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Introduction
In RAN1 #84b, several OFDM-based waveform candidates have been proposed for further evaluation in NR [1]. It was further agreed that a few representative test cases should be used as common platform for further comparison across these candidates [2][3]. Specifically, test case 1 and 2 are targeted for RAN1 #85.
In this contribution, we provide further link level simulation and comparisons of a subset of waveform candidates using test case 2, targeting multi-user (different numerology) scenario.
Test description
[bookmark: _Ref378529477]Test case 2 represents synchronous mixed numerologies scenario, as defined in RAN1 #84b, for the purpose evaluating sensitivity to ICI from neighbouring interferer (in addition to the ISI impact) due to various waveform design.
Block diagrams of these two modes are illustrated in Figure 1. More detailed simulation descriptions (as agreed in RAN1 #84b) are also included in
[image: ]
[bookmark: _Ref450484425]Figure 1 Test case 2: multi-users different numerologies case

Table 1 Detailed test descriptions agreed in RAN1 #84b
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms as baseline, other TTI length is FFS (e.g.  short TTI )

	Subcarrier spacing 
	Single numerology case: 15KHz as baseline, 
Mixed numerology case: one is 15KHz, and the other subcarrier spacing should be selected by companies from the agreed numerologies. 

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

	FFT size 
	e.g. 1024 for 15KHz subcarrier spacing

	Data transmission bandwidth 
	Single numerology case: 4 and/or 1 PRBs for the bandwidth of target UE in case 1b
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
	[0~12] subcarriers for the mixed numerology case

	Antenna  configuration
	1T1R or 2T2R or 4T4R, other is not precluded

	MIMO mode
	TM3, other non-LTE TM model is not precluded

	Rank per UE
	Fixed rank

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

	Control Overhead 
	Zero

	Channel estimation *
	Ideal
NOTE: *Non-ideal effects to be considered in a second stage (e.g., channel estimation, frequency offset, details are FFS)

	Channel Model **
	TDL (1T1R), CDL (MIMO) in TR38.900 is mandatory, ETU/EPA/EVA are optional. 
Mobility: 3km/h or 30 km/h or 120 km/h, higher speed is not precluded.
NOTE: **For RAN1#85: CDL in TR38.900 or ETU/EPA/EVA  can be used




In this contribution, we try to cover 3 waveform candidates using the above two mixed numerologies test cases.
· Tx-WOLA (without assuming any WOLA knowledge at the receiver side, and without using Rx-WOLA), as discussed in [1] .
· Filtered-OFDM [4].
· UFMC [5], [6].

Tx-WOLA
[image: ]
[bookmark: _Ref450932417]Figure 2 Tx-WOLA with CP-OFDM
Tx-WOLA waveform is synthesized by a conventional CP-OFDM waveform followed by weighting and overlap-and-add operation. As described in Figure 2, CP-OFDM is first extended by a cyclic extension in time domain, and both edges are shaped by a weighting function. The resulting symbol is overlap-and-added over time with the next symbol. Raised cosine function is chosen for the weighting function. Therefore, the additional computation complexity compared to the conventional CP-OFDM is equal to WOLA length.
Observation 1: Compared to CP-OFDM, the additional computation required for Tx-WOLA is (WOLA length) per symbol. 
F-OFDM
[image: ]
[bookmark: _Ref450932517]Figure 3 F-OFDM Transmitter block diagram
F-OFDM waveform is synthesized by a conventional CP-OFDM waveform followed by transmission filtering as described in Figure 3. The transmission filter is a bandpass filter whose passband matches with the used tones. Especially in [4], the time domain impulse response of the filter is chosen as the Sinc function followed by the Hamming window truncation. Therefore, compared to CP-OFDM, F-OFDM requires additional tx filtering. When the filter is applied in the time domain, the computation complexity for the tx filtering scales as (filter length) per sample. When the tx filtering is applied in the frequency domain, IFFT size in CP-OFDM has to be doubled for an oversampling. Given that the computation complexity of IFFT scales as , the filtering results in doubling the computational complexity of CP-OFDM.
Observation 2: If tx filtering is applied in time domain, F-OFDM requires  number of more computations per symbol compared to CP-OFDM. If tx filtering is applied in frequency domain, the computation complexity of F-OFDM is doubled compared to that of CP-OFDM.
UFMC
[image: ]
[bookmark: _Ref450910365][bookmark: _Ref450910355]Figure 4 UFMC Transmitter block diagram
In UFMC waveform transmitter Figure 4, each RB (resource block)’s waveform is synthesized separately. First, Zero-Padded OFDM waveform corresponding each RB is synthesized in a conventional way, then each Zero-Padded OFDM waveform is filtered by the corresponding bandpass filter. Since the size of each RB are equivalent, the same bandpass filter can be universally used with a frequency shift. Finally, all the waveforms for the RBs are added for the transmission. Especially, in [5], Chebyshev window is used for the bandpass filter.
The main drawback of this naive UFMC waveform synthesis is its computational complexity. Since each RB’s waveform is synthesized separately, the number of IFFT operation has to be equal to the number of RBs. For the wide band users, this complexity issue can be significant.
Observation 3: The naive implementation of UFMC transmitter has (Number of RBs) times more computational complexity compared to CP-OFDM.

