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Introduction
It is crucial to establish an evaluation methodology for UE power saving study, in order to have a basis for prioritizing what problems should be addressed and evaluating different proposals in a systematic way. In many cases, it is more important to first evaluate and quantitatively validate the potential gain for a proposal before delving into the design details.
In terms of the device class and the traffic types, the scope of the study item is to focus on EMBB (enhanced mobile broadband) and smartphones. This is also aligned to the current focus of NR specification.
For smartphones, DoU usage model is the most relevant to the user’s experience. Typically, a user takes the smartphone with him/her for the day, uses a number of applications, and expects a day (or slightly longer) of battery usage. The DoU usage model defines the types of applications and amount of usage for a typical user throughout a day. This gets mapped to low level modem operations at certain power level (i.e. “power states”), and the DoU profile allows us to derive the time duration for each of those power states. Then, the power consumption averaged over the day (a.k.a DoU power) can be calculated, and the impact of any power saving proposal can be evaluated as a percentage relative to the DoU average power; Equivalently, this is the percentage relative to the battery life (since battery capacity is fixed).
The benefit for DoU methodology is that it provides an overall system view on power consumption. Suppose one aspect of the modem operation is optimized and power consumption is reduced. The DoU average power would also reduce, and proportionally, the other contributors to DoU power would increase percentage-wise. This would magnify which next biggest contributor should be optimized. It prevents over-optimization of a single contributor because DoU analysis will show diminishing return.
Several applications that are representative of typical users’ usage are selected and recommended for inclusion in DoU modelling. The traffic models for such applications are provided. Time and average power analysis based on LTE field logs is included to give a sense of what the NR version would look like. It is expected that after the methodology, applications, traffic model, power model have been agreed in RAN1#94bis, similar analysis based on NR modelling can be done. The overall evaluation flow is also described.
On performance evaluation, whether link-level and/or system-level simulation are used should depend on the use cases. For example, the link-level simulation should be used only to evaluate new signal(s)/channel(s) if the new signal(s)/channel(s) are introduced for UE power savings. Furthermore, for system-level simualtions, different evaluation scenarios could be used for mobility management and beam management enhancements for UE power savings.

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 deep 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

	Idle mode DRX
(I-DRX)
	This corresponds to idle-mode DRX operation in the RRC_IDLE / RRC_INACTIVE states 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.

	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 slot unless configured otherwise. If a grant is decoded, it also performs respective processing for PDSCH or PUSCH.

	Connected mode DRX
(C-DRX)
	Assuming DRX is configured and UE is in connected mode, this state corresponds to UE going through a “grant-less” C-DRX 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.




Modem Operation
The modem operational states associated with the access state “CDRX” and “Active” are illustrated in the following timeline examples. I-DRX timeline is similar to C-DRX and is also shown in [10]. The x-axis is time and y-axis is instantaneous power consumption. The representation is symbolic and is not intended to be to scale.

CDRX State
For the access state “CDRX”, typically the UE goes through a complete cycle of modem ramp-up (from deep sleep), PDCCH-only (i.e., tries to decode PDCCH but no grant) for ON duration, modem ramp-down, and deep sleep until the next DRX cycle. In addition, the UE might need to measure SSB or CSI-RS for RRM, and run necessary loop operations such as ADC, FTL and TTL based on SSB and/or TRS before receiving PDCCH.
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 deep sleep, 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 slot 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:



UE Implementation Considerations
[bookmark: _Ref525846591]Sleep Modes
Sleep modes are not directly specified; Instead, it is a way for UE implementation to realize power saving due to certain features in the specification. For example, for DRX, it is a consequence of the specification that UE can implement sleep during some portion of the DRX cycle. The specification and/or the network does not mandate UE implementation to “go to sleep”. Having said this, usually it is very clear from the motivation of certain power saving features that facilitating UE sleep is the main objective.
In the following, we will give a short tutorial on UE implementation of “sleep”. Although it has no direct relationship to the specification, it is very important to understand the main characteristics of various sleep modes and the limitations/constraints when applying sleep modes.

