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Introduction
Modern wireless UE modem can generally be modeled by following two main modules: radio frequency (RF) and baseband (BB). Transmitter chain inside RF module processes digital signal to produce analog signal to be sent through antennas. Broadly speaking, it includes filters, phase locked loop (PLL), upconverter (mixer), digital to analog converter (DAC), power amplifier (PA), etc. Receiver chain in RF module converts received analog signal from antennas to digital signal for BB signal processing. Related components include filters, low noise amplifier (LNA), PLL, downconverter, analog to digital converter (ADC), etc. BB module performs modulation/encoding of transmit signal and demodulation/decoding of received signal.

The power consumption dynamics of these two modules depend on factors not only bandwidth, transmit power, data rate, carrier aggregation (CA), PDCCH monitoring, operating frequency band, MIMO layers, number of UE receive (and transmit) antenna, slot length, HARQ timeline, but also modem HW/SW architecture/implementation, etc. It may not be easy to capture the impact of HW/SW design since it is very much vendor specific. However, we believe there is certain aspect of UE modem design which is getting more common to achieve low power consumption. The impact of other factors could be also captured. NR features such as bandwidth part (BWP), CA, MIMO, mmWave, beamforming (BF), flexible HARQ timeline and operating environment/traffic/scheduling altogether determines how (much of) those factors contribute to total power consumption. But, still due to many different factors, evaluating/predicting power consumption of modem is not easy.

During the SID discussion on UE PS, many areas were identified as potentially improvable for UE PS, which are e.g., power saving signal, BWP, CA/DC, PDCCH monitoring period, antenna, RRM, paging, DRX [1]. In the course of study/work item discussion of UE power saving topic down the road, there will be many different technical proposals which fall to one or more of above areas. Qualitative or quantitative evaluation taking into account above factors should be made for evaluating and selecting proposals.

Power model is a tool which makes the quantitative evaluation possible. The model should be not only simple enough to be applied easily but also complex enough to capture first order aspects of UE modem’s power consumption. It should be also noted that the power model should not be used as a guideline or limit any potential modem implementation. It should be used as tool for evaluation. In this contribution, we provide a list of desired requirements for NR UE power model and gives high level idea for the model.
Requirements
In this section, we list the requirements that are expected to be captured in UE power model.

· Different Power States of UE Modem
· Modern wireless UE modem has various internal component blocks which could be separately turned on/off/suspended dynamically for power saving. A power state can be defined as a set of active component blocks of the modem. Examples of simple UE power consumption models were given in [2][3], capturing various power states of UE modems. These models capture power consumption related HW/SW implementation aspect reasonably well by means of a few simple power states. For example, model in [2] includes 5 different power states of deep sleep, light sleep, active Tx only, active Rx only, active Tx+Rx. The model in [3] has limited states such as “Sync”, “decode MPDCCH” focusing on specific a scenario of receiving MPDCCH in RRC Idle mode.

· Transition (time) between States
· To reduce power consumption, UE modem could switch its state dynamically depending on traffic arrival and scheduling. For example, with PDCCH monitoring periodicity of 5ms, UE can move from Rx state for monitoring PDCCH (with no grant) to, say, light sleep state for next 4ms for power savings. The pair of switchable states should be captured in terms of power state transition diagram and the transition time between two states is also need to be captured as done in [3] e.g., in terms of ramp down/ramp up time. We see that these frequent transitions between states is one of significant factors increasing power consumption.

· Minimum Dwelling Time in States
· One reasonably well understood fact in real implementation is that it takes longer time to enter and exit deeper sleep state than light(er) sleep state. It is because deeper sleep state requires more components be turned off, which requires more complex operation. So, this kind of different time requirement should be captured in term of minimum dwelling time in each state. We think this will mostly affect state transition to very low power states.

· Impact of Carrier Aggregation
· Carrier aggregation is another dimension to be captured which increases overall power consumption as additional carriers are added (configured and/or activated). But, the power increase contribution from RF and BB could be different. For RF, the power increase by additional carrier(s) depends not only on carrier frequency/band of activated carrier(s), but also for modem’s RF architecture/signal processing capability, etc. However, simple assumption could be made like separate RF chain for separate carrier. This kind of assumption makes the model simple and usable. In BB, since it is digital processing, most of component blocks would be reused (with higher clock speed) for additional carriers. This difference in RF and BB needs to be taken into account.

