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1
Introduction
In [1] we have discussed multi-service driven waveform requirements for below 6GHz and proposed to study the benefits of UE/service-specific numerology, as well as the benefits of subband-wise filtering with the UF-OFDM candidate technology. In [2] a way forward in NR waveform evaluation has been suggested, including those aspects.
In this contribution we compare the waveform candidate technologies CP-OFDM, subband-filtered OFDM (UF-OFDM [3], f-OFDM [4]) , and windowed CP-OFDM [5][6], also denoted as WOLA. We use the settings described in [2]. While FCP-OFDM [7] is not explicitly simulated here, it is expected to show similarities to [3][4], as it also belongs to the class of subband-filtered OFDM.
2
Parameter settings
The detailed simulation parameter settings are provided in appendix A. We focus on the downlink (table 1), case 1b of [2] with fixed rank 4 for 4T4R. In this T-doc we focus on the pure multi-carrier case. However, e.g. in [1][3] DFT-spread extension were discussed, so future simulation results will also take into account the single carrier case.
2.1 
Candidate waveform parameters
We use the following waveform-specific settings:

· Subband-filtered OFDM, parameter set A: Zero-postfix (ZP) and Dolph-Chebychev filters. 
This can be seen as a particular ZP-variant of UF-OFDM.
The symbol time guard is set equal to the CP length of the other waveform candidates thus resulting in the same OFDM symbol rate. Two different filter lengths L [3]are considered: 1) Equal to the time guard, 2) half of the time guard
Transmit pre-compensation [3] of filter response is done. Dolph-Chebychev filters are used with side lobe attenuation (SLA) as in the table below. In case of asynchronous and mixed numerology scenario, the receiver uses matched filtering, unless otherwise stated.
	Allocation size
	SLA for L=73
	SLA for L=37

	4 PRBs
	75 dB (“A4f”)
	37 dB (“A4h”)


This gives a total of two sub-parameter sets with either full or half guard-time-length filter: A4f, A4h.
· Subband-filtered OFDM, parameter set B: Cyclic prefix (CP) and sinc-shaped filters truncated by Hann windows.
This is also denoted f-OFDM.
The comparatively short filter lengths provided in [4] target the downlink full-band allocation case. For the uplink simulations other parameters are needed for shorter bandwidths. We have used the parameters in [8] for the uplink which target 3 PRBs allocation size. The filter length is set to L=512. In order to adjust to 4 PRB we adjust the sinc-function appropriately, as defined in [8], which we denote “B4”. 
As in [8] matched filtering is used at the receiver side. The tails of the filtered symbol block are truncated to 32 samples in post- and prefix to fit the filtered signal into a TDD subframe.
· Subband-filtered OFDM, parameter set C: Cyclic prefix (CP) and fast-convolution (FC) based filtering with optimized frequency domain filter masks. 

This is also denoted f-OFDM. 

The main idea of fast convolution (FC) is that a high-order ﬁlter can be implemented effectively through multiplication in frequency domain, after taking DFT’s of the input sequence and the ﬁlter impulse response [9]. The time-domain output signal is obtained by IDFT. 

In our approach, FC design is done in FFT-domain by deﬁning/optimizing the weight coefﬁcients. Generally, the FFT-domain weights consist of two symmetric transition bands with non-trivial weights. All passband weights are set to 1, and all stopband weights are set to zero. The bandwidth can be increased by adding an even number of 1-valued bins in the passband and equal number of zero-valued bins in the stopbands. With this scheme, while the bandwidth is increased and the transition bands maintain the same shape, the roll-off is reduced correspondingly. 

For filtered OFDM, raised-cosine (RC) shape is assumed as starting point for optimization. It has been shown that optimizing the FFT-domain weight values gives in many cases signiﬁcant improvement in terms of the key performance metrics, in-band interference and adjacent channel leakage ratio (ACLR), compared to direct RRC or RC designs. We evaluate the performance of two different transition band candidates with optimized transition band weights, transition band of 2 SCs corresponding to parameter set C2 and transition band of 5 SCs corresponding to the parameter set C5. Both parameter sets, C2 and C5, define a frequency domain filter mask with passband corresponding to 4 PRBs. 
The tails of the filtered symbol block are truncated to 32 samples in post- and prefix to fit the filtered signal into a TDD subframe.
· WOLA is based on [5] with a transmit raised cosine window with a roll-off of Lwt = 2•72 samples, occupying the CP length and a symbol overlap extension of 2•36 samples. For receive windowing, a transient of Lwr = 2•72 samples is used. Details of transmit and receive windowing operations can be found in appendix B.
3
Simulation results