Depth and overhead of sleep
In principle, to minimize power consumption, when a hardware module that consumes power is not currently being used, it should be turned off or at least put into low power state.
The reality is that there is latency for such hardware to transition into and out of low-power / off state. Therefore even if some hardware is not needed momentarily, it may not be always feasible to put it into sleep mode. Also, during the time hardware transitions into or out of sleep mode, power is also consumed and this can be referred to as the “overhead of sleep”. The number and extent of hardware blocks that can be put into sleep is proportional to the “depth of sleep”. Generally, the deeper the sleep (i.e. more hardware can be put to sleep), the lower the power, but the overhead can also be larger due to larger latency for transition into and out of sleep.
We can broadly categorize sleep applicable to the hardware modules in a UE modem as follows:
	Hardware subsystem
	Latency for OFFON
	Deep sleep
	Light sleep
	Microsleep

	XO
	Medium
	Off
	On
	On

	RF / front-end
	Low
	Off
	Off
	Off (partial)

	Baseband modem
	Medium
	Off
	On
	On

	Control processor
	High
	Low power
	Active
	Active

	DDR memory
	Very high
	Low power
(Self-refresh mode)
	Active
	Active



The difference between sleep for longer DRX and shorter DRX is subtle and highly implementation dependent. For example, to help reduce wake-up time, certain internal memories in the baseband modem can be in “retention mode” so the content is not lost. Also, some of the front-end blocks may be in partially off state. For power evaluation purpose, we recommend assuming deep sleep for longer DRX and assume light sleep for shorter DRX. The threshold for distinguishing between longer or shorter DRX can be based on the power model. Because of the transition overhead to get to/from deep sleep, for a short enough gap it would be more power efficient to go to light sleep instead.
Note that the “deep sleep” in this context is different from the “deep sleep” referred for LTE eDRX which is designed for MTC applications with much more relaxed latency requirement. 
[bookmark: _Toc525937579]Observation 1: “Deep sleep” and “light sleep” defined for Rel-16 UE power saving study item are different from the ones defined for LTE eMTC / NB-IOT due to very different requirements of NR EMBB applications vs LTE MTC/IOT type of applications.
In case after this discussion there is still a lot of confusion about deep sleep and light sleep between NR EMBB and MTC/IOT context, we recommend using the terms “long sleep” and “short sleep” for all future discussion in this study item.

During deep sleep, DDR memory goes into a low power mode called “self-refresh mode” that allows it to retain the memory content. The power level is typically at least a fraction of mA at battery voltage, and can be higher depending on the size of the DDR memory. In addition, the control processor which keeps track of the software stack and frame structure, etc, has to run in low power mode and also consumes some power; For the hardware that is in sleep mode, there is also leakage power. Therefore, overall deep sleep mode power has be to some margin above the DDR self-refresh power level.

Why can’t the DDR memory be completely turned off during sleep? If this is done, all the content would have to be reloaded from FLASH memory when UE modem returns from sleep state, and this typically takes a long time (can be tens of seconds depending on the software image size). This kind of latency may be acceptable for typical IOT/MTC applications which are latency insensitive. LTE MTC has support for e-DRX (with DRX cycle between 5.12 seconds and 43 minutes) and PSM with cycle in the range of hours, but these are not yet supported in NR.
[bookmark: _Toc525937580]Observation 2: DDR memory content has to be retented throughout the DRX cycles for NR EMBB applications, and the power consumption for retention puts a lower bound on the lowest deep sleep power level.

For NR Rel-15 and Rel-16 targeting EMBB applications, even during RRC_IDLE, there is certain latency requirement for reachability of the UE, that such latency to reload DDR is not acceptable. For UE targeting EMBB application, DRX cycle beyond several seconds is out of the scope, and deeper sleep mode than the above “deep sleep” will not be considered. Similarly, PSM mode of operation supporting hours of sleep is definitely be out of the scope.

For deep sleep, XO is shutdown to save power, but this means fine time/frequency synchronization is lost. When UE comes out of sleep mode, XO warm-up takes time and UE may have to reestablish fine time/frequency synchronization. In LTE, because of the presence of CRS, typically the time/freq reference drift for typical DRX cycle is small enough that the delta is still within its TTL/FTL’s pull-in range, so UE usually does not have to reacquire PSS/SSS. In NR, CRS is not present and UE would have to use SSB to obtain time/frequency resynchronization. Because the periodicity of SSB is not as dense as LTE’s CRS, this presents additional overhead for NR UEs.

In the table, high latency between off and on states usually means subframe-level or multiple-subframe-level latency. Low latency means roughly the time scale of a symbol to fraction of a symbol. Generally, RF and front-end blocks can turn off and on very quickly and the latency overhead is small. This is the main component of power saving for microsleep (during the data symbols within a slot) and light sleep (similar to microsleep but applies to time gap which is not long enough for using deep sleep).