· Bandwidth Part
· BWP framework is one of main power saving technique in NR, which needs to be captured. Changing BWP has a high impact on RF and BB power consumption through sampling rate change, data rate, etc. The impact of cross slot scheduling on power consumption is best shown within bandwidth part framework [4].

· Active Tx/Rx Chains
· The impact of active Tx/Rx chains from RF and BB needs to be captured in model. To support multiple MIMO layers, the RF component requires completely separate receiver or transmit chain to process signals from different antennas. Whereas in BB, the same component block is likely to be used in faster clock speed to process multiple layers[footnoteRef:2]. This difference in HW makes different impact of Tx/Rx chain in power increase in RF and BB. [2:  Depending on architecture, it is also possible to have duplicate blocks with same functionality instead of using increased clock speed.] 


· mmWave
· The support of mmWave in NR introduces new RF hardware and shorter slot length and higher processing requirement. Due to this change, there is power consumption. If there is any proposal to optimize power consumption in mmWave operation, then those difference can be captured in model in terms of scaled power consumption number, reduced slot duration, transition time, dwelling time, etc.

Power Model
In this section, we give a high-level idea on power model.

RF and BB Separation
[bookmark: _GoBack]One observation we had from UE power consumption dynamics with features like BWP, CA, active Tx/Rx chain is that power consumption contribution from RF and BB behaves differently. Unlike BB, RF power consumption with those features scales roughly linearly[footnoteRef:3], which makes it easy to model. Thus, we propose to capture power consumption from RF and BB separately. In power model, this could be captured by having separate states for BB and RF. [3:  Typically, in narrow bandwidth regime (<BWnarrow MHz), it highly depends on implementation, and may show non-linearity.] 


Proposal 1
· NR UE power model has separate states for BB and RF taking into account different scaling of BB and RF power consumption.


BB Power States
To make model easy to use, it is better to have fewer states. We think what is captured in [2] is good enough for baseband state although initially they were proposed as combined states of BB and RF combined.

Proposal 2
· NR UE power model has following 5 power states for baseband in NR UE power model
· TX for transmission
· RX for reception
· TRX for both transmission and reception
· LS for light sleep
· DS for deep sleep

[image: ]
Figure 1 Transition diagram for baseband power state

RF Power States
We think most of modern wireless UE modems have the capability of saving power by turning off some of RF components partially or fully. We think following three states could be used for modeling RF part.

Proposal 3
· NR UE power model has following power states for RF
· RF-ON for turned on state for either transmitting or receiving
· RF-OFF for turned off state consuming minimal power
· RF-suspended for reduced power consumption with quick switch to RF-ON state

[image: ]
Figure 2 Transition diagram for RF power state
Transition Time
The transition time and power consumption during state transition cannot be ignored, especially in the scenario with dynamic switching. We propose to capture transition time and power consumption during transition. We observe that among TRX, TX, RX, the transition time could be very small to be ignored. So, the proposal is mainly for transition between sleep states and non-sleep states, which requires on/off operation of component blocks.

Proposal 4
· NR UE power model captures transition time and power consumption during state transition (i.e., ramp up and ramp down).


Minimum Dwelling Time
One important factor making different power states different is the minimum dwelling time. Without this constraint, one can use model to move modem to deep sleep state for very short time (but still longer than transition times), which is not possible in real system and potentially makes light sleep useless. What needs to captured here is the fact that deeper sleep states require longer time (including ramping down time, sleep time, ramping up time).

Proposal 5
· NR UE power model captures minimum dwelling time for each power state.


Bandwidth (Part)
The impact of bandwidth on power consumption for RF and BB has been very well captured in [5]. The power scaling of RF is roughly linear except in narrow bandwidth regime (<BWnarrow MHz) where base overhead power consumption dominates additional power consumption contribution from bandwidth. With a given set of data points, simple interpolation or curve fitting could be used to capture power scaling of RF.
[image: ]
Figure 3 Power consumption scaling of RF w.r.t bandwidth (normalized by power consumption at 20MHz). Data points from [5] were used for plotting.
In case of baseband, power scaling w.r.t bandwidth is not much linear as shown in Figure 4. This difference from RF side needs to be captured (by separate power state modeling as noted above). For predicting power consumption for a given bandwidth (part), we can use simple interpolation method for a given baseline data points.
[image: ]
[bookmark: _Ref521580100]Figure 4 Power consumption scaling of baseband w.r.t bandwidth (normalized by power consumption at 20MHz). Data points from [6] were used for plotting.
Proposal 6
· NR UE power model captures power consumption scaling depending on bandwidth (part).


