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1 Introduction
In last RAN #71 meeting, the study item, ‘New Radio Access Technology’ was approved [1] aiming to develop a new radio access technology to meet a broad range of use cases including enhanced mobile broadband, massive MTC, and Ultra reliable and low latency communications.
This contribution will describe design considerations on numerology and frame structure for 5G new radio interface focused on bands over-6 GHz. Regarding numerology and frame structure for 5G new radio interface sub-6 GHz will be discussed in our companion document [2].
2
Discussion
5G new radio interface over 6 GHz is targeting much higher throughput, spanning towards higher carrier frequencies and wider bandwidths, at the same time reducing latency, energy consumption and costs compared to the existing LTE air interface [3]. Thus, a new numerology and frame structure for 5G new radio interface should be carefully designed to meet these requirements. In this section, we will discuss design considerations on numerology and frame structure.
2.2
Design considerations on numerology
The radio waveform gives an impact on the numerology design and thus it should be discussed first. Our basic assumption on the waveform of 5G new radio interface is OFDM and details will be described in our companion document [4].

Assuming that OFDM is used for the waveform of 5G new radio interface, numerology design will be depending on the propagation characteristics of the environment where the system is intended to operate, such as the carrier frequency, channel properties, cell size and so on. Thus, this section will discuss how these features are considered for our numerology design.
Carrier Frequency

For the design of numerology, the carrier frequency available for the 5G system should be studied first because different carrier frequencies have quite different radio propagation characteristics, i.e., the higher carrier frequency is, the larger path-loss and attenuation are [5]. In that respect, the numerology design of over-6 GHz (e.g., around 30 GHz and 70 GHz) and sub-6 GHz (e.g., around 4 GHz) needs to be separately optimized.

Observation 1: For sub-6 GHz (e.g., around 4 GHz) and over-6 GHz (e.g., around 30 GHz and 70 GHz), channel characteristics are quite different.
Proposal 1: The numerology design of over-6 GHz (e.g., around 30 GHz and 70 GHz) and sub-6 GHz (e.g., around 4 GHz) needs to be separately optimized. 
On the other hand, the spectrum of 5G new radio interface over 6 GHz has been studied and currently 11 frequency ranges
 are possible candidates [6]. It is not clear yet which bands could be used for 5G commercialization among these 11 frequency ranges, but it seems that at least 28 GHz and 39 GHz bands are considered for early 5G market in 2020 and beyond [7]. Thus, in our view, taking into account current status on band allocations, it would be better to concentrate our study on bands below 40 GHz.
Observation 2: Currently 11 frequency ranges are possible candidates for 5G new radio interface over 6 GHz [6] and it seems that 28 GHz and 39 GHz bands are considered for early 5G market in 2020 and beyond [7].
Proposal 2: For the numerology design over 6 GHz, study of bands below 40 GHz is prioritized over that of bands above 40 GHz. 
CP Length
CP length should be long enough to mitigate propagation delay and delay spread towards receivers, while keeping a reasonable system overhead for the CP (e.g., CP overhead less than or equal to current LTE system). 
The cell size affects deciding the CP length because propagation delay to be compensated at the receiver sides is larger as the cell size increases. There could be various cell sizes in the future commercialized 5G system depending on the actual deployments and business models as well as the carrier frequencies under considerations. Thus, we need to focus on some typical scenarios to be implemented and we think that 5G new radio interface over 6 GHz could support at least the coverage ISD = 200m, because this is a typical cell size of a dense urban scenario (UMi) where high user densities and high traffic loads are anticipated.

