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1 Introduction
In 3GPP RAN1 Session #87, an LS [1] was agreed to be sent to RAN4 for the study on potential power saving and transition gap for UE-specific RF bandwidth adaptation.  In RAN4 NR Ad-Hoc meeting, the following are further agreed.

· Transition time aspects

· Transition time from RF and RRM perspectives requires further discussion in RAN4

· AGC aspects

· For UE RF bandwidth adaptation in single-carrier operation, reference signals are not required for AGC settling, assuming DL signal from the same cell before & after bandwidth adaptation and 5MHz as the minimal UE RF bandwidth considered in UE RF bandwidth adaptation 

· For UE RF bandwidth adaptation in multi-carrier operation across different frequency bands or within the same frequency band, it’s FFS whether or not reference signals are required for AGC settling

· Power saving aspects

· Certain power saving from enabling UE RF bandwidth adaptation is expected from both RF & digital baseband perspectives

· Power saving for UE RF bandwidth adaptation can be further discussed from both RF and digital baseband perspectives in RAN4
· Note: UE RF bandwidth means transmission bandwidth configuration
This paper provides the motivation to apply UE RF bandwidth adaptation and answers to the following questions. 
· Potential power saving of total UE power consumption for both RF/ADC/AGC and digital baseband, considering DRX
· Potential transition time of UE RF bandwidth adaptation

· Whether reference signals are necessary for AGC settling in UE RF bandwidth adaptation.
2 Discussion
2.1 UE DoU power consumption

Figure 1 shows the distribution of daily UE modem power consumption using DoU model for 20MHz.  From the figure, PDCCH-only decoding occupies 36% of daily UE power consumption and low-data-rate services (including voice and data services with data rate ≤ 8Mbps, which occupy over 70% DL data transmissions) occupy another 28%.  Combining both, 64% of daily UE power consumption is occupied.  Note that UE DRX operation is considered for the results shown in Figure 1.
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Figure 1. Distribution of daily UE modem power consumption for 20MHz
Observation #1: Over 60% of daily UE power consumption is occupied by PDCCH-only and low data rate services even considering UE DRX operation.
2.2 Power saving evaluation

For power saving benchmarking, the following cases are considered.
· Case A: UE always operates with full carrier bandwidth (No DRX)

· Case B: UE always operates with 5MHz for monitoring & full carrier bandwidth for data reception (No DRX)
· Case C: UE always operates with full carrier bandwidth during DRX-ON period

· Case D: UE operates with 5MHz for monitoring & full carrier bandwidth for data reception during DRX-ON period
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Figure 2. Example illustration of Case A, B, C & D
In DL, the power consumption of RF, A/D converter and digital front end is scaled with the RF bandwidth while the power consumption of digital Rx processing is scaled with both RF bandwidth & bit rate.  In UL, the power consumption of RF, D/A converter and digital front end is scaled with the RF bandwidth while the power consumption of digital Tx processing is scaled with both RF bandwidth & bit rate.  Table 1 shows the UE power consumption estimation of both RF & digital base-band (DBB), assuming 4x4 MIMO and advanced semi-conductor process (e.g. < 28nm).  For sub6 spectrum, 5MHz~200MHz could be the bandwidth adaptation range for a component carrier.  The power saving by UE bandwidth adaptation is up to 76%, 77% and 74% respectively when 10Mbps, 50Mbps and 100Mbps bit rate are assumed.  For above6 spectrum, 20MHz~1GHz could be the bandwidth adaptation range for a component carrier.  The power saving by UE bandwidth adaptation is up to 91%, 93% and 92% respectively when 10Mbps, 50Mbps and 100Mbps bit rate are assumed.  Similar situation also applies to UL though the absolute UE power consumption for UL is smaller than that for DL.
Table 1. UE power consumption estimation for DL RF & DBB, assuming 4x4 MIMO [2]

 REF _Ref470022249 \r \h 
[3]
	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


