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1 Introduction
RAN1 has sent an LS to RAN4 requesting a study of UE bandwidth adaptation

	1. Overall Description:

In RAN1#86bis meeting, RAN1 has achieved the following agreements on UE RF bandwidth adaptation.

· 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 RAN1#87 meeting, RAN1 further discussed UE RF bandwidth adaptation for DL data, DL measurements and UL control/data and no agreements yet. RAN1 would like to ask RAN4 to study the following points for UE RF bandwidth adaptation in single and multiple carrier operation.

· How fast is the UE RF bandwidth adaptation

· How much power saving is possible for UE RF bandwidth adaptation

· Other benefits

· Whether any of the above depends on the conditions, such as

· Whether or not first and second RF bandwidth are centered at the same frequency

· Whether or not first RF bandwidth are partially or fully contained in the second RF bandwidth

· The ratio of first and second RF bandwidth

· Whether or not first and second RF bandwidth are in the same band

· Dependency of modulation scheme

· Whether or not neighbor cell synchronization signals are within first RF bandwidth

· Whether or not first and/or second RF bandwidth are centered at the same frequency as neighbor cell synchronization signals

· Whether or not additional reference signals are needed, for example for AGC settling
· Whether it depends on transmission direction
2. Actions:

To RAN WG4 
ACTION: RAN1 kindly asks RAN4 to study UE RF bandwidth adaptation for single and multiple carrier operation, considering the above points.



2 Discussion

Initial discussions took place on the liaison statement in the January 2017 RAN4 NR adhoc, and we presented initial considerations on the RF aspects of BW adaptation in [5].  A way forward was also agreed [6], however this covers RF aspects. The content of the WF is copied below

	· 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.



The purpose of this contribution is to consider baseband and RRM implications of BW adaptation.
The primary motivation of BW adaptation is power saving; according to [1] In LTE, UE consumes over 60% power for PDCCH-only decoding and low-data-rate services (≤ 8Mbps) , which occupies 70% daily use
 The basic idea of BW adaptation is to configure the UE to operate with control channel/low data rate channel and to increase the BW of the receiver or transmitted only when needed for higher data rate services. RAN1 asks about how quickly the BW switching can be accomplished and how much power saving can be possible, as well as whether there are any other benefits of BW adaptation. RAN1 is also interested in the conditions under which switching time can be fast, or power saving can be significant, and gives a list of possible factors which may influence the conclusion.

Reference [1] was noted rather than agreed, however primarily this is because RAN4 feedback was needed to reach a decision in RAN1. The reference gives 8 cases for BW switching, for which there are 4 different scenarios, and the switching is performed in both directions (eg case 5 is similar to case 1, but switching from BW2 to BW1 etc). The cases can be applied to the transition of DL-to-DL, UL-to-UL, DL-to-UL and UL-to-DL
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Figure 1 : Example cases for bandwidth adaptation. The cases can be applied to the transition of DL-to-DL, UL-to-UL, DL-to-UL and UL-to-DL.

The switching can either be dynamic, or semi-static. In the semi-static case, BW1 and BW2 are preconfigured, and a command triggers the switching. In the dynamic case, the receive BW (and centre frequency of the serving cell(s)) is reconfigured, for example by layer 1 signalling. In addition, RAN1 has discussed applying the concept of BW adaptation to carrier aggregation, for example as illustrated in figure 2 which is reproduced from [2]
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Figure 2. Fast bandwidth/carrier switching for bandwidth adaptation

2.1 Analysis
We see two main impacts in the RRM area for bandwidth adaptation. In addition, power consumption aspects involve both potential baseband and RF power savings when narrower bandwidth is used. As a system level view of power consumption is needed, we discuss power consumption in this contribution.

One main impact to RRM of bandwidth adaptation would be interruption requirements. Indeed, this is one of the main questions asked by RAN1 is “•
How fast is the UE RF bandwidth adaptation?” so we assume that RAN1 recognises there will be an interruption while BW is reconfigured and wants to know the time duration for different scenarios.

