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The following objective has been agreed for the study item [1] on UE power savings in NR.1) Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]

a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)

i) Network and/or UE assistance information
ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme

In this paper, the following issues are addressed. First, we discuss the target use cases for NR UE power saving. Secondly, UE parameters adaptation is considered. We discuss what parameters can be used for adaptation without negative impact on performance metrics such as throughput and latency. Thirdly, the mechanism to enable UE parameter adaptation is discussed. It is proposed that UE is configured with a set of power profiles with each targeting for a specific operation condition such as traffic characteristic. 
2 Discussion
2.1 Target use cases for NR UE power saving
The study of NR UE power saving should start with identifying the use cases which power saving is essential. Figure 1 demonstrates the comparison of NR and LTE normalized power consumption based on power measurement at NR and LTE modems. The scenarios of power measurement include ‘PDCCH only’, ‘low throughput’, and ‘high throughput’. 
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Figure 1. Comparison of power consumption for NR and LTE at ‘PDCCH only’, ‘low throughput’, and ‘high throughput’
Some observations can be drawn from Figure 1. It is observed NR has much higher power consumption than LTE particularly at ‘PDCCH only’ and ‘low throughput’. At ‘PDCCH only’ and ‘low throughput’, NR is more power demanding than LTE by roughly 2.5 times when typical configurations are used. In NR, the configuration used at measurements is 100MHz and 4RX, while it is 20MHz and 2RX for LTE. However, at ‘high throughput’, NR is relatively power efficient compared with LTE by means of large bandwidth and large number of MIMO layers. It provides more than twice throughput of LTE with only 1.15 times power consumption.
Observation 1: NR has much higher power consumption than LTE particularly at ‘PDCCH only’ and ‘low throughput’. 
Observation 2: At ‘high throughput’, NR is relatively power efficient compared with LTE. It provides more than twice throughput of LTE with only 1.15 times power consumption.  
Based on the first observation, this study item should focus on the scenarios of ‘PDCCH only’ and ‘low throughput’. For the former scenario, since ‘PDCCH only’ occupies a significant percentage in daily use of a UE, the target is not only decreasing the power consumed for a single PDCCH reception but also reduction of the chance of occurrence for PDCCH only. For the latter, at low throughput, energy efficient configuration without sacrificing data throughput can be the way to go. This is to be exploited in the next section.
2.2 Traffic dependent parameters configuration
Power consumption is a function of many factors, such as power amplifier (PA) efficiency, number of RF/baseband paths in circuits, active transmission/reception time, sleep mode duration, channel bandwidth, receiver processing latency/complexity, and so on. Some factors such as PA efficiency and receiver processing are implementation specific, while some others (e.g., sleep mode duration, channel bandwidth, etc.) may depend on network configuration. If these power relevant parameters are configured appropriately, power saving can be achieved without incurring undesirable side effects such as latency increase or throughput loss. The question is the interplay between network configuration and the quality of service of traffic.
Observation 3: NR UE PHY setting adaptation w.r.t. traffic is helpful for UE power saving.
In multiuser wireless communication systems including NR, multiple access techniques are used to allow a large number of mobile users to share the spectrum in the most efficient manner. The sharing can be performed in the domains of time, frequency, space, etc. All UEs take turns to be served, and each particular UE is active only in part of the time, the system bandwidth, and the directions of signal arrival/departure, although allocated percentage of resource depends on the quality of service of the ongoing traffic. Obviously it is wasteful in battery energy if a UE keeps alive in a domain which it can never be served. Thus, from the perspective of domains of multiple access as illustrated in Figure 2, it is straightforward to see parameters relevant to time, frequency and space can be configured based on the traffic types for the purpose of power saving.  
