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1 Introduction

According to the agreement from RAN1# 84bis and #85, LTE numerology (i.e. 15 kHz subcarrier, 6.7% CP overhead) is used for the target UE performance evaluation. The corresponding evaluation results are presented in [1]-[4].
It was agreed that NR should support subcarrier-spacing in addition to 15 kHz [5]. In this contribution, we present further evaluation results for candidate numerologies different from 15 kHz of LTE, in order to identify the relationship between waveform performance and numerology. Furthermore, simulation results on the inter-subband interference level are also provided.  
2 Discussion
2.1 Simulation assumptions
· Waveform parameter configurations

In this contribution, three numerologies are considered for evaluation. The corresponding waveform parameters are listed in Table 1. For W-OFDM, the Tx window slope length is 5% OFDM symbol length for all numerologies. 
Table 1:   Waveform parameters
	Numerology
	Numerology 1 
	Numerology 2 
	Numerology 3 

	
	15 kHz subcarrier spacing

6.7 % CP overhead
	30 kHz subcarrier spacing

6.7% CP overhead
	60 kHz subcarrier spacing

6.7% CP overhead

	W-OFDM configuration
	Raised cosine window, 

-Tx window slope length:
52 samples on each side
 (5% OFDM symbol)

- Rx window slope length:10
	Raised cosine window, 

-Tx window slope length:
26 samples on each side (5% OFDM symbol)

- Rx window slope length: 10
	Raised cosine window, 

-Tx window slope length:
13 samples on each side (5% OFDM symbol)

- Rx window slope length: 10

	f-OFDM configuration
	Windowed Sinc filter

Tx, Rx filter order 512 (matched filter is not assumed in the evaluation)


· PA operating point
The PA models and parameters used in this contribution are aligned with those used in [1].
2.2 LLS Evaluation results
2.2.1 Single numerology
· Power spectrum density of different numerologies
Figure 1 and Figure 2 show the downlink power spectrum density (PSD) of three numerologies in Table 1 with 9 MHz (50 PRBs for 15 kHz subcarrier spacing) and 9.72 MHz (54 PRBs for 15 kHz subcarrier spacing) data transmission bandwidth, respectively. With the constraint of LTE downlink spectrum mask, f-OFDM can support 9.72 MHz data bandwidth in a 10 MHz carrier bandwidth (i.e. above 97% spectrum utilization), for any numerology. For W-OFDM, the achieved spectrum utilization is closely related with numerology.  With 60 kHz subcarrier spacing and 6.7% CP overhead, the spectrum utilization of W-OFDM is even lower than 90% in a 10 MHz carrier.
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(a) numerology 1 (15 kHz)                    (b) numerology 2 (30 kHz)                    (c) numerology 3 (60 kHz)
Figure 1. DL PSD of different numerologies with Rapp PA model (9 MHz data BW)
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(a) numerology 1 (15 kHz)                    (b) numerology 2 (30 kHz)                  (c) numerology 3 (60 kHz)
Figure 2. DL PSD of different numerologies with Rapp PA model (9.72 MHz data BW)
Figure 3 and Figure 4 show the uplink PSD.  As shown in [1], the uplink spectrum utilization for wideband case can be easily improved because of more relaxed uplink spectrum mask and ACLR requirement than downlink. Therefore, here we only focus on narrow band case in which a narrow data bandwidth (1 RB) is located at the data bandwidth edge. In Figure 3 and Figure 4, the total data bandwidth is assumed to be 9 MHz and 9.72 MHz, respectively. From the PSD results, we have similar observations as to downlink, i.e., above 97% utilization can be achieved for f-OFDM for any numerology for uplink narrow band application, and W-OFDM needs 10% guard band overhead for 60 kHz subcarrier spacing and 6.7% CP overhead. 
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(a) numerology 1 (15 kHz)          (b) numerology 2 (30 kHz)           (c) numerology 3 (60 kHz)
Figure 3. UL PSD of different numerologies with polynomial PA model (9 MHz data BW)
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(a) numerology 1 (15 kHz)          (b) numerology 2 (30 kHz)           (c) numerology 3 (60 kHz)
Figure 4. UL PSD of different numerologies with polynomial PA model (9.72 MHz data BW)
From the PSD evaluation, we get the following observation:
Observation 1: f-OFDM can achieve similar spectrum utilization for different numerologies. The achievable spectrum utilization for f-OFDM can be much higher than 90% for any subcarrier spacing. 

