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1. Introduction
In this contribution, design principles of frame structure of NR access technology are discussed.
2. Lean radio-frame with flexible dynamic TDD
Lean-radio frame with flexible dynamic TDD would be a promising design principle for NR [1]. In this concept, the radio resources are classified into two types; fixed DL resources (or fixed DL time-interval) and flexible resources (or flexible time-interval). Fixed DL resources are used to transmit ‘always-on’ signals so that UEs can find/synchronize with a TP/cell without prior information, measure received signal quality/strength, and/or mobility tracking, etc. Synchronized transmission of always-on signals on the fixed DL resources among TPs would be helpful to avoid UL-DL inter-cell interference and to ease UEs to receive the signals. Flexible resources are used for any purposes especially for scheduling in a dynamic manner. 
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Fig. 1
Lean radio-frame with flexible dynamic TDD.
In the following, necessary functions of fixed DL resources and flexible resources are separately discussed.
2.1. Fixed DL resources
As mentioned earlier, fixed DL resources are for ‘always-on’ signals, where always-on signals here refers to the signals that are transmitted irrespective of whether there is a receiving UE or a connected UE. As an example, in case of LTE following signals are always-on.
	Channel/signal
	Purpose

	DL synchronization signals
	TP detection and synchronization

	DL physical broadcast channel
	Vital information necessary for initial access

	DL common reference signal
	Fine synchronization, mobility, measurement

	DL common control channels
	Scheduling SI on common shared channel

	DL common shared channel
	Conveying system information


As agreed in RAN1#84bis, minimizing always-on signals is important to ensure forward compatibility. However, especially at higher-carrier frequencies, in order to ensure sufficient communication range, coverage enhancement techniques for these always-on signals would be necessary. Potential approach is repetition with or without beam-forming. However, such repetition may require further increased overhead of always-on signals. 
Note that the broadcast channel and system information would not be necessary if there is assisting LTE/NR carriers which provides the information via UE-specific signalling. In case of dual connectivity with assisting LTE/NR carriers, DL synchronization signal(s) and DL common reference signal(s) would be the necessary always-on signals. In case of CA with non-contiguous and/or non-co-located assisting LTE/NR carriers, DL common reference signal(s) can be not always-on if mobility/measurement are provided by the assisting LTE/NR carriers. In case of CA with contiguous and co-located assisting LTE/NR carriers, whole always-on signals may not be necessary. As such, necessary always-on signals depend on operating scenario. Therefore, it is important to find optimal way of how always-on signals should be transmitted considering various aspects such as deployment scenario, availability of assisting carriers, etc. 
Observation 1:

· The amount of always-on signals should be minimum for each operating scenario.

· Study further necessary functions and necessary always-on signals that are transmitted on fixed DL resources.
2.2. Flexible resource
Not-always-on signals should be transmitted on flexible resources. It is desirable to make any channels/RSs being schedulable by DL control channel in dynamic manner, so that sufficient flexibility is ensured. Figure 2 illustrates a set of dynamic scheduling operations that should be default for NR, where following aspects should be taken into account:
· DL control channel and its scheduled DL data and/or DL sounding RS (i.e., CSI-RS) can simply be well confined, e.g., FDM/TDM/CDM/SDM in time continuous symbols.

· HARQ-ACK feedback for UL data should not be baseline for NR; UL HARQ operation should be asynchronous and adaptive and hence PHICH-type of channel is not present.
· There should be a time gap between DL control and its scheduled UL data and/or UL sounding RS (i.e., SRS) or RA preamble.

· There should be a time gap between DL data and/or DL sounding RS (i.e., CSI-RS).
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Fig. 2
Concept of dynamic scheduling on flexible resource.
The NR specifications should not be a limiting factor of NR performances and of future enhancements. With this understanding, self-contained type of operation is considered as a dynamic TDD scheduling mechanism. Figure 3 illustrates a basic set of self-contained units. In the self-contained operation, following signals are well confined within a certain time interval, e.g., 1ms (equivalent to subframe duration in LTE):

· DL control channel and the scheduled DL data and/or DL sounding RS (i.e., CSI-RS), and UL HARQ-ACK/CSI feedback
· DL control channel and the scheduled UL data and/or UL sounding RS (i.e., SRS)

