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Introduction
In RAN1#85, the self-contained frame structure, the time interval X, and HARQ-ACK timing were agreed as follows, 
· At least the following is studied for NR in order to reduce decoding latency
· RS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated RS for demodulation is physically mapped
· Other additional RS design associated with data demodulation is not precluded
AND
· Timing between data transmission and corresponding HARQ A/N is indicated explicitly
· FFS if implicit indication is supported in some cases

The definition of time interval X and the timing for the data transmission after receiving the scheduling grant and HARQ-ACK feedbacks were also agreed in RAN1#85 as follows,
· At least the following should be supported for NR in a frequency portion
· A time interval X which can contain one or more of the following
· DL transmission part
· Guard
· UL transmission part
· FFS which combinations are supported and whether they are indicated dynamically and/or semi-statically
· Furthermore, the following is supported
· The DL transmission part of time interval X to contain downlink control information and/or downlink data transmissions and/or reference signals
· The UL transmission part of time interval X to contain uplink control information and/or uplink data transmissions and/or reference signals
· FFS length(s) of time interval X
· FFS: other characteristics of time interval X
· Note: The usage of DL and UL does not preclude other deployment scenarios e.g., sidelink, backhaul, relay

AND

· At least the following is supported for NR frame structure 
· Following timing relationships are indicated to a UE dynamically and/or semi-statically
· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Following timing relationship is FFS whether fixed and/or dynamically and/or semi-statically indicated
· Timing relationship between DL assignment and corresponding DL data reception
· For above two sub-bullets
· Potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc.
· Default value, if any, for each timing relationship is FFS.

AND
· NR design should strive at least to enable the possibility for
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Other mechanisms/configurations in addition to fast/short corresponding acknowledgement are needed
· For example to provide coverage or enable TD-LTE coexistence
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability

AND
· NR should support at least asynchronous hybrid ARQ in the DL and UL to avoid fixed timing relationship between initial transmission and re-transmission

AND
· NR design should strive to enable the possibility for
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

AND
· At least the following time domain structures should be studied/evaluated for NR
· DL transmission region (containing data assignments and data), guard region, UL transmission region (containing UCI)
· DL transmission region (containing data assignments), guard region, UL transmission region (containing data, UCI)
· Other structures not precluded
· Note: there is no assumption between the relationship of assignments and data in the above
· FFS: there can be guard region after the uplink transmission region.
· FFS: Study candidate solutions where 1 structure spans at most a time interval of 1 ms
· FFS: Metrics for study/evaluation
· Note: This does not preclude the same structure could span multiple 1 msecs

The principle of system design for FDD /TDD and operation of access link and backhaul link were also agreed in RAN1#85 as follows,
· RAN1 strives for maximizing commonality between TDD and FDD
· It is preferable that mechanisms to indicate the timing relation are duplex agnostic
· Note: This does not preclude any optimization either for FDD only or TDD only
AND
· NR should allow for efficient same frequency operation between the access link and backhaul link
· NR should also allow for efficient operation when the backhaul link and access link are on different frequencies. This includes:
· Operation of backhaul link and access link on different frequencies in the same band
· Operation of backhaul link and access link in different bands
· Note: The term ‘backhaul link’ does not make any assumption on NR RAN architecture design options

This paper analyzes the frame structure design of 5G NR air interface to satisfy the usages and requirements in all deployment scenarios.  
NR Frame Structure Design Target
The design targets of NR frame structure are to optimize the radio resources in meeting all the performance and service requirements in the given deployment scenarios and to have the flexibility for the future applications.  The frame structure of the NR system consists of the physical channels and the reference signals. The physical channels contains the shared channel, the control channels/broadcast channel, and the random access channel.   The reference signals are used by the receiver for the initial acquisition, reference time tuning and identification of the transmitter identity, channel tracking, channel estimation, interference measurements, RRM measurements, and RLM measurements.   
In order to optimize the radio resource for all target applications, such as eMBB, mMTC, and URLLC, the radio resources should be flexibly partitioned for different applications in time and frequency with statistical multiplexing of varied types of traffic, such as MTC data, unicast, group communication, TV broadcast, and system information.  The statistical multiplexing of different type of traffic maximizes the resource utilization and minimizes the latency.   The NR frame structure design should avoid customizing the radio resource for a physical channel or an application.  For examples in LTE system design, the dedicated resource for PDCCH limits the flexibility of resource utilization.   The MBSFN subframes would not allow the multiplexing of MBMS traffic and unicast data traffic in a same subframe.  

