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[bookmark: _Ref440031677]Introduction
At the last RAN #71 plenary meeting, a new study on New Radio (NR) access technology was approved [1]. Some of the high priority tasks include the waveform, multiple access, frame structure and channel coding scheme for the New Radio Access Technology. 
	(3) [bookmark: _GoBack]Initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture to fulfil objective 1 and 2, with focus on progressing in the following areas 
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
· Basic frame structure(s)
· Channel coding scheme(s)


In our companion contributions [2][3][4][5], we present our views on waveform, multiple access, numerology and channel coding. This contribution, on the other hand, focuses on the frame structure design for 5G NR. We first summarize key design principles and requirements that we think are important in the design of a frame structure for a new radio access technology. We then provide further details on our subframe structure proposal. 
Frame structure for new radio interface
Key principles and requirements
One of the key differentiators between LTE-A Pro and the new radio access technology is the support of carrier frequencies beyond 6GHz [6]. Stemming from this requirement is a desire to have one scalable frame structure design that can support numerologies targeting both cmWave (<30GHz) and mmWave (>30GHz) deployments. Obviously, a different subcarrier spacing may be adopted for these two regimes, yet a single frame structure, albeit potentially with a different number of symbols, ought to be possible to simplify specification and implementation thus maximizing return of invest for both vendors and operators. 
Observation 1: A single frame structure design is desirable for all carrier frequencies supported by the new radio access technology
In addition to an ever increasing demand for high peak and sustainable data rates, low end-to-end latency is a key requirement for the new radio access technology. Low end-to-end latency necessitates a frame structure design that supports Layer 1 latencies well below 1ms. Such a low latency design is enabled by fast HARQ ACK/NACK feedback which can be ensured through a special subframe design that enables downlink and uplink control in every subframe. In addition, each subframe contains a flexible data region in which either uplink or downlink data can be dynamically scheduled. Such flexible data duplexing allows for dynamic UL/DL switching for traffic adaptation beyond what is possible in LTE-A by means of eIMTA. Moreover, the possibility to have uplink control in every subframe allows the eNodeB scheduler to tailor the HARQ ACK/NACK feedback to a UE’s processing capability in addition to alleviating any complicated timing relationships for HARQ feedback as in LTE-A. Lastly, further latency reductions can be obtained by multiplexing control and data in a time-division manner and through an optimized reference signal design. As such, the frame structure design plays a crucial role in the enablement of key new radio requirements and is the ultimate building block to guarantee low end-to-end latency. 
Observation 2: The frame structure design plays a crucial role in the enablement of key new radio requirements and is the ultimate building block to guarantee low end-to-end latency
The aforementioned flexible subframe design not only enables low latency in the physical layer, it also supersedes the need for defining TDD UL/DL configurations, the fundamental building block of time-division duplexing in LTE-A. The concept of TDD UL/DL configurations complicates the HARQ ACK/NACK feedback design and increases end-to-end latencies as downlink control, subsequent uplink or downlink traffic, and the final acknowledgment of a transmission can only be sent in dedicated subframes, namely, those that are determined as downlink or uplink subframes by the respective TDD UL/DL configuration. This is particularly the case when uplink and downlink subframes are allocated asymmetrically as is often the case due to the asymmetric nature of uplink and downlink traffic. For example, during a sporting event, in case a team scores, many spectators of the live event may choose to upload a high-definition video snippet of the goal whereas at other times, immediately before or after uploading the video, they may be interested in receiving a 360-degree instant replay of the goal. Allocating many subframes to either duplexing direction, while allowing enhanced traffic adaptation also incurs delays in the HARQ ACK/NACK feedback as some subframes are dedicated to either downlink or uplink. For a truly dynamic TDD design that maintains the simple HARQ ACK/NACK timelines, e.g., of an LTE-A FDD system, yet allows to dynamically adapt the duplexing direction in every subframe, a frame structure design is required that allows for transmission of downlink and/or uplink control in every subframe and that lets the eNodeB scheduler dynamically schedule downlink and uplink transmissions of data without restrictions. The resulting dynamic TDD design thus also has to provision powerful cross-link interference mitigation techniques right from the beginning rather than an afterthought. 
Proposal 1: To standardize a frame structure design that allows for transmission of downlink and/or uplink control in every subframe and that lets the eNodeB scheduler dynamically schedule downlink and uplink transmissions of data without restrictions 
Proposal 2: To provision powerful cross-link interference mitigation techniques right from the beginning rather than an afterthought
In spite of the aforementioned dynamic TDD requirement, some subframes need to be dedicated to either downlink or uplink to enable transmission of channels and signals that allow the UE to synchronize to a cell. For example, some subframes will be dedicated downlink subframes for transmission of synchronization signals that allow a UE to discover a cell and attach to it. Similarly, dedicated uplink subframes may be required to enable PRACH transmissions, e.g., to obtain uplink synchronization. Additional signals and/or channels may be necessary to enable beamformed transmissions in mmWave deployments which may also be transmitted in dedicated subframes of fixed duplexing direction. In designing these common signals and channels, it is important to take both standalone and LTE-anchored deployments into consideration. Regardless of whether standalone operation will be supported in an initial release of the new radio access technology, a synchronization signal and PRACH design as well as beam reference signals for mmWave deployments will be needed even for “anchored” non-standalone deployments. It is thus of crucial importance to take into account requirements, e.g., on mobility support, for both standalone and non-standalone deployments in the design of the radio frame structure to enable forward and backward compatibility as the new radio access technology advances through different phases of maturity [7]. Both from an investment as well as technology perspective, it is quintessential that the new radio frame structure can support both standalone and non-standalone deployments regardless of the timing of specification support of each.
Proposal 3: To standardize a frame structure design that can support both standalone and non-standalone deployments
For carrier frequencies below 6GHz, a frame structure is needed that can support FDD systems in paired spectrum. Similarly, the new radio access technology ought to be also deployable in unlicensed spectrum. In the support of FDD and unlicensed spectrum, utmost commonality between the FDD and TDD design, respectively the design for licensed and unlicensed spectrum is desirable to ensure maximum return of investment, fast time-to-market and a global penetration of the respective solutions. 
Proposal 4: Strive for utmost commonality between FDD and TDD as well as licensed and unlicensed spectrum in the design of the frame structure for the new radio access technology
In addition to these spectrum related requirements, and the aforementioned requirements to support all deployment modes and all carrier frequency ranges, a unified frame structure design is also beneficial in regard of supporting various services with vastly differing characteristics. LTE-A has introduced features relating to MTC, D2D or V2V in later releases whereas the new radio access technology rests on three pillars right from the beginning, namely, mobile broadband, massive MTC, and ultra-reliable low latency communications (URLLC). Hence, the frame structure, which in turn depends on the numerology, should also be designed with these three services in mind. As an example, for high Doppler (e.g., in V2X applications), a short symbol duration may be desirable as is the case for URLLC applications to fulfill the stringent end-to-end latencies by means of shorter TTIs. In contrast, for massive MTC applications, long symbol durations allow for narrowband transmissions and the resulting coverage enhancements. These different use cases and their respective numerologies are illustrated in Figure 1 as an example. The bandwidth is partitioned into several regions with different numerologies that allow for multiplexing of the various services or applications: mobile broadband, massive MTC and mission critical MTC as an example of URLLC. Alternatively, rather than employing frequency-division multiplexing, superposition of different TTI lengths can be considered. Support of a multi-service air interface that allows for multiplexing of different services and applications within the frame structure will be a key differentiator of the new radio access technology and has to be considered in the frame structure design regardless of the timing with which the various features, mobile broadband, massive MTC and URLLC, will be standardized.
Proposal 5: To standardize a frame structure design in support of multi-RAT/multi-service multiplexing
[image: ]
[bookmark: _Ref447209077]Figure 1: Multiplexing of difference services, e.g., mobile broadband, massive MTC, and URLLC

