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1 Introduction
During the development of LTE, it was recognized that the some earlier stage features, e.g. MBSFN, indeed could facilitate introduction of important features later.  For NR, it is desirable to consider the future introduction of even more, yet unknown, features, technologies, requirements and deployment scenarios. NR needs to support more diverse services than ever before. The application of NR will expand beyond the traditional mobile devices into new vertical industries, such as automotive but also other yet unknown verticals. 
The study item description emphasizes that “The new RAT shall be inherently forward compatible” and “Smooth future evolution beyond Phase II needs to be ensured to support later advanced features and to enable support of service requirements identified later than Phase II specification”. Hence, it is essential that forward compatibility is a fundamental design principle for NR. The numerology and frame structure are the two key components in ensuring forward compatibility.
In this contribution, we present our forward compatibility considerations specifically for the design of numerology and frame structure. The detailed designs for numerology and frame structure are presented in companion contributions [1][3]. 
In RAN1 #84bis meeting RAN1 reached the agreement:
· RAN1 will continue further study and conclude between following alternatives in the next meeting

- Alt. 1:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * 2m
· where

· f0 is FFS

· m is an integer chosen from a set of possible values

- Alt. 2:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * M

· where

· f0 is FFS

· M is an integer chosen from a set of possible positive values

· All companies are requested to analyze/evaluate following aspects

· Realistic phase noise

· How each alternative allows mixing different numerologies

· All companies are requested to propose exact values of 

· f0, m, and M
· For NR, it is necessary to support more than one values of subcarrier-spacing
· Values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N where N is an integer
· Alt.1: Subcarrier-spacing values include 15 kHz subcarrier-spacing (i.e., LTE based numerology)

· Alt.2: Subcarrier-spacing values include 17.5 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.3: Subcarrier-spacing values include 17.06 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.4: Subcarrier-spacing values 21.33 kHz

· Note: other alternatives are not precluded

· FFS: exact value of a particular value and possible values of N
· The values of possible subcarrier-spacing will be further narrowed-down in RAN1#85
We discuss the Forward compatibility further based on the agreements.
2 Discussion
Forward compatibility in general allows UEs of different releases access on the same carrier without significant impact on whole network’s and each UE’s performance.
In this sense, earlier release UEs and later release UEs should be provisioned with a well defined resource framework. Since the future features are not well defined, the resource framework should be sufficiently flexible. The NR numerology and frame structure should be designed according to the following principles:

· Self-contained frame structure

· Flexible frame structure in time

· Flexible multiplexing in frequency

· Flexible numerology

We define an NR subframe as the shortest schedulable time unit. A scheduling frame is a scheduled time duration, which consists of multiple NR subframes. The terminology is discussed in more detail in our companion contribution [3].
2.1 Self-contained frame structure
NR should support a frame structure where a scheduling frame contains the signals needed for communicating a block of data. The needed signals may include downlink control, uplink control, downlink reference signals, uplink reference signals, downlink data and/or uplink data. Depending on the configuration, an NR subframe includes a subset of the signals. A scheduling frame may include any subset of the signals, depending on the configurations of the aggregated NR subframes. By concentrating the needed signals in time and frequency, a self-contained frame structure is achieved. 
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Figure 1 Two examples of self-contained scheduling frames
Another important aspect of a self-contained frame structure is the transmission of HARQ ACK/NACKs in the same scheduling frame. However, cases with delayed feedback should not be excluded. 
2.2 Flexible frame structure in time 
Different features have different requirements on the time-domain frame structure. URLLC requires short scheduling frames in order to facilitate very low latencies. For eMBB, on the other hand, longer scheduling frames may be suitable, in order to keep overhead low. mMTC applications may need even longer scheduling frames when the coverage is poor. To support efficient multiplexing of known and future services and use cases on the same carrier, it is beneficial if the durations of different scheduling frames are related through power of 2 scaling. 
There are two basic mechanisms by which the scheduling frame duration can be adapted for foreseen and yet unforeseen use cases:

1. Changing the number symbols in a scheduling frame

2. Changing the numerology scaling, which scales up/down the symbol duration

For forward compatibility, the numerology and frame structure should be designed so that the first mechanism can be used smoothly. Numerology scaling is also an option to reduce the symbol duration and thus scheduling frame length,
As Figure 2 illustrates, a 1 ms duration can be divided into 2^4=16 parts of uniform time duration. From these parts, units with 2, 4 or 8 parts can be formed. To use the 1st mechanism, the part is a symbol, since it is the smallest dividable time unit. As an example, 2 symbols scheduling frame can be used for URLLC operation to meet the stringent latency requirement and ultra reliability. The 16 symbol scheduling frame is for normal eMBB operation. Scheduling frame size in the middle can be provided for yet undefined services. All the scheduling frames can be self-contained. Thus, awareness of other scheduling frame types in the same network is not needed. 
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Figure 2 Scheduling frames of various time duration, with 16 symbols per 1 ms, equally splitting

With the second mechanism above, the number of symbols per 1 ms is changed. By scaling both the numerology and the number of symbols per subframe by a power of 2, efficient multiplexing is possible. Furthermore, , support for efficient multiplexing of backhaul link, side link and other future links with access links is also ensured. 
Proposal 1: The number of symbols per 1 ms is 2m, where m is an integer, since it allows smooth multiplexing of future services and use cases.
2.3 Flexible numerologyIt is crucial to support different OFDM numerologies that are suitable to the various usage scenarios, deployments, carrier frequencies etc. A set of concrete numerologies that can meet the requirements specified in [2] should be agreed in the study.
However, to meet the forward compatibility requirement, the overall numerology and frame structure design should also consider the possible future introduction of other numerologies from other families, i.e. with other base sub-carrier spacings f0. For example, new combinations of sub-carrier spacing and CP duration may be required in the future. Ways to smoothly introduce, i.e. without significantly added complexity, changed frame structure etc, such new numerologies into the existing numerology and frame structure framework should be considered in the study, even though the details of such numerologies are not provided.
One promising approach to smoothly introduce a new combination of sub-carrier spacing and CP duration is by adopting a mixed radix DFT approach, with the DFT size limited to 2a3b5c, where a, b and c are non-negative integers.  Note that this follows the DFT structure for transform precoding in LTE UL [4]. To illustrate the approach, assume an OFDM symbol duration for a given numerology scaling M, e.g. 62.5 us for M=1, which corresponds to 16 symbols per 1 ms. Also assume a certain fixed sampling frequency, e.g. 30.72 MHz. In this example, the OFDM symbol duration equals 1920 samples. Figure 3 illustrates the use of different mixed radix DFT sizes, and Table 1 provides some further details.
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Figure 3 With different mixed radix DFT sizes, the ratio of the CP in the OFDM symbol can be adjusted without impacting the frame structure etc. CP OH indicates CP overhead.

Table 1 DFT sizes and resulting CP and subcarrier spacing, assuming 1920 samples per OFDM symbol and 30.72 MHz sampling frequency.

	DFT size = 2a3b5c
	a
	b
	c
	CP duration 
	CP overhead
	Subcarrier spacing

	1875
	0
	1
	4
	1.5 us
	2.3%
	16.4 kHz

	1800 (Alt 3 M=1)
	3
	2
	2
	3.9 us
	6.3 %
	17.07 kHz

	1728
	6
	3
	0
	6.25 us
	10 %
	17.78 kHz

	…
	…
	…
	…
	…
	…
	…

	1440 (Alt 4 M=1)
	5
	2
	1
	15.6 us
	25 %
	21.33 kHz

	…
	…
	…
	…
	…
	…
	…


By changing the DFT size (within the 1920 samples), the number of CP samples is changed accordingly, since a fixed OFDM symbol duration is assumed. With additional scaling, e.g. M=2 or M=4, the OFDM symbol duration, CP duration and subcarrier spacing would scale accordingly, with maintained CP overhead. With unchanged sampling frequency, e.g. 30.72 MHz, also the DFT size would scale down with increased M. For example, with M=4 and 30.72 MHz sampling frequency, Alt 4 would scale to  
· DFT size = 1440/4=360 = 233251, 
· OFDM symbol duration = 15.625 us, 
· CP duration = 3.9 us,
· Subcarrier spacing =  85.33 kHz

