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Introduction
[bookmark: _GoBack]In RAN#71, the technology study item for 5G new RAT (NR) has been approved [1]. One important aspect for consideration is the frame structure, and the ability to address all of the services and use cases envisioned for 5G which being forward compatible to new features and technology advances later in the NR operating lifetime [2]. This document provides discussion and a recommendation for requirements on the frame structure design for NR.
Discussion
Many requirements of NR with respect to services, deployment considerations, and implementation considerations drive the design of frame structure. The challenge is then to support these requirements with a versatile yet efficient and clean description, which can be simply managed yet dynamically adapted to the needs of the network throughout its lifetime.
Here in our discussion, we recommend the definition of two main components of the frame structure from which requirements can henceforth be defined.
Proposal 1: Frame structure should be composed of two fundamental units, i.e., TTIs and SFs. A Transmission Time Interval (TTI) is the smallest time unit over which transmission can occur, in multiples of symbols. A Subframe (SF) is the smallest unit consisting of one or multiple TTIs, such that both a transaction from the source to destination and a transaction from the destination to the source are completed. There may be one or multiple TTIs per SF.
Services across EMBB, mMTC, and URLLC
For the enhanced mobile broadband (EMBB) services within NR, there is focus on much lower latency and higher peak rate than existing LTE. It becomes natural to scale down the subframe lengths in order to address these. For instance, lower latencies require shorter subframe lengths, and these allow for fast turnaround and multiple retransmission attempts before the deadline. Additionally at higher peak rates, scaling down the subframe has benefit in that peak rate is not achieved exclusively for large data transactions. The latter is particularly important for mmW where much wider bandwidths might be available.
In mmW systems, many UEs cannot be frequency division multiplexed together due to limited number of digital chains and analog beamforming at the base station. Hence, scaling down of TTI and subframe is a natural solution in mmW systems as it allows more time division multiplexing among UEs while ensuring that the allocated resource is not too wasteful to carry an Ethernet packet.
For ultra-reliable low-latency communications (URLLC), the scaling down of TTI and subframe again is a natural solution just as it reduced the latency for EMBB. This might require a further reduction in spectral efficiency and increased overhead, in order to meet stricter requirements.
For extended range requirements needed by massive machine-type communication (mMTC), the notion of subframe bundling and longer subframe durations both can provide increased energy per subframe thus increasing the link budget at a cost of data rate. Similar aspects can be applied within EMBB, and also through alternative mechanism such as subframe bundling.
Given support for multiple services, it is natural to expect some level of multiplexing between the services on a given operator bandwidth. In some cases, a semi-static partitioning may be sufficient, but in other cases a more dynamic sharing of resources is needed. This is particularly true for URLLC and EMBB multiplexing, where URLLC may require wide bandwidths and short scheduling latency in order to support critical control services. Frame structures which allow dynamic multiplexing whereby shorter TTIs may be scaled down to fit within the subframes with larger TTIs can be advantageous. An illustration of this multiplexing is shown in the figure below, where a URLLC critical control packet is transmitted within the TTI of a longer duration EMBB packet. The puncturing of this critical transmission can efficiently be multiplexed through the use of an outer code on the nominal traffic [3].


Figure 1. Service multiplexing example from single source

Proposal 2: Frame structure should allow for scalability to address different services. This should include supporting of services with a target HARQ-RTT latency of 1ms, or services with an end-to-end application layer latency of 1ms.
Proposal 3: Frame structure should allow for multiplexing of different services, such as EMBB and URLLC.
Deployment considerations
Moreover, the design of NR frame structures should be flexible enough to address many use cases in the network:
· Topologies to be supported
· One (or more) basestations serving UE’s in 1:N (or M:N) multiplexing for uplink and downlink
· Sidelink for UE to UE operation in managed mesh or relay networks
· BS to BS in managed integrated access backhaul network
· Deployment scenarios to be supported
· Very wideband dense urban coverage
· Narrowband very large cell coverage
· TDD and FDD spectrum allocations
· Sub-6GHz  and mmW spectrum allocations
· TDD-specific use cases to be supported
· Channel reciprocity which also supports mobility
· Unlicensed/shared spectrum access

These nominal deployment considerations thus lead to the following proposals. More details related to support of Unlicensed/shared spectrum access are given in the next subsection, by introduction of the notion of a self-contained subframe.
Proposal 4: Frame structure should accommodate user multiplexing according to the topologies of basestation-to-UE uplink and downlink, and UE-to-UE sidelink.
Proposal 5: Frame structure should support very wideband as well as narrowband deployment scenarios, including TDD and FDD allocations, and address both sub-6GHz and mmW spectrum.
Proposal 6: Frame structure should be able to exploit channel reciprocity efficiently in TDD through availability of frequent sounding opportunities.
Proposal 7: Frame structure should enable dynamic TDD assignment with support for managing interference between source and destination pairs (e.g., among uplink, downlink, or sidelink).