Observation 3: Depending on the actual deployments and business models as well as the carrier frequency under considerations, there could be various cell sizes in the future commercialized 5G system. A typical cell size of a dense urban scenario is ISD of 200m, where high user densities and high traffic loads are anticipated.
Proposal 3: The numerology above 6 GHz should be designed to support at least the coverage of ISD = 200m.
On the other hand, lots of measurements were performed to characterize the delay spread above 6 GHz in micro cellular mobile radio environment. It was shown in [5] that the range of the RMS delay spreads are 25 – 50ns for LoS and 75 – 200ns for NLoS. This delay spread affects determining CP length used for 5G systems operating over 6 GHz. In addition to the channel delays, some hardware delays induced at the transceivers also need to be compensated within the CP duration. More specifically, beam transition time required for beam change at TX and/or RX sides needs to be taken into account for fully exploiting analog beamforming gain (100 – 200 ns) if it is introduced [8]. Windowing in time domain and/or filtering in frequency domain may be required for reducing out-of-band emissions. 
Observation 4: The RMS delay spreads could be 25 – 50 ns for LoS and 75 – 200 ns for NLoS in the range from 14.8 GHz to 58.8 GHz.
Observation 5: In addition to the channel delays, additional margin (e.g., 100 – 200 ns) is needed for accommodating other effects, e.g., beam transition time for hybrid-beamforming and application of windowing and/or filtering for out-of-band suppression.
Proposal 4: CP length should be long enough to compensate the channel delays and other effects while keeping a reasonable CP overhead ratio (e.g., longer than 300 – 400 ns).
Subcarrier Spacing
In OFDM-based radio access, the subcarrier spacing is designed to be narrower than the channel coherence bandwidth so that the fading of each subcarrier becomes approximately flat, i.e., frequency-non-selective. Meanwhile, it is necessary to have sufficiently wider subcarrier spacing to mitigate the Doppler and phase nose effects.

It would difficult to define an exact relationship between coherence bandwidth and RMS delay spread because they will be given by a function of specific channel impulse responses and applied signals. However, it could be assumed that coherence bandwidth is inversely proportional to the RMS delay spread [9]. Based on this assumption, coherence bandwidth for 5G new radio interface over 6 GHz could be larger than 1/(50×200ns) = 100 kHz when the frequency correlation is above 0.9. On the other hand, if we assume that the frequency correlation is above 0.5, coherence bandwidth could be larger than 1/(5×200ns) = 1 MHz. Thus subcarrier spacing should be narrower than 100 kHz or narrower than 1 MHz, depending on the different frequency correlation parameters.

Observation 6: Taking into account maximum delay spread, 200 ns measured at the carrier frequencies between 14.8 GHz and 58.8 GHz, subcarrier spacing should be narrower than 100 kHz when the frequency correlation function is above 0.9, or subcarrier spacing should be narrower than 1 MHz when the frequency correlation function is above 0.5.
 Regarding the Doppler effect, the maximum UE speed targeted for 5G new radio interface is 500 km/h [3] but in our view, it would be natural that this high mobility is supported by ‘below 6 GHz’, not ‘above 6 GHz’. For the UE’s mobility, we also would like to focus on a dense urban scenario where the maximum UE speed could be up to 60 km/h. So, the maximum Doppler spread could have approximately the range between 1.33 kHz (at 24 GHz) and 2.22 kHz (at 40 GHz). In LTE, subcarrier spacing was designed to mitigate 25 times maximum Doppler frequency. Similarly, subcarrier spacing should be larger than 33.3 kHz at 28 GHz carrier frequency and larger than 55.5 kHz at 40 GHz carrier frequency (25 times the maximum Doppler frequency).
Observation 7: In order to mitigate Doppler effects, subcarrier spacing should be larger than 33.3 kHz at 24 GHz or 54.25 kHz at 40 GHz with the assumption that subcarrier spacing is designed with 25 times the maximum Doppler frequency. 
On the other hand, it has been known that random frequency fluctuations in the local-oscillators of the eNB and UE cause phase noise and this fluctuation causes two different kinds of errors: common phase error (CPE) and inter-carrier-interference (ICI) resulting in EVM degradation in OFDM systems. It is shown in [10] that better EVM could be achieved as subcarrier spacing increases. Thus, it is necessary to have wider subcarrier spacing as much as possible while keeping reasonable CP overhead ratio. 

Observation 8: It was shown in [10] that better EVM can be achieved as subcarrier spacing increases at a high frequency. Thus, wider subcarrier spacing is needed to mitigate phase noise effects while keeping reasonable CP overhead ratio.
Observation 9: Based on observations 4, 5, and 6, desirable subcarrier spacing has the range between 55.5 kHz and 100 kHz in the carrier frequency from 24 GHz to 40 GHz.

Another aspect to be taken into account for designing of subcarrier spacing is implementation cost. It is preferred that subcarrier spacing designed for bands above 6 GHz is integer multiples of LTE subcarrier spacing (15 kHz), because this could simplify the implementation of LTE/5G multi-mode terminals with a single clock circuitry. In that sense, it is observed that 60 kHz, 75 kHz, and 90 kHz could be good candidates as subcarrier spacing for 5G new air interface. However, 90 kHz is not preferable because 90 kHz is 15 kHz × 6 and 1 ms (a TTI for 15 kHz) is not divisible by 6.
Observation 10: If subcarrier spacing designed for 5G new air interface is integer multiples of LTE subcarrier spacing (15 kHz), then it may simplify the implementation of LTE/5G multi-mode terminals with a single clock circuitry.