Aspects in NR Frame Structure Design 

In RAN1#85, it was agreed to maximize the commonality between TDD and FDD
· It is preferable that mechanisms to indicate the timing relation are duplex agnostic
· Note: This does not preclude any optimization either for FDD only or TDD only

The operations of NR access link and backhaul link were also agreed in RAN1#85 as follows,
· NR should allow for efficient same frequency operation between the access link and backhaul link
· NR should also allow for efficient operation when the backhaul link and access link are on different frequencies. This includes:
· Operation of backhaul link and access link on different frequencies in the same band
· Operation of backhaul link and access link in different bands
· Note: The term ‘backhaul link’ does not make any assumption on NR RAN architecture design options

The NR system should support both FDD and TDD with the target of commonality  in the frame structure and timing relationship.  The NR frame structure should operate in licensed and unlicensed spectrum with same efficiency.  The new frame structure should be designed to be effective for UE-to-network access link, UE-to-UE direct communication, and backhaul link.  With the addition of UE-to-UE direct communication, the 5G new radio interface is moving away from traditional client and server network central control style frame structure design.   The access links, such as downlink, uplink, and sidelink, have a lot of functions with similarity.  The frame structures should be universal to all access links.   A universal frame structure design gives the flexibility of radio resource allocation and interference management when UE-to-network communication and UE-to-UE direct communication are in the same cluster.  
Proposal 1: The NR frame structure should be universal for FDD and TDD as well as all access links (DL/UL/SL)
The NR frame structure consists of resource grid in both time interval and frequency domain.  The NR frame structure is composed of resource with the basic units of OFDM symbol and subcarrier in time and frequency domain respectively.  The total resources in time and frequency domain are partitioned to a reference unit for the physical channel mapping and scheduled transmission.   The reference unit is the small unit for resource allocation.   
Frequency Resource Partition of NR Frame Structure
The frequency domain resource is allocated based on the system bandwidth.   The frequency domain resources are composed by the number of subcarriers.  Numbers of subcarriers are grouped as the smallest unit in frequency for resource allocation.  
Multiple numerologies of subcarrier spacing are supported in order to support wide range of component carrier bandwidth as discussed in [4].  Large subcarrier spacing is used mainly for large component carrier bandwidth.  In [4], the subcarrier spacing is paired with the system bandwidth with same scalability to simplify the implementation.   Thus, the number of subcarriers grouped as the basic unit for the resource allocation in frequency domain should be the same for all subcarrier spacing.   
Proposal 2;  The number of subcarriers grouped as the basic unit for the resource allocation in frequency domain should be the same for all subcarrier spacing.   
Time Interval of NR Frame Structure

In RAN1#85, the definition of time interval X was also agreed as follows,
· At least the following should be supported for NR in a frequency portion
· A time interval X which can contain one or more of the following
· DL transmission part
· Guard
· UL transmission part
· FFS which combinations are supported and whether they are indicated dynamically and/or semi-statically
· Furthermore, the following is supported
· The DL transmission part of time interval X to contain downlink control information and/or downlink data transmissions and/or reference signals
· The UL transmission part of time interval X to contain uplink control information and/or uplink data transmissions and/or reference signals
· FFS length(s) of time interval X
· FFS: other characteristics of time interval X
· Note: The usage of DL and UL does not preclude other deployment scenarios e.g., sidelink, backhaul, relay

The HARQ-ACK timing of the associated data transmission are also agreed in RAN1#85 to be explicitly indicated in the following, 
· Timing between data transmission and corresponding HARQ A/N is indicated explicitly
· FFS if implicit indication is supported in some cases

Further agreements in RAN1#85 was the target time of HARQ-ACK feedback and the support of asynchronous HARQ as follows, 
· NR design should strive at least to enable the possibility for
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Other mechanisms/configurations in addition to fast/short corresponding acknowledgement are needed
· For example to provide coverage or enable TD-LTE coexistence
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability
AND
· NR should support at least asynchronous hybrid ARQ in the DL and UL to avoid fixed timing relationship between initial transmission and re-transmission

AND
· NR design should strive to enable the possibility for
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