In [5] we identified a framework for the various delays which we copy below. We have also added a column with an estimate of the time taken for each operation
	Factor
	Comments
	Duration

	RF power on delay
	This factor is applicable for starting an RF chain that is not already operational., such as an interband carrier aggregation scenario as shown in figure 2. Physically this corresponds to the delay in ensuring that the RF circuitry is fully powered up including eg charging power supply decoupling capacitors,
	It should be possible to start an RF receiver rapidly since this excludes LO tuning, filter transients etc. 10us?

	Filtering transients
	If any RF and/or baseband filtering is modified to operate with a different bandwidth, there will be a transient effect lasting for the duration of the impulse response of the filter before the receiver or transmitter is operational with the new bandwidth
	High order filter has longer impulse response. We expect that filter transients are shorter than CP length.

	Sample rate change delays
	If the ADC/DAC sampling rate is to be changed to operate at a new bandwidth, the reconfiguration will take time, particularly if a pipelined converter is used. The exact details are quite implementation dependent and it should be possible to optimise designs for sample rate changes, if this requirement is taken into account from the start.
	Implementation dependent. Hardware needs to be designed to allow fast sample rate changing if BW adaptation is to be used efficiently. Hence this delay is assumed to be insignificant

	Local oscillator retuning
	Changing a synthesiser frequency takes time, as the phase locked loop needs to converge to the new operating point. The time depends on the amount by which the LO frequency needs to be changed relative to the operating frequency, the loop bandwidth of the PLL, and the technology used in the PLL (eg fractional or integer N synthesiser). Local oscillators are reported in the literature which can be retuned in a few tens of uS, however there are trade-offs between fast retuning and good steady state operation (such as phase noise)
	50-100us should be technically possible?

	AGC settling time
	If the UE does not know the expected power of the signal within the new bandwidth, it will need to iteratively adjust the AGC setting, eg based on measurement of reference signals which are then used to increase or reduce receiver gain. If the UE is receiving signals from the same cell, then the correct or approximately correct gain setting should be known. AGC settling is not relevant for UL transmission, however if the UL path loss is unknown (eg in a new band) a PRACH procedure may be necessary to set the correct UL power control operating point
	Dependent on reference signal availability

	Time and frequency synchronisation
	To receive OFDM signals, time and frequency tracking loops need time to coverage. 
	Dependent on reference signal availability


Table 1 : Some RF and baseband initialisation delays

We also provided analysis on which delays are relevant in each case.
Based on this rudimentary analysis it appears that most of the cases are covered as follows (as a worst case analysis)

	Case
	Important delays
	Tentative range for swtching time

	Case 1/Case 5
	Filtering transients

Sample rate change delays
	Tens of us

	Case 2/Case 6
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 3/Case 7
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 4/Case 8 single carrier
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 4/Case 8 multicarrier
	RF power on delay

Filtering transients

Sample rate change delays

Local oscillator retuning

AGC settling time

Time and frequency synchronisation
	Dependent on reference symbol design. 


Table 2 : Relevant delays for different scenarios.

Interruption impacts
One factor which we would like to emphasise is that starting or stopping a receiver may also involve implementation related delays which are less straightforward to analyse and discuss in a standard forum as they depend heavily on the exact details of the digital hardware implementation. For example, depending on buffering schemes it may only be safe to start reconfiguration when receive buffers are in a known state (such as full, or empty) to avoid corrupted data. As these factors are to do with implementation design there are almost impossible to describe in a generic framework. Nevertheless, our experience is that many implementations do have specific limitations with regard to starting and stopping reception, it is important that they are accounted in the work. Specifically, decisions on BW adaptation will be made by RAN1 on the basis of the response that RAN4 gives, so it is very important that the information given at this time accurately reflects interruption requirements that would be later defined by RAN4 if the feature is specified by RAN1. 

Proposal 1 : RAN4 should ensure that any response to RAN1 is in line with expected performance of practical baseband hardware and software implementations of bandwidth adaptation.