With the self-contained operation, UEs capable of very fast encoding/decoding/measurement can exhibit its very low latency capability. Furthermore, each HARQ/CSI measurement process has no impact to the outside unless the UE is explicitly scheduled in the other time-intervals. The confinement maximized by the self-contained operation is also preferable from forward compatibility point of view.
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Fig. 3
Self-contained operation.
On the other hand, there are some potential concerns for the self-contained operation as discussed below.
1. UL-DL switching required within each given time-interval
The UL-DL switching requires sufficient guard time to cover transient period and timing advance. In case of LTE TDD, the UL-DL switching period presents per 5ms or 10ms. Requiring frequent UL-DL switching (e.g., per 1ms or per 0.25ms depending on numerology parameter) would degrade spectral efficiency, even compared with LTE.
Some potential solutions can be considered. The first approach is to allow each DL or UL transport block (or sounding RS or RA preamble) spanning over multiple time-intervals (Fig. 4 (a)). The time-interval over which the DL or UL signal spans can be determined either in semi-static manner or in dynamic manner. If this is determined semi-statically, it is equivalent to define longer time-interval for self-contained operation (Fig. 4 (b)). It could also be determined dynamically, which is equivalent to dynamic change of the time-interval for self-contained operation. As the time-interval becomes longer, the periodicity and/or frequency of UL-DL switching becomes smaller, and as a consequence the spectral efficiency improves, at the cost of latency. Unless eNB is capable of full-duplex TDD, the time-interval length/timing should be aligned among UEs communicating with the same TP at the same timing. UE-common time-interval for self-contained operation creates the tradeoff between flexibility and spectral efficiency improvement. For UEs communicating with different/neighboring TPs, different setting of the time-interval is allowable. However, different setting of the time-interval among UEs communicating with different TPs may create UL-DL inter-cell interference. Whether this type of interference can be sufficiently suppressed by a certain interference management (e.g., massive MIMO beam-forming) should be studied further.
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(a) Fixed time-interval.
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(b) Variable time-interval.
Fig. 4
Approach 1.
Another approach is to schedule/limit each transport block (or sounding RS or RA preamble) over a fixed time-interval, where in case of DL, feedback for multiple time-intervals are aggregated on one UL control channel, while in case of UL, multiple time-intervals are scheduled by one DL control channel (Fig. 5 (a)). Similar to the previous approach, this is equivalent to prolong the time-interval and include multiple transport blocks (or sounding RS or RA preamble) over the time-interval (Fig. 5 (b)). As in the previous approach, unless eNB is capable of full-duplex TDD, DL timing/duration and UL timing/duration should be aligned among UEs communicating with the same TP. Different utilization of the time-interval among UEs communicating with different TPs may create UL-DL inter-cell interference. 
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(a) Fixed time-interval.
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(b) Variable time-interval.

Fig. 5
Approach 2.

Unlike approach 1, this approach allows to TDM  multiple UEs and UL/DL within the aggregated multiple time-intervals (Fig. 6 (a)), or within the longer time-interval (Fig. 6 (b)), where mixing UL/DL requires the increase of UL-DL switching. Note that in the DL scheduling of approach 2, it is important to make the position/timing of UL control channel being flexible enough, so that eNB can have flexibility to decide either to reduce UL-DL switching or to grant UCI feedback immediately at each opportunity.
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(a) Mix of UL and DL self-contained operation with fixed time-interval.
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(b) Mix of UL and DL self-contained operation with variable time-interval.
Fig. 6
Mix of UL and DL in approach 2.
Between approaches 1 and 2, approach 1 has less control signaling overhead while approach 2 has higher flexibilities. Especially, approach 2 enables to multiplex different UEs and/or to mix DL and UL within the same time-duration as in Fig. 5 (c) and (d). 

In both approaches, UL scheduled transmissions have the same issue. UL-DL switching can be reduced by scheduling UL transmission over multiple time-intervals (Fig. 4 (a) and Fig. 5 (a)) or over longer time-interval (Fig. 4 (b) and Fig. 5 (b)), but the scheduled UL transmission(s) is/are separated in time from DL control channel that scheduled it/them. Since the scheduler decision has already been informed to UEs at the timing of DL control channel, this type of UL scheduling would cause restriction on scheduling flexibility for a long time. In order to resolve this at least for control channels, time-durations/positions for control channels can be blanked. However, blanking some resources during uplink transmission does not resolve the original concern, i.e., spectral efficiency loss due to frequent UL-DL switching.
Regarding the definition of time-interval, fixed time-interval (Fig. 4 (a) and Fig. 5 (a)) can be interpreted as to define the time-interval by the periodicity of DL control channel in which the UE shall monitor. On the other hand, variable time-interval (Fig. 4 (b) and Fig. 5 (b)) can be interpreted as to define the time-interval by (1) UCI transmission timing, and/or (2) over which time-duration a DL control channel is effective. As long as actual consequence is not different, either definition of the time-interval would work.
2. Trade-off between DL duration and UL duration plus guard time for a given time-interval.
For DL scheduling, there should be a trade-off between DL data duration and UL control duration plus guard time for UL-DL switching. In order to improve UL coverage, DL data duration needs to be reduced. Note that in case of LTE, UL control channel spans 1ms in time and 1 PRB in frequency with intra-subframe frequency-hopping. In case of NR, only supporting minimum number of symbol(s) for UL control channel plus guard time (e.g., 1 symbol for UL control channel and 1 symbol for guard time) may be restrictive to the UL coverage. Similar issue also exists in case of UL scheduling since the guard time for UL scheduling needs to be set sufficient for timing advance. There are basically three approaches to resolve this issue. 
The first approach is to increase the length of UL control channel and/or guard time within the given time-interval while reducing the scheduled transmission/reception duration (Fig. 7). With this approach, the UL coverage can be improved at the cost of spectral efficiency. UEs communicating with the same TP are allowed to use different setting of the time-interval, as long as simultaneous transmission/reception at the TP side does not happen. 
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Fig. 7
Varying durations of DL and UL transmissions for a given time-interval.
Second approach is to prolong the time-duration of the self-contained operation so that UL and/or guard time are extended (Fig. 8). This approach cannot allow different setting of time-interval among UEs communicating the same TP and hence the setting should be common among UEs.
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Fig. 8
Varying time-interval to maintain durations of DL and UL transmissions.
Third approach is to give up a certain level of confinement within the given time-interval. One way is to transmit UL at the time-interval different from that for the DL control channel scheduling it (Fig. 9). This loses the flexibility of self-contained operation. In order to ensure the advantage of self-contained operation, the grant signaling should be close to the scheduled UL transmission as much as possible.
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Fig. 9
Giving up self-contained operation to ensure sufficient long transmission of UL.
3. Ideal ‘self-contained’ operation is realized only if the UE is capable of very fast processing.
Compared to LTE, self-contained operation requires highly fast processing capability for UE. If UEs not capable of such very fast processing are allowed, the minimum timing relationships between the scheduled DL receptions and its UCI feedback, and between the DL control and its scheduled UL transmissions, need to be relaxed. 
For this, it is possible to delay UCI/UL transmission timing from the DL control channel, while the basic self-contained structure is kept. In case of DL scheduling, UCI feedback is transmitted at the end of the time-interval, where the time-interval is not the same as for DL control and its scheduled DL reception. In case of UL scheduling, UL transmission is mapped after one or more time-intervals compared to the time-interval containing DL control channel scheduling the UL transmission. However, this relaxation breaks the merit of self-contained operation and becomes restrictive to flexible scheduling. If the UCI feedback timing is implicit, it is also restrictive factor. Therefore, RAN1 should strive for addressing this issue so that the delayed UCI feedback and/or UL scheduling timing is avoided as hard as possible. 
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Fig. 10
Allowing UEs not capable of fast processing.
4. Whether/how to realize FDD operation using the self-contained operation.

