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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]The usage of fractional PRB less than one PRB was discussed in RAN1#86bis [1]. In this contribution, we show some evaluation results on the impact of fractional PRB usage on the guard band between different numerologies. We also provide our proposals on fractional PRB usage.
Evaluation
0. Evaluation setup
Evaluation parameters
The evaluation assumptions are summarized in Table 1. In this evaluation, UF-OFDM is used as the waveform. Both UL and DL cases are evaluated. For UL evaluation, evaluation scenario of Case 4 [2] is slightly modified as only 1 interferer UE is assumed. In UL evaluation, the power of interferer numerology is 10dB higher than desired numerology. For DL evaluation, evaluation scenario of Case 2 [3] is assumed. For DL evaluation, the power of interferer numerology is same as desired numerology.
Table 1	Evaluation parameters
	Parameters
	Value

	Carrier frequency
	4GHz

	System bandwidth
	10 MHz

	TTI length
	1 ms

	Subcarrier spacing
	Target UE: 15kHz, interfering UE: 30kHz

	Guard time interval
	6.7% overhead

	FFT size
	1024 for 15kHz subcarrier spacing
512 for 30kHz subcarrier spacing

	Data transmission bandwidth
	720kHz (for no guard band)

	Guard band (Number of subcarriers)
	0 (no guard band), 2, 4, 6, 8, 10, and 12 (1PRB)

	Modulation and coding
	QPSK and R=1/2, QPSK and R=3/4,
16QAM and R=1/2, 64QAM and R=1/2

	Number of transmit and receive antennas
	1×1

	Control overhead
	Zero

	Channel estimation
	Ideal, Realistic (LTE DL DMRS)

	Channel model
	TDL-C for DS 300ns, mobility: 3km/h

	Power offset of interfering users (UL only) 
	10dB higher than target UE

	PA model
	Downlink: Modified Rapp model 
(Operation point 46dBm output power, IBO = 11.6dB)
Uplink: Polynomial model (22dBm output power)

	UF-OFDM
	Filter type
	Dolph-Chebyshev Filter

	
	Filter length
	73 for 15kHz subcarrier spacing
37 for 30kHz subcarrier spacing

	
	Sub-band size
	12 subcarriers

	
	Side lobe attenuation
	40 dB


Guard band setting
Guard band is generated by reserving guard subcarriers from 0 to 12 in target UE bandwidth. When the number of guard subcarriers is less than 12, it can be fractional RB usage. 12 guard subcarriers corresponding to guard band of 1 PRB. The same coding rate is assumed regardless of the number of guard subcarriers, i.e., transmitted TB size is reduced as the number of guard subcarriers increases.
For realistic channel estimation, LTE DL DMRS mapping as shown in Fig. 1 is assumed within a PRB. DMRS in fractional PRB is not changed from full (normal) PRB and following two options for the demodulation of the data in fractional PRB are evaluated 
Option 1: DMRS mapping in fractional PRB is same as normal PRB and DMRS(s) in guard band is punctured. The data in fractional PRB is demodulated by using existing DMRS in fractional PRB.
Option 2: There is no DMRS in fractional PRB. The data in fractional PRB is demodulated by the channel estimate obtained from the RS in PRB next to fractional PRB.
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Fig. 1 DMRS mapping and fractional PRB
Spectral efficiency calculation
Spectral efficiency is calculated as =/(TBW), where  denotes the number of information bits in correctly decoded transport blocks and can be obtained by TBS(1BLER), T denotes the transmission time (1ms), and BW denotes the actual bandwidth (including data transmission bandwidth and guard bands, i.e., 720kHz).

Evaluation results
Section 2.2.1 shows UL ideal channel estimation case and section 2.2.2 shows UL realistic channel estimation. Section 2.2.3 shows DL ideal channel estimation case.