In order to take DRX operation into considerations for UE power consumption estimation, YouTube video traffic is assumed.   Figure 3 shows the traffic pattern of YouTube video and YouTube fetches DL data around every 10 seconds based on our observation.  According to YouTube help, there are several video bit rates – 1) 35-45 Mbps for standard frame rate with 4K video quality; 2) 16 Mbps for standard frame rate with 2K video quality etc..  For the evaluation in this paper, one DL data fetching per 10 seconds and 45 Mbps data rate for 4K video quality are assumed.  DRX configurations considered in the evaluation in this paper are shown as follows.
· DRX configuration #1: (DRX cycle, DRX on duration, DRX inactivity timer) = (40ms, 2ms, 40ms)

· DRX configuration #2: (DRX cycle, DRX on duration, DRX inactivity timer) = (512ms, 3ms, 512ms)

· DRX configuration #3: (DRX cycle, DRX on duration, DRX inactivity timer) = (1280ms, 6ms, 1280ms)
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Figure 3. Traffic pattern of YouTube video
Table 2 & Table 3 shows UE power consumption estimation, considering Case A, B, C & D for carrier bandwidth of 20 MHz, 40 MHz, 100 MHz, 200 MHz, 400 MHz & 1 GHz.  It’s assumed that peak data rate by 4x4 MIMO can be applied during DL data transmission period for each carrier bandwidth.  According to the tables, we can have the following observations.

· UE power saving by UE RF bandwidth adaptation increases with the carrier bandwidth.  
· For carrier bandwidth of 20 MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 16%, 29% and 57% UE power saving, respectively, considering YouTube 4K video traffic only & no DRX operation.
· For carrier bandwidth of 20MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 7%, 16% and 40% UE power saving, respectively, considering YouTube 4K video traffic only & DRX Configuration #3.
· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 73%, 84% and 93% UE power saving, respectively, considering YouTube 4K video traffic only & no DRX operation.

· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 59%, 74% and 88% UE power saving, respectively, considering YouTube 4K video traffic only & DRX Configuration #3.
· For multiple carrier operation over contiguous spectrum, the same UE power saving can be expected if single RF chain is applied.

· For multiple carrier operation over non-contiguous spectrum, more UE power saving can be expected 
· This is because multiple RF chains are applied in this case and additional UE power consumption from RF chains can be saved by UE bandwidth adaptation with turning-off unused RF chain.
Table 2. UE power consumption estimation considering DRX, assuming 1GHz, 400 MHz & 200 MHz
	Case
	DRX Config.
	UE Power Consumption Ratio

	
	
	Carrier Bandwidth of 1GHz
	Carrier Bandwidth of 400MHz
	Carrier Bandwidth of 200MHz

	A
	No DRX
	83.02
	39.32
	23.42

	B
	No DRX
	6.13
	6.19
	6.23

	C
	DRX Config. #1
	5.16
	2.89
	2.11

	
	DRX Config. #2
	5.40
	3.00
	2.18

	
	DRX Config. #3
	11.62
	5.92
	3.90

	D
	DRX Config. #1
	1.00
	1.08
	1.17

	
	DRX Config. #2
	1.02
	1.10
	1.18

	
	DRX Config. #3
	1.43
	1.51
	1.59


Table 3. UE power consumption estimation considering DRX, assuming 100 MHz, 40 MHz & 20 MHz
	Case
	DRX Config.
	UE Power Consumption Ratio

	
	
	Carrier Bandwidth of 100 MHz
	Carrier Bandwidth of 40MHz
	Carrier Bandwidth of 20MHz

	A
	No DRX
	14.55
	8.84
	7.46

	B
	No DRX
	6.26
	6.26
	6.29

	C
	DRX Config. #1
	1.74
	1.67
	2.03

	
	DRX Config. #2
	1.78
	1.70
	2.05

	
	DRX Config. #3
	2.83
	2.32
	2.57

	D
	DRX Config. #1
	1.28
	1.52
	1.96

	
	DRX Config. #2
	1.29
	1.54
	1.97

	
	DRX Config. #3
	1.70
	1.95
	2.38


Observation #2: Considering continuous traffic with data rate of 10 Mbps, 50 Mbps and 100 Mbps & no DRX operation, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.
· For carrier bandwidth of 20 MHz, UE RF bandwidth adaptation can provide up to 21%, 23% and 15% UE power saving, respectively.