If we limit the DFT size to powers of 2 (FFT), the approach presented above is not feasible. For instance, take LTE 15 kHz NCP with a 2192 sample OFDM symbol (71.3 us), as a starting point. The 2048 FFT results in 6.6% CP overhead. The next step, a 1024 FFT, would result in 53% CP overhead, which is not feasible.

Note that our companion contribution [1] discusses mixed-radix DFT complexity in more detail, where it is found that the increased complexity of mixed-radix compared to FFT is moderate. Also note that complex multiplications can be reused between different mixed-radix DFTs, due to shared intermediate results, which can reduce hardware complexity.
Hence, by adopting a mixed-radix DFT (2a3b5c) approach, NR becomes more forward compatible in terms of smoothly introducing future numerologies without disrupting the frame structure, i.e. OFDM symbol durations.
Proposal 2: The more forward compatible mixed-radix DFT (2a3b5c) approach is adopted instead of rigid 2a FFT approach.
A set of OFDM numerologies has to be scaled to meet the different deployments and applications. It is agreed to define the set of OFDM numerologies scaled from single basic numerology. It is also desirable to have the subcarrier spacing for the NR scalable factor as 2n, which m is an integer value. The number of symbol also plays an important factor of scaling. As example the 2 set of numerologies can be multiplex in adjacent carrier. The numerology can be scaled bases on basic subcarrier spacing
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Figure 4 Multiplexing different numerologies into same carrier
However, it is not the best method to multiplexing different numerologies into same network and same carrier as it will bring more overhead by guard-subcarriers. Percentage of overhead will depends on the exact value of subcarrier spacing and sampling rate, which will bring uncertainty for forward compatibility. Thus, within one carrier of a network, numerology adaptation based on changing the number of symbols per subframe is preferred to scaling of subcarrier spacing, since it ensures better forward compatibility and reduces overhead.
Proposal 3：The design of NR numerology and frame structure should prioritize forward compatibility, in order to ensure smooth evolution to accommodate future services and use cases. Within one carrier of a network, numerology adaptation based on changing the number of symbols per subframe is preferred to scaling of subcarrier spacing, since it ensures better forward compatibility and reduces overhead.
2.4 Other aspectsWhen designing symbol durations, subframes etc, we should avoid odd numbers. As we design hopping schemes, transmission diversity candidates, odd numbers of symbols can cause some problems.
Regarding the frequency domain, we may not be able to have power of 2 for number of occupied or allocated subcarriers. This is due to that the occupied subcarriers also depend on the spectrum allocation policy and RF requirement. Frequency granularity also may restrict further features. Thus, we should take good consideration on it. In general, small basic frequency unit is desirable. Frequency multiplexing of different numerologies are discussed in more detail in [5].
3 Conclusion

According to the analysis given above, we have the following observations and proposals:
Proposal 1: The number of symbols per 1 ms is 2m, where m is an integer, since it allows smooth multiplexing of future services and use cases.

Proposal 2: The more forward compatible mixed-radix DFT (2a3b5c) approach is adopted instead of rigid 2a FFT approach.
Proposal 3：The design of NR numerology and frame structure should prioritize forward compatibility, in order to ensure smooth evolution to accommodate future services and use cases. Within one carrier of a network, numerology adaptation based on changing the number of symbols per subframe is preferred to scaling of subcarrier spacing, since it ensures better forward compatibility and reduces overhead.
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