Related to this is that there has been discussion about different implementation options such as the possibilities that the first and second bandwidth are received with the same receiver, different receivers or even different antennae. So as well as the different scenarios shown in figure 1, there are different implementation options which might directly impact the interruption for BW adaptation.

Typically, when there are many scenarios and implementations possible, RAN4 has a choice at high level between two options

Option 1 : Specify a small number (perhaps one) of generic interruption requirements which are covering worst case scenarios and implementations that have been identified by RAN2 
 Or
Option 2 : Introduce side conditions which limit the cases, and have different requirements for different configurations or setups.

The benefit of the first approach is that it leads to relatively simple requirements. The downside is that the NW cannot assume that the UE performs better than worst case, eg if BW adaptation is specified to take 1ms in the worst case then the network always has to wait 1ms before it is safe to schedule the UE on the new BW, This also means that there is almost no incentive for UE implementations to optimise their performance, because even if they switch faster than the 1ms allowed, they will not benefit if the network is anyway assuming the switch takes 1ms. The second approach addresses this to an extent, but at the cost of additional specification complexity, more test cases and so on.

In our view RAN4 definitely needs to discuss the cases and implementations for BW adaptation and understand better the likely ways in which interruptions for bandwidth adaptation could be specified for different cases. Similarly, to proposal 1, RAN4 should be careful not to give a misleading answer to RAN1 which it would not be possible to support in all cases or scenarios.

Proposal 2 : RAN4 should discuss different implementations and scenarios and how these could be captured in potential BW adaptation requirements to avoid giving a response to RAN1 which does not cover important scenarios or implementations
Measurement impacts
Since the purpose of BW adaptation is power saving, it would be counterproductive if UEs needed to remain with wide bandwidth for measurement purposes when they would otherwise be able to operate with smaller BW. Hence there may ultimately be impact to measurement requirements from bandwidth adaptation similarly to the impacts to measurement performance from time domain power saving techniques in DRX.
Observation 1 : Dynamic or semi-static BW adaptation will complicate significantly the discussion on BW for UE measurements, since the BW is likely to vary dynamically.
Demod impacts
Since RAN4 is discussing impact to AGC etc, and there may also be significant impact to channel estimation, there may be a need to specify demodulation requirements in requirements scenarios where bandwidth switching is performed
Observation 2 : If RAN1 includes BW adaptation as an NR feature, it is important that RAN4 will account for this in demodulation requirements and scenarios.
CSI impacts
Naturally the UE may only evaluate CSI over the bandwidth that it is currently receiving. Since there will be a CSI reporting delay, it means that necessarily there is a delay before the network gets a report containing CSI estimated over the wider bandwidth when the UE switches from narrow BW to wide BW. Again it could be desirable to develop RAN4 CSI requirements for bandwidth adaptation scenarios, in case RAN1 decides to specify the feature.
Observation 3 : If RAN1 includes BW adaptation as an NR feature, it is important that RAN4 will account for this in CSI requirements and scenarios.
Power consumption discussion 
RAN1 asks 
“How much power saving is possible for UE RF bandwidth adaptation?”. In our view this question is difficult to answer in a quantitative manner, especially for NR where implementations are in the early design stage. In earlier LTE studies for carrier aggregation, the main power saving comes from switching RF off completely (for example according to a DRX cycle) rather than reducing bandwidth. For reduced bandwidth, the main power saving comes from operating the RF-BB interface at a lower sampling rate but ADC/DAC power consumption is a relatively small part of the total power consumption in a device. However, it is not clear whether these observations apply directly to NR since the NR system has different characteristics such as much wider channel BW (eg 80MHz or more), larger antenna arrays with more RX and TX circuits and so on. Therefore, the answer to the question on power saving is not straightforward. The answer might be very different for a band below 6GHz or a mm-wave band and is obviously also dependent on data traffic.  Moreover, BW adaptation is likely to interact with other power saving techniques such as DRX. If a UE is adapted to a narrower bandwidth it is possible that it will remain awake for more time when DRX is configured due to the lower L1 data rate which can be supported with less bandwidth. This very much depends on the DRX configuration and the bandwidth adaptation settings used.