· For carrier bandwidth of 40 MHz, UE RF bandwidth adaptation can provide up to 35%, 37% and 31% UE power saving, respectively.
· For carrier bandwidth of 100 MHz, UE RF bandwidth adaptation can provide up to 61%, 62% and 58% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, UE RF bandwidth adaptation can provide up to 76%, 77% and 74% UE power saving, respectively.

· For carrier bandwidth of 400 MHz, UE RF bandwidth adaptation can provide up to 86%, 86% and 84% UE power saving, respectively.

· For carrier bandwidth of 1 GHz, UE RF bandwidth adaptation can provide up to 93%, 93% and 92% UE power saving, respectively.
Observation #3: Considering discontinuous traffic (e.g. YouTube 4K video) & no DRX operation, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.
· For carrier bandwidth of 20 MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 16%, 29% and 57% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 73%, 84% and 93% UE power saving, respectively.
Observation #4: Considering discontinuous traffic (e.g. YouTube 4K video) & DRX configuration #3, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.

· For carrier bandwidth of 20MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 7%, 16% and 40% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 59%, 74% and 88% UE power saving, respectively.
Proposal #1: Considering continuous traffic (e.g. 10Mbps data rate) & no DRX operation, UE RF bandwidth adaptation can provide the following UE power saving for single-carrier operation.

· Up to 21%~76% UE power saving if the carrier bandwidth is 20MHz~200MHz.
· Up to 76%~93% UE power saving if the carrier bandwidth is 200MHz~1GHz.
Proposal #2: Considering discontinuous traffic (e.g. 45Mbps YouTube video) & DRX operation, UE RF bandwidth adaptation can provide the following UE power saving for single-carrier operation.

· Up to 7%~59% UE power saving if the carrier bandwidth is 20MHz~200MHz.
· Up to 59%~88% UE power saving if the carrier bandwidth is 200MHz~1GHz.

2.3 Transition time analysis
There are two kinds of mechanisms based on the bandwidth adaptation frequency – 1) Dynamic bandwidth adaptation; 2) Semi-static bandwidth adaptation.  For dynamic bandwidth adaptation, cross-slot scheduling can be applied to adjust the scheduling bandwidth for data, as shown in Figure 4.  However, from the figure, there could be service interruption due to the transition time for bandwidth adaptation.  The introduced system performance degradation is negligible if the transition time for UE RF bandwidth adaptation is much less than one OFDM symbol but it can’t be negligible if the transition time is large (e.g. close to one OFDM symbol).
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Figure 4. Dynamic bandwidth adaptation by cross-slot scheduling
Figure 5 illustrates semi-static bandwidth adaptation by bandwidth adaptation signalling indicating the configuration of bandwidth and physical location.  Though there is data service interruption for bandwidth adaptation transition, it would not introduce significant system performance degradation if semi-static bandwidth adaptation is applied.  For example, system performance would degrade by 0.4% if bandwidth adaptation within 1 second with 4ms transition time and 60KHz subcarrier spacing are assumed.
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Figure 5. Semi-static bandwidth adaptation by bandwidth adaptation signalling

The issue is similar to intra-band contiguous spectrum CA in LTE.  The transition time includes the following components if it’s defined as the time duration between the receiving of RF bandwidth adaptation signalling and the completion of RF bandwidth adaptation.

