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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 1, targeting single user (numerology) scenario.
It also needs to be emphasized that, in addition to link level performance, some other critical metrics should also be considered in the overall evaluation of waveforms, including :
1) the associated transmitter and receiver complexity, 
2) extra group delay, 
3) extra switching overhead in TDD deployment, 
These other metrics are briefly discussed in [5]. 
In this contribution, we mainly focus on the demodulation. Other metrics comparison is discussed in [xxx].
Test description
[bookmark: _Ref378529477]Two uplink multi-users (or numerology) test cases were defined in RAN1 #84b, for the purpose evaluating impact from ISI due to various waveform design.
· Case 3: wide band tone assignment.
· Case 4: narrow band tone assignment.
Block diagrams of these two modes are illustrated in Figure 1 and Figure 2. More detailed simulation descriptions (as agreed in RAN1 #84b) are also included in
[image: ]
[bookmark: _Ref450484425]Figure 1 Test case 3: uplink asynchronous interferers
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[bookmark: _Ref458781776]Figure 2 Test case 4: uplink synchronous interferers with different numerologies

[bookmark: _Ref458781697]Table 1 Test parameters
	Assumptions
	Value

	Carrier frequency 
	4GHz 

	Duplex 
	FDD /TDD 

	Subframe duration 
	1 ms as baseline, other duration is FFS (short duration could be considered) 

	Subcarrier spacing 
	Case  3: 15KHz as baseline, 
Case 4: Target UE: 15KHz; Interferer pair: {30KHz※, 30KHz※}, {7.5KHz, 7.5KHz} other value for interferers is not precluded.

	Guard time interval 
	6.7% overhead as baseline, other interval is FFS (depend on numerology progress )

	System bandwidth & FFT size 
	10 MHz, 1024 for 15KHz subcarrier spacing 

	UE bandwidth (data transmission bandwidth plus guard tone  bandwidth of the desired UE)
	Case3:  -720 KHz (48 Subcarriers per user allocated for both target UE and interferer UEs) 
Case4:
     Config1※:    Target UE:          - 720KHz (48 Subcarrier allocated)
                          Interferer users:  - 720KHz (per UE) 
     Config2:       Target UE:         - 2880KHz (192 subcarrier allocated)
                          Interferer users:  -2880KHz (per  UE)

	Bandwidth of guard tones between neighboring UEs
	{0, 15, 30, 45, 60※, 90, 120, 180}KHz

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

	Power offset of the interferer user
	0 dB, 5 dB, 10 dB※, 20 dB

	Antenna configuration 
	1T1R※ , other configuration that captures MIMO aspect is TBD

	MIMO mode
	If companies bring results for MIMO, it is recommended to use at least one constant modulus precoding scheme. Companies need to provide their CSI and precoding assumptions for MIMO evaluations. MIMO correlation matrices should be low correlation (i.e. uncorrelated) for RAN1#86 in case of MIMO simulations.

	MCS 
	Fixed. 16QAM: 1/2 or 2/3;  64QAM: 1/2※ or 3/4; other is not precluded

	Control  overhead 
	Zero

	Time offset of interfering user
	Case 3: fixed offset {0, 128※, 512} samples (for 15 KHz subcarrier spacing with 1024 FFT size) 
Case 4: 0

	Channel estimation *
	Ideal※, realistic

	Channel model  **
	TDL model 
· All values of DS {10, 30, 100, 300, 1000} ns are evaluated with the selected TDL-DS combinations, i.e. TDL-A for DS {10,30}ns, TDL-B for DS {100 }ns, TDL-C for DS {300※,1000}ns. Companies are allowed to choose additional combination(s) of other DS values and TDL–A and/or TDL-C in TR38.900.
ETU/EVA/EPA are optional.
Mobility: 3km/h※ or 30 km/h or 120 km/h, higher speed is not precluded.




In this contribution, we try to cover 2 waveform candidates using the above two single user test cases:
· WOLA as discussed in [1].
· F-OFDM [8].
WOLA
[image: ]
[bookmark: _Ref450912777]Figure 3 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 3, 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.
F-OFDM
[image: ]
Figure 4 F-OFDM Transmitter block diagram
F-OFDM waveform is synthesized by a conventional CP-OFDM waveform followed by transmission filtering. The transmission filter is a bandpass filter whose passband matches with the used tones. Especially in [8], 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. The tx filter can be implemented either in time domain or frequency domain approaches [5]. In addition, F-OFDM requires a matched filter at the receiver side, which requires similar complexity as the tx filter.
PA model
All simulations assume the agreed polynomial model [6] as recommended by RAN4. Specifically, the PA output is set to 23.7dBm with ACLR = 30dBc [7].
Simulation Results
[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Case 3 
[bookmark: _Ref458781438]Simulation Settings
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[bookmark: _Ref458778824]Figure 5. Interferers’ RoT for power offset=10dB, saturation RoT level=20dB, Target’s SNR=5dB
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[bookmark: _Ref458778828]Figure 6. Interferers’ RoT for power offset=10dB, saturation RoT level=20dB, Target’s SNR=15dB