[bookmark: _Ref462955438]Modem Power Formulations
[bookmark: _Ref525637346]High Level Considerations for Modeling
Parameter selection
UE power consumption is a function of many parameters. If all the parameters that affect power consumption are modelled, we may end up with an overly complicated power model which is intractable. Also, the impact of the parameters could be highly implementation dependent and not straight forward to model accurately. Therefore, we recommend the following guideline for determining whether a parameter should be included in the baseline power model.
· FR1 vs FR2: The same power states can be used but the power consumption numbers can be different
· Recommended reference carrier frequencies: 4 GHz for FR1, 30 GHz for FR2
· Component carrier BW: 100MHz for FR1 and FR2
· SCS: For the purpose of characterizing general power saving tradeoffs, it should be sufficient to select one reference SCS for FR1 and another one for FR2 for modelling
· Recommended reference SCS: 30kHz for FR1, 120kHz for FR2
· Comparison to LTE should not be a requirement for NR UE power study
· It would be very difficult to calibrate the power models for NR and LTE
· Comparison can be done on per-need basis if it is important to highlight certain problem areas with NR with respect to LTE
· Time-allocation and frequency-allocation for data within a slot, MCS: Empirically these factors do not have major impact on power consumption. For simplicity, only one type of time-allocation and one type of frequency-allocation (i.e. max RBs) and peak MCS is assumed for modelling
· Realistic statistics can still be applied to data scheduling if it is modeled, just that the worst case power is assumed for each scheduled slot.
· BWP adaptation: The power difference resulting from BWP adaptation is more prominent (compared to frequency-allocation and MCS alone). Dynamic switching is assumed to be supported.
· For FR1, two BWP configurations:
1. Small BWP (~20MHz BW): Enough for control channel monitoring and small data transfer
2. Full BWP (100MHz BW): For heavy data transfer
· For FR2, only full BWP is assumed (100MHz BW)
· Number of antennas
· FR1: Baseline is 4 Rx antennas; For some cases, power states for reduced number of Rx antennas should be provided
· FR2: Baseline is 2 Rx antenna ports per panel, 2 panels
· Number of MIMO layers for PDSCH
· FR1: Baseline is 4 layer
· FR2: Baseline is 2 layer
· Channel conditions: UE power consumption for poor channel conditions (e.g. low geometry) is highly implementation dependent. For simplicity, follow the same treatment as frequency-allocation / MCS, i.e. assume worst case power due to peak MCS and full allocation. Realistic statistics can still be applied for data scheduling, including effect of HARQ.
· Tx power level: For FR1, 0dBm and TBD another level; TBD for FR2

Approach to UE power modelling
A “model” is inherently an abstraction of real implementation. A model only has to be sophisticated enough to be effective at evaluating the scenarios of interest. A model that is overly complicated may not be any better in characterizing the tradeoffs but it may make it more difficult to obtain insights from the modelling.
For UE power consumption evaluation involving DRX, because the disparity between sleep mode power and active mode power is usually very large (e.g. 100 times difference), it would be most important to model sleep vs active timeline and the associated transitions accurately, but the granularity for tiering of active mode power consumption would make less impact.
Therefore we propose the following approach:
· Baseline power model captures basic active vs sleep states dynamics for DRX
· Slot-based timeline granularity is sufficient
· Limited tiers for active mode and sleep mode
· Evaluation of proposals for study, such as reduced number of PDCCH candidates, reduced number of antennas, can be evaluated based on either specialized power models and/or extensions to the baseline model.

[bookmark: _Toc525937583]Proposal 1: Discuss and adopt the parameter selection guidelines and UE power modeling approach recommended in Section 2.4.1.

[bookmark: _Ref525937421]Modeling Parameters
In [1], a power model was proposed during the Study Item phase for NR two years ago. The original operational states and power relationships are used to populate the following table. A few new states are added and marked with (*). It is assumed that the table is applicable to FR1. FR2 requires further discussion.
Baseline model
Table 1: Baseline power parameters for modem active states
	Active states
	Symbol
	Per-slot average
	Description

	[bookmark: OLE_LINK1]PDCCH-only
	
	X power units
	The modem is decoding the PDCCH, but there is no grant. Same slot scheduling is assumed.
1-symbol control, 2 CORESETs, max CCE is assumed.
TRS/CSI/SSB power is assumed to be the same.