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Figure 2. Three domains of multiple access
2.2.1 Parameters in time domain
Parameters in the time domain are critical in power saving as energy consumption scales linearly with the time duration.
DRX brings power saving at UE at the cost of increased latency. While configuring DRX parameters, tradeoff between power saving and latency is required. For example, delay is crucial for delay sensitive applications such as online gaming, while power saving becomes a main concern for social networking applications. Proper configuration of DRX parameters can ensure a balance between these two conflicting performance metrics. 
Besides, PDCCH monitoring periodicity is also useful in energy saving. As pointed out above, PDCCH-only takes a significant portion in UE daily operation. If the monitoring periodicity of PDCCH during the active state can be reduced, the consumed energy on PDCCH detection is scaled with the same percentage. 
Observation 4: DRX configuration and PDCCH monitoring periodicity are time-domain parameters to be considered for UE power saving.    
2.2.2 Parameters in frequency domain
The BWP concept is introduced in NR in order to reduce power consumption of NR devices. The desirable UE behaviour is being active on wide bandwidth in bursty traffic situation for short time period, while being active on narrow bandwidth for rest of the time duration. This is known as bandwidth adaptation. 
Observation 5: The bandwidth of BWP is a frequency-domain parameter to be considered for UE power saving.
2.2.3 Parameters in spatial domain
The number of UE receive antennas is an example. Although beneficial during data reception, the use of four receive antennas comes at a cost in terms of increased power consumption. An increased number of receive antennas, generally results in higher data rates, implying shorter reception time. This, in turn, all other things being equal, translates into lower power consumption. However, in low data rate or non-active mode, power consumption cost may persist without the reception benefits. For this reason, a decision in network configuration regarding whether to use all four antennas or to reduce to a smaller set, depending on the present situation, in order to preserve power.
Observation 6: Number of RX antennas is a spatial-domain parameters to be considered for UE power saving.    
2.2.4 Other parameters
Besides the perspective of multiple access, candidate parameters for power saving adaptation can be identified from other consideration. Cross-slot scheduling (i.e., K0>0) in the downlink with nonzero K0 presents significant opportunities for power saving in the UE [3]. A large component of power consumption arises if in each slot, downlink data must be captured assuming the maximum throughput configuration for the entire duration of PDCCH decoding, in case some of the captured data is represented in a downlink allocation which may or may not be present. In general less energy is required to capture and decode PDCCH than to decode PDSCH, because typically a smaller set of resource blocks is involved, lower order modulation is used and there can be a significant reduction in the bandwidth of interest. This can mean that fewer modem resources are needed for a PDCCH-only decode, leading to reductions in UE power consumption during the decoding process. Consequently, if a UE can know in advance that it need not decode PDSCH in the current slot, it only needs to enable sufficient DL resources to receive and decode PDCCH, and can disable the receiving resources as soon as the PDCCH symbols have been captured.
Observation 7: Cross slot scheduling can be considered for UE power saving.    
2.2.5 Example of power saving by parameter adaption using WeChat
Table 1 shows the normalized power consumption of NR and LTE for DRX OFF (assuming UE in light sleep), PDCCH-only and DL data reception with different parameter configurations of channel bandwidth, number of RX, and K0. We can see UE power consumption varies significantly with configurations.  
	