Observation 2: The achievable spectrum utilization with w-OFDM is dependent on the numerology. For 60 kHz subcarrier spacing and 6.7% CP overhead, the spectrum utilization with W-OFDM is lower than 90% in a 10 MHz carrier.
· Spectrum efficiency

The spectrum efficiency of case 1a was evaluated on a per subframe basis, and the calculation methods and parameters are summarized in Table 2, where the 
[image: image13.wmf]2

sys

G

D

 is derived based on the PSD and spectrum mask with the method described in [1]. For W-OFDM with numerology 3, the 
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 is more than 500 kHz because it requires wider guard band than LTE 10% requirement.
Table 2:   Parameters for spectrum efficiency calculation (case 1a)
	
	W-OFDM
	f-OFDM

	Spectrum efficiency
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	(TBS size for 50 PRB) × (1-simulated BLER)

	T
	1 ms
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	9MHz
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 (kHz) for numerology 2
	428
	86
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 (kHz) for numerology 3
	811
	150


Taking the guard band overhead, and BLER performance into account, the spectrum efficiency evaluation results of case 1a are as follows:
· Numerology 2 (30 kHz subcarrier spacing)
	[image: image20.emf]SNR(dB)
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(a) TDL-C (300 ns)
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Figure 5. Case 1a spectrum efficiency of numerology 2 
· Numerology 3 (60 kHz subcarrier spacing)
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(c) TDL-C (100 ns)
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Figure 6. Case 1a spectrum efficiency of numerology 3 
From the above evaluation results, we can see f-OFDM always outperforms W-OFDM in terms of spectrum efficiency and the performance gap becomes larger in smaller CP numerology case (CP overhead is retained the same). It is shown by the BLER curves in Appendix that in medium delay spread channel (TDL-C 300ns), W-OFDM even cann’t support (64QAM,3/4) MCS transmission with 10% BLER. While f-OFDM has exactly the same BLER performance as CP-OFDM in any fading channel for any numerology. Indeed, the ISI for f-OFDM is not an issue at all, which means filter design is not constrained by numerology choice and channel multi-path spread characteristics. 
For W-OFDM, however, the window slope length has to be carefully balanced with the consideration of spectrum utilization, numerology and channel model. In order to improve spectrum utilization, long window length is preferred, while the ISI robustness has to be sacrificed.
Based on the spectrum efficiency and BLER evaluation on other numerologies, we have the following observations
Observation 3: The ISI robustness of W-OFDM is highly related with choices of numerologies and also the channel delay spread, while f-OFDM is immune to these factors. 
2.2.2 Inter-subband interference analysis for mixed numerology 

To better understand the inter-subband interference level between subbands with different numerologies, in this section, we present signal-to-interference ratio (SIR) evaluation results with and without spectrally confined waveforms.
The received signal in each subcarrier can be represented as:
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where 
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 is the channel coefficient, 
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 is the intra-subband interference, which includes the ISI caused by multi-path channel fading and ICI caused by Doppler spread, and 
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 is the interference from the non-orthogonal neighboring subbands. In 2.2.1, we have already observed the impact of the intra-subband interference. In this sub-section, we only focus on the inter-subband interference.
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Figure 7. illustration of the inter-subband interference
In mixed numerology scenarios, the received time domain signal is a combination of the target subband signal and interfering subband signal.  Within the receiver FFT window of target subband (e.g. 15 kHz), there always exists more than one non-integer OFDM symbol of interfering subband (e.g. 30 kHz). As Figure 7 shows, the inter-subband interference is increased by two types of discontinuity of 30 kHz OFDM symbols in the receiver FFT window of 15 kHz OFDM symbol:
1) The discontinuity between neighboring OFDM symbols, it causes OOB deterioration at transmitter side, and has to be suppressed by Tx spectrally confined waveform.
2) The discontinuity by the receiver FFT window truncation of 15 kHz OFDM symbol, which is mitigated by Rx spectrally confined waveform. 
Therefore, the inter-subband interference should be calculated after receiver FFT operation.