Self-contained subframes
In order for NR to properly allow forward compatibility as defined in [2], it is required that NR be allowed to blank certain intervals. Such intervals can then allow for future insertion of to-be-undefined waveforms and services. In order to cleanly enable such a feature, it is best to prevent any dangling transactions before and after the blank interval. One requirement to ensure this property is the following notion for self-contained subframe.
Proposal 8: Frame structure should enable self-contained subframes, whereby the source-to-destination transmission as well as the response to that transmission, going from the destination-to-source, are both contained in the same subframe.
Some important examples of self-contained subframes are as follows:
Example of downlink self-contained subframe: A subframe in which the downlink transmission is followed directly by the ACK/NAK from the destination to indicate successful or unsuccessful reception of the downlink transmission.
Example of uplink self-contained subframe: A subframe in which the grant for use of uplink resources is followed directly by the uplink transmission on those resources.
Note that an example for unicast traffic along a sidelink can follow either of these examples, depending on whether the source or the destination is the master of the transaction. Moreover, it is important to note that support for unlicensed/ shared access is particularly important when considering self-contained subframes, since the interval over which the transaction must be completed within the TXOP and before other devices access the medium.
Implementation considerations and interlacing
From an implementation standpoint, shorter subframe scaling can allow possible reduction in receive buffer size. However, the reduction of interlaces is further required in order to take full advantage. This can allow NR devices to scale across much wider bandwidths without adversely requiring memory management for much larger buffer sizes. More importantly, by pushing further to single interlace structure, this can provide the most efficient implementations for low latency. An illustration is provided below.
When bandwidths are narrower and processing time can be relaxed, it may be more advantageous to also allow for multiple interlace structure. However, it should be noted that such designs may be constrained by the forward compatibility with blank subframes, and for given latency constraint the addition of multiple interlaces can introduce more overhead. This can also be seen in the figure.


Figure 2. TDD example of self-contained subframe with single interlace (top) and two interlaces (bottom).

Proposal 9: Frame structure should enable self-contained subframes with a single interlace structure.
Proposal 10: Frame structure may include multiple interlaces subject to forward compatibility constraints.
Proposal 11: Frame structure may include multiple interlaces subject to overhead constraints for given target latency.
Enhanced subframe structures
For certain topologies, it can be important to expand the subframe definition to allow an intermediate round of communication between the source and destination. One example of this could be in a mesh network or a network on unlicensed spectrum, where the intermediate round at the start of the subframe may provide ability for multiple links to dynamically manage the cross-interference before the actual payload transmission. This initial arbitration could also be advantageous in a reciprocity-based or coordinated multipoint system.
Proposal 12: Frame structure should allow for modes where a short intermediate round of communication between the source and destination can occur within a subframe.
Carrier aggregation 
Finally, since NR will address design across different spectrum allocations, it is also natural to consider frame design to effectively address the tight coupling and aggregation of carriers across bands. This may afford more flexibility in deployment and in implementation, e.g., by allowing control channel multiplexing effectively among the aggregated bands.
Proposal 13: Frame structure should allow for tight coupling across aggregated carriers.
[bookmark: _Ref378529477]Conclusions
Here is the summary of the proposed requirements from the above discussion.
Proposal 1: Frame structure should be composed of two fundamental units, i.e., TTIs and SFs. A Transmission Time Interval (TTI) is the smallest time unit over which transmission can occur, in multiples of symbols. A Subframe (SF) is the smallest unit consisting of one or multiple TTIs, such that both a transaction from the source to destination and a transaction from the destination to the source are completed. There may be one or multiple TTIs per SF.
Proposal 2: Frame structure should allow for scalability to address different services. This should include supporting of services with a target HARQ-RTT latency of 1ms, or services with an end-to-end application layer latency of 1ms.
Proposal 3: Frame structure should allow for multiplexing of different services, such as EMBB and URLLC.
Proposal 4: Frame structure should accommodate user multiplexing according to the topologies of basestation-to-UE uplink and downlink, and UE-to-UE sidelink.
Proposal 5: Frame structure should support very wideband as well as narrowband deployment scenarios, including TDD and FDD allocations, and address both sub-6GHz and mmW spectrum.
Proposal 6: Frame structure should be able to exploit channel reciprocity efficiently in TDD through availability of frequent sounding opportunities.
Proposal 7: Frame structure should enable dynamic TDD assignment with support for managing interference between source and destination pairs (e.g., among uplink, downlink, or sidelink).
Proposal 8: Frame structure should enable self-contained subframes, whereby the source-to-destination transmission as well as the response to that transmission, going from the destination-to-source, are both contained in the same subframe.
Proposal 9: Frame structure should enable self-contained subframes with a single interlace structure.
Proposal 10: Frame structure may include multiple interlaces subject to forward compatibility constraints.
Proposal 11: Frame structure may include multiple interlaces subject to overhead constraints for given target latency.
Proposal 12: Frame structure should allow for modes where a short intermediate round of communication between the source and destination can occur within a subframe.
Proposal 13: Frame structure should allow for tight coupling across aggregated carriers.