Detailed subframe design
In LTE-A, symbols are grouped to subframes which are subsequently grouped to frames. Similarly, in the frequency domain, a scheduling granularity is defined by means of resource blocks which comprise a subset of symbols in the time domain and a subset of subcarriers in the frequency domain. Such general partitioning can also be applied to the new radio air interface. In addition, as mentioned above, some subframes within a frame may be dedicated as downlink or uplink subframes, e.g., to support transmission of common downlink control channels, synchronization signals, or for random access. All remaining subframes, on the other hand, in light of the requirements in Section 2.1, can be dynamically indicated as being either uplink or downlink. This can be accomplished by a modular subframe design that contains 
1.) a flexible data region, e.g., for PDSCH or PUSCH transmissions, 
2.) a time-division multiplexed downlink control region, 
3.) a time-division multiplexed uplink control region, 
4.) and a guard time to allow for potential switching of the duplex direction from downlink to uplink. 
These regions ought to be understood as atomic building blocks which can construct a new radio frame structure satisfying all the design paradigms and requirements above. Other signals such as SRS or CSI-RS may also be multiplexed into the subframe structure in a TDM fashion. Two examples are illustrated in Figure 2, however, some of the many possible combinations may only apply to certain deployment cases such as those in FDD and unlicensed spectrum. The many details are left for further study and the main goal of this contribution is merely to establish the key design principles and requirements for the new radio frame structure as well as the fundamental subframe design that can support these requirements. 

[image: ]
[bookmark: _Ref447210644]Figure 2: New Radio subframe structure with flexible data region set to downlink

Conclusion
In this contribution, we summarized key design principles and requirements for the frame structure of a new radio access technology. The following is observed and proposed:
Observation 1: A single frame structure design is desirable for all carrier frequencies supported by the new radio access technology
Observation 2: The frame structure design plays a crucial role in the enablement of key new radio requirements and is the ultimate building block to guarantee low end-to-end latency
Proposal 1: To standardize a frame structure design that allows for transmission of downlink and/or uplink control in every subframe and that lets the eNodeB scheduler dynamically schedule downlink and uplink transmissions of data without restrictions 
Proposal 2: To provision powerful cross-link interference mitigation techniques right from the beginning rather than an afterthought
Proposal 3: To standardize a frame structure design that can support both standalone and non-standalone deployments
Proposal 4: Strive for utmost commonality between FDD and TDD as well as licensed and unlicensed spectrum in the design of the frame structure for the new radio access technology
Proposal 5: To standardize a frame structure design in support of multi-RAT/multi-service multiplexing
We also provided further details on detailed subframe structure proposal.
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