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Introduction
 In RAN #71, 5G new RAT has been approved as a work item with the following agreements [1]:
· Target a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including
· Enhanced mobile broadband
· Massive machine-type-communications
· Ultra reliable and low latency communications 
In this contribution, we first discuss the numerology for different usage scenarios (eMBB, m-MTC and URLLC) in term of subcarrier spacing and CP length, and then discuss the frame structure corresponding to the numerology.

Discussion on Numerology
In this section, we will discuss numerology based on the OFDM-like waveforms, including all variants of OFDM and DFT-s-OFDM. OFDM fundamental can be found in [2][3] etc.
Subcarrier Spacing
General principle of subcarrier spacing
The factors related to subcarrier spacing include coherent bandwidth, Doppler shift and phase noise [4][5] etc.
Doppler shift and phase noise will cause Inter Carrier Interference (ICI). Small subcarrier spacing has larger performance degradation than large subcarrier spacing with the same Doppler shift and phase noise. However, small subcarrier spacing is more possible to achieve flat fading. This tradeoff had been shown in [6]. The subcarrier spacing in LTE, i.e. 15kHz, was defined as a moderate value considering different UE velocity and different scenarios.
Since optimal subcarrier spacing is dependent on scenarios and use cases, we should discuss subcarrier spacing case by case. 

Dedicated subcarrier spacing for m-MTC
m-MTC has many different characteristics from eMBB and URLLC. We compare them in the following table.
Table 1: Comparison among m-MTC, eMBB and URLLC
	
	m-MTC
	eMBB
	URLLC

	Bandwidth (impact complexity in term of FFT size)
	Narrow (small subcarrier spacing will not cause large FFT size in narrow band)
	Broad (large subcarrier spacing can reduce FFT size)
	Broad (large subcarrier spacing can reduce FFT size)

	Mobility (impact Doppler shift)
	Low (small subcarrier spacing is enough)
	High (large subcarrier spacing can combat Doppler shift)
	High (large subcarrier spacing can combat Doppler shift)

	Delay (impact symbol duration)
	Tolerant (small subcarrier spacing is enough)
	Sensitive (large subcarrier spacing leads to short symbol duration)
	Very sensitive (large subcarrier spacing leads to short symbol duration)

	Preferred subcarrier spacing
	Small
	Large
	Large


From above table, it is observed that a set of small subcarrier spacing can be designed for m-MTC dedicatedly. 
In our view, m-MTC should be frequency division multiplexed with eMBB and URLLC. If it is time division multiplexed with eMBB and URLLC, the time-domain repetition transmission in m-MTC will cause large delay of eMBB and URLLC traffic. From perspective of deployment, m-MTC is usually deployed in fragmental bands. In this way, m-MTC is naturally separated with eMBB and URLLC in frequency domain.
Proposal 1: A set of small subcarrier spacing can be designed for m-MTC dedicatedly, and m-MTC should be frequency division multiplexed with eMBB and URLLC.

Dedicated subcarrier spacing for High Frequency above 6GHz
High Frequency above 6GHz (HF) should be considered in 5G-NR. Large subcarrier spacing can achieve the ultra-wide continuous bandwidth while keeping FFT size 2048. For example, up to 160MHz bandwidth can be achieved with subcarrier spacing 312.5kHz and FFT size 512 in IEEE 802.11ac. Furthermore, large subcarrier spacing is robust for large phase noise and large coherent bandwidth in HF. Thus, large subcarrier spacing may be suitable for HF.
As mentioned in [7], Doppler shift, phase noise and coherent bandwidth are dependent on the carrier frequency, thus subcarrier spacing for low frequency may not fit for high frequency. Currently, 30GHz and 70GHz may have highest priority in HF standardization, since as described in [8] 30GHz is a proxy for 24GHz~40GHz, and 70GHz is a proxy for 66GHz~86GHz in WRC-19. Subcarrier spacing for the frequency below 6GHz does not fit for such high frequency, e.g. 30GHz or 70GHz. Moreover, HF may not consider the scenario of wide area coverage, since power spectrum density with ultra-wide bandwidth is low and pathloss in HF is large. Therefore, a set of large subcarrier spacing can be defined for HF dedicatedly.
Proposal 2: A set of large subcarrier spacing can be defined for high frequency above 6GHz dedicatedly.
The concept of dedicated subcarrier spacing for m-MTC and HF can be shown in the following figured.24~40GHz
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Figure 1: Illustration of dedicated subcarrier spacing for m-MTC and HF
For simplicity, in the left of paper, we will only discuss eMBB and URLLC with frequency below 6GHz.