[image: ]
[bookmark: _Ref450912241][bookmark: _Ref450932904]Figure 5 Low Complexity Approximate UFMC Transmitter block diagram
An approximated but low-complexity UFMC transmitter is proposed in [6] and shown in Figure 5. In the low-complexity UFMC transmitter, the tones in a RB are first converted to a time-domain signal by smaller size IFFT with size n. Then, the time domain signal is doubled by padding zeros, and converted to the frequency domain by FFT with size 2n. The resulting frequency domain signal is shaped by the bandpass filter which is converted to the frequency domain. This procedure is repeated for each RB, and the shaped frequency domain signals are overlap-and-added. The overlap-and-added frequency domain signal is converted to the time domain by IFFT whose length 2N is twice of the one in Figure 4. Finally, the time-domain signals is truncated to fit to the symbol length and transmitted.
When the smaller IFFT Size n is equal to the larger IFFT Size N, the low complexity UFMC transmitter in Figure 5 reduces to the naive UFMC transmitter in Figure 4. In [6], it is observed that the error due to the low complexity transmitter decreases as n increases.
Compared to CP-OFDM, the low complexity UFMC transmitter has at least twice more computationally complicated to CP-OFDM since the IFFT size is doubled. In addition to that, it also requires (Number of RBs) parallel IFFT and FFT operations with size n and 2n respectively.
Observation 4: The low complexity UFMC transmitter is at least twice more computationally complicated to CP-OFDM. Additionally, (Number of RBs) parallel small-size IFFT and FFT operations are required.

Simulation Results
PA Model
The selected PA model is based on the clipping PA model with 6 dB PAPR clipping threshold. This value is chosen to guarantee -30 dBc ACLR at least for the three waveform as shown in the figure below. The corresponding EVM for the three waveforms at different clipping is shown at Figure 6.
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[bookmark: _Ref450932965]Figure 6 ACLR and EVM using the clipping PA model

Observation 5: WOLA achieves the best EVM performance and has comparable ACLR performance to filtered-OFDM for all clipping thresholds. 6 dB Clipping threshold guarantees at least -30 dBc of ACLR and -20 dB of EVM.
Scenario A
Simulation parameter settings
In this scenario, the target is narrow-band with 6RB allocation and SC of 15 KHz while the interferer is wide-band with 30 KHz SC spacing. Two guard bands are simulated 60 KHz (or 4 tones) and 180 KHz (or 12 tones). Both the transmitter and receiver have single. The summary of the simulation setup is summarized in Table 2. 
Table 2 Simulation settings for case 2 – Scenario A
	FFT length
	4096/2048

	User 1 tone spacing
	15kHz

	User 2 tone spacing
	30kHz

	Usable tones
	72 tones = 1.08Mhz, and 251 tones = 7.53MHz

	CP/ZP length
	User 1: 288 [samples]; User 2: 144 [samples]

	MCS
	16QAM with1/2-code;  64QAM with 1/2-code

	WOLA length
	200 [samples]; 100 [samples]

	FOFDM Tx filter length
	User 1: 2048 [samples]; User 2: 1024 [samples]

	UFMC Tx filter length
	User 1: 288 [samples]; User 2: 144[samples]



[bookmark: _Ref450921869]Simulation results
For a fair comparison of three waveforms with different tail lengths, we introduce an effective throughput metric defined as

: Number of Symbols per Subframe
: Symbol duration including CP and ZP
: Wola Length or Filter Tails
In this simulation, subframe duration is set to be 1 ms which contains 14 OFDM symbols. The parameters for the effective throughput computation is given as follows.