	[bookmark: OLE_LINK3]PDSCH (full BWP)*
	
	4*X power units
	A certain fixed power level is assumed for this state, regardless of the RB allocation and MCS, and exactly how much data is received. 1-symbol PUCCH transmission is included.
BWP with full carrier bandwidth covering 100MHz is assumed.

	[bookmark: OLE_LINK4]PDSCH (narrow BWP)
	
	2*X power units
	Same as above but narrow BWP (covering 20MHz) is assumed.

	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]PUSCH*
	
	3*X power units
	For the slot containing single-layer PUSCH transmission.

	TRS/CSI/SSB processing*
	
	Same as PDCCH-only
	For SSB, 2 SSB per slot is assumed.



Table 2: Baseline power / energy parameters for modem sleep / transition states
	Sleep / transition states
	Symbol
	Per-slot average
	Description

	Deep sleep
	
	1% of X
	This is the lowest power level for the UE modem, expected to be used for idle mode DRX and C-DRX with relatively long cycles.
See Section 2.3.1 for discussion of sleep modes.

	Light sleep*
	
	X / 3
	This sleep mode is for short gaps in between active states. For example, during BWP transition.
This is also used when C-DRX cycle is so short such that it costs more power to go into deep sleep.
Negligible overhead for transition to/from this state.
See Section 2.3.1 for discussion of sleep modes.

	Deep sleep transitions
	
	Y energy units per “round-trip”
e.g., Y = 6*X
(1 energy unit = product of power unit and 1 msec)
	Energy overhead for the modem to perform a round-trip of ramping-up from deep sleep to fully active (typically to get ready for ON duration), and ramping-down back to deep sleep. For convenience it can be defined to be the incremental energy on top of the integral of deep sleep power over ramp-up/down time.



[bookmark: _Toc525937584]Proposal 2: Consider the power modeling parameters described in Section 2.4.2

Model extension for new proposal evaluation
The baseline model can be extended by incorporating additional states for evaluating new proposals. For example, a new proposal may reduce PDCCH-only state power with some tradeoff (e.g. higher k0 delay). A new state can be created and added to the model to evaluate the potential power saving.
Additional states can be incorporated to model the effect of carrier aggregation. Additional states can be incorporated to model the effect of reduced number of antenna operation. (See discussion in [9])

[bookmark: _Ref525937464]CDRX State Power Formulation
It should be reminded that the CDRX state corresponds to “empty” C-DRX cycles. The C-DRX cycles in which a UE receives scheduling grant is considered as in active state.
Average power for the state:

where : Power for measuring SSBs (e.g., upto 8 SSBs for FR1 and 64 SSBs for FR2)
 is the time duration in the number of slots where SSB is measured.
: ON duration in number of slots.
: CDRX cycle in number of slots. If the cycle is long enough, deep sleep can be supported within the CDRX cycle. For very short CDRX cycle, it may not be economical power-wise to go to deep sleep, and light sleep should be used instead.
 is the energy for running AGC and operating tracking loops (FTL/TTL)
: Energy for overhead operation such as ramp-up, ramp-down and light sleep.

Note: Above definition of C-DRX power assumes it is an “adder” on top of deep-sleep power (i.e. minimum chipset power).
The C-DRX state is singled out and modelled as a separate state from the active state, because it is a distinctive enough mode of operation for an UE. The power vs latency tradeoff for C-DRX state is an important consideration for DRX design.

Active State Power Formulation
For an UE operating with C-DRX, besides being in empty C-DRX cycles, the UE would be in active state for the rest of the time. It would be useful to break-down into “bursts” of active state. Each active state burst is defined as the UE waking up from deep sleep for ON duration, data gets served to the UE and keeps the inactivity timer from expiring, until the timer eventually expires and the UE returns to deep sleep.
During an active state burst, the UE may exercise through different power states, associated with different number of slots spent in each state. The energy expended for each active state burst is simply the summation of the power-time products across all exercised states. The total energy expended for overall active state is simply the summation of the energy across all active state bursts. The average power for overall active state can be calculated by dividin the total energy by the overall time duration spent in active state.
The energy for active state burst i, across all states (each denoted as k),

where Pk is the power for state k, and Tk,i is the time duration in state k during active state burst i.
The average power for overall active state can be expressed as:

Where Tactive is defined as:

Note: Above definition of active state power also assumes it is an “adder” on top of deep-sleep power.


