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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 the following agreements had been reached:
· Impact of UE DL reception energy consumption should be studied also considering the total power consumption mainly focusing on DoU
· e.g., UE decoding power consumption in the physical layer DL control blind decoding in lack of grant
· e.g., UE decoding power consumption in the slot with the data
· e.g., UE decoding power consumption in the data reception process
· e.g., UE decoding power consumption in the measurement
· e.g., UE decoding power consumption in the SS
· UE power reduction techniques also should be studied

 In this contribution, a methodology for evaluating UE DoU power consumption is proposed. The scope applies to the cellular modem (including RF and baseband functionalities) only as this is the part that is most relevant for 5G NR.
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 for NR.
In this contribution, the focus is on the methodology. Various modem power states will be discussed in detail, a simple power model for a typical modem will be presented, and expressions for calculating DoU power will be given. Finally, functionalities that are not captured in the power model will be discussed in the Appendix, as well as the merits/limitations of the approach.

UE Modem Power Model
High level definition and description of the modem power states used for power modeling has been presented in [1]. Modem power states could represent access states or operational states, or a combination thereof. Access states refer to the UE’s functional behavior from the network’s point of view. Operational states refer to the actual operation of the UE modem, which is more closely tied to the implementation. For example, the UE modem could be in sleep state, data reception state, PDCCH reception state, and so on. From the perspective of power modeling, operational states are more atomic, and generally an access state involves a combination of operational states. Another subtle distinction is that access states also defines the access latency of the UE, whereas operational states are more directly related to the power consumption of the UE.

Access States
	ACCESS STATES
	DESCRIPTION

	[bookmark: _GoBack]Idle
	This corresponds to the RRC idle mode for the UE. When UE is in idle mode DRX, it wakes up for periodic page decodes (accoding to a configured paging cycle, typically set to 1.28 seconds), performs RRM related tasks and if needed wakes up for the idle mode mobility procesedures (e.g. cell reselection). Based on the overall DoU analysis, idle mode typically contributes a few percents to the average UE power consumption. Therefore it is not considered as a significant contributor in this contribution.

	Active
	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). If a grant is decoded, it also performs respective processing for 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.



In [1], the Active state has been explicitly broken down into two operational states “Active: PDCCH-only” and “Active: Data”. In this contribution, the operational state breakdown will be shown in finer details, and it is best to illustrate from the UE modem timeline perspective.

Modem Operation
The modem operational states associated with the access state “CDRX” and “Active” are illustrated in the following timeline examples. The x-axis is time and y-axis is instantaneous power consumption. The representation is symbolic and is not intended to be to scale.
For the application use case power analysis in this contribution, the UE does not get into idle mode.

CDRX State
For the access state “CDRX”, the UE goes through a complete cycle of modem ramp-up (from sleep state), PDCCH-only (i.e., tries to decode PDCCH but no grant) for ON duration, modem ramp-down, and sleep until the next DRX cycle.
A simplified UE modem operation timeline is shown below for the CDRX state. In this illustration, two subframes of ON duration is assumed. Note that the timeline illustration ends with the ON duration from the next DRX cycle.


UE Operational State Legend:



Active State
For the access state “Active”, the UE ramps up from sleep state, decodes PDCCH and before the end of the ON duration, receives a grant and the corresponding PDSCH. This starts the inactivity timer, during which if another grant is received, the inactivity timer is restarted, until it finally expires. The inactivity timer is allowed to extend into the next DRX cycle and overlaps the ON duration. The extension could be indefinite depending on data arrival.
In this illustration, one DL grant is received during the 2nd subframe of the ON duration. For simplicity, it is assumed that inactivity timer is longer than retransmission timer, so the case of modem staying awake for HARQ retransmission can be neglected. The timeline illustration ends with the subsequent DRX cycle, where the UE goes through the ON duration without receiving any grants.


UE Operational State Legend:
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Modeling Parameters
Power / energy parameters for various modem operational states:
	Operational state
	Symbol
	Example parameter
	Description

	Active: PDCCH-only
	
	A power units
	The modem is decoding the PDCCH, but there is no grant.

	Active: Data
	
	B power units
e.g., B = 2A
	A certain fixed power level is assumed for this state, regardless of the RB allocation and MCS, and exactly how much data is received or transmitted. Also, Tx power is assumed to be close to 0dBm. A single power level is assumed for modeling bi-directional DL and UL transmissions. This is to simplify the analysis and to observe first order effects.
A more sophisticated characterization of this power state and refining into multiple sub-levels for more accurate power modelling may be FFS. For example, for uni-directional transmission, the power level could be further refined to be 7/8th of B for DL only, and 3/4th for UL only.

	Modem ramp-up
	
	C energy units
e.g., C ranges from 4A to 8A
(1 energy unit = product of power unit and SF of time)
	Energy overhead for the modem to ramp-up from sleep state to fully active (typically to get ready for ON duration). For convenience it can be defined to be the incremental energy on top of the integral of sleep power over ramp-up time.

	Modem ramp-down
	
	D energy units
e.g., D ranges from 2A to 4A
	Energy overhead for the modem to ramp-down back to sleep.

