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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 carrier 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 monitoring and small data packet processing and expand its channel bandwidth to the maximal one for large data packet processing.
This paper first explains UE power consumption issues based on realistic traffic patterns and provides our evaluation of UE power saving gain by introducing UE channel bandwidth adaptation in Rel-15 NR.

2 UE power consumption issue in 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, a UE is expected to stay in low/no-throughput and consume a large portion of battery power in daily life for most of the time.  In NR, it can be even worse because UE power consumption for standby will be scaled with UE carrier bandwidth from 20MHz to 100MHz or 400MHz.
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Figure 1. Example DoU of LTE UE modem

Figure 2 shows the traffic patterns for video & gaming in a real network.  From Figure 2, bursty data traffic is observed (e.g. one large packet every 10 seconds) and occupies only a small portion of time.  Most of time, UE is in standby state and no/small data traffic is observed.  Figure 2(a) shows that there is one video traffic burst per 10 seconds and Figure 2(b) shows that there is a large amount of data burst in both Pcell (CC0) and Scell (CC1) at the beginning of gaming and there are some data packets in Pcell (CC0) only afterwards.  Therefore, it’s very beneficial for a UE to adapt its monitoring channel bandwidth with such kind of traffic pattern to optimize UE power consumption efficiency, i.e. joule/bit.  
Though carrier aggregation is one way for a UE to adapt its aggregated channel bandwidth in LTE, it’s observed that Scell inactivity timer is usually configured with a very large value (e.g. hundreds of ms) or an infinite value to disable the timer due to long Scell activation time.  In this way, UE still continue to consume its battery power on Scell monitoring even though there is no data traffic, as shown in Figure 2(b).
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Figure 2. Traffic pattern of YouTube video (left) & gaming (right)
Observation #1: A UE spends 88% of time and consumes 60% of power consumption in standby state based on LTE DoU statistics and larger power consumption portion in standby state is expected in NR due to larger channel bandwidth if no BWP adaptation.
Observation #2: Bursty data traffic pattern is observed at least for video & gaming services in a real network.
3 Evaluation on UE Power Saving Gain by Rel-15 NR
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 3 illustrates one example configuration to achieve large UE power saving gain without impacting UE throughput in BWP operation.
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Figure 3. 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 4, assuming 100MHz carrier bandwidth.  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, assuming 4x4 MIMO.  In Table 1, it shows that UE power consumption is scaled with its RF channel bandwidth and bit rate.  Table 2 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. UE power consumption estimation for DL RF & DBB, assuming 4x4 MIMO
	Carrier Bandwidth
	Bit Rate Case 1
	Power Consumption Ratio
	Bit Rate Case 2
	Power Consumption Ratio
	Bit Rate Case 3
	Power Consumption Ratio

	5 MHz
	10 Mbps
	1.00
	50 Mbps
	1.09
	N/A
	N/A

	10 MHz
	10 Mbps
	1.10
	50 Mbps
	1.21
	100 Mbps
	1.29

	20 MHz
	10 Mbps
	1.26
	50 Mbps
	1.41
	100 Mbps
	1.51

	40 MHz
	10 Mbps
	1.53
	50 Mbps
	1.73
	100 Mbps
	1.86

	100 MHz
	10 Mbps
	2.57
	50 Mbps
	2.90
	100 Mbps
	3.09

	200 MHz
	10 Mbps
	4.17
	50 Mbps
	4.65
	100 Mbps
	4.93

	400 MHz
	10 Mbps
	7.02
	50 Mbps
	7.75
	100 Mbps
	8.16

	1GHz
	10 Mbps
	14.81
	50 Mbps
	16.08
	100 Mbps
	16.78


Table 2. 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 4. 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 4, assuming 100MHz carrier bandwidth.  Further considering long PDCCH monitoring periodicity in small-bandwidth BWP, the overall UE power consumption can be further reduced.
Reducing the number of configured BWPs is beneficial for UE implementation complexity due to the buffer size for RF parameters, which is scaled with the number of configured BWPs
Observation #3: UE power consumption is scaled with its RF channel bandwidth and bit rate.
Observation #4: With the support of BWP operation, 55%~70% UE power consumption reduction can be achieved, assuming 100MHz carrier bandwidth without considering DRX.

Proposal #1: Type A BWP adaptation with the same numerology should be one of NR features.
Proposal #2: At least Type A BWP adaptation with the same numerology should be a mandatory UE feature.
4 Conclusion
Observations & proposals are summarized as follows.
Observation #1: A UE spends 88% of time and consumes 60% of power consumption in standby state based on LTE DoU statistics and larger power consumption portion in standby state is expected in NR due to larger channel bandwidth if no BWP adaptation.
Observation #2: Bursty data traffic pattern is observed at least for video & gaming services in a real network.
Observation #3: UE power consumption is scaled with its RF channel bandwidth and bit rate.
Observation #4: With the support of BWP operation, 55%~70% UE power consumption reduction can be achieved, assuming 100MHz carrier bandwidth without considering DRX.
Proposal #1: Type A BWP adaptation with the same numerology should be one of NR features.

Proposal #2: At least Type A BWP adaptation with the same numerology should be a mandatory UE feature.