For NR, it would make sense to start study from TDD operation and consider application/extension to FDD operation. In this case, there are two possible principles to design FDD. The first possible principle is to optimize FDD somehow differently from TDD. For example, TDD can be optimized for low latency operation based on self-contained operation with focusing on higher carrier frequencies, while FDD can be optimized for better coverage assuming lower carrier frequencies. Another way is to pursue same optimization for TDD and FDD; e.g., similar low latency for FDD as for TDD. Simply re-using self-contained operation on FDD (Fig. 11) is not efficient since non-full-duplex and guard time between DL and UL is assumed.
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Fig. 11
Application of self-contained operation on FDD.
In summary, following are observation of potential concerns on self-contained operation.

Observation 2:

· Several concerns are foreseen on self-contained operation and they should be addressed in this study.

· how to mitigate spectral efficiency loss due to frequent UL-DL switching

· how to ensure UL coverage

· whether/how to ensure very fast processing for eNB/UE to achieve full benefit

· whether/how to communize FDD and TDD
Then we discussed possible approaches to resolve the concerns. Through the discussion, possible starting point of self-contained operation are found as follows.

Observation 3:

· Following can be the starting point of self-contained operation:

· UE monitors DL control channel with a certain periodicity unless otherwise explicitly allowed to skip it.
· Skip monitoring may happen if there is DL scheduled reception and/or UL scheduled transmission on the DL control channel duration.
· UE transmits UCI feedback using UL control channel, where the UCI feedback timing for scheduled DL reception should be within the given time-interval or be flexible enough.
· Separating DL control channel scheduling a UL transmission and the scheduled UL transmission in time would be restrictive and hence should be close as much as possible.

3. Conclusion
In this contribution we discuss NR frame structure and reached following observation and proposals.
On fixed DL resource:

Observation 1:

· The amount of always-on signals should be minimum for each operating scenario.

· Study further necessary functions and necessary always-on signals that are transmitted on fixed DL resources.
On flexible resource:

Observation 2:

· Several concerns are foreseen on self-contained operation and they should be addressed in this study.

· how to mitigate spectral efficiency loss due to frequent UL-DL switching

· how to ensure UL coverage

· whether/how to ensure very fast processing for eNB/UE to achieve full benefit

· whether/how to communize FDD and TDD
Then we discussed possible approaches to resolve the concerns. Through the discussion, possible starting point of self-contained operation are found as follows.

Observation 3:

· Following can be the starting point of self-contained operation:

· UE monitors DL control channel with a certain periodicity unless otherwise explicitly allowed to skip it.
· Skip monitoring may happen if there is DL scheduled reception and/or UL scheduled transmission on the DL control channel duration.
· UE transmits UCI feedback using UL control channel, where the UCI feedback timing for scheduled DL reception should be within the given time-interval or be flexible enough.

· Separating DL control channel scheduling a UL transmission and the scheduled UL transmission in time would be restrictive and hence should be close as much as possible.

References
[1] R1-163107, ‘Forward compatibility for NR access technology,’ NTT DOCOMO, INC.
- 1/10 -