· Processing time of UE RF bandwidth adaptation signalling

· Settling time of RF retuning
· Settling time of A/D or D/A converter

· Settling time of AGC (for DL UE RF bandwidth adaptation only)
For the processing time of UE RF bandwidth adaptation signalling, there could be two potential ways – 1) MAC CE signalling; 2) Layer-1 signalling.  Based on LTE experience, MAC CE signalling may require around 4 ms for processing due to cross-layer operation while layer-1 signalling may require around 1 ms for processing due to same-layer operation.  The sum settling time of RF retuning and ADC/DAC usually takes around 50 μs for UE RF bandwidth adaptation within a component carrier regardless the conditions listed in the LS [1][3].  Figure 6 shows the transition time for different types of bandwidth adaptation signalling in single-carrier operation.  
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Figure 6. Transition time for different types of bandwidth adaptation signalling in single-carrier operation
In Figure 6(a), transition time 1 is an ambiguity time because DL data transmission can continue using RF bandwidth 1 during transition time 1 theoretically.  However, depending on different UE implementations, UE may start RF tuning & AGC settling at different time points within the transition time 1 so the transition time as the worst case is equal to the sum of transition time 1 & 2 for MAC CE signalling, i.e. around 4 ms.  In Figure 6(b), DL data transmission can continue in the subframe UE receives the bandwidth adaptation signalling so the transition time is around 1 ms.  Though NR supports different subcarrier spacings and larger subcarrier spacing introduces smaller slot length, the transition time should be the same for all supported subcarrier spacings because the transition time is related to UE hardware implementation which is independent of subcarrier spacing.  Therefore, the transition time is dominated by the processing time of RF bandwidth adaptation signalling.  Furthermore, the same situation can be applied to both DL and UL.
Proposal #3: For single-carrier operation, the transition time of UL/DL UE RF bandwidth adaptation is dominated by the processing time of UE RF bandwidth adaptation signalling, regardless of different conditions.

· The transition time is around 1 ms if layer-1 signalling is considered for RF bandwidth adaptation signalling.
· The transition time is around 4 ms if MAC-layer signalling is considered for RF bandwidth adaptation signalling.
2.4 AGC settling analysis
For AGC settling, it was agreed in last RAN4 NR Ad-hoc meeting that for UE RF bandwidth adaptation in single-carrier operation, reference signals are not required for AGC settling, assuming DL signal from the same cell before & after bandwidth adaptation and 5MHz as the minimal UE RF bandwidth considered in UE RF bandwidth adaptation.  Therefore, the only remaining issue is the AGC settling for multiple-carrier operation.  
For multiple-carrier operation, the DL signals may be from different cells before & after DL UE RF bandwidth adaptation so common/group reference signals are required for AGC settling.  According to [3], AGC settling requires at least 20 μs over one OFDM symbol containing common/group reference signals so the transition time of DL UE RF bandwidth adaptation is dominated by the processing time of the bandwidth adaptation signalling and the periodicity of the common/group reference signals.  However, for multi-carrier operation using single RF chain over contiguous spectrum, if the bandwidth adaptation signalling can provide the information of Tx power spectrum density (PSD) difference before & after DL UE RF bandwidth adaptation, UE can estimate the initial AGC level for fast settling based on the AGC level before bandwidth adaptation (
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Therefore, the transition time of DL UE RF bandwidth adaptation can be similar to that for single-carrier operation.  If it doesn’t require optimal AGC level for the first UL transmission in multiple-carrier operation after UL UE RF bandwidth adaptation, the transition time can be similar to that for single-carrier operation as well.  
Proposal #4: For multiple-carrier operation using single RF chain over contiguous spectrum, DL AGC settling doesn’t require common/group reference signals and the transition time of DL UE RF bandwidth adaptation can be similar to that for single-carrier operation if Tx PSD difference before & after DL UE RF bandwidth adaptation is signalled to a UE.
Proposal #5: For multiple-carrier operation using multiple RF chains over non-contiguous spectrum, DL AGC settling requires common/group reference signals and the transition time of DL UE RF bandwidth adaptation is dominated by the processing time of UE RF bandwidth adaptation signalling and the periodicity of the common/group reference signals (X ms).
· The transition time is up to 1+X ms if layer-1 signalling is considered for RF bandwidth adaptation signalling.
· The transition time is up to 4+X ms if MAC-layer signalling is considered for RF bandwidth adaptation signalling.
Proposal #6: For multiple-carrier operation, the transition time of UL UE RF bandwidth adaptation can be similar to that for single-carrier operation if it doesn’t require optimal AGC level for the first UL transmission after the bandwidth adaptation.
3 Conclusion
Observations are summarized as follows.