The NR frame structure consists of the basic unit and the time interval for the counting and timing reference for the system access.  The “time interval” in the NR has the significance of the system configuration for different deployment scenarios and application types.   The “time interval” is specified by the system to have the information transmission completed within the time interval.   Thus, time interval should be defined based on the service type.   For example, the time interval for delay sensitive applications, such as URLLC, should be short to meet the latency requirement.  The time interval for coverage extension and low power type MTC application is long in order to have a single transmission completion within the time interval.   Thus, time interval X should be application specific and UE-specific dynamically configured by the network.   
Proposal 2:  The time interval X should be application specific and UE-specific dynamically configured by the network. 
The basic unit in time is defined as the smallest unit in time for scheduling.  The basic unit should be small enough in order to satisfy the some services with low latency requirements.   We propose to define the “mini-frame” is as the reference time interval of NR frame structure.   The properties of the mini-frame are as follows,  
· The mini-frame is the basic unit in time domain for the resource allocation and transmission.  
· The mini-frame is the resource grid for the mapping of the physical channel in the time domain.  
· The transport channel maps to one or multiple mini-frames resource grids in time, which is defined as the transmission time interval (TTI).  
· The mini-frame should be specified for DL, UL and SL.
· The design of mini-frame should strive to be common for operating in TDD and FDD mode


The length of mini-frame should be specified based on the following considerations,
· The length of mini-frame should be integer multiple of OFDM symbol with smallest subcarrier spacing and much shorter than 0.5 ms in length in order to meet the 1 ms end-to-end latency service requirements of URLLC.
· The mini-frame length should be sub-multiple of 10 ms for the use of system frame counter (SFN).
· The length of mini-frame should be sub-multiple of 1 ms for adjacent channel interference management with LTE.   
· The length of mini-frame should support the scalability in the time interval.  The number of mini-frames should be able to scale with power of 2 for a TTI.  
· The time interval is not necessary to be scalable within 1 ms.  

The TTI in NR system should be flexible in length for different performance requirements, such as latency, coverage, and energy saving.    The target performance of mMTC is low energy consumption and extended coverage.  The air interface design for mMTC would have low power spectrum density for energy saving and long TTI for coverage extension.   To satisfy the latency requirements of 0.5 ms end-to-end delay for URLCC, the TTI length should be extremely short (less than 0.1 ms) . Figure 1 is an illustration of the mini-frame and the time interval of NR system for TDD transmission.  The TTI length is variable and the DL and UL transmission interval are dynamically allocated.  The number of min-frame is scalable.   


[bookmark: _Ref450708901]Figure 1:Mini-frame and the time interval of NR frame structure

Proposal 3:  The TTI length should be variable and configured dynamically.   The length of TTI should range from one mini-frame to hundreds of mini-frames.  
The other aspect in the configuration of the time interval is the interference management of NR system to other system.  The time interval consists of DL transmission part and/or gap period and/or UL transmission part.  The configuration of time interval needs to take interference to other NR and the co-existence with other technologies, such as LTE, in the adjacent band into consideration.   The time interval configuration and interference management are extremely important for TDD system when UL transmission in the adjacent band would create strong interference to the DL reception in the same period.  The time interval configuration of NR TDD system needs to ensure co-existence with other technologies, in particular TD-LTE, in the adjacent band.   
Proposal 4: The time interval configuration of NR TDD system needs to ensure co-existence with other technologies, in particular TD-LTE, in the adjacent band.   

NR Frame Structure with Self-Contained TTI

In RAN1#85, the self-contained frame structure was agreed with RS at beginning of time interval as follows, 
· At least the following is studied for NR in order to reduce decoding latency
· RS used to start to demodulate a data transmission is located at the beginning of the time interval to which the data and associated RS for demodulation is physically mapped
· Other additional RS design associated with data demodulation is not precluded
AND
· NR design should strive at least to enable the possibility for
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Other mechanisms/configurations in addition to fast/short corresponding acknowledgement are needed
· For example to provide coverage or enable TD-LTE coexistence
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability

The NR frame structure would carry traffics, such as unicast, multi-cast, and broadcast, with different characteristics with higher target system performance requirement.    The physical layer control information is for fast access control, such as scheduling, HARQ feedback, and CSI feedback.   The access control information is traditionally carried by customized control channel with dedicated resource or shared by multiple users in 2G/3G/4G systems.  The drawbacks of the dedicated control channel are the inflexibility of the resource utilization and capacity limitation.    The configuration of control channels, such as PDCCH in LTE, would be semi-static.  The PDCCH resource could not be used by other physical channels.   The PDCCH capacity is also limited by the specification.   
Self-contained TTI is the physical channel carrying both data traffic and access control information.   The access control information is coupled with the data and considered as the header of the packet.  The access control information will only present when there is a data transmission.  The advantages of self-contained TTI are as follows,
· No dedicated resource reserved  
· No capacity limitation 
· Support control information for multiple users when the radio resource is to use by multiple users, such as MU-MIMO, Non-orthogonal multiple access.  
· Support opportunistic radio access by having access control and data in the same packet when there is an opportunity for transmission.  

