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Introduction
NR has the capacity to deliver data to users for a lower energy per bit than any previous generation of mobile device, but this does not automatically mean that NR UEs will be less power-hungry than their predecessors. UE power consumption is determined by a combination of user application scenarios, network data traffic patterns and cell configuration, and a sub-optimal configuration may result in NR power consumption that is worse than it would be for an LTE UE in a similar scenario.
To assist discussion in the forthcoming study item on NR UE power saving [1], it will be helpful to reach consensus on a power model that can be used to quantify the relative benefits of different power saving proposals. The flexibility present in the NR configuration parameters makes this a challenging task – power states in the model must be easy to simulate and measure for evaluation, but the model should also exhibit representative behaviour across changes such as BWP configuration, MIMO settings, wakeup signalling and same slot/cross-slot scheduling, DRX parameters, FDD/TDD and carrier aggregation.
Earlier power modelling discussions [2],[3] have presented a simple set of power states, each with an assumed power level and time quota, to compare power consumption in a small number of different scenarios. The model described here retains a set of power states, but power consumption in each state is dependent on network configuration. This means that the model can be used to evaluate the effect of different configurations on UE power consumption.

Discussion
Power states
For the purpose of modelling, the UE is assumed to spend each instant of time in one or multiple of the power states that are described below. By mapping the time spent in each state, it is possible to calculate the daily energy consumption for a given pattern of activity.
Deep sleep
In the deep sleep state, basic timekeeping is maintained using a low frequency clock to reduce power consumption, and most other functions are disabled. Exit from deep sleep is normally triggered by a wakeup timer or other interrupt, and requires some time (of the order of a few milliseconds) for reactivation and reconfiguration, so that it is not possible to enter deep sleep for very short periods of time. The energy cost of waking from and returning to deep sleep can be a significant proportion of the total wakeup cost when the wakeup duration is short.
This state is important for power saving in idle mode and also when permitted by the DRX cycle configuration.
Light sleep
In the light sleep state most processing resources in the modem are in low power standby mode, but higher speed system clocks remain active so that reactivation time can be reduced. Exit from light sleep is normally triggered by an interrupt, and is usually significantly faster than from deep sleep. The short transitions mean that the energy cost of leaving and entering light sleep much lower than it is for deep sleep, and it can usually be neglected.
This state is important when the paging or DRX cycle is too short to allow deep sleep, and also for microsleep, for example in between PDCCH monitoring occasions when there is no active data
Power states in idle and inactive mode
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[bookmark: _Ref520366145]Figure 1 - Power vs time for an LTE paging wakeup
In the RRC-IDLE or RRC-INACTIVE state the UE spends most of its time in deep sleep, but has to wake periodically to monitor paging occasions and perform housekeeping activities. Figure 1 shows a typical power profile for an LTE paging wakeup, illustrating that the wakeup energy (represented by the area under the curve) is made up of a number of components. The wakeup  would be similar in an NSA deployment, but it is useful to consider what NR idle mode wakeups would look like in a standalone deployment.
At the start of the wakeup period there is a ramp-up energy to configure and prepare the modem to receive or transmit data, and at the end of the wakeup there is a ramp-down energy required to save essential context data before returning to the sleep state. These components are largely independent of the number of carriers or the carrier bandwidth, and may be grouped together as a fixed cost of wakeup. This fixed cost is also applicable to DRX wakeups, and may be a significant proportion of the DRX wakeup cost when the ON-timer or inactivity timer duration is short.
In between ramp up and ramp down a number of power states can occur that require reception or transmission of data. These make a variable contribution to the wakeup energy which is determined by the network configuration.
· Maintaining time and frequency synchronisation
· Updating system information
· Reception and decoding of the paging opportunity symbols
· Performing RRM and beam management procedures

To keep the number of wakeups to a minimum, these activities should where possible occur close to the paging occasion so that they take place during the same wakeup. The requirements for measurements are still being defined for NR, and it is possible that in some configurations there will be activities in this list that make a negligible contribution to the total wakeup energy.

The duration of each power state depends on the number of symbols to be captured and processed, and the instantaneous power consumption depends on the number of active receive or transmit paths and the bandwidth to be processed. These factors determine the energy required for the power state, and the network configuration should aim to minimise both the energy requirement and repetition frequency of each power state.

Periods of light sleep may be necessary between activities if the symbols to be processed are separated in time (for example, if the paging opportunity occurs in a different slot from the SSB). A (simplified) power profile is illustrated in Figure 2 below - for modelling purposes the energy corresponding to the area between the power curve and the deep sleep baseline is sufficientDeep sleep
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[bookmark: _Ref520366149]Figure 2 - Example power profile for a paging wakeup
Once the configuration is specified the costs of the variable components of the paging wakeup can be calculated and added to the fixed cost to obtain a total wakeup energy.