Observation #1: Over 60% of daily UE power consumption is occupied by PDCCH-only and low data rate services even considering UE DRX operation.
Observation #2: Considering continuous traffic with data rate of 10 Mbps, 50 Mbps and 100 Mbps & no DRX operation, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.

· For carrier bandwidth of 20 MHz, UE RF bandwidth adaptation can provide up to 21%, 23% and 15% UE power saving, respectively.

· For carrier bandwidth of 40 MHz, UE RF bandwidth adaptation can provide up to 35%, 37% and 31% UE power saving, respectively.

· For carrier bandwidth of 100 MHz, UE RF bandwidth adaptation can provide up to 61%, 62% and 58% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, UE RF bandwidth adaptation can provide up to 76%, 77% and 74% UE power saving, respectively.

· For carrier bandwidth of 400 MHz, UE RF bandwidth adaptation can provide up to 86%, 86% and 84% UE power saving, respectively.

· For carrier bandwidth of 1 GHz, UE RF bandwidth adaptation can provide up to 93%, 93% and 92% UE power saving, respectively.
Observation #3: Considering discontinuous traffic (e.g. YouTube 4K video) & no DRX operation, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.

· For carrier bandwidth of 20 MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 16%, 29% and 57% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 73%, 84% and 93% UE power saving, respectively.
Observation #4: Considering discontinuous traffic (e.g. YouTube 4K video) & DRX configuration #3, the following UE power saving can be achieved by UE RF bandwidth adaptation in single component carrier operation.

· For carrier bandwidth of 20MHz, 40 MHz & 100 MHz, UE RF bandwidth adaptation can provide up to 7%, 16% and 40% UE power saving, respectively.

· For carrier bandwidth of 200 MHz, 400 MHz & 1GHz, UE RF bandwidth adaptation can provide up to 59%, 74% and 88% UE power saving, respectively.
Proposals are summarized as follows.
Proposal #1: Considering continuous traffic (e.g. 10Mbps data rate) & no DRX operation, UE RF bandwidth adaptation can provide the following UE power saving for single-carrier operation.

· Up to 21%~76% UE power saving if the carrier bandwidth is 20MHz~200MHz.
· Up to 76%~93% UE power saving if the carrier bandwidth is 200MHz~1GHz.
Proposal #2: Considering discontinuous traffic (e.g. 45Mbps YouTube video) & DRX operation, UE RF bandwidth adaptation can provide the following UE power saving for single-carrier operation.

· Up to 7%~59% UE power saving if the carrier bandwidth is 20MHz~200MHz.

· Up to 59%~88% UE power saving if the carrier bandwidth is 200MHz~1GHz.
Proposal #3: For single-carrier operation, the transition time of UL/DL UE RF bandwidth adaptation is dominated by the processing time of UE RF bandwidth adaptation signalling, regardless of different conditions.

· The transition time is around 1 ms if layer-1 signalling is considered for RF bandwidth adaptation signalling.
· The transition time is around 4 ms if MAC-layer signalling is considered for RF bandwidth adaptation signalling.
Proposal #4: For multiple-carrier operation using single RF chain over contiguous spectrum, DL AGC settling doesn’t require common/group reference signals and the transition time of DL UE RF bandwidth adaptation can be similar to that for single-carrier operation if Tx PSD difference before & after DL UE RF bandwidth adaptation is signalled to a UE.
Proposal #5: For multiple-carrier operation using multiple RF chains over non-contiguous spectrum, DL AGC settling requires common/group reference signals and the transition time of DL UE RF bandwidth adaptation is dominated by the processing time of UE RF bandwidth adaptation signalling and the periodicity of the common/group reference signals (X ms).
· The transition time is up to 1+X ms if layer-1 signalling is considered for RF bandwidth adaptation signalling.

· The transition time is up to 4+X ms if MAC-layer signalling is considered for RF bandwidth adaptation signalling.

Proposal #6: For multiple-carrier operation, the transition time of UL UE RF bandwidth adaptation can be similar to that for single-carrier operation if it doesn’t require optimal AGC level for the first UL transmission after the bandwidth adaptation.
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