	DRX OFF
	PDCCH-only (MHz, # of RX, K0)
	DL data (MHz, # of RX)

	NR
	5
	55 for (100, 4, 0), 42 for (100, 4, 1)
32 for (20, 4, 0), 25 for (20, 4, 1) 
26 for (20, 2, 0), 20 for (20, 2, 1)
	120 for (100, 4)
65 for (20, 4)
50 for (20, 2)

	
	DRX OFF
	PDCCH-only (MHz, # of RX, K0)
	DL data (MHz, #RX)

	LTE
	5
	20 for (20, 2)
	40 for (20, 2)


Table 1. Normalized power consumption of NR and LTE for DRX OFF, PDCCH-only and DL data reception with different parameter configurations
WeChat is a multi-purpose app including text messaging, voice messaging, video calls and so on. An estimate of power saving by parameters configuration is given below. With DRX configuration of 
· 20msec/160msec for short/long DRX
· 8msec on-duration
· 60msec inactivity timer 
it was measured the percentage for ‘DRX OFF’, ‘PDCCH-only’, and ‘DL data’ are 56.67%, 42.72%, 0.61%, respectively. The power consumption for various configurations are depicted in Figure 3 based on the power values provided in Table 1.     
It is observed that adapting the parameter configuration is quite useful for NR UE power saving. Specifically, the configuration from (100MHz, 4RX, K0=0) to (20MHz, 4RX, K0=0) can reduce the power by 37%; configuration from (20MHz, 4RX, K0=0) to (20MHz, 2RX, K0=0) can reduce 16% power, further reduction of 18% can be achieved if K0 is increased to 1. We can see when (20MHz, 2RX, K0=1) configuration is used in NR for WeChat, it is equally power efficient as LTE by the evaluation.
Observation 8: Based on measured time percentage of power states for WeChat, it is expected UE parameter adaptation is helpful to UE energy consumption.
Observation 9: NR can be equally power efficient as LTE for small throughput traffic if PHY setting adaptation is applied.
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Figure 3. (a) Percentage of time for ‘DRX OFF’, ‘PDCCH-only’, and ‘DL data’. (b) The power consumption for various configurations.
2.3 UE parameters adaptation
2.3.1 Power profiles
As discussed above, UE power consumption is highly relevant to parameters in frequency, time, space domains, and so on. For a given traffic, if the parameters can be configured appropriately, UE power saving can be achieved without sacrificing throughput and latency. 
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Figure 4. Examples of power profiles for different traffic characteristics
As the example given in Figure 4, there are 3 profiles for different traffic characteristics, including one for small data, one for large data, and the other for sporadic traffic. Each profile comprises a set of parameters with the values configured to best fit the traffic characteristics for which the profile is targeted. For example, when the data comes in a sporadic way, the energy is wasted if the UE monitors PDCCH in every slot of active state in C-DRX. In this case, it is beneficial to configure longer PDCCH monitoring periodicity for the UE to reduce the energy consumption in PDCCH-only state. 
Proposal 1: A UE is configured with a set of power profiles. For each power profile, the parameters are configured to best fit the operation condition such as traffic characteristic the profile is targeted for.    
One potential problem with parameters adaptation is whether the network is aware of the operation condition of UE, e.g., UL traffic characteristic. For those information the network is not aware of, it is beneficial for UE to provide assistance information for UE parameter adaptation. Most directly, the UE may suggest which profile best fits its operation condition.
Proposal 2: UE parameter adaptation can be triggered with the help of UE assistance information, e.g., the index of the power profile best fits the operation condition.

For the purpose of power saving, the transition time between power profiles switching should be short enough. If a set of power profiles for different traffic characteristics are configured by dedicated RRC and switching between power profiles are by means of dedicated RRC reconfiguration, the power saving gain may be diminished due to the long transition time. In the companion tdoc [2], more rapid transition between power profiles are addressed.
3 Conclusion
In this paper, the following issues are addressed. First, we discussed the target use cases for NR UE power saving. We compared UE power consumption of NR and LTE at different states and identified the use cases to be prioritized in this study item. 
Secondly, UE parameters adaptation was considered. We discussed what parameters can be used for adaptation without negative impact on performance metrics such as throughput and latency. It was identified that, from the perspective of multiple access in which a UE can access the network only at a part of time, frequency and space, it is natural to identify the parameters for adaptation from the domains of time, frequency, and space. We also gave an example of UE power saving gain by UE parameter adaptation on WeChat.
Thirdly, the mechanism to enable UE parameter adaptation was discussed. It was proposed that UE is configured with a set of power profiles with each targeting for a specific operation condition such as traffic characteristic. Each power profile comprises a set of parameters; these parameters have the properties that the configured value is power consumption dependent as well as operation condition specific. It was also pointed out that rapid transition among the power profiles is a necessary condition for effective power saving. This issue is left for a companion tdoc to explore.
The observations and proposals of the paper were given below.
Observation 1: NR has much higher power consumption than LTE particularly at ‘PDCCH only’ and ‘low throughput’. 
Observation 2: At ‘high throughput’, NR is relatively power efficient compared with LTE. It provides more than twice throughput of LTE with only 1.15 times power consumption.  
Observation 3: NR UE PHY setting adaptation w.r.t. traffic is helpful for UE power saving.
Observation 4: DRX configuration and PDCCH monitoring periodicity are time-domain parameters to be considered for UE power saving.    
Observation 5: The bandwidth of BWP is a frequency-domain parameter to be considered for UE power saving.
Observation 6: Number of RX antennas is a spatial-domain parameters to be considered for UE power saving.    
Observation 7: Cross slot scheduling can be considered for UE power saving.    
Observation 8: Based on measured time percentage of power states for WeChat, it is expected UE parameter adaptation is helpful to UE energy consumption.
[bookmark: _GoBack]Observation 9: NR can be equally power efficient as LTE for small throughput traffic if PHY setting adaptation is applied.
Proposal 1: A UE is configured with a set of power profiles. For each power profile, the parameters are configured to best fit the operation condition such as traffic characteristic the profile is targeted for.    
Proposal 2: UE parameter adaptation can be triggered with the help of UE assistance information, e.g., the index of the power profile best fits the operation condition.
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