References
[1] [bookmark: _Ref430766234]RP-160671, New SID Proposal: Study on New Radio Access Technology
[2] [bookmark: _Ref447198349]R1-162193, Forward compatible NR design
[3] [bookmark: _Ref447250124]R1-162397, Outer erasure code

== Text Proposal for RAN1 TR “General Description of Layer 1” Start ==

5.x Frame structure
Many requirements of NR with respect to services, deployment considerations, and implementation considerations drive the design of frame structure. The challenge is then to support these requirements with a versatile yet efficient and clean description, which can be simply managed yet dynamically adapted to the needs of the network throughout its lifetime.
Here in our discussion, we recommend the definition of two main components of the frame structure from which requirements can henceforth be defined.
· Transmission Time Interval (TTI): Smallest time unit over which transmission can occur
· Subframe (SF): Smallest unit consisting of one or multiple TTIs, such that both a transaction from the source to destination and a transaction from the destination to the source are completed. 
· 
Proposal 1: Frame structure should be composed of two fundamental units, i.e., TTIs and SFs. A Transmission Time Interval (TTI) is the smallest time unit over which transmission can occur, in multiples of symbols. A Subframe (SF) is the smallest unit consisting of one or multiple TTIs, such that both a transaction from the source to destination and a transaction from the destination to the source are completed. There may be one or multiple TTIs per SF.
5.x.2 Services across EMBB, mMTC, and URLLC
For the enhanced mobile broadband (EMBB) services within NR, there is focus on much lower latency and higher peak rate than existing LTE. It becomes natural to scale down the subframe lengths in order to address these. For instance, lower latencies require shorter subframe lengths, and these allow for fast turnaround and multiple retransmission attempts before the deadline. Additionally at higher peak rates, scaling down the subframe has benefit in that peak rate is not achieved exclusively for large data transactions. The latter is particularly important for mmW where much wider bandwidths might be available.
In mmW systems, many UEs cannot be frequency division multiplexed together due to limited number of digital chains and analog beamforming at the base station. Hence, scaling down of TTI and subframe is a anatural solution in mmW systems as it allows more time division multiplexing among UEs while ensuring that the allocated resource is not too wasteful to carry an Ethernet packet.
For ultra-reliable low-latency communications (URLLC), the scaling down of TTI and subframe again is a natural solution just as it reduced the latency for EMBB. This might require a further reduction in spectral efficiency and increased overhead, in order to meet stricter requirements.
For extended range requirements needed by massive machine-type communication (mMTC), the notion of subframe bundling and longer subframe durations both can provide increased energy per subframe thus increasing the link budget at a cost of data rate. Similar aspects can be applied within EMBB, and also through alternative mechanism such as subframe bundling.
Given support for multiple services, it is natural to expect some level of multiplexing between the services on a given operator bandwidth. In some cases, a semi-static partitioning may be sufficient, but in other cases a more dynamic sharing of resources is needed. This is particularly true for URLLC and EMBB multiplexing, where URLLC may require wide bandwidths and short scheduling latency in order to support critical control services. Frame structures which allow dynamic multiplexing whereby shorter TTIs may be scaled down to fit within the subframes with larger TTIs can be advantageous. An illustration of this multiplexing is shown in the figure below, where a URLLC critical control packet is transmitted within the TTI of a longer duration EMBB packet. The puncturing of this critical transmission can efficiently be multiplexed through the use of an outer code on the nominal traffic [3].


