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Introduction
In RAN1#86bis, the topic of bandwidth adaptation in NR had been discussed, and the following agreements had been reached [1]:
· 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 this contribution, some design options and tradeoffs supporting bandwidth (BW) adaptation for different timing (X µs) in accordance to the above agreement will be discussed and illustrated with several examples. The timing quantity X µs as defined in the above agreement will be referred to as the “bandwidth adaptation response time” in this contribution. In some occasions, bandwidth adaptation is also equivalently referred to as bandwidth switching.

Bandwidth Adaptation Considerations
According to the above agreement, bandwidth adaptation response time (X µs) is FFS. Generally, it would be useful to consider three levels: (1) slot level (from more than a few symbols to almost the entire slot), (2) less than few symbols, (3), a small fraction of the cyclic prefix (CP). These are mentioned in the order from the least to most stringent in terms of RF hardware/firmware and performance requirements. In the subsequent sections, different levels of BW adaptation response time are compared, and it is understood that if requirements for a shorter response time can be met, the requirements for a longer response time are also met by definition.
Another aspect is whether the center frequency is aligned before and after a switch in BW.  Small changes in center frequency could be expected to settle within short time durations whereas larger center frequency changes are expected to take more time.  Simultaneously adapting the BW and center frequency is possible and further analysis is needed to define suitable performance metrics in RAN4. Requiring center frequency alignment may potentially limit the benefits of bandwidth adaptation. RF hardware and performance limit to the duration of the switching time should also be studied and discussed in RAN4.
There is also some subtle differences when the scheme is applied to TDD vs FDD. Because initial specification for NR is focused on TDD, in this contribution only TDD and primarily DL transmission is considered but the discussion can be extended to FDD.

Levels of BW Adaptation Response Time
[bookmark: _Ref466058817]Slot Level
For the case that the response time is within a slot (and more than a few symbols), the following limitations are imposed for a slot structure where control and data are TDM:
1. RF bandwidth for control and data in the same slot should be the same
· Baseband can still pick out the subset of tones mapped to specific channels to process
· RF bandwidth required would be the span of the frequency allocation for control channel and data channel
2. RF center frequency for control and data in the same slot should be the same
3. RF bandwidth and/or center frequency switching can happen during UE’s RF inactive time (defined to be RF circuitry not transmitting or receiving signal)
· UE’s RF inactive time includes: guard periods, RF off duration (e.g. during microsleep)

Above can be supported within the framework of flexible UE bandwidth proposed in [2][3]. In terms of control signaling to facilitate the framework, semi-static and dynamic schemes can be considered. Semi-static bandwidth adaptation had been proposed in [3]. Dynamic bandwidth adaptation can be supported with cross-slot scheduling as proposed in [4].
In the following, more details are given to dynamic bandwidth adaptation. The following scheduling/signaling schemes can be considered:
a) Cross-slot scheduling with grant in slot N and data in slot N+1
b) Dynamic bandwidth indication and/or state-based bandwidth management

Cross-slot scheduling has been introduced in [4] and discussed more in details in [5]. In this contribution another scheduling/signaling scheme (b) is introduced.
The drawback with (a) is that the scheduled data transmission is delayed by one slot, and cross-slot grants deviate from the self-contained slot concept. With (b), explicit control signaling instructs the UE to switch from “narrow BW” state to “wide BW” state for the following slot. Once the switching is complete, UE Rx stays at the “wide BW” state during which same-slot scheduling is used. Explicit control signaling may instruct the UE to switch back to “narrow BW” when no data is to be scheduled. A variant or complementary scheme is to base the state switching decision also on grant status. For example, when there has been a threshold number of consecutive slots with no grant, the UE can autonomously switch back to “narrow BW” state. Optionally, cross-slot scheduling could be used initially to kick start the UE into “wide BW” state.
Scheme (b) is more compatible with the self-contained slot structure. It has some similarity to DRX – Beyond just switching the UE between ON and OFF states, this opens up another dimension: switching between narrow vs wide BW states during the active duration of a DRX cycle. Moreover, BW indicator transitions can be based on the full/empty status of the data queue in the eNB scheduler.
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Figure 1: Slot-level dynamic BW adaptation