UL (Ideal channel estimation)
Figure 2 shows the spectral efficiency with the number of subcarriers for guard band as a parameter. For lower MCS cases, no guard band case achieves the best spectral efficiency, while for higher MCS case such as 64QAM and R=1/2, fractional PRB usage with 10 or 8 subcarriers (guard band with 2 or 4 subcarriers) can achieve the best spectral efficiency. For higher MCS case, there is a trade-off between interference suppression effect and spectral efficiency degradation by guard band. 
Figure 3 shows the spectral efficiency comparison between no guard band case and guard band with 2 subcarriers for various MCSs. It seems that higher spectrum efficiency could be achieved by having fractional PRB for high MCS region assuming higher inter-numerology interference. Fractional RB with guard band of 2 subcarriers provides 11% improvement in spectral efficiency compared to no guard band case and 20% improvement in spectral efficiency compared to guard band of 1 PRB, respectively.
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(a) QPSK, R=1/2                                                          (b) QPSK, R=3/4
[image: ]   [image: ]
(c) 16QAM, R=1/2                                                          (d) 64QAM, R=1/2
Fig. 2 Spectral efficiency in UL (Ideal channel estimation).
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Fig. 3 Spectral efficiency comparison between GB=0 and GB=2 in UL (Ideal channel estimation).
UL (Realistic channel estimation)
Figure 4 shows the spectral efficiency comparison when realistic channel estimation is used. Three cases, no guard band, fractional PRB with guard band of 4 subcarriers, and guard band of 1 PRB, are compared for various MCSs. Similar to the ideal channel estimation case, higher spectrum efficiency can be achieved by having fractional PRB for high MCS region even no special RS handling is assumed. For option 1 demodulation method, fractional RB with guard band of 4 subcarriers provides 32% improvement in spectral efficiency compared to no guard band case and 17% improvement in spectral efficiency compared to guard band of 1 PRB, respectively. For option 2 demodulation method, fractional RB with guard band of 4 subcarriers provides 24% improvement in spectral efficiency compared to no guard band case and 11% improvement in spectral efficiency compared to guard band of 1 PRB, respectively. The gain of fractional PRB usage from no guard band case is kept or emphasized when realistic channel estimation is used. This would be because RSs which are impacted by inter-numerology interference does not contribute to the performance improvement. The fractional PRB usage also still has gain compared to the guard band with 1PRB due to better spectrum utilization in spite of worse channel estimation performance is expected.
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(a) Option 1 (DMRS mapping in fractional PRB is same as normal PRB and DMRS(s) in guard band is punctured. The data in fractional PRB is demodulated by using existing DMRS in fractional PRB.) 
(b) Option 2 (There is no DMRS in fractional PRB. The data in fractional PRB is demodulated by the channel estimate obtained from the RS in PRB next to fractional PRB.)
Fig. 4 Spectral efficiency comparison among GB=0, GB=4, and GB=12 in UL (Realistic channel estimation).
DL (Ideal channel estimation)
Figure 5 shows the spectral efficiency with the number of subcarriers for guard band as a parameter. For all MCS cases, no guard band case achieves the best spectral efficiency. Although we do not show the realistic channel estimation case, we can note that almost the same performance trend as ideal channel estimation case is obtained for ideal channel estimation case.
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(a) QPSK, R=1/2                                                          (b) QPSK, R=3/4
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(c) 16QAM, R=1/2                                                          (d) 64QAM, R=1/2
Fig. 5 Spectral efficiency in DL mixed numerology (Ideal channel estimation).
Observation of evaluation results
Our observations from above evaluation results are following.
Observation 1: For UL mixed numerology case (the power of interferer numerology is 10dB higher than desired numerology), higher spectral efficiency could be achieved by having fractional PRB for high MCS region. If DL also has the power difference, the similar could be expected.
Observation 2: For DL mixed numerology case (the power of interferer numerology is same as desired numerology), no guard band case achieves the best spectral efficiency. If UL also has no power difference, the similar could be expected.
Observation 3: The gain of fractional PRB is obtained even no special handling on DMRS is assumed. 
Discussion on fractional PRB usage
Based on above evaluation results, our views on fractional PRB usage is following. 
Fractional PRB usage smaller than normal PRB is beneficial to guard band between different numerologies for at least higher MCS region in the case where there is larger interference from adjacent numerologies. In addition, fractional PRB is also beneficial for edge of system bandwidth. We proposed common PRB boundary regardless of the system bandwidth and PRB grid defied on absolute frequency position in [4]. In this case, the band edge of smaller size of PRB would be created but it can be used by fractional PRB. It would also be possible more efficient spectrum utilization to support transmission bandwidth configuration up to approximately 100 % depending on the need of protection and feasibility of RF. The required guard can be adjusted by fractional PRB usage.
Proposal 1: Fractional PRB usage is supported.
Although the fractional PRB usage has potential benefits in several scenarios, specification impact to support fractional PRB such as resource assignment and DMRS position should be minimized. On resource allocation, one of possible limitation would be fractional PRB is used only when the adjacent full PRB is used, i.e., there is no case that to assign only fractional PRB. The amount of fractional PRB could be semi-statically known by UE. On RS design, we showed in above evaluation that the gain of fractional PRB is obtained even no special handling on DMRS is assumed. Data in fractional PRB can be demodulated by existing RS next to fractional PRB or existing location of RS. Therefore, no special design of DMRS for fractional PRB is required.
Proposal 2: Fractional PRB is used only when the adjacent full PRB is used, i.e., there is no case that to assign only fractional PRB.
Proposal 3: No special handling of DMRS related fractional PRB usage is considered.
Another issue would be DFT-s-OFDM support for uplink waveform. In LTE, the number of subcarriers expressed by 2n ×3m×5p is supported. Fractional PRB and DFT-s-OFDM relation are something worth to think about. Assuming DFT-s-OFDM is used for link budget limited scenario and fractional PRB is beneficial in higher MCS case, fractional PRB usage is not required for DFT-s-OFDM usage scenario. Then, we propose fractional PRB is used only for CP-OFDM.
Proposal 4: Fractional PRB is used only for CP-OFDM.
Conclusion
In this contribution, we showed the evaluation results on fractional PRB usage for the guard band between different numerologies and also provided our proposals on fractional PRB usage.
Proposal 1: Fractional PRB usage is supported.
Proposal 2: Fractional PRB is used only when the adjacent full PRB is used, i.e., there is no case that to assign only fractional PRB.
Proposal 3: No special handling of DMRS related fractional PRB usage is considered.
Proposal 4: Fractional PRB is used only for CP-OFDM.

Observation 1: For UL mixed numerology case (the power of interferer numerology is 10dB higher than desired numerology), higher spectral efficiency could be achieved by having fractional PRB for high MCS region. If DL also has the power difference, the similar could be expected.
Observation 2: For DL mixed numerology case (the power of interferer numerology is same as desired numerology), no guard band case achieves the best spectral efficiency. If UL also has no power difference, the similar could be expected.
Observation 3: The gain of fractional PRB is obtained even no special handling on DMRS is assumed. 
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