Necessity of new subcarrier spacing
The use cases of eMBB and URLLC are listed as follows.
· URLLC: Large subcarrier spacing can enable transmission with short-duration symbol.
· eMBB:
· Very short TTI: Large subcarrier spacing can enable very short TTI.
· High mobility: Large subcarrier spacing is robust for large Doppler shift cause by high mobility. The requirement of mobility is 500km/h in 5G-NR [8], which is higher than 350km/h in LTE.
· Low mobility: Without large Doppler shift, coherent bandwidth is the dominant factor impacting spectrum efficiency. It is not like high mobility case where Doppler shift is the dominant factor impacting spectrum efficiency. Thus small subcarrier spacing is robust for low mobility. In some deployment scenarios, e.g. indoor hotspot, dense urban and macro urban, the velocity of most UEs is not so high (e.g. <100km/h), thus it is questionable whether we need to define a single subcarrier spacing supporting the maximum velocity.
From above list, subcarrier spacing can be variable for different use cases. Therefore, a new set of subcarrier spacing may be necessary.
Observation 1: A new set of subcarrier spacing may be necessary.

Coexistence of different subcarrier spacing
The straightforward multiplexing of different subcarrier spacing can be Frequency Division Multiplexing (FDM) and Time Division Multiplexing (TDM), which can be illustrated in the following figure.
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Figure 2: Illustration of multiplexing of different subcarrier spacing (Left is FDM, and right is TDM)
To analyze the problem comprehensively, we can discuss two cases separately.
Case 1: Different subcarrier spacing between eMBB and URLLC
We compare FDM and TDM between eMBB and URLLC.
· FDM: The guard band may cause spectrum inefficiency.
· TDM: eMBB may enlarge the latency of URLLC service. However, URLLC can be inserted into eMBB resource in time domain for latency reduction. Furthermore, to guarantee 1e-5 error probability in 1ms [8], URLLC may have very limited opportunities of HARQ retransmission, thus URLLC transmission may utilize the whole bandwidth, and the wider the bandwidth, the more reliable the transmission. If URLLC utilized the whole bandwidth, URLLC has to TDM with eMBB. Therefore, URLLC may be suitable for TDM with eMBB. As described in [9], URLLC traffic, e.g. mission critical, is a bursty transmission by puncturing resource of eMBB.
From above list, we have the following observation:
Observation 2: Different subcarrier spacing of eMBB and URLLC can be TDM.
This observation can be shown in the following figure.eMBB
Frequency
URLLC
eMBB

Figure 3: Illustration of multiplexing of different subcarrier spacing between eMBB and URLLC
Case 2: Different subcarrier spacing within eMBB
For simplicity, we only discuss different subcarrier spacing within eMBB.
There are diverse use cases in eMBB, such as very short TTI, high mobility, low mobility. These use cases can be FDM or TDM. We compare FDM and TDM as follows.
· Interference issue:
· For FDM, different subcarrier spacing are in different subbands. In this case, interference between subbands will be present due to non-orthogonality. In general, more or less (dependent on waveform), the guard band should be set between subbands.
· For TDM, different subcarrier spacing are in different time slot. In this case, interference between time slots can be regarded as Inter Symbol Interference (ISI). Since CP is already designed for ISI mitigation, i.e., CP has function of the guard time, the interference issue of TDM is not so critical.
· Implementation issue:
· [bookmark: _GoBack]FDM: If one subcarrier spacing is integer multiple of another subcarrier spacing, they can be processed by a single FFT/IFFT operation. If not, they needs more than one FFT/IFFT operations. 
· TDM: Only one FFT/IFFT is enough.
· Latency issue:
· FDM: Traffic can use different subcarrier spacing any time.
· TDM: Different subcarrier spacing usage may have scheduling delay.
From above comparison, it is observed that FDM has interference issue but TDM has latency issue. How to optimize them needs further study.
Observation 3: Different subcarrier spacing can be FDM and/or TDM within eMBB, and the optimization needs further study.
As an example, we show TDM in the following figure. In the following figure, very short TTI and high mobility can share the same large subcarrier spacing.High mobility and very short TTI (subcarrier spacing 2)

