]Conclusions
Here is the summary of the proposed requirements from the above discussion.
[bookmark: _GoBack]Proposal: Downlink control channel should be designed with low power consumption as one of the goals. This calls for study in ideas such as narrow bandwidth, low complexity, and efficient microsleep.
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YouTube Time Weight

CDRX	Active: PDCCH-only	Active: Data	0.2658140056708076	0.54619260347183973	0.18799339085735267	

Google Hangout Time Weight

CDRX	Active: PDCCH-only	Active: Data	0.75460601550162454	0.24146412299649669	3.9298615018787094E-3	

Web-browsing Time Weight

CDRX	Active: PDCCH-only	Active: Data	0.41256397277993362	0.490962263089815	9.6473764130251397E-2	

YouTube (~3X)

CDRX	Active: PDCCH-only	Active: Data	2.2062562470677034	43.695408277747177	29.702955755461723	

Google Hangout (X)

CDRX	Active: PDCCH-only	Active: Data	6.2632299286634838	19.317129839719737	0.6209181172968361	

Web-browsing (~2X)

CDRX	Active: PDCCH-only	Active: Data	3.4242809740734494	39.276981047185203	15.242854732579721	
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