As discussed in [4], in practical cellular deployment with multi-cells, eNB will always RoT control for a stable network. Therefore, the RoT from interferers should not go unboundedly and should be upper bounded by a reasonable value. It is observed [4] that the probability that each UE’s RoT level exceeding 16.5 dB is less than 1% with a network configuration which can even beat IMT2020 target by large margin. To reflect such an observation and simulate more realistic scenarios, we introduce a practical upper bound of 20dB on RoT level to each interferer as discussed in [4]. 
Figure 5 and Figure 6 show an example of RoT levels when the power offset between the target and interferer is 10 dB and the saturation RoT level for each UE is 20 dB. As shown in Figure 5, when the target UE’s SNR is 5 dB, the interferers’ RoT levels are at 5+10=15 dB. However, as shown in Figure 6, when the target UE’s SNR is 15 dB, the interferers’ RoT levels are saturated at the saturation level of 20 dB. 
As shown in Table 2, the power offset of 10 dB and the saturation RoT level of 20 dB are indeed chosen for the simulations in this contribution. The details of the simulation setup are summarized in Table 2.
[bookmark: _Ref458779496][bookmark: _Ref458779491]Table 2 Simulation settings for Case 3
	Subcarrier Spacing
	15kHz

	Subframe duration
	1 ms

	FFT Size
	1024

	CP Length
	72 samples

	UE bandwidth (data transmission bandwidth)
	Config1: 
Target UE – 720 kHz (48 subcarriers)
Interferer UEs – 720 kHz (48 subcarriers)
Config2:
Target UE – 2880 kHz (192 subcarriers)
Interferer UEs – 2880 kHz (192 subcarriers)

	Bandwidth of Guard Tones
	60kHz, 180 kHz

	Power offset of the interferer user
	10 dB

	Saturation RoT level for UEs
	20 dB

	Antenna configuration
	1T4R, 1T1R (in appendix for calibration purpose)

	MCS	
	QPSK with 1/2-code, 16QAM with1/2-code, 
64QAM with 1/2-code

	Channel Model
	TDL-C with DS=300ns

	Time Offset of Interfering User
	128 samples

	Tx WOLA length
	100 samples

	Rx WOLA length
	100 samples

	FOFDM Tx filter length
	512 samples



[bookmark: _Ref450921869]Simulation results
For a fair comparison of two 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, the subframe duration is set to be 1 ms which contains 14 OFDM symbols. The parameters for the effective throughput computation is given as follows.

[bookmark: _Ref458785346]Table 3 Parameters for the effective throughput computation
	
	N
	
	

	WOLA
	14
	71 us
	1.6 us

	F-OFDM
	14
	71 us
	33 us



Figure 7 to Figure 8 shows the effective throughputs for the WOLA and F-OFDM waveforms for case 3. The corresponding BLER curves are also listed in Figure 9 and Figure 10.
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[bookmark: _Ref458785480][bookmark: _Ref458788804]Figure 7. Effective throughput for Case 3: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458785481]Figure 8. Effective throughput for Case 3: UE Bandwidth 2880kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458785483]Figure 9. BLER for Case 3: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
[image: ][image: ]
[bookmark: _Ref458785484]Figure 10. BLER for Case 3: UE Bandwidth 2880kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)

From these figures, we can notice that the target users’ performance are comparable between F-OFDM and WOLA are generally comparable under the above mentioned simulation assumptions. Specifically:
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.

Observation 1: under the stated simulation assumption of test case 3, when there is asynchronous interferers, the difference between F-OFDM and WOLA are very marginal.  Specifically
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.


Case 4
[bookmark: _Ref458793153]Simulation settings
As described in Section 3.1.1, we also introduce the saturation RoT level for the simulations of case 4. As shown in Figure 5 and Figure 6, the interferers’ RoT do not exceed 20 dB. The rest of the simulation settings are summarized in Table 1.

