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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.  Though the modem power consumption may just occupy one third or less of the total smart phone power consumption, it’s still very beneficial to develop power-efficient techniques to enhance modem power consumption efficiency in NR.  In 3GPP RAN1 Session #86bis, the following agreements have been achieved on UE bandwidth adaptation for DL at least for single carrier operation.
· At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive in a second RF bandwidth that is larger than the first RF bandwidth within less than X µs (FFS: value of X)

· FFS the first RF bandwidth is within the second RF bandwidth

· FFS the first RF bandwidth is at the center of the second RF bandwidth

· FFS the maximal ratio of the first RF bandwidth over the second RF bandwidth

· FFS detailed mechanism

· FFS RF bandwidth adaptation for RRM measurement
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. This paper discusses the motivation and benefits to apply UE RF bandwidth adaptation and potential mechanisms to enable UE RF bandwidth adaptation.
2 Discussion
2.1 UE DoU power consumption
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Figure 1. Distribution of daily UE modem power consumption for 20MHz
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.
Observation #1: Around 64% of daily UE power consumption is occupied by PDCCH-only and low data rate services.
2.2  Benefits of UE RF bandwidth adaptation
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Figure 2. UE processing chain for DL & UL
Figure 2 illustrates the UE processing chain for both DL and UL.  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.  Table 1 and Table 2 show the UE power consumption estimation for digital base-band, assuming 4x4 MIMO and advanced semi-conductor process (e.g. < 28nm).  For sub6 spectrum, 5MHz~200MHz could be the bandwidth range for a component carrier.  The power saving for digital base-band by UE bandwidth adaptation is 35~92%, 29~90% and 31~84% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.  For above6 spectrum, 20MHz~1GHz could be the bandwidth range for a component carrier.  The power saving for digital base-band by UE bandwidth adaptation is 37~94%, 36~93% and 34~93% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.  Similar situation also applies to UL.
Table 1. UE power consumption estimation for DL digital base-band (DBB), assuming 4x4 MIMO
	Carrier Bandwidth
	Bit Rate Case 1
	Power Consumption Ratio
	Bit Rate Case 2
	Power Consumption Ratio

	5 MHz
	10 Mbps
	1
	50 Mbps
	1.5

	10 MHz
	10 Mbps
	1.6
	50 Mbps
	2.2

	20 MHz
	10 Mbps
	2.5
	50 Mbps
	3.3

	40 MHz
	10 Mbps
	3.9
	50 Mbps
	5.1

	100 MHz
	10 Mbps
	7.5
	50 Mbps
	9.4

	200 MHz
	10 Mbps
	12.3
	50 Mbps
	15

	400 MHz
	10 Mbps
	20.5
	50 Mbps
	24.5

	1GHz
	10 Mbps
	40.7
	50 Mbps
	47.8


Figure 3 illustrates the relationship between UE reception/transmission and the corresponding UE RF bandwidth.  In DL Case 1, even though only narrowband DL data channel are scheduled, it could be in any physical location within a carrier bandwidth from one slot to another and DL control channel/CSI-RS could span as wideband so UE RF bandwidth can only choose to align with carrier bandwidth.  In UL Case 1, even though only narrowband resources are scheduled, they could be allocated in any physical location within a carrier bandwidth from one slot to another so UE RF bandwidth can only choose to align with carrier bandwidth.  In DL/UL Case 2, since resource allocation is confined within a narrow bandwidth, it allows UE RF bandwidth to align with the narrow bandwidth.  Comparing to DL/UL Case 1, DL/UL Case 2 has better UE power consumption efficiency when there is no or low-bit-rate data traffic in DL/UL.

Table 2. UE power consumption estimation for DL digital base-band (DBB), assuming 4x4 MIMO
	Carrier Bandwidth
	Bit Rate Case 3
	Power Consumption Ratio
	Peak Bit Rate
	Power Consumption Ratio

	5 MHz
	N/A
	N/A
	75 Mbps
	1.7

	10 MHz
	100 Mbps
	2.6
	150 Mbps
	3

	20 MHz
	100 Mbps
	3.8
	300 Mbps
	5.2

	40 MHz
	100 Mbps
	5.8
	600 Mbps
	9

	100 MHz
	100 Mbps
	10.5
	1.5 Gbps
	19

	200 MHz
	100 Mbps
	16.5
	3 Gbps
	33.5

	400 MHz
	100 Mbps
	26.8
	6 Gbps
	59.1

	1GHz
	100 Mbps
	51.7
	15 Gbps
	125.5


[image: image3.emf]PUCCH PUSCH SRS

C

a

r

r

i

e

r

 

B

W

U

E

 

R

F

 

B

W

C

a

r

r

i

e

r

 

B

W

U

E

 

R

F

 

B

W

UL Case 1 UL Case 2

PDCCH PDSCH CSI-RS

C

a

r

r

i

e

r

 

B

W

U

E

 

R

F

 

B

W

C

a

r

r

i

e

r

 

B

W

U

E

 

R

F

 

B

W

DL Case 1 DL Case 2


Figure 3. Relationship between UE transmission and corresponding UE RF bandwidth

Observation #2: There is significant power saving for digital base-band power consumption if UE RF bandwidth adaptation for DL/UL control/data and DL measurements is allowed in single component carrier operation.
· For RF bandwidth adaptation range of 5MHz~200MHz, the power saving for digital base-band by bandwidth adaptation is 35~92%, 29~90% and 31~84% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.