The SIR for subcarrier k is defined as
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and the SINR is:
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In this section, the SIRs between subbands are evaluated with 15 kHz and 30 kHz mixed numerology as an example. The SIR results are calculated per PRB.
· Downlink mixed numerology
Figure 8 and Figure 9 show the downlink SIR results on each PRB for 15 kHz and 30 kHz subbands (downlink PA is considered), in which no guard band is reserved between subbands. In the 9 MHz data transmission bandwidth, both subbands occupy 4.5MHz bandwidth. In this contribution, the PRB is defined as 12 subcarriers for both 15 kHz and 30 kHz subbands, therefore the bandwidth of PRB is 180 kHz and 360 kHz respectively for 15 kHz and 30 kHz subbands.
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(a)                                                                                       (b) 
Figure 8. SIR vs. PRB index for DL mixed numerology without power imbalance
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(a)                                                                            (b) 
Figure 9. SIR vs. PRB index for DL mixed numerology with 5 dB power imbalance

From the SIR results, it can be observed that, both Tx and Rx spectrally confined waveforms are needed to suppress inter-subband interference. Otherwise, the interference is non-negligible over at least 3 PRBs at each subband’s edge, resulting in less than 25 dB SIR. If transmission power imbalance between subbands is considered, the contaminated RB number will significantly increased to 8 RBs (SIR <25 dB).

For f-OFDM, all PRBs can have >21 dB SIR even without guard band, which means the subband edge PRB(s) can allow transmission of higher MCS than other waveforms. Thus, f-OFDM can provide higher spectrum efficiency, which is consistent with the evaluation results and observations in [2]. For W-OFDM, the PRB at the subband edge will be contaminated more than other RBs (SIR <18 dB), and therefore medium/low MCS transmission shall be scheduled there.
Observation 4: Spectrally confined waveform is needed at both Tx and Rx to suppress inter-subband interference.
Observation 5: Different waveforms have different interference suppression capabilities, and the guard band should not be defined as a fixed number.  
The SIRs of different PRBs are summarized in Table 3 and 4.
Table 3: SIR (dB) of 15 kHz subband for case 2
	15 kHz subband PRB index
	CP-OFDM
	W-OFDM
	f-OFDM

	
	w/o power offset
	5dB power offset
	w/o power offset
	5dB power offset
	w/o power offset
	5dB power offset

	1
	16.6
	11.6
	17.8
	12.8
	21.8
	16.8

	2
	22.1
	17.1
	25.9
	20.9
	36.2
	31.2

	3
	24.3
	19.3
	30.6
	25.6
	40.4
	35.4

	4
	25.6
	20.6
	34.4
	29.4
	43
	38


Table 4: SIR (dB) of 30 kHz subband for case 2

	30 kHz subband PRB index
	CP-OFDM
	W-OFDM
	f-OFDM

	
	w/o power offset
	5dB power offset
	w/o power offset
	5dB power offset
	w/o power offset
	5dB power offset

	1
	19
	14
	19.9
	14.9
	24.9
	19.9

	2
	25.8
	20.8
	30.2
	25.2
	39.9
	34.9

	3
	28.2
	23.2
	36.4
	31.4
	43.9
	38.9

	4
	29.8
	24.8
	42.6
	37.6
	46.3
	41.3


· Uplink mixed numerology
Figure 10 and Figure 11 show the SIR of each PRB in uplink mixed numerology case, in which both subbands have 720 kHz data bandwidth (uplink PA is considered).
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(a)                                                                            (b) 
Figure 10. SIR vs. PRB index for UL mixed numerology without power imbalance
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(a)                                                                            (b) 
Figure 11. SIR vs. PRB index for UL mixed numerology with 10 dB power imbalance

From the above figures, similar observations as the downlink mixed numerology case can be made. 