[bookmark: _Ref458793132][bookmark: _Ref458781676]Table 4 Simulation settings for Case 4
	Subcarrier Spacing	
	Target UE:15kHz, Interferer pair: {30kHz, 30kHz}

	Subframe duration
	1 ms

	FFT Size
	Target UE: 1024, Interferer pair: {512,512}

	CP Length
	Target UE: 72 samples, Interferer pair: {36,36} samples

	UE bandwidth (data transmission bandwidth)
	Config1: 
Target UE – 720 kHz (48 subcarriers)
Interferer UEs – 720 kHz (24 subcarriers)
Config2:
Target UE – 2880 kHz (192 subcarriers)
Interferer UEs – 2880 kHz (96 subcarriers)

	Bandwidth of Guard Tones
	60kHz, 180 kHz

	Power offset of the interferer user
	10 dB	

	Saturation RoT level for UEs
	20 dB	

	Antenna configuration
	1T4R	

	MCS	
	QPSK with 1/2-code, 16QAM with1/2-code, 
64QAM with 1/2-code

	Channel Model
	TDL-C with DS=300ns

	Time Offset of Interfering User
	0 samples

	Tx WOLA length
	Target UE: 100 samples, Interferer pair: {50,50} samples

	Rx WOLA length
	Target UE: 100 samples

	FOFDM Tx filter length
	Target UE: 512 samples, Interferer pair: {256,256} samples



[bookmark: _Ref458785623]Simulation results
Like Section 3.1.2, the efficient throughput is used for a fair comparison between WOLA and F-OFDM. 
: Number of Symbols per Subframe
: Symbol duration including CP and ZP
: WOLA Length or Filter Tails
The parameters remain the same as Section 3.1.2 and summarized in Table 3.
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[bookmark: _Ref458785677]Figure 11. Effective throughput for Case 4: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458785679]Figure 12. Effective throughput for Case 4: UE Bandwidth 2880kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458785671][bookmark: _Ref458785661]Figure 13. BLER for Case 4: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458785674]Figure 14. BLER for Case 4: UE Bandwidth 2880kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)

From these figures, we can notice that the target users’ performance are comparable between F-OFDM and WOLA are generally comparable under the above mentioned simulation assumptions. Specifically:
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.

Observation 2: under the stated simulation assumption of test case 4, when there is asynchronous interferers, the difference between F-OFDM and WOLA are very marginal.  Specifically
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.

Conclusions
We compare the performance of WOLA and F-OFDM under the listed simulation setups for test case 3 and 4, with the practical constraint on RoT from interferers as discussed in [4]. We compare 1T4R and 1T1R (for calibration purpose). The observations are the following:
Observation 1: under the stated simulation assumption of test case 3, when there is asynchronous interferers, the difference between F-OFDM and WOLA are very marginal.  Specifically
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.

Observation 2: under the stated simulation assumption of test case 4, when there is asynchronous interferers, the difference between F-OFDM and WOLA are very marginal.  Specifically
· In terms of BLER, F-OFDM has slightly lower BLER than WOLA only when guard interval is small and target user has narrow band assignment. In other scenarios the performance are similar.
· In terms of effective throughput, WOLA is slightly better due to smaller DL-UL switching overhead.

We also emphasize that these comparisons are from a pure link level evaluation perspective. As a complete waveform evaluation and comparison, other metrics in addition to link level performance are also important from a system design perspective. Those are further discussed in [5]. 
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Appendix
A.  Case 3 with 1T1R
This appendix shows the effective throughput and BLER with 1 Tx antenna and 1 Rx antenna for Case 3. The simulation setting remain the same as Table 1 in Section 3.1.2 except that 1T4R antenna is replaced by 1T1R antenna. Figure 15 and Figure 16 show the effective throughput and BLER respectively. We can notice that the observation 1 still holds even with 1 rx antenna.
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[bookmark: _Ref458792963][bookmark: _Ref458792958]Figure 15. Effective throughput for Case 3 with 1T1R: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458792964]Figure 16. BLER for Case 3 with 1T1R: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)

B. Case 4 with 1T1R
This appendix shows the effective throughput and BLER with 1 Tx antenna and 1 Rx antenna for Case 4. The simulation setting remain the same as Table 4 in Section 3.2.1 except that 1T4R antenna is replaced by 1T1R antenna. Figure 17 and Figure 18 and show the effective throughput and BLER respectively. We can notice that the observation 2 still holds even with 1 rx antenna.
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[bookmark: _Ref458793187][bookmark: _Ref458793181]Figure 17. Effective throughput for Case 4 with 1T1R: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458793188]Figure 18. BLER for Case 4 with 1T1R: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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