[bookmark: _Ref525937478]Overall DoU Power Formulation
Average use case power:

where

: Time spent in CDRX state (in units of slots)
Essentially, the 1st term is the contribution from C-DRX state, the 2nd term is the contribution from active state, and third term is the contribution from deep sleep state. Idle mode DRX contribution can be added in a similar manner if it is present.
As discussed, the reason to treat CDRX state power separately from active state power is due to its distinctive nature, and also 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. The time weight is the percentage of time the UE spends running the use case (or application).

where .
[bookmark: _Toc525937585]Proposal 3: Consider the power formulations described in Section 2.4.3 to 2.4.5.
Typical EMBB Applications and “Days-of-Use”
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.
MBB (mobile broadband) use cases on 4G smartphones and networks are mature and very well understood. 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). To characterize EMBB usage, it is important to understand how MBB performs in terms of time usage and power consumption.
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. 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 several major commercial LTE networks. 

[bookmark: _Ref525638088]Key Use Cases in Typical DoU Profile
As discussed, the DoU model should have a recommended list of applications, but in the end, only a few representative applications would be studied. It is reasonable to simply the model to running only the top few applications that either consume the most time duration, or consume the most power (relative to DoU power). 
The following are some key use cases in a typical DoU profile (the specific applications used for analysis in parentheses if applicable):
· Web-browsing
· Video streaming (YouTube)
· Instant messaging (Google hangout)
· Background app sync

They constitute not only among four of the top applications in a typical DoU in terms of time spent, but also most distinctively represent different kinds of traffic type. For example, video streaming is fairly regular and bursty. Instant messaging traffic tends to be sporadic. Web-browsing is also representative of the traffic pattern for many other apps (e.g. Google map). Background app sync is important because it takes up the most time (~60%) and RRC_IDLE/INACTIVE is the predominant mode for this use case.
Based on profiling, the following approximate time weights can be considered as constituent for typical DoU:
	Application
	DoU time weight

	Web browsing
	20%

	Video streaming (e.g. YouTube)
	10%

	Instant messaging (e.g. Google hangout)
	10%

	Background app sync (smartphone in standby)
	60%



Voice call is not considered as one of the key use cases because it is relatively well optimized for 3G (circuit-switched) and 4G (VoLTE). It is expected that power consumption for voice call will not become an issue for NR with the support of BWP (for narrowband operation) and SPS. However, if voice should be included, it is recommended to give not more than 8% time weight (~2 hours of talking).
Each application would be associated with a unique traffic pattern, which can often be modelled analytically.
In many cases, evaluation of the deterministic or asymptotic cases (e.g. wake-up signalling achieves maximum saving when the scheduling rate is zero) can offer useful insights and can be convincing enough.
[bookmark: _Toc525937586]Proposal 4: Discuss and adopt the applications and respective traffic models recommended in Section 3.1 for UE power saving proposal evaluation.

Web Browsing
Traffic model
For web browsing traffic modelling, the user behaviour is usually modelled to request several web pages with different inter-arrival time for user reading the web page. A user requested web page (i.e. a web session) will be downloaded from the web server and be viewed by the users. After finishing the downloading process of one web session, a session inter-arrival period takes place while the user is viewing the content of the web page. 
A typical web page usually consists of a Hypertext document with links to other objects that make up the whole web page. A web page consists of a main object, which defines the basic structure of the web page and contains the links to inline objects. Inline objects can be images, scripts, flash, etc. For simplicity, we use the general objects for both main object and inline objects.

[image: ]
Figure 1 Web Browsing traffic model
According to the [4], we have derived four parameters for web browsing modeling. 
· The session inter-arrival time is used for the gap between each downloaded web session according to user request. The distribution of viewing time is fitted by Weibull distribution [4][5].
· The number of objects per session is modeled with Gamma distribution [5] . 
· For the objects within one session, the size of each object can be expressed with the Weibull distribution. While the object inter-arrival time between two objects matches the Gamma discussion [5].

Table 3 Web Browsing traffic modeling parameters
	Model Parameters
	Description
	Distribution

	Session inter-arrival time
	Gaps between sessions (User reading time)
	Weibull

	Number of Objects per session
	Number of object per session
	Gamma

	Object inter-arrival time
	Delay between the arrival of two objects
	Gamma

	Object size
	Size of each object
	Weibull



Example time and power breakdown per state based on LTE field logs
	
	



Although above time and power breakdown per state is based on LTE field logs, the general trend should hold for NR. Once the traffic model is agreed, the time breakdown per state can be generated based on the traffic model. If the power model is also agreed, the average DoU power and power breakdown per state can be computed for the application.
For web-browsing application, PDCCH-only state is the highest contributor to DoU power. Data transfer (PDSCH/PUSCH) is the next most significant contributor. 