	Sleep
	
	E power units
e.g., E = 1% A
	



DRX parameters / settings:
: ON duration in number of SF. In the field, this is typically set to 10 SF.
: CDRX cycle in number of SF. In the field, this is typically set to 320 SF, which is long enough to support sleep within the CDRX cycle. For much shorter CDRX cycle, it may not be economical or even feasible to go to sleep within the CDRX cycle, and the condition is implementation dependent. The model and parameters would have to be adjusted for such scenario.
Although not explicitly needed for evaluation, the inactivity timer is typically set to 200 SF in the field.
Observation 1: A UE modem power model consisting of states, operation, and parameters need to be defined for DoU power evaluation.
Proposal 1: A UE modem power model based on this contribution should be adopted for DoU power consumption evaluation.

CDRX State Power Formulation
Average power for the state:

Because it is often the case that >>, the expression can be approximated as:


Active State Power Formulation
Average power for the state:

where  is the time (in units of SF) spent in the “Active: PDCCH-only” state, and  is the time (in units of SF) spent in the “Active: Data” state. The sum of these would be the total time spent in the Active state.
Note: There is a simplification for not accounting for the sleep power from end of the active state to the next CDRX cycle. Because active power is very large relative to sleep power, the effect is negligible.

Overall DoU Power Formulation
DoU use case power:

Equivalently, and to show clear breakdown of PDCCH-only and Data contribution to Active state power,

where


: Time spent in CDRX state (in units of SF)
This is only one of the ways to write the expression. Basically it is the time-weighted average of the contribution from all of the states: CDRX, Active: PDCCH-only, and Active: Data, plus some overhead for transitioning in-and-out of active state. The reason to encapsulate CDRX state power (i.e. not breaking out the power contribution from ON duration, transition, and sleep) is due to ease of calibration with real measurements (i.e. it is easy to put a UE in CDRX only mode without any traffic and measure the power).
Overall DoU power:
The overall DoU power can be computed as the time-weighted average of all DoU use case power, including standby (i.e. idle mode). The time weight is the percentage of time the UE spends running the use case (or application).

where .

DoU Use Case and Traffic Pattern
There is no existing DoU that is universally recognized and agreed upon across industry. However, many DoU use cases with time weight distribution are used in practice.
Proposal 2: A set of use cases which constitute the DoU for power evaluation should be defined.
In Section 2.3, a number of statistical parameters is needed: . Also,  which stands for the number of active state bursts. For overall DoU evaluation, time weights for use cases, , would be needed.
Traffic pattern from which statistics is obtained for power modelling and evaluation can be based on field log collection and/or simulation.
Proposal 3: A methodology for traffic pattern acquisition for selected DoU use cases should be defined.

Conclusions
Power consumption is one of the key design metrics for 5G NR. It is recommended that a power evaluation methodology based on DoU be adopted from the start of the standardization process, so that the design could be optimized across performance, latency, and power consumption.
Observation 1: A UE modem power model consisting of states, operation, and parameters need to be defined for DoU power evaluation.
Proposal 1: A UE modem power model based on this contribution should be adopted for DoU power consumption evaluation.
Proposal 2: A set of use cases which constitute the DoU for power evaluation should be defined.
Proposal 3: A methodology for traffic pattern acquisition for selected DoU use cases should be defined.
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Appendix
Simplifications and Limitations for Power Modeling
“Active: Data” state power level:
As discussed previously, in this contribution, only a single power level is assumed for the “Active: Data” state. If carrier aggregation is supported, the power consumption model can be enhanced to specify the power level based on how many carriers are activated. The prerequisite is also for the field logs to include carrier aggregation usage information. The model can also be enhanced with modelling of Tx power level and power consumption of the PA.
Effect of RRM (radio resource management):
For idle mode, the effect of power consumption for RRM in addition to idle mode page monitoring can be combined into a single average power number which gets time-weighted in DoU. Based on power measurement of a variety of commercial modems, neighbour cell search and measurement (intra and inter frequency) may only add a small multiple to the baseline idle mode (page monitoring only) power. However, given that idle mode power is typically only a few percent of the overall DoU, even if a small multiple is added, the impact is at most 2nd order effect.
For C-DRX, because the baseline CDRX average power is relatively high, the impact of additional RRM power is further “diluted” and is considered a 2nd order effect.
Typical DoU consists of very long period of stationary usage, so cell reselection and handoff is not expected to be a major factor. Moreover, for normal usage, UE should be working in nominal condition and extreme cases such as OOS (out of service) recovery does not need to be considered for DoU power evaluation.
LTE-based Power Model
Modem power evaluation is inherently implementation dependent. Constructing a power model based on the state-of-the-art commercial LTE modem today offers a solid baseline. While it is true that a futuristic 5G NR modem may perform differently than today’s LTE modem, it is expected that for the same applications that already exist today, LTE modem performance would drive the worst-case benchmark for users’ expectation for cellular modem. If power efficiency gain from expectant semi-conductor advance is normalized out, the issues uncovered by analyzing the power consumption of LTE modem today would likely be relevant for 5G NR and the lessons should be learned.
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