· For RF bandwidth adaptation range of 20MHz~1GHz, the power saving for digital base-band by bandwidth adaptation is 37~94%, 36~93% and 34~93% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.

2.3 Potential mechanisms
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Figure 4. Dynamic bandwidth adaptation by cross-slot scheduling
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).

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 0.1% if bandwidth adaptation within 1 second with 4-slot transition time and 60KHz subcarrier spacing are assumed.
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Figure 5. Semi-static bandwidth adaptation by bandwidth adaptation signalling

Figure 6 shows potential cases of RF bandwidth adaptation for both DL and UL, assuming single RF bandwidth is applied within a carrier.  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 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 RF bandwidth adaptation signalling, there could be two potential ways – 1) MAC CE signalling; 2) Layer-1 signalling.   MAC CE signalling may require around 4 slots for processing due to cross-layer operation while layer-1 signalling may require at least 1 slot 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 [2].  If Tx PSD within a component carrier is uniform, AGC doesn’t require reference signals and the received power level can be inferred based on the value before RF bandwidth adaptation and the bandwidth after RF bandwidth adaptation so the AGC settling time can be less than 20 μs.  If Tx PSD within a component carrier is not uniform, AGC may require measurements over an OFDM symbol containing common reference signals and its settling time is at least 20 μs [2].  Since RF retuning, ADC/DAC settling and AGC can be done simultaneously, the transition time contributed from them is around 50 μs.  Therefore, the processing time of bandwidth adaptation signalling dominates the transition time.  For UL bandwidth adaptation, only settling time of AGC is excluded from the transition time so the total transition time for UL bandwidth adaptation is the same as DL one.
Observation #3: The transition time of DL UE RF bandwidth adaptation is 1 ~ 4 slots (e.g. 1 slot = 0.125ms or 0.5ms).
· The transition time is 1 slot if layer-1 signalling is considered for RF bandwidth adaptation signalling
· The transition time is 4 slots if MAC-layer signalling is considered for RF bandwidth adaptation signalling
Observation #4: The transition time of UL UE RF bandwidth adaptation is 1 ~ 4 slots (e.g. 1 slot = 0.125ms or 0.5ms).
Observation #5: AGC settling may not require reference signals.

· AGC settling doesn’t require reference signals if Tx PSD within a component carrier is uniform

· AGC settling may require reference signals if Tx PSD within a component carrier is not uniform
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Figure 6. Potential cases of UE bandwidth adaptation within a carrier for both DL and UL
3 Conclusion
Observations are summarized as follows.

Observation #1: Around 64% of daily UE power consumption is occupied by PDCCH-only and low data rate services.

Observation #2: There is significant power saving for digital base-band power consumption if UE RF bandwidth adaptation for DL/UL control/data and DL measurements is allowed in single component carrier operation.

· For RF bandwidth adaptation range of 5MHz~200MHz, the power saving for digital base-band by bandwidth adaptation is 35~92%, 29~90% and 31~84% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.

· For RF bandwidth adaptation range of 20MHz~1GHz, the power saving for digital base-band by bandwidth adaptation is 37~94%, 36~93% and 34~93% when 10Mbps, 50Mbps and 100Mbps data rate are assumed.

Observation #3: The transition time of DL UE RF bandwidth adaptation is 1 ~ 4 slots (e.g. 1 slot = 0.125ms or 0.5ms).

· The transition time is 1 slot if layer-1 signalling is considered for RF bandwidth adaptation signalling
· The transition time is 4 slots if MAC-layer signalling is considered for RF bandwidth adaptation signalling

Observation #4: The transition time of UL UE RF bandwidth adaptation is 1 ~ 4 slots (e.g. 1 slot = 0.125ms or 0.5ms).

Observation #5: AGC settling may not require reference signals.

· AGC settling doesn’t require reference signals if Tx PSD within a component carrier is uniform

· AGC settling may require reference signals if Tx PSD within a component carrier is not uniform

Proposals are as follows.
Proposal: Send LS reply back to RAN1 with the above observations on UE RF bandwidth adaptation for single component carrier operation.
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