Carrier Aggregation
Consideration on CA is similar to that on bandwidth. In RF part, under the assumption that separate RF chains are used for each carrier, power scaling for RF could be modeled as linear function of power consumption for a single carrier. Like bandwidth case, BB power scaling is not quite linear due to shared components between carriers. We make following proposals for simplicity of model.

Proposal 7
· NR UE power model captures power consumption scaling depending on number of component carriers.
· The additional RF power consumption due to adding active secondary carrier amounts to A% of RF power for primary carrier, where A=100.
· The additional BB power consumption by adding active secondary carrier amounts to B% of BB power for primary carrier, where B(<100) is TBD.


Active Tx/Rx Chains
Increasing the number of active Tx/Rx chains increases UE power consumption. The power consumption scaling of RF and BB is very similar to the case of bandwidth and carrier aggregation. So, we make following proposal 

Proposal 8
· NR UE power model captures power consumption scaling depending on number of active Tx/Rx chains
· The additional RF power consumption by adding an additional Tx/Rx chain amounts to the power for a single Tx/Rx chain in RF.
· The additional BB power consumption by adding an additional Tx/Rx chain amounts to the C% of power consumption of BB power consumption with single Tx/Rx chain, where C(<100) is TBD.


mmWave
The baseline power consumption is sub6 power number. On top of that, scaling factors for mmWave could be applied. For RF, scaling factor can be applied. In BB side, the fundamental difference between sub6 and mmWave is mostly time related such as reduced slot length, HARQ processing time line, data rate. These things could have potential impact on whether UE can enter sleep state or not. So, the impact to BB should be captured considering those time line changes rather than simply applying scaling factor.

Proposal 9
· NR UE power model captures RF power consumption scaling for mmWave by applying scaling factor of D% w.r.t. power consumption of sub6, where D% is TBD.
· NR UE power model captures BB power consumption scaling through reduced slot length, reduced HARQ processing time line, increased data rate, etc.

Conclusions
Proposal 1
· NR UE power model has separate states for BB and RF taking into account different scaling of BB and RF power consumption.
Proposal 2
· NR UE power model has following 5 power states for baseband in NR UE power model
· TX for transmission
· RX for reception
· TRX for both transmission and reception
· LS for light sleep
· DS for deep sleep
Proposal 3
· NR UE power model has following power states for RF
· RF-ON for turned on state for either transmitting or receiving
· RF-OFF for turned off state consuming minimal power
· RF-suspended for reduced power consumption with quick switch to RF-ON state
Proposal 4
· NR UE power model captures transition time and power consumption during state transition (i.e., ramp up and ramp down).
Proposal 5
· NR UE power model captures minimum dwelling time for each power state.
Proposal 6
· NR UE power model captures power consumption scaling depending on bandwidth (part).
Proposal 7
· NR UE power model captures power consumption scaling depending on number of component carriers.
· The additional RF power consumption due to adding secondary carrier amounts to A% of RF power for primary carrier, where A=100.
· The additional BB power consumption by adding secondary carrier amounts to B% of BB power for primary carrier, where B(<100) is TBD.
Proposal 8
· NR UE power model captures power consumption scaling depending on number of active Tx/Rx chains
· The additional RF power consumption by adding an additional Tx/Rx chain amounts to the power for a single Tx/Rx chain in RF.
· The additional BB power consumption by adding an additional Tx/Rx chain amounts to the C% of power consumption of BB power consumption with single Tx/Rx chain, where C(<100) is TBD.
Proposal 9
· NR UE power model captures RF power consumption scaling for mmWave by applying scaling factor of D% w.r.t. power consumption of sub6, where D% is TBD.
· NR UE power model captures BB power consumption scaling through reduced slot length, reduced HARQ processing time line, increased data rate, etc.
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