Figure 1. Service multiplexing example from single source

Proposal 2: Frame structure should allow for scalability to address different services. This should include supporting of services with a target HARQ-RTT latency of 1ms, or services with an end-to-end application layer latency of 1ms.
Proposal 3: Frame structure should allow for multiplexing of different services, such as EMBB and URLLC.
5.x.3 Deployment considerations
Moreover, the design of NR frame structures should be flexible enough to address many use cases in the network:
· Topologies to be supported
· One (or more) basestations serving UE’s in 1:N (or M:N) multiplexing for uplink and downlink
· Sidelink for UE to UE operation in managed mesh or relay networks
· BS to BS in managed integrated access backhaul network
· Deployment scenarios to be supported
· Very wideband dense urban coverage
· Narrowband very large cell coverage
· TDD and FDD spectrum allocations
· Sub-6GHz  and mmW spectrum allocations
· TDD-specific use cases to be supported
· Channel reciprocity which also supports mobility
· Unlicensed/shared spectrum access

These nominal deployment considerations thus lead to the following proposals. More details related to support of Unlicensed/shared spectrum access are given in the next subsection, by introduction of the notion of a self-contained subframe.
Proposal 4: Frame structure should accommodate user multiplexing according to the topologies of basestation-to-UE uplink and downlink, and UE-to-UE sidelink.
Proposal 5: Frame structure should support very wideband as well as narrowband deployment scenarios, including TDD and FDD allocations, and address both sub-6GHz and mmW spectrum.
Proposal 6: Frame structure should be able to exploit channel reciprocity efficiently in TDD through availability of frequent sounding opportunities.
Proposal 7: Frame structure should enable dynamic TDD assignment with support for managing interference between source and destination pairs (e.g., among uplink, downlink, or sidelink).

5.x.3 Self-contained subframes
In order for NR to properly allow forward compatibility as defined in [2], it is required that NR be allowed to blank certain intervals. Such intervals can then allow for future insertion of to-be-undefined waveforms and services. In order to cleanly enable such a feature, it is best to prevent any dangling transactions before and after the blank interval. One requirement to ensure this property is the following notion for self-contained subframe.
Proposal 8: Frame structure should enable self-contained subframes, whereby the source-to-destination transmission as well as the response to that transmission, going from the destination-to-source, are both contained in the same subframe.
Some important examples of self-contained subframes are as follows:
Example of downlink self-contained subframe: A subframe in which the downlink transmission is followed directly by the ACK/NAK from the destination to indicate successful or unsuccessful reception of the downlink transmission.
Example of uplink self-contained subframe: A subframe in which the grant for use of uplink resources is followed directly by the uplink transmission on those resources.
Note that an example for unicast traffic along a sidelink can follow either of these examples, depending on whether the source or the destination is the master of the transaction. Moreover, it is important to note that support for unlicensed/ shared access is particularly important when considering self-contained subframes, since the interval over which the transaction must be completed within the TXOP and before other devices access the medium.
5.x.4 Implementation considerations and interlacing
From an implementation standpoint, shorter subframe scaling can allow possible reduction in receive buffer size. However, the reduction of interlaces is further required in order to take full advantage. This can allow NR devices to scale across much wider bandwidths without adversely requiring memory management for much larger buffer sizes. More importantly, by pushing further to single interlace structure, this can provide the most efficient implementations for low latency. An illustration is provided below.
When bandwidths are narrower and processing time can be relaxed, it may be more advantageous to also allow for multiple interlace structure. However, it should be noted that such designs may be constrained by the forward compatibility with blank subframes, and for given latency constraint the addition of multiple interlaces can introduce more overhead. This can also be seen in the figure.


Figure 2. TDD example of self-contained subframe with single interlace (top) and two interlaces (bottom).

Proposal 9: Frame structure should enable self-contained subframes with a single interlace structure.
Proposal 10: Frame structure may include multiple interlaces subject to forward compatibility constraints.
Proposal 11: Frame structure may include multiple interlaces subject to overhead constraints for given target latency.
5.x.5 Enhanced subframe structures
For certain topologies, it can be important to expand the subframe definition to allow an intermediate round of communication between the source and destination. One example of this could be in a mesh network or a network on unlicensed spectrum, where the intermediate round at the start of the subframe may provide ability for multiple links to dynamically manage the cross-interference before the actual payload transmission. This initial arbitration could also be advantageous in a reciprocity-based or coordinated multipoint system.
Proposal 12: Frame structure should allow for modes where a short intermediate round of communication between the source and destination can occur within a subframe.
5.x.6 Carrier aggregation 
Finally, since NR will address design across different spectrum allocations, it is also natural to consider frame design to effectively address the tight coupling and aggregation of carriers across bands. This may afford more flexibility in deployment and in implementation, e.g., by allowing control channel multiplexing effectively among the aggregated bands.
Proposal 13: Frame structure should allow for tight coupling across aggregated carriers.
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