The average power consumption in idle mode is then given by

Idle mode average power = Deep sleep power + (Total wakeup energy (fixed + variable) * Paging frequency)
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Figure 3 - Power and energy model components in the idle mode paging cycle
Power states in connected DRX mode
PDCCH decoding when there is no active data present for the UE can account for over half of the energy consumption of an LTE UE in many common application scenarios [2]. An NR UE decoding PDCCH may have to process data from more receive paths and over a much wider bandwidth than its LTE counterpart, so power consumption in this state will be similarly important in NR
Processing a PDCCH-only TTI comprises 3 main stages, illustrated in Figure 4Rx
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[bookmark: _Ref520276320]Figure 4 – Stages in processing a PDCCH-only TTI
The first stage is reception of the symbols for processing. Decoding can begin when capture of the first symbol is complete, and as soon as the decode detects that no data is present, the modem can enter the light sleep state until the start of PDCCH in the next TTI.
As with paging reception, the energy requirement depends on the number of active receive paths, the number of symbols to be captured and the bandwidth to be processed. The time required for decoding is implementation dependent – faster decoding may require higher power for a shorter time, but will result in a longer period of light sleep. 
For PDCCH-only decoding, the 1, 2 or 3 symbols in the CORESET are sufficient, but the UE may need to continue receiving symbols while decoding is in progress. If the UE is configured with a K0=0, the receiver must remain active until decode is complete (indicated by the dashed line in Figure 4), in case data for the UE is present in the intervening symbols. However, if every configured K0>0 (cross-slot scheduling), reception can be terminated at the end of the last PDCCH symbol, allowing the UE to reduce its power consumption. This results in a small increase in latency, which would be acceptable in many applications. Further savings are possible if the receiver can reduce its bandwidth so that only the CORESET(s) carrying PDCCH require processing
In addition to PDCCH decoding, the DRX cycle when no data is active must perform a larger set of housekeeping power states than in idle mode
· Maintaining timing synchronisation
· Updating system information
· Reception and decoding of the PDCCH symbols
· Performing RRM, RLM,  CSI and beam management procedures
· Reporting measurements to the gNB (uplink transmission required))
· SRS procedures (uplink transmission required)
Some measurements may require a wider bandwidth than is needed for CORESET reception, and this would require the UE to wake before the start of the DRX cycle or use measurement gaps in order to perform the necessary measurements.
For modelling purposes each of these activities can be assumed to occur periodically every Nth DRX cycle (N>=1), and the associated energy requirement can then be factored into the DRX wakeup cost. For uplink transmissions, the power consumption of CSI reporting and SRS can become significant when UE is in cell edge. The Tx power level should be specified in order to calculate the total energy requirement.



Figure 5 below shows an example DRX cycle with no data following the last PDSCH activity, where the short DRX period is too small to permit deep sleep (local power variations for housekeeping activities are not shown)
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[bookmark: _Ref520282951]Figure 5 – Power variation in a DRX cycle with no active data
Each stage of this cycle (Inactivity timer / Short DRX / Long DRX) can be modelled on the same basis as the paging cycle with a wakeup energy and a sleep power. Each gap in data activity will contain a fragment of the cycle depicted in Figure 5, beginning with the inactivity timer and terminating at the next arrival of data. If the inactivity timer is longer than the average data gap, the UE will rarely sleep and power consumption will be high.
Active data transfer
The power states discussed so far have included limited uplink transmission and no PDSCH decoding, but collectively the sleep states, paging/PDCCH-only monitoring and the housekeeping activities account for a very high proportion of UE activity. They are also the states where the greatest opportunities for power saving occur.
Active data transfer is the component that delivers the user experience, and requires the highest levels of power consumption, but for most users it represents a small proportion of total energy usage. A heavy data user might have an allowance of 200GB/month, but the theoretical capacity of an NR cell with 2 100MHz carriers is around 9PB/month, so the percentage of TTIs carrying data for a specific user is typically very low, even for heavy users.
The need for acknowledgements and retransmissions means that any type of data transfer includes both uplink and downlink components, and a power model must account for both components. The data bandwidth that can be supported (in either direction) varies greatly with channel conditions and UE location in the cell, so any model for active data power consumption must make some basic assumptions about the channel (this is also true for PDCCH/paging monitoring, but to a lesser extent) to define the basic costs of uplink and downlink TTI processing.
For a given MCS, the RB allocation and MIMO layer number define the transport block size. Since the volume of data to be transferred is defined by the application, this sets the total number of spatial-frequency resources to be processed, and the key metric is the efficiency of transfer (energy per bit), that the UE sees.
From a network view, the energy/bit is minimised by configuring for each user the highest available MCS that channel conditions will support, and if the UE resource allocation occupies most of the channel bandwidth that also provides the best efficiency at the UE. This metric is significantly better for NR than for LTE [4]. However, when application traffic consists mostly of small packets, a lower bandwidth BWP and/or a smaller MIMO layer number can help the UE to reduce its power consumption.
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Conclusions
The model described here proposes a set of basic power states that can be used to evaluate NR UE power consumption in different network configurations for different application scenarios, to facilitate discussion of power-saving proposals. The main parameters that determine energy consumption in each state are identified so that it is possible to draw qualitative conclusions about power saving in each state, but further work is needed before the model can provide quantitative results that can be compared with existing LTE and 3G UE performance.
The paging wakeup described here is only applicable to standalone deployment, but it will be necessary to evaluate the contribution of housekeeping activities to the total paging wakeup cost. Parameters for some of these activities are still to be agreed.
In connected DRX mode, bandwidth adaptation and cross slot scheduling can help to reduce power consumption in periods of data inactivity. It will also be important to configure the DRX parameters to match the characteristics of the data traffic to minimise PDCCH-only power. The inactivity timer should be aligned to the expected duration of a traffic burst and the long DRX cycle aligned to the latency that the application can tolerate. The short DRX timer (if configured) should define an interval between traffic bursts that will give acceptable responsivity during periods of user activity. The ON-timer should ensure a low active duty cycle for the long DRX cycle and (if possible), the short DRX cycle as well, to keep power consumption low when no data is present. The power consumption due to RRM, CSI, beam management and other housekeeping activities should also be minimized. Overall, achieving the optimum power consumption may require assistance from the UE.
In active data transfer, both the power requirement and the duration of transmission are functions of the channel conditions, and it will therefore be necessary to agree reference channel characteristics (for example, cell centre, cell edge and “typical user”) to allow comparison of results from different sources. 
It is Important for RAN1 to agree a power model that is accurate enough to produce qualitative assessment on the benefits of different power-saving approaches under consideration. This contribution discusses key topics and hope to provide a starting point for more detailed discussion of the power model.
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