Table 3 Parameters for the effective throughput computation
	
	N
	
	

	WOLA
	14
	71 us
	3.2 us

	FOFDM
	14
	71 us
	33 us

	UFMC
	14
	71 us
	0 us



For the tx filter design in f-OFDM, two scenarios were simulated. The first case is when the tx filter is designed to have the passband exactly matching to the used tones. The second case is when the tx filter is designed to have the passband with two more edge tones at each side to the used tones. The first and second cases are indicated as tone-offset (TO) = 0 and 2 respectively.
Figure 7 to Figure 10 summarize the effective throughput for the three waveforms mentioned earlier.
[image: ] [image: ]
Figure 7 Effective throughput for 16 QAM and 1/2-Code – EPA Channel (Left: 180 KHz GB, Right: 60 KHz GB)
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Figure 8 Effective throughput for 16 QAM and 1/2-Code – ETU Channel (Left: 180 KHz GB, Right: 60 KHz GB)

 [image: ]  [image: ]Figure 9 Effective throughput for 64 QAM and 1/2-Code – EPA Channel (Left: 180 KHz GB, Right: 60 KHz GB)

 [image: ] [image: ]
Figure 10 Effective throughput for 64 QAM and 1/2-Code – ETU Channel (Left: 180 KHz GB, Right: 60 KHz GB)
Observation 6: When the target has a narrow band signal and the interferer has a wide band signal, Tx-WOLA,  f-OFDM and UFMC have very comparable performances for almost all test scenarios. f-OFDM has the lowest peak effective throughput due to its long filter tail length.

Scenario B
Simulation parameter settings
In this scenario, the target is wide-band (~7.5 MHz) with SC spacing of 30 KHz while the interferer is narrow-band with 15 KHz SC spacing. Two guard bands are simulated 60 KHz (or 4 tones) and 180 KHz (or 12 tones). The summary of the simulation setup is summarized in Table 3.
Table 3 Simulation settings for case 2 – Scenario B
	FFT length
	4096/2048

	User 1 tone spacing
	30 kHz

	User 2 tone spacing
	15 kHz

	Usable tones
	User1: 251 tones = 7.53MHz, User2: 72 tones = 1.08Mhz 

	CP/ZP length
	User 1: 144 [samples]; User 2: 288 [samples]

	MCS
	16QAM with1/2-code;  64QAM with 1/2-code

	WOLA length
	100 [samples], 200 [samples];

	FOFDM Tx filter length
	User 1: 1024 [samples], User 2: 2048 [samples];

	FOFDM- Tone offset
	Tone-offset = 0,2

	UFMC Tx filter length
	User 1: 144[samples], User 2: 288 [samples];


Simulation results
Similar to section in 3.2.2, we utilized the effective throughput for a fair comparison across the three waveforms. The parameters for the effective throughput are summarized in the table below.
Table 4 Parameters for the effective throughput computation
	
	N
	
	

	WOLA
	14
	35.5 us
	1.6 us

	FOFDM
	14
	35.5 us
	16.5 us

	UFMC
	14
	35.5 us
	0 us



Figure 11 to Figure 14 summarize the effective throughput for the three waveforms (f-OFDM, WOLA and UFMC).
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Figure 11 Effective throughput for 16 QAM and 1/2-Code – EPA Channel (Left: 180 KHz GB, Right: 60 KHz GB)
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Figure 12 Effective throughput for 16 QAM and 1/2-Code – ETU Channel (Left: 180 KHz GB, Right: 60 KHz GB)
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Figure 13 Effective throughput for 64 QAM and 1/2-Code – EPA Channel (Left: 180 KHz GB, Right: 60 KHz GB)
[image: ] [image: ]
Figure 14 Effective throughput for 64 QAM and 1/2-Code – ETU Channel (Left: 180 KHz GB, Right: 60 KHz GB)