Video Streaming
Traffic model
The typical video streaming traffic (i.e. YouTube) modelling is described with two phases, an initial burst phase followed by a throttling phase [6]. In the initial phase, the video streaming progressive download commences by transferring an initial burst of data with several seconds. The objective of initial burst phase can be observed as a progressive maximum speed downloading to inject a significant amount of data in the user’s buffer in order to reduce the initial paying delay and to improve the user experience.
Due to the user receiver memory constraints, the user may suffer from download throttling after the initial burst data period. In the throttling phase, the video server throttles down the traffic generation rate according a throttling factor, thereby avoiding transferring the data at the maximum bandwidth. Basically, during the throttling phase, the traffic is generated in chunks of a specific size. The pattern of reception of data alternates between the reception of data chunks and short periods without packets. 
The throttling phase can prevent congestion both at the video transmitter size and receiver side because the data transfer is not performed at the network maximum available bandwidth.
Since the intial phase of video streaming more looks like the full buffer traffic, we propose to only model throttling phase for video streaming traffic in power saving time.
[image: ]
Figure 2 Initial burst phase and throttling phase in video streaming traffic modeling [7]
The typical modelling parameters can be expressed as initial burst size, throttled data rate and chunk size. 
· The initial burst size is calculated by the initial burst period multiply by video encoding rate.
· Usually the throttling factor sets to 2 (i.e. YouTube)[6], and the throttled data rate is calculated as video encoding rate multiply by the throttling factor.
· The inter-arrival time between two chunks can be gotten from chunk size divide by throttled data rate.

Example time and power breakdown per state based on LTE field logs
	
	



For video streaming application, data transfer (PDSCH/PUSCH) is the highest contributor, using approximately half of the DoU power.

Instant Messaging
Traffic model
The instant messaging traffic modelling is introduced as several instant messages arrival to one user with inter-arrival time between two messages. Typically, the size of the instant message is determined by the Pareto distribution. The inter-arrival time between two messages is modelled as the Lognormal distribution. 
For simplicity, the inter-arrival time also can be modelled as fixed value. And, the instant messaging traffic modelling can be recognized as a parameterized FTP traffic model which is introduced in the Appendix.

Example time and power breakdown per state based on LTE field logs
	
	



For instant messaging application, PDCCH-only state is the highest contributor to DoU power. C-DRX (empty cycles) is the next most significant contributor.

[bookmark: _Ref525861120]Background App Sync
Traffic model
The background and sync traffic are quite similar with the Instant messaging traffic model, the only difference is longer inter-arrival time between each sync can be expected in background and sync traffic modelling.

Example time and power breakdown per state based on LTE field logs
	
	



Background app sync is an application that the user does not “consciously” use. It is used when the user leaves his/her phone unattended, during which the UE spends majority of the time in idle mode, but regularly establishes RRC connection with the network because the apps need to communicate with the servers.
Although I-DRX takes majority of the time, in terms of power contribution, it is roughly only half. The other half is contributed by active states when the apps running in the background causes the UE to establishe RRC connections for data exchange with the servers intermittently (on average one connection every few minutes).
[bookmark: _Toc525937581]Observation 3: When a smartphone is in standby (i.e. no user interactions but the apps are running in the background and intermittently perform small data sync with the servers), approximately half of the power consumption is due to intermittent RRC connections.
The remaining half of the power is contributed by three main I-DRX activities: (i) deep sleep, (ii) the overhead of being active and performing page detection, (iii) the extra power consumption for neighbor cell search and measurements. About 18% power is consumed by the overhead of waking up and performing page detection. About 12% power is consumed for neighbor cell search and measurements. In this example LTE field test, there are 2 intra-frequency neighbors and 1 inter-frequency neighbor. S_serv is below S_intra and S_non_intra.
[bookmark: _Toc525937582]Observation 4: To extend smartphone standby time, it is important to consider optimizations for intermittent RRC connections.
Further analysis shows that typically, for the power associated with intermittent RRC connections, roughly a quarter of the time is spent in establishing RRC connections. This signaling overhead can be reduced if UE camps on RRC_INACTIVE mode instead of RRC_IDLE mode.