Observation 11: According to observations 9 and 10, 60 kHz, 75 kHz and 90 kHz could be good candidates for subcarrier spacing of 5G new air interface but 90 kHz of subcarrier spacing is not preferable due to lack of scalability in time domain. Thus, 60 kHz and 75 kHz would be preferred as subcarrier spacing for 5G new radio interface over 6 GHz.
CP Overhead Ratio

Assuming that 1 TTI consists of 14 symbols as LTE Based on observation 12, CP overhead ratio of 60 kHz and 75 kHz is identical. For 60 kHz subcarrier spacing, total CP length per TTI is 250 μs – (14 × 1/ (60 kHz)) = 16.67 μs and CP overhead per a TTI is 16.67/250 = 0.0667 (6.67%). Similarly, for 75 kHz subcarrier spacing, CP length per TTI is 200 μs – (14 × 1/ (75 kHz)) = 13.33 μs and CP overhead per a TTI is 13.33/200 = 0.0667 (6.67%). Thus, CP overhead ratio is identical for both cases.
Observation 12: CP overhead ratio is identical to 6.67% for 60 kHz and 75 kHz of subcarrier spacing. 

Proposal 5: Based on observations 8, 11 and 12, it is preferred to use 75 kHz as subcarrier spacing for 5G new radio interface over 6 GHz, especially for the carrier frequency range between 28 GHz and 40 GHz.
Observation 13: As the carrier frequency where the system is intended to operate is higher, it is expected that maximum Doppler frequency is larger. In addition, at the higher frequencies, EVM degrades further because the optimization of RF components is more challenging. So, wider subcarrier spacing would be needed for the carrier frequency of over-40 GHz.
Proposal 6: It is preferred to use 150 kHz as subcarrier spacing for 5G new radio interface over 40 GHz if subcarrier spacing larger than 75 kHz is needed.
Bandwidth per CC
Bandwidth per CC and the number of CCs to be supported in a system are dependent on the policy on frequency allocation from different regions in the world. Thus it may be difficult to discuss these issues at this moment. On the other hand, the value of available bandwidth per CC is also affected by FFT size and subcarrier spacing. We prefer to use 2048 FFT size as a baseline due to simplicity of the implementation. Thus, our preferences for the bandwidth per CC are 100 MHz for 75 kHz subcarrier spacing and 200 MHz for 150 kHz subcarrier spacing.
Proposal 7: Taking into account implementation complexity, maximum FFT size should be limited and we prefer to use 2048 FFT size and 100 MHz bandwidth per CC for 75 kHz subcarrier spacing as a baseline.
 2.3
Design considerations on frame structure 
This subsection will discuss design considerations on the frame structure for 5G new radio interface over 6 GHz.

For 5G new air interface over 6 GHz, TDD might be considered a more attractive duplexing scheme than FDD because of larger amount of available spectrum. Another attractive property of TDD would be a good DL/UL scalability that can be utilized to adapt flexible resource partitioning depending on UEs’ traffic pattern. On the other hand, for a phased deployment of the new radio interface, frame structure design should be ensured to support later advanced features. This forward compatibility can be achieved by a self-contained frame structure which is similar to the special subframe in Rel-13 TDD. In other words, the number of DL symbols, the number of UL symbols and their locations can be variable per TTI. 
Proposal 8: For 5G new air interface over 6 GHz, TDD is preferred rather than FDD and Self-contained frame structure is supported for forward compatibility.
3 Conclusion
Based on the discussion, we have the following observations and proposals on numerology and frame structure design over 6 GHz:
Observation 1: For sub-6 GHz (e.g., around 4 GHz) and over-6 GHz (e.g., around 30 GHz and 70 GHz), channel characteristics are quite different.
Observation 2: Currently 11 frequency ranges are possible candidates for 5G new radio interface over 6 GHz [6] and it seems that 28 GHz and 39 GHz bands are considered for early 5G market in 2020 and beyond [7].
Observation 3: Depending on the actual deployments and business models as well as the carrier frequency under considerations, there could be various cell sizes in the future commercialized 5G system. A typical cell size of a dense urban scenario is ISD of 200m, where high user densities and high traffic loads are anticipated.
Observation 4: The RMS delay spreads could be 25 – 50 ns for LoS and 75 – 200 ns for NLoS in the range from 14.8 GHz to 58.8 GHz.