For these reasons, we think that it is not possible to answer the question on how much power saving is possible for UE RF BW adaptation in a quantitative manner, especially as RAN1 has not given much detail on the possible scheme (eg what are the candidate first and second bandwidths).

Observation 1 : Dynamic or semi-static BW adaptation will complicate significantly the discussion on BW for UE measurements, since the BW is likely to vary dynamically.
Demod impacts
Since RAN4 is discussing impact to AGC etc, and there may also be significant impact to channel estimation, there may be a need to specify demodulation requirements in requirements scenarios where bandwidth switching is performed

Observation 2 : If RAN1 includes BW adaptation as an NR feature, it is important that RAN4 will account for this in demodulation requirements and scenarios.
CSI impacts

Naturally the UE may only evaluate CSI over the bandwidth that it is currently receiving. Since there will be a CSI reporting delay, it means that necessarily there is a delay before the network gets a report containing CSI estimated over the wider bandwidth when the UE switches from narrow BW to wide BW. Again it could be desirable to develop RAN4 CSI requirements for bandwidth adaptation scenarios, in case RAN1 decides to specify the feature.

Proposal 3 : RAN4 answers the question on power consumption by indicating some of the areas where savings are possible and indicates why it is difficult to give a quantitative answer
Other possible benefits

RAN1 also asks about
· Other benefits

Some other potential benefits have been discussed in RAN1 such as load balancing and frequency selectivity gain eg by avoiding interference. However, if power consumption was no concern, these benefits could be obtained by scheduling in frequency domain without the need to switch RF bandwidth. So the primary benefit seems to be power consumption, although this can also be viewed as giving the freedom to schedule a UE over a wider bandwidth without requiring the UE to receive that wider bandwidth all the time.

Observation 5 : Power consumption seems to be the primary potential benefit of the proposed BW adaptation scheme, since other benefits could be obtained by scheduling in the frequency domain if power consumption was of no concern
3 Conclusions

	Case
	Important delays
	Tentative range for switching time

	Case 1/Case 5
	Filtering transients

Sample rate change delays
	Tens of us

	Case 2/Case 6
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 3/Case 7
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 4/Case 8 single carrier
	Filtering transients

Sample rate change delays

Local oscillator retuning
	Low hundreds of us

	Case 4/Case 8 multicarrier
	RF power on delay

Filtering transients

Sample rate change delays

Local oscillator retuning

AGC settling time

Time and frequency synchronisation
	Dependent on reference symbol design. 


Proposal 1 : RAN4 should ensure that any response to RAN1 is in line with expected performance of practical baseband hardware and software implementations of bandwidth adaptation.

Proposal 2 : RAN4 should discuss different implementations and scenarios and how these could be captured in potential BW adaptation requirements to avoid giving a response to RAN1 which does not cover important scenarios.

Observation 1: Detailed analysis on the power savings possible with UE RF BW adaptation is a complicated issue and it is unlikely to be possible to give a numerical answer to this question.

Observation 2 : If RAN1 includes BW adaptation as an NR feature, it is important that RAN4 will account for this in demodulation requirements and scenarios.
Observation 3 : If RAN1 includes BW adaptation as an NR feature, it is important that RAN4 will account for this in CSI requirements and scenarios.
Observation 4: Detailed analysis on the power savings possible with UE RF BW adaptation is a complicated issue and it is unlikely to be possible to give a numerical answer to this question.

Proposal 3 : RAN4 answers the question on power consumption by indicating some of the areas where savings are possible and indicates why it is difficult to give a quantitative answer
Observation 5 : Power consumption seems to be the primary potential benefit of the proposed BW adaptation scheme, since other benefits could be obtained by scheduling in the frequency domain if power consumption was of no concern
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