In the above example for a DL centric slot, RF circuitry can switch bandwidth and/or center frequency during inactive time: During microsleep duration it can switch from narrow BW to wide BW, and during the guard period (surrounding the UL control burst) it can switch from wide BW to narrow BW. During the control and data duration within the same slot, UE-specific bandwidth must span the frequencies of the control subband and data allocation, and this UE-specific BW should be coordinated with the eNB such that data allocation would not fall outside of the UE-specific BW supported at the time.
Observation 1: Cross-slot scheduling achieves dynamic BW adaptation and power saving, at the expense of introducing dependency between slots, which deviate from self-contained slot design, and incurring slightly higher latency.
Proposal 1: Dynamic bandwidth indication and state-based bandwidth management should be considered as design options to support dynamic bandwidth adaptation.
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For DL centric slot, if a gap is introduced between the end of the control duration and the start of the data duration (assuming they are TDM), and this gap is sufficient for RF bandwidth adaptation, then the following can be supported:
1. RF bandwidth for control and data in the same slot can be different
2. RF center frequency for control and data in the same slot can be different
3. RF bandwidth and/or center frequency switching can happen during the gap following the control region and before the data region

The following example illustrates bandwidth adaptation that can be performed independently for the control and data durations. Because of this decoupling, UE’s RF BW (i.e. bandwidth that the RF is configured to support) and the center frequency can be different for the control and data durations, as long as it is within UE capability and within the carrier bandwidth.


Figure 2: BW adaptation for control and data durations within a slot
The gap can be UE specific and displaces one or more of the control symbols at the end of the control duration, or displaces one or more of the data symbols at the start of the data duration, or a combination of both. eNB would not use the displaced symbols to carry control or data information for the UE.
One main benefit of this scheme is that BW adaptation response is also “self-contained” within the slot. Compared to cross-slot scheduling and/or state-based switching as described in the previous section (2.1.1), this scheme has no dependencies outside the slot.
The drawback for this scheme is that if the gap cannot be multiplexed and utilized for other signal, it could be a significant overhead in terms of air interface resources. Also, during the gap, the chipset and RF circuitry continues to consume power, so the power saving from bandwidth adaptation on the control and data durations must outweight the overhead in order to have a net power saving.
Observation 2: For small data / RB allocation, the power saving from BW adaptation can be substantial, and the resource loss due to the gap for BW adaptation may be justified and acceptable.
Proposal 2: BW adaptation during a gap between control and data durations within a slot should be considered for UEs operating with small data / RB allocation.

Fraction of the Cyclic Prefix
Ideally, if the bandwidth switching time can be a small fraction of the cyclic prefix (CP), the bandwidth adaptation scheme described in the previous section (2.1.2) can be implemented with no gap between the control and data durations. As a result, no air interface resource is potentially wasted.
The fraction of CP taken up by RF bandwidth switching would reduce the effectiveness of CP in combating channel impairments due to long delay spread. As a result, orthogonality of OFDM may be impaired, leading to demodulation performance loss.
It is envisioned that the prevalent numerology for NR would have shorter symbol and CP duration compared to LTE. For example, if subcarrier spacing (SCS) is 30kHz, the symbol duration would be 35.7 µs with CP length of approximately 2.4 µs. Practical RF bandwidth switch time with state-of-the-art technology is in the order of several µs. As a result, this scheme is not feasible with current RF hardware technology. Even for 15kHz SCS (same as LTE), the CP length is 4.8 µs which is still small compared to the required switching time.

Conclusions
Observation 1: Cross-slot scheduling achieves dynamic BW adaptation and power saving, at the expense of introducing dependency between slots, which deviate from self-contained slot design, and incurring slightly higher latency.
Proposal 1: Dynamic bandwidth indication and state-based bandwidth management should be considered to facilitate dynamic bandwidth adaptation.
Observation 2: For small data / RB allocation, the power saving from BW adaptation can be substantial, and the resource loss due to the gap for BW adaptation may be justified and acceptable.
Proposal 2: BW adaptation during a gap between control and data durations within a slot should be considered for UEs operating with small data / RB allocation.
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