Frequency
Low mobility and normal TTI (subcarrier spacing 1)

Figure 4: Illustration of TDM of different subcarrier spacing within eMBB

Recommended options of subcarrier spacing (for eMBB/URLLC below 6GHz)
For URLLC, very short TTI and high mobility, large subcarrier spacing is a better choice. However, it should not be too large, since it may be used for wide area coverage. As the simulation results in [6], at 30km/h UE velocity, too large subcarrier spacing will cause performance degradation. 
The user plane latency requirement in [8] is 1 ms. If a TTI has 4 OFDM symbols with 30kHz subcarrier spacing, duration of TTI will be 0.16ms, which can satisfy the requirement with margin [10]. For high mobility case, According to [11], 30kHz subcarrier spacing is already good enough for 500km/h. Therefore, up to 30kHz subcarrier spacing is enough for very short TTI and high mobility cases.
Observation 4: Subcarrier spacing can be up to 30kHz, e.g., for URLLC, very short TTI and high mobility cases.
Too small subcarrier spacing will cause significant performance degradation at high mobility scenario, as shown in [6], e.g. 6kHz subcarrier spacing has a significant throughput loss at 350km/h. Therefore, 7.5kHz can be the minimum subcarrier spacing.
Observation 5: The smallest subcarrier spacing can be 7.5kHz, e.g., for low mobility case.
Note that some physical channels, e.g. synchronization, broadcast and control channels etc., need a baseline subcarrier spacing, since these physic channels should support the initialization procedures, e.g. cell search etc., and at initialization a robust connection control from network to a UE has not established. With the baseline subcarrier spacing, the UE should always get synchronization, broadcast and control information in a stable manner. On the other side, RRM/RLM procedure needs a long-term periodic signal, and this signal may be based on the baseline subcarrier spacing. Therefore, a baseline subcarrier spacing is necessary.
Observation 6: A baseline subcarrier spacing can be defined.

Conclusion
From abovementioned observations, a new set of subcarrier spacing is both necessary and feasible, so we propose:
Proposal 3: A new set of subcarrier spacing can be introduced in new radio for eMBB and URLLC (<6GHz).

CP Length
The factor related to CP length is mainly RMS delay spread [4]. Too short CP length will cause ISI. But long CP length will cause large overhead. This is a tradeoff. Considering this tradeoff, if a new set of subcarrier spacing is defined, a new set of CP length should be defined corresponding to the new subcarrier spacing.
Proposal 4: If a new set of subcarrier spacing is defined, a new set of CP length should be defined corresponding to the new subcarrier spacing.

Discussion on Frame Structure
As mentioned above, it is recommended that subcarrier spacing and CP length could be variable for different scenarios. After subcarrier spacing and CP length are determined, symbol duration can be determined, and then subframe duration can be determined considering scheduling latency, the maximum TTI etc. Thus, the subframe duration is dependent on the subcarrier spacing and CP length.
Proposal 5: The subframe duration is dependent on the subcarrier spacing and CP length.

Conclusions
As conclusion, we have the following proposals:
Proposal 1: A set of small subcarrier spacing can be designed for m-MTC dedicatedly, and m-MTC should be frequency division multiplexed with eMBB and URLLC.
Proposal 2: A set of large subcarrier spacing can be defined for high frequency above 6GHz dedicatedly.
Proposal 3: A new set of subcarrier spacing can be introduced in new radio for eMBB and URLLC (<6GHz).
Proposal 4: If a new set of subcarrier spacing is defined, a new set of CP length should be defined corresponding to the new subcarrier spacing.
Proposal 5: The subframe duration is dependent on the subcarrier spacing and CP length.
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