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1 Introduction
Due to the popularity of smart phone these years, the battery life issue has always been a big headache to smart-phone companies.  For an LTE smart phone, LTE UE modem power consumption may just occupy one third or less of the total smart phone power consumption.  However, compared to LTE, NR UE modem power consumption can be even worse if nothing is done in NR because R15 NR UE’s max channel bandwidth can be up to 400MHz.  According to our evaluation, compared to LTE, the power consumption of NR UE modem may increase by 3~4 folds, even assuming advanced semiconductor manufacturing process.  Fortunately, in R15 NR, UE channel bandwidth adaptation (enabled by bandwidth part operation) is adopted to allow a UE to shrink its channel bandwidth to the minimal one for PDCCH-only and small data packet processing and expand its channel bandwidth to the maximal one for large data packet processing.  However, considering large minimal UE channel bandwidth in mmWave (50MHz for 60 KHz and 120 KHz subcarrier spacing), further enhancements should be considered.
This paper first provides preliminary evaluation of UE power saving gain by introducing UE channel bandwidth adaptation in Rel-15 NR, and then investigates potential direction for further enhancements in Rel-16 NR.
2 Evaluation on UE Power Saving Gain by Rel-15 NR

Figure 1 shows one example DoU of LTE UE modem and it shows that LTE UE modem spends 88% of time for standby and only 12% of time for data services, which correspond to 60% 1-day power consumption and 40% 1-day power consumption, respectively.  Therefore, first target for UE modem power consumption efficiency enhancements should focus on standby case in R15 NR.
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Figure 1. Example DoU of LTE UE modem
In R15 NR, the following features are supported together with bandwidth part (BWP) operation to enhance UE power consumption efficiency for standby case.

· UE channel bandwidth adaptation (CBA)
· Small-bandwidth BWP for PDCCH-only monitoring

· Large-bandwidth BWP for data packet reception
· Adaptive DL scheduling timing

· Cross-slot scheduling in small-bandwidth BWP for PDCCH-only monitoring 
· Same-slot scheduling in large-bandwidth BWP for data packet reception
· Adaptive PDCCH monitoring periodicity
· Long PDDCH monitoring periodicity in small-bandwidth BWP for PDCCH-only monitoring 
· Short PDCCH monitoring periodicity in large bandwidth BWP for data packet reception
Figure 2 illustrates one example configuration to achieve large UE power saving gain without impacting UE throughput in BWP operation.
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Figure 2. Example configuration of UE channel bandwidth adaptation, adaptive DL scheduling timing & adaptive PDCCH monitoring periodicity in BWP operation
According to our evaluation by system-level simulation based on FTP traffic with 500Kbyte packet size, UE channel bandwidth adaptation can provide 50%~60% power saving gain, as shown in Figure 3, assuming 100MHz carrier bandwidth with no C-DRX.  Considering cross-slot scheduling (K0 = 1) in small bandwidth, UE can enable longer micro-sleep within a slot and additional 24% maximal UE power saving gain can be achieved.  Table 1 shows UE power consumption ratio for micro-sleep with different DL scheduling timings (K0) and UE channel bandwidth sizes, compared to that without micro-sleep.
Table 1. Power consumption comparison for K0 = 0 with full/small BW & K0 = 1 with small BW for no data case

	No Data for UE
	K0 = 0 

with Full BW
	K0 = 0 

with Small BW
	K0 = 1 

with Small BW

	Power State
	Relative Power
	Symbol

Duration
	Power

Contribution
	Symbol Duration
	Power Contribution
	Symbol

Duration
	Power

Contribution

	Full BW Rx
	100%
	5.5/14
	39.0%
	0
	0
	0
	0

	Low BW Rx
	50%
	0
	0
	5.5/14
	19.6%
	1/14
	3.6%

	DCI Processing Only
	33%
	0
	0
	0
	0
	4.5/14
	10.6%

	Micro-sleep
	5%
	8.5/14
	3.0%
	8.5/14
	3.0%
	8.5/14
	3.0%

	TOTAL
	
	14/14
	42.3%
	14/14
	22.6%
	14/14
	17.2%
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Figure 3. UE power saving gain evaluation for UE channel bandwidth adaptation (CBA)