If there is large power offset between subbands (e.g. 10 dB), the subband edge PRB should be scheduled with medium/low MCS or reserved as guard band, and high MCS UE(s) should be scheduled away from the subband edge. 
Table 5: SIR of 15 kHz subband for case 4
	15 kHz subband PRB index
	CP-OFDM
	W-OFDM
	f-OFDM

	
	w/o power offset
	10 dB power offset
	w/o power offset
	10 dB power offset
	w/o power offset
	10 dB power offset

	1
	16.9
	6.9
	17.6
	7.6
	21.3
	11.3

	2
	22.8
	12.8
	24.9
	14.9
	30.1
	20.1

	3
	25.6
	15.6
	29
	19
	32.8
	22.8

	4
	27.5
	17.5
	32.5
	22.5
	35.8
	25.8


Table 6: SIR of 30 kHz subband for case 4

	30 kHz subband PRB index
	CP-OFDM
	W-OFDM
	f-OFDM

	
	w/o power offset
	10 dB power offset
	w/o power offset
	10 dB power offset
	w/o power offset
	10 dB power offset

	1
	19.2
	9.2
	19.6
	9.6
	23.8
	13.8

	2
	27
	17
	29.1
	19.1
	33.7
	23.7

	3
	30.8
	20.8
	35.6
	25.6
	40.2
	30.2

	4
	33.4
	23.4
	42.7
	32.7
	46.3
	36.3


3 Conclusions
In this contribution, we present the evaluation results of both W-OFDM and f-OFDM with candidate numerologies different from 15 kHz of LTE, and we also show the inter-subband interference evaluation results in case of mixed numerology.  The following observations are made,
Observation 1: f-OFDM can achieve similar spectrum utilization for different numerologies. The achievable spectrum utilization for f-OFDM can be much higher than 90% for any subcarrier spacing. 

Observation 2: The achievable spectrum utilization with w-OFDM is dependent on the numerology. For 60 kHz subcarrier spacing and 6.7% CP overhead, the spectrum utilization with w-OFDM is lower than 90% in a 10 MHz carrier.
Observation3: The ISI robustness of W-OFDM is highly related with choices of numerologies and also the channel delay spread, while f-OFDM is immune to these factors. 

Observation 4: Spectrally confined waveform is needed at both Tx and Rx to suppress inter-subband interference.
Observation 5: Different waveforms have different interference suppression capabilities, and the guard band should not be defined as a fixed number.
Therefore, we propose that,

Proposal: f-OFDM should be adopted to achieve sub-band spectrum confinement.
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Appendix
BLER of the single numerology case (case 1a)
· Numerology 2 (30 kHz)
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Figure 12. BLER of numerology 2 
· Numerology 3 (60 kHz)
[image: image42.emf]SNR(dB)

4 8 12 16 20 24 28

B

L

E

R

10

-2

10

-1

10

0

+: 16QAM, 0.5

o: 64QAM, 0.5

v: 64QAM, 0.75

Case1a,(T=60.0kHz),DL 50RB,TDL-C-100ns,ideal CE

OFDM

f-OFDM

W-OFDM

 [image: image43.emf]SNR(dB)

4 8 12 16 20 24 28

B

L

E

R

10

-2

10

-1

10

0

+: 16QAM, 0.5

o: 64QAM, 0.5

v: 64QAM, 0.75

Case1a,(T=60.0kHz),DL 50RB,TDL-C-300ns,ideal CE

OFDM

f-OFDM

W-OFDM


(a) TDL-C (100 ns)
                                             (b) TDL-C (300 ns)
Figure 13. BLER of numerology 3 
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