Overall DoU Power
The average power for each application can be computed, which when multipled by the time-weight, becomes the DoU power contribution for the application. The summation of DoU power contribution across the applications produces the overall DoU power for the UE. If the battery capacity allotted for modem operation is known, the overall DoU power can be directly translated to the battery life.
Below, the overall DoU power and its composition based on the same example on LTE field logs is shown.
	
	



Finally, the distinction between modem DoU power vs smartphone DoU power should be clarified. The latter includes other parts of the smartphone, for example, the display, application processor, GPU, etc, whereas the former includes just the cellular modem and associated chipsets. When we talk about DoU power in the context of this contribution, the context is always the modem DoU.
DoU power can directly translate to battery life if the battery budget is known. For example, in the example, DoU power is 13mA. If the battery budget for the modem is 400mAHr (the rest of the capacity budgeted for other components of the smartphone), this means about 30 hours of operation is the target.

[bookmark: _Ref525937528]Overall Evaluation Flow
This figure shows the basic power model evaluation flow for each application. For each application, the traffic model will generate the traffic trace with timeline. Then, the scheduler will convert the traffic trace to allocate the physical layer resource, i.e. PDCCH, PDSCH, etc. to target UE according to several parameters constrains, i.e. C-DRX parameters. The scheduler would generate the scheduling traces and feed them into the power model module, and also export such as the network resource usage statistics. The scheduler can be a very simple one for very simple analysis involving single user and very good channel condition. If multi-user scheduling effect needs to be taken into account, system level simulator input may be used. If realistic channel condition needs to be modelled, link level simulation input can be used.
The power model is the core module in the evaluation flow, and it will generate several different statistics for each power state, such as, power statistics per state, time usage per state, and state transition statistics. Finally, the updated average power for this application could be calculated and collected. 
In principle, the new algorithm for power saving will directly optimize the power model module or affect the power parameter constrains. The evaluation can be re-run to acquire the updated average power with new algorithm for different applications.



Figure 3 Power model evaluation flow
[bookmark: _Toc525937587]Proposal 5: Discuss and adopt the power model evaluation flow described in Section 3.3

Performance Evaluation
Link-Level Simulation
From our perspectives, the link-level simulation should only be used to evaluate performance of new physical signal(s)/channel(s) if introduced. Table 4 provides our recommendation for link-level simulation parameters. For link budget/MCL evaluation, other parameters e.g., UE noise figure and total transmit power per TRP should follow guidelines for evaluation of radio interface technologies for IMT-2020 [3].
[bookmark: _Ref525312120][bookmark: _Hlk525315021]Table 4: Link-level simulation parameters
	Parameters
	FR1
	FR2

	Carrier frequency (GHz)
	4
	30

	Sub-carrier spacing (kHz)
	30
	120

	Channel model
	CDL-C
	CDL-C (NLOS)/CDL-E (LOS)

	Delay Scaling (ns)
	100
	100

	UE speed (km/h)
	3, 120
	3

	Antenna Configuration at BS
	(1,1,2) with omni-directional antenna element
	(M,N,P) = (32,8,2) with directional antenna element [3]

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(M,N,P) = (4,4,2) with directional antenna element [3], 2 panels



Proposal 3: Use Table 4 for link-level simulation parameters.

System Level Simulation
ITU has guidelines for evaluation of radio interface technologies for IMT-2020 [3]. From our perspectives, such guidelines should be the starting point for system-level simulation. There are 5 evaluation scenarios in IMT-2020: Indoor Hotspot-eMBB, Dense Urban-eMBB, Rural-eMBB, Urban Macro-mMTC and Urban Macro-URLLC. For studying UE power savings, it might be reasonable to limit the evaluation scenarios to eMBB deployments only. Furthermore, the choice of evaluation scenario should depend on use cases. For example, for RRM measurement enhancements, it would be more suitable to use Dense Urban-eMBB. Lastly, IMT-2020 has 3 different carrier frequency cases for eMBB (4GHz, 30GHz and 70GHz). Hence, we should limit the evaluation to 4GHz for FR1 and 30GHz for FR2 only.
[bookmark: _Hlk525315032]Proposal 4: For system-level simulation, 
· Use IMT-2020 Dense Urban-eMBB in evaluating RRM measurement enhancements
· Use IMT-2020 Indoor Hotspot-eMBB and IMT-2020 Dense Urban-eMBB in evaluating beam magement enhancements.
· Use carrier frequency of 4GHz for FR1 and 30GHz for FR2.
[bookmark: _Ref525937574]DRX Scenarios
Connected Mode DRX
Two scenarios:
(1) DRX cycle 320msec, inactivity timer 100msec
a. mmW On duration: 4 msec
b. sub6 On duration: 8 msec
(2) DRX cycle 40msec, inactivity timer [25] msec
a. mmW On duration: [1] msec 
b. sub6 On duration: 2 msec