Combining UE channel bandwidth adaptation and cross-slot scheduling in small-bandwidth BWP, the overall UE power saving gain is 55%~70%, as shown in Figure 3, assuming 100MHz carrier bandwidth without considering DRX.  Further considering long PDCCH monitoring periodicity in small-bandwidth BWP, the overall UE power consumption can be further reduced.
However, there are still UE power consumption issues for small data case (e.g. voice) and mmWave spectrum because a UE’s minimal channel bandwidth is 50MHz in mmWave spectrum, especially for low-data-rate services in mmWave.  Therefore, further enhancements on UE power consumption efficiency at least for the above two aspects can be considered in R16 NR.
Observation #1: With the support of BWP operation, 55%~70% UE power consumption reduction can be achieved, assuming 100MHz carrier bandwidth without considering DRX.
Observation #2: Further enhancements on UE power consumption efficiency for small data case and mmWave spectrum can be considered in R16 NR.
3 Potential Enhancements for Further UE Power Saving
Toward mmWave applications, there are issues and potential directions for NR to further improve UE power saving. In particular, we discuss the possibilities in BWP enhancement, small data enhancement and UL efficiency enhancement. Note that, in addition to lowering the power consumption for standby case, there should also be attempts to reduce the power consumption for data services. This portion of power consumption becomes the major partition after applying R15 power saving mechanisms but is not reduced by the proposals discussing only wake-up signal designs. 
3.1 BWP Enhancement

In mmWave spectrum, there can accommodate multiple Component Carriers (CCs) of very wide bandwidth. Although, for each CC, BWP can switch to narrowband setting, the multiple narrowband BWPs may be distant from each other in frequency, which requires UE to still receive a wideband signal, as shown in Figure. 4. The power saving benefit can be much inferior to 1-CC case, and a possible solution to resolve this issue is highly demanded.
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Figure 4. Ineffective reception bandwidth reduction with ill-allocated narrowband BWPs

In addition to minimizing the overall reception bandwidth depending on the data traffic, it is also beneficial to reduce the number of active RF receiver chains. One possibility is to include maximal layer number as one BWP parameter and specify smaller value(s) for narrowband BWP configuration(s). Together with BWP switching, UE can thus minimize the physical resources enabled and maximize the power saving gain. Yet, the trade-off between UE power saving and potential system performance impact should be studied via system-level simulations.

Observation #3: BWP enhancement can improve UE power saving in multi-carrier and/or large MIMO layer cases.
3.2 Small Data Enhancement

As mentioned in Section 2, the minimal channel bandwidth in mmWave spectrum reaches 50MHz. Compared with typical VoLTE setting, NR transmission bandwidth is much wider, and a shorter reception time duration for voice data will be helpful to confine the UE power consumption. Such an intention is illustrated in Figure 5.
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Figure 5. Further reducing reception time for small data to compensate large mmWave channel bandwidth

In addition to optimizing power consumption for voice services, it is also important to optimize the power consumptions for other small data services, e.g., short texting, APP keep-alive, live streaming, etc. Generally speaking, how to minimize the time duration in NR wideband reception, particularly in mmWave spectrum, is an important direction in order to achieve better user experience for NR.

Observation #4: Small data enhancement by minimize the reception time is an important direction to compensate the power consumption due to large channel bandwidth in mmWave spectrum.
3.3 UL Efficiency Enhancement

In mmWave spectrum, beamforming is an important technique for reliable communications. In general, there require training phase and UL transmission phase, and more training is beneficial for UL performance. On the other hand, there will also consume more UE UL power, and balancing UL training power and UL repetition power can result in best UE battery life subject to a performance target, as illustrated in Figure 6. Consequently, it is beneficial to investigate how to realize efficient and effective UL beamforming regarding UE power consumption and system performance.
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Figure 6. Trade-off between UL training power and transmission power for optimized UE battery life

Observation #5: To achieve the best UL efficiency for UE power saving subject to a performance target, it is important to realize the best balance between UL training power and UL transmission power.
4 Conclusion
Observations are summarized as follows.
Observation #1: With the support of BWP operation, 55%~70% UE power consumption reduction can be achieved, assuming 100MHz carrier bandwidth without considering DRX.

Observation #2: Further enhancements on UE power consumption efficiency for small data case and mmWave spectrum can be considered in R16 NR.

Observation #3: BWP enhancement can improve UE power saving in multi-carrier and/or large MIMO layer cases.
Observation #4: Small data enhancement by minimize the reception time is an important direction to compensate the power consumption due to large channel bandwidth in mmWave spectrum.
Observation #5: To achieve the best UL efficiency for UE power saving subject to a performance target, it is important to realize the best balance between UL training power and UL transmission power.
Based on the above observations, proposals are summarized as follows.
Proposal #1: Include the following objectives into the item with target to further enhance NR UE power consumption efficiency under standby scenario during Rel-16 time frame:
· CA-BWP enhancements

· DRX enhancements

Proposal #2: Include the following objectives into the item with target to further enhance NR UE power consumption efficiency during Rel-16 time frame:
· BWP enhancements

· Small data enhancements

· UL efficiency enhancements