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Observation 7: When the target has a wide band signal and interferer has a narrow band signal, different waveforms shows the best performance depending on CINR, MCSs and Channel models. However, overall performance for most of the scenarios are still comparable. 
Measurements Results
Realistic PA
An experiment was conducted using a commercial PA in [7]. The PA is operated at 1dB compression point and is exercised with the three candidate waveforms: filtered-OFDM, UFMC and WOLA as well as CP-OFDM. The waveforms have 50 RBs allocations. Figure 7 and Figure 8 show the power spectral density at the output of the PA for the candidate waveforms. It can be seen from the figure that 
· CP-OFDM waveform can’t meet the downlink spectral mask with a real PA, unless windowing or filtering is used.
· The out-of-band emission look very similar for the three candidate NR waveforms with a real PA , and a zoom-in at the PSD near the band edge shows also similar roll-off performance of the three candidate waveform. This indicates that the PA non-linearity dominates the OOB emission despite of the windowing of filtering methods applied to the waveform. 
We notice that similar observations are also reported from another independent RAN1 contribution [8] by Skyworks.

[image: ]
[bookmark: _Ref451528159]Figure 7: PSD at the output of the PA
[image: ]
Figure 8: Zoom-in at the PSD at the band edge
Observation 8: The OOB emission at the output of PA for WOLA, filtered-OFDM, and UFMC waveforms look very similar and is dominated by the PA non-linearity irrespective of the base-band filtering and/or windowing techniques.
Observation 9: The clipping PA model seems too simple and doesn’t reflect the real characteristics of the actual PA (especially with large backoff). 
Conclusions
The f-OFDM, Tx-WOLA and UFMC waveforms are analysed in terms of effective throughput metric with clipping PA model. All three waveforms –f-OFDM, Tx-WOLA, UFMC– show comparable performance for most of scenarios. From complexity point of view, tx-WOLA has the least transmitter complexity, and the corresponding receiver does not need any additional processing (like matched filtering for f-OFDM or doubling FFT size for UFMC).  Furthermore, Tx-WOLA achieves the best ACLR and EVM performance.
Observation 1: Compared to CP-OFDM, the additional computation required for Tx-WOLA is (WOLA length) per symbol. 
Observation 2: If tx filtering is applied in time domain, F-OFDM requires  number of more computations per symbol compared to CP-OFDM. If tx filtering is applied in frequency domain, the computation complexity of F-OFDM is doubled compared to that of CP-OFDM.
Observation 3: The naive implementation of UFMC transmitter has (Number of RBs) times more computational complexity compared to CP-OFDM.
Observation 4: The low complexity UFMC transmitter is at least twice more computationally complicated to CP-OFDM. Additionally, (Number of RBs) parallel small-size IFFT and FFT operations are required.
Observation 5: WOLA achieves the best EVM performance and has comparable ACLR performance to filtered-OFDM for all clipping thresholds. 6 dB Clipping threshold guarantees at least -30 dBc of ACLR and -20 dB of EVM.
Observation 6: When the target has a narrow band signal and the interferer has a wide band signal, Tx-WOLA,  f-OFDM and UFMC genearlly have comparable performances for most test scenarios. f-OFDM has lower peak effective throughput due to its long filter tail length.
Observation 7: When the target has a wide band signal and interferer has a narrow band signal, different waveforms shows the best performance depending on CINR, MCSs and Channel models. However, overall performances of three waveforms for most of the scenarios are still comparable. 
Observation 8: The OOB emission at the output of PA for WOLA, filtered-OFDM, and UFMC waveforms look very similar and is dominated by the PA non-linearity irrespective of the base-band filtering and/or windowing techniques.
Observation 9: The clipping PA model is too simple and doesn’t reflect the real characteristics of the actual PA (especially with large backoff).
Based on the above observations, we have the following proposal:
Proposal 1: Based on the simulated scenarios from test case 2A/2B, Tx-WOLA has better balance between performance and transmit/receiver complexities than other candidates.
Proposal 2: A more realistic PA model with both AMAM/AMPM and memory effect should be considered for further waveform evaluation.
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