Observation 5: In addition to the channel delays, additional margin (e.g., 100 – 200 ns) is needed for accommodating other effects, e.g., beam transition time for hybrid-beamforming and application of windowing and/or filtering for out-of-band suppression.
Observation 6: Taking into account maximum delay spread, 200 ns measured at the carrier frequencies between 14.8 GHz and 58.8 GHz, subcarrier spacing should be narrower than 100 kHz when the frequency correlation function is above 0.9, or subcarrier spacing should be narrower than 1 MHz when the frequency correlation function is above 0.5.
Observation 7: In order to mitigate Doppler effects, subcarrier spacing should be larger than 33.3 kHz at 24 GHz or 54.25 kHz at 40 GHz with the assumption that subcarrier spacing is designed with 25 times the maximum Doppler frequency. 
Observation 8: It was shown in [10] that better EVM can be achieved as subcarrier spacing increases at a high frequency. Thus, wider subcarrier spacing is needed to mitigate phase noise effects while keeping reasonable CP overhead ratio.

Observation 9: Based on observations 4, 5, and 6, desirable subcarrier spacing has the range between 55.5 kHz and 100 kHz in the carrier frequency from 24 GHz to 40 GHz.

Observation 10: If subcarrier spacing designed for 5G new air interface is integer multiples of LTE subcarrier spacing (15 kHz), then it may simplify the implementation of LTE/5G multi-mode terminals with a single clock circuitry.

Observation 11: According to observations 9 and 10, 60 kHz, 75 kHz and 90 kHz could be good candidates for subcarrier spacing of 5G new air interface but 90 kHz of subcarrier spacing is not preferable due to lack of scalability in time domain. Thus, 60 kHz and 75 kHz would be preferred as subcarrier spacing for 5G new radio interface over 6 GHz.

Observation 12: CP overhead ratio is identical to 6.67% for 60 kHz and 75 kHz of subcarrier spacing.  

Observation 13: As the carrier frequency where the system is intended to operate is higher, it is expected that maximum Doppler frequency is larger. In addition, at the higher frequencies, EVM degrades further because the optimization of RF components is more challenging. So, wider subcarrier spacing would be needed for the carrier frequency of over-40 GHz.

Proposal 1: The numerology design of over-6 GHz (e.g., around 30 GHz and 70 GHz) and sub-6 GHz (e.g., around 4 GHz) needs to be separately optimized. 
Proposal 2: For the numerology design over 6 GHz, study of bands below 40 GHz is prioritized over that of bands above 40 GHz. 
Proposal 3: The numerology above 6 GHz should be designed to support at least the coverage of ISD = 200m.
Proposal 4: CP length should be long enough to compensate the channel delays and other effects while keeping a reasonable CP overhead ratio (e.g., longer than 300 – 400 ns).
Proposal 5: Based on observations 8, 11 and 12, it is preferred to use 75 kHz as subcarrier spacing for 5G new radio interface over 6 GHz, especially for the carrier frequency range between 28 GHz and 40 GHz.

Proposal 6: It is preferred to use 150 kHz as subcarrier spacing for 5G new radio interface over 40 GHz if subcarrier spacing larger than 75 kHz is needed.
Proposal 7: Taking into account implementation complexity, maximum FFT size should be limited and we prefer to use 2048 FFT size and 100 MHz bandwidth per CC for 75 kHz subcarrier spacing as a baseline.

Proposal 8: For 5G new air interface over 6 GHz, TDD is preferred rather than FDD and Self-contained frame structure is supported for forward compatibility.
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� 24.25 – 27.5 GHz, 37.0 – 40.5 GHz, 42.5 – 43.5 GHz, 45.5 – 47.0 GHz, 47.2 – 50.2 GHz, 50.4 – 52.6 GHz, 66.0 – 76.0 GHz, 81.0 – 86.0 GHz which have allocations to the mobile service on a primary basis; 31.8 – 33.4 GHz, 40.5 – 42.5 GHz, 47.0 – 47.2 GHz which may require additional allocations to the mobile service on a primary basis.


Note: Industry will continue working on 27.5 – 29.5 GHz and 6 – 24 GHz band ranges too even if these bands were not agreed.