Idle Mode DRX
One scenario:
· DRX cycle 1.28 sec
· Group paging rate (for a PO): 10%
· P-RNTI is detected but PDSCH decoding results in no match
· Statistics for the matching case should be based on application use case
[bookmark: _Toc525937588]Proposal 6: Consider the DRX scenarios described in Section 5 for power evaluation

Conclusion
Observation 1: “Deep sleep” and “light sleep” defined for Rel-16 UE power saving study item are different from the ones defined for LTE eMTC / NB-IOT due to very different requirements of NR EMBB applications vs LTE MTC/IOT type of applications.
Observation 2: DDR memory content has to be retented throughout the DRX cycles for NR EMBB applications, and the power consumption for retention puts a lower bound on the lowest deep sleep power level.
Observation 3: When a smartphone is in standby (i.e. no user interactions but the apps are running in the background and intermittently perform small data sync with the servers), approximately half of the power consumption is due to intermittent RRC connections.
Observation 4: To extend smartphone standby time, it is important to consider optimizations for intermittent RRC connections.

Proposal 1: Discuss and adopt the parameter selection guidelines and UE power modeling approach recommended in Section 2.4.1.
Proposal 2: Consider the power modeling parameters described in Section 2.4.2
Proposal 3: Consider the power formulations described in Section 2.4.3 to 2.4.5.
Proposal 4: Discuss and adopt the applications and respective traffic models recommended in Section 3.1 for UE power saving proposal evaluation.
Proposal 5: Discuss and adopt the power model evaluation flow described in Section 3.3
Proposal 6: Consider the DRX scenarios described in Section 5 for power evaluation
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Appendix
FTP Traffic
The FTP traffic modelling is introduced according to the [8] with FTP model 3. The basic FTP traffic modelling is a sequence of file transferring separated by inter-arrival times between two FTP files.
The downloading FTP file size is modelled as fixed size, and the inter-arrival time fits the Poisson process as the following table.  
Table 5 FTP Traffic modelling parameters
	Model Parameters
	Distribution and Value

	File Size, S
	0.5 Mbytes

	Inter-arrival time between two files, D
	Exponential Distribution, Mean= 5 seconds

PDF: , λ = 0.2

	Number of users, K
	Fixed



Web browsing (Time)

Time %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.3856669059357955	6.2527834684243347E-2	2.5411429379803938E-2	0.52639383000015716	

Web browsing (Power)

DoU %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.58084731794923561	0.22322309154578385	0.13442800175321798	6.1501588751762683E-2	

Video Streaming (Time)

Time %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.19110384230516791	0.1700255005971659	6.1895436791874238E-2	0.57697522030579196	

Video Streaming (Power)

DoU %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.22179752509703318	0.47149663140934894	0.25434200082021352	5.2363842673404506E-2	

Instant Messaging (Time)

Time %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.12458637040743228	1.1627113633003948E-2	1.1371260276776477E-5	0.86377514469928707	

Instant Messaging (Power)

DoU %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	0.55005812208843297	0.13107332123306231	1.8995289051779645E-4	0.31867860378798696	

Background App Sync (Time)

Time %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX	2.4402982360981549E-3	8.9758314298221827E-4	1.0624027258272713E-4	0.13153457190439349	0.84523289263399926	

Background App Sync (Power)

DoU %	PDCCH-only	1CA PDSCH/PUSCH	2CA PDSCH/PUSCH	C-DRX	I-DRX: Sleep	I-DRX: Active + Paging	I-DRX: Meas + Search	0.28612095116668584	8.3403855545549757E-2	5.3805579963929354E-3	0.14712719416266765	0.18383363120334759	0.18383363120334759	0.1103001787220086	


DoU Time weight	
Web browsing	Video streaming	Instant messaging	Background app sync	0.2	0.1	0.1	0.6	

DoU power (13 mA)

DoU power	
Web browsing	Video streaming	Instant messaging	Background app sync	6.1625002750721736	3.9666890110717783	0.97577637279539697	1.9310819929004106	
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