We use the downlink parameters of case 1b) in Table 1, without interferers. All the results are for 4T4R rank 4. Ideal channel estimation and ideal synchronization are assumed and no Doppler, PN, nor PA are included in the simulation. These results reflect in the purest form the difference between waveform candidates and different parameterization options for subband-filtered OFDM schemes.
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Figure 1 – Single numerology, synchronous: BLER for 4 PRBs, EVA , 64 QAM
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  Figure 2 – Single numerology, synchronous: BLER for 4 PRBs, EVA , 265 QAM
Observation: With 64-QAM modulation subband-filtered OFDM parameterization B4 and A4f show degraded performance at 0.1 BLER level with respect to CP-OFDM. With 256-QAM parameterization B4 is not usable, A4f and C2 show clear degradation, and C5 small degradation with respect to CP-OFDM at 0.1 BLER level. Parameterization A4h and WOLA show similar performance as CP-OFDM.
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Figure 3 – Single numerology, synchronous: BLER for 4 PRBs, ETU , 64QAM
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Figure 4 – Single numerology, synchronous: BLER for 4 PRBs, ETU , 256 QAM
Observation: Similar trends observed as in EVA channel.
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Figure 5 – Single numerology, synchronous: PSD example for different waveform candidates with 4 PRB allocation. Figure contains 144 SCs, corresponding to 3 RBs. 
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Figure 6 – Single numerology, synchronous: PSD example for different waveform candidates with 4 PRB allocation. Figure contains 15 SCs, where the most right SC would correspond to the remaining spectral power at 1 active SC of next allocation with guard band (GB) being 10 SC. 
Observation: WOLA or subband-filtered parameterization A4h are not able to significantly reduce the leakage power with maximum guard band (GB) of 10 SC. Subband-filtered parameterizations C2 and C5 show attenuation similar to parameterization B4 after 2 or 5 SC GB, respectively. Subband-filtered parameterization A4f shows good leakage power attenuation after 5 SC GB. This is also observed in [11, Figure 10], where the spectral efficiency with subband-filtered parameterization A4f without Rx filtering is maximized at 5 SC GB. Parameterization B4 provides best spectral localization, but also suffers from the worst BLER performance due to strong ISI.
4
Conclusion
Performance with WOLA and f-OFDM parameterization A4h is good, where as their spectral containment properties are not as good as other f-OFDM candidates. Parameterization candidates C2 and C5 provide good compromise between spectral containment and performance in all evaluated scenarios. Performance with f-OFDM parameterization candidates B4 and A4f is compromised, especially with 256-QAM in both channels, EVA and ETU.
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Appendix

A. Simulation parameter tables
Table 1 – Parameters for downlink, case 1 and 2

	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms as baseline, other TTI length is FFS ( short TTI should be considered)

	Subcarrier spacing 
	Single numerology case: 15KHz as baseline, 
Mixed numerology case: 15KHz, and the other subcarrier spacing FFS

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline, other interval is FFS 

	FFT size 
	1024 for 15KHz subcarrier spacing

	Data transmission bandwidth 
	Single numerology case:
Mixed numerology case: 
· At least two candidate BWs for target UE.
· At least two candidate BWs for interfering subband
· At least two numerologies.
The values are FFS

	Guard tone number
	[0~10 ]subcarriers for the mixed numerology case

	Number of Tx antenna ports 
	1T1R, 4T4R

	MIMO mode
	TM3

	Rank per UE
	Fixed rank4 for 4T4R

	MCS 
	Fixed. 16QAM: 1/2, 2/3; 64QAM: 1/2, 3/4;256 QAM: 1/2, 3/4

	Control Overhead 
	No RS, PDCCH / EPDCCH / PSS / SSS / PBCH 

	Channel estimation 
	Ideal 

	Channel Model 
	ETU for 3km/h mobility (mandatory)
EVA for 120km/h mobility (optional)


Table 2 – Parameters for uplink, case 3 and 4 

	Assumptions 
	Value 

	Carrier frequency
	4GHz

	Duplex
	FDD

	TTI length 
	1 ms 

	Subcarrier spacing 
	Single numerology case: 15KHz, 
Mixed numerology case: 15KHz for target user of interest, 30 kHz for interferers

	Guard time interval
	72 samples ≈ 4.7us for 15 kHz.
36 samples ≈ 0.5•4.7us for 30 kHz.

	FFT size
	1024 for 15KHz subcarrier spacing
(512 for interferers with 30KHz subcarrier spacing)

	Bandwidth per user (including target user and interfering user)
	nPRBs • 12 • subcarrierSpacing

For 15 kHz (both target users and interferers):

1 PRB: 180 kHz (12 Subcarriers allocated per user)
4 PRB: 720 KHz (48 Subcarriers allocated per user)
For 30 kHz (interferers only):

1 PRB: 360 kHz (12 Subcarriers allocated per user)
4 PRB: 1440 KHz (48 Subcarriers allocated per user)

	Number of uplink users
	3 (1 target user and 2 interfering users)

	Power offset of the interfering user
	0 dB

	Number of transmission antenna ports
	1T1R

	MCS
	Fixed. 16QAM: 1/2;  64QAM: 1/2

	Control Overhead 
	2/14 reference OFDM symbols (UL DMRS).

	Time offset of interfering user
	Case 3 only: 0, 128 samples (for 15 KHz subcarrier spacing)

	Channel estimation 
	Real: 1-D moving average smoothing at pilot positions with 1D-MMSE interpolation in time

	Guard tone number 
	[0 ~20] Subcarriers

	Channel Model 
	ETU 3km/h 
EVA 120km/h 


B. WOLA transmit and receive window details
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Figure 7 – Transmit and receive window roll-off. For our WOLA simulations: Lwt = Lwr = 144
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Figure 8 – Transmit windowing for one OFDM symbol. In our simulation settings with N=1024, LCP = 72 samples the overlapped extension is 36 samples on each side.
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Figure 9 – Sequence of transmitted sequence with overlap
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Figure 10 – Receive windowing operation