Proposal 5: The NR frame structure should support self-contained TTI with control signalling

Figure 2: An example of DL self-contained TTI

5G New Radio Reference Signals Design
The NR frame structure includes the design of reference signals for different functions, such as TRP search, TRP identification, reference time tuning, channel tracking, channel estimation, interference measurements, RRM measurements, and RLM measurements.  Some functions might require continuous measurements with long term average, such as RLM and RRM.  Some functions need periodic update, such as TRP search, and channel tracking.   The considerations of reference signal design in the NR frame structure are as follows,
· Reference signal design for link adaptation enhancement- One of 5G system requirements is to improve the spectrum efficiency multi-fold over that of LTE-A    The reference signal is designed to allow more precise channel measurement and better estimate in channel quality estimation.  A better estimate of the channel state information will allow the system to allocate proper radio resource with accurate MCS.  The result will be less error packets and then thus reduce the radio resource used for retransmission.  

· Reference signals for interference source identification - Interference was modeled as the second order long term statistic in the LTE/LTE-A signal processing.  Further enhancement in the accuracy of the interference estimation would enhance the link adaptation in adjusting to the combination of the fading channel and the short-term interference.  To improve the accuracy of the interference estimation for link adaptation enhancement,  the NR frame structure should be designed to support accurate short-term interference measurement and identification of interference sources.  Identification of interference sources would provide the interference management function to mitigate the inter-cell interference.   The reference signal design could also help to identify the interference caused by neighboring frequency bands by the same or different operators.  
 
· Reference signals design for Dynamic multi-antenna technologies –Reference signals design is critical for multi-antenna technologies.  Each antenna element needs to allocate dedicated reference signal resource for channel measurement and estimation for multi-antenna technologies.  The reference signals need to be designed effectively to support large number of antenna elements but with minimal RS overhead. 
.   
Proposal 6:  The reference signals design in the NR frame structure should consider enhancement of the channel measurements for link adaption, sophisticate interference estimation, identification of interference sources, identification of interference from neighboring bands belong to same or different operators, and multi-antenna technologies with large number of antenna elements.  
Conclusion
This paper provides the system analysis of 5G new radio frame structure design.   We have the following proposals for the physical channel and reference signal design for 5G  new radio frame structure,
· Proposal 1: The NR frame structure should be universal for FDD and TDD as well as all access links (DL/UL/SL)
· Proposal 2;  The time interval X should be application specific and UE-specific dynamically configured by the network. 
· Proposal 3:  The TTI length of NR frame structure should be variable and configured dynamically.   The length of TTI should range from one mini-frame to hundreds of mini-frames.  
· Proposal 4: The time interval configuration of NR TDD system needs to ensure co-existence with other technologies, in particular TD-LTE, in the adjacent band.   
· Proposal 5: The NR frame structure should support self-contained TTI with control signaling
· Proposal 6:  The reference signals design in the NR frame structure should consider enhancement of the channel measurements for link adaption, sophisticate interference estimation, identification of interference sources, identification of interference from neighboring bands belong to same or different operators, and multi-antenna technologies with large number of antenna elements.  

1. Reference
[1]. [bookmark: _Ref430885014]RP-160671, “Study on New Radio Access Technology”, DoCoMo
[2]. [bookmark: _Ref446581113][bookmark: _Ref447173825]TR38.913v0.2.1, “Study on Scenarios and Requirements for Next Generation Access Technologies”, CMCC
[3]. R1-164248, “	NR frame structure design”, CATT
[4]. R1-164249, “Discussion of NR numerology”, CATT
[5]. R1-165700, “	Way Forward on Frame Structure Timing Relations”, 	Ericsson, Qualcomm, ZTE, NTT DOCOMO
[6]. R1-165739, “	NR Frame Structure Timing Relations”, Ericsson
[7]. R1-165887, “	WF on minimum HARQ Timing”, 	LG Electronics, Panasonic,  Qualcomm, NTT DOCOMO



8

