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1. [bookmark: _Ref450834972]Introduction
The objective of this document is to present evaluation results of waveform study that is a part of the approved SID on Next New Radio Access Technology [1]. According to the time plan [2] the target for RAN1#86 is to decide the basic waveform for NR. Therefore, in this contribution we provide results of numerical evaluations performed according to the waveform-relevant evaluation methodologies agreed in RAN1#84bis and RAN1#85 meeting. The following evaluation cases have been agreed in RAN1#84bis:
· Case 1a, 1b: single numerology case
· 1a: Downlink 
· 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. It is assumed that no wide-band filter upon the whole frequency band. 
· Case 2: DL mixed numerology case 
· Case 3: UL single numerology case (asynchronous reception between UEs)
· Case 4: UL mixed numerology case (synchronous reception between UEs)
where the detailed evaluation parameters for Case 1a/1b and Case 2 have been agreed in RAN1#84bis and for Case 3 and Case 4 in RAN1#85. Thus, this contribution presents link level simulation results for all agreed cases. 
2. Evaluation setup
We evaluate CP-OFDM, f-OFDM and W-OFDM as discussed in [3]. We follow the evaluation methodology that was agreed in RAN1#84bis and RAN1#85. For calculating the user spectral efficiency, we applied solutions as proposed in [4].
2.1 Further details of simulation assumption
This section describes further details of our simulation assumptions. LTE DL frame structure is used. For simulation results with perfect channel estimation, no control signals or pilots are transmitted, i.e., all REs are used for data transmission. For simulation results with real channel estimation, no control signals are transmitted, but DMRS pilot structure was applied leading to an overhead of 12 symbols per PRB as illustrated in Appendix 10.5. LTE turbo code implementation and rate matcher is used. For a given number of REs for data transmission, the corresponding TBS is chosen to match given code rate. For mixed numerology we evaluate 30 kHz SC spacing for the interfering user as this is expected to be worse than 7.5 kHz. PA model is used for all simulations according to agreements in RAN1 #85 and the email discussion [85-18]. 
Our detailed evaluation assumptions, which are aligned with the agreements, are summarized in Table 1.
[bookmark: _Ref450836947]Table 1: Evaluation assumptions.
	Carrier frequency
	4 GHz

	Duplex 
	FDD 

	System Bandwidth 
	10 MHz

	TTI length 
	1 ms

	Subcarrier spacing 
	Single numerology case: 15 kHz 
Mixed numerology case: target user 15 kHz, interfering user 30 kHz

	Guard time interval
	LTE setting for 15 kHz SC spacing, for other SC spacing scale CP length to symbol duration. E.g. for SC spacing of 30 kHz, symbol duration is 33.33 μs and CP length should be 2.35 μs

	FFT size 
	1024 for 15 kHz SC spacing, 512 for 30 kHz SC spacing

	Data transmission bandwidth 
	Single numerology case:
50 PRBs for Case 1a
4 PRBs for Case 1b
Cases 2, 3 and 4:
Bandwidth for target UE: 4 PRBs  (720 kHz) 
Bandwidth for interfering UE: similar absolute bandwidth as for target UE, 720 kHz 

	Guard tone number (G)
	[0,1,2,4,5,12] SCs  [0, 15, 30, 60, 75, 180] kHz (not all values are simulated for all cases)

	Power offset of the interferer user
	Case 2: 0 dB
Case 3 and 4: 10 dB

	Time offset of interfering user
	Cases 1a, 1b, 2 and 4: 0 samples
Case 3: 128 samples

	Antenna  configuration
	1 Tx and 1 Rx

	MCS 
	16QAM coding rate=1/2, 64QAM  coding rate=3/4, 256QAM  coding rate=3/4 (not all values are simulated for all cases)

	Control Overhead 
	Zero (all REs are used for data)/12 symbols per PRB

	Channel estimation
	Ideal/Real (DMRS and 2D-MMSE)

	Channel Model
	TDL-C with 300 ns delay spread for 1Tx and 1Rx, 3km/h
TDL-C with 1000 ns delay spread for 1Tx and 1Rx, 3km/h



Details about the waveform parameters can be found in Appendix 10.4.
One additional parameter for f-OFDM is the tone offset (TO) as described in [3]. The tone offsets (empty subcarriers) are introduced inside the filter passband bandwidth which makes the filter bandwidth wider leading to a more flat power over the used data subcarriers. The impact of this tone offset is evaluated in section 7.
Further details for implementation of Case 2 and 4 with mixed numerology can be found in Appendix 10.3 and 10.4.
For the mixed numerology it is not straight forward how to place the subcarriers and whether there should be a basic resource grid that should be kept as much as possible. From the implementation perspective, having a basic subcarrier grid, e.g. aligned with 15 KHz subcarrier spacing and align the subcarriers of larger subcarrier spacing according to that grid, may be beneficial as this may enable very efficient transmitter and receiver processing, which should be investigated further.
Proposal 1: For mixed numerology scenarios in the same frequency band, the subcarrier location of each numerology of the DL/UL control and data channels should be aligned with a resource grid of 15kHz. 
Proposal 2: Investigate efficient transmitter and receiver processing for mixed numerology scenarios in the same frequency band.



3. Simulation results FDD
3.1 User spectral efficiency for Case 1a
LTE DL spectral mask is used to obtain the values for . For the evaluation of  the DL PA model as agreed in RAN1#85 was considered. The supporting PSD as well as BLER plots can be found in Appendix 10.2 and 10.1, respectively.
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Figure 1: USE for Case 1a, TDL-C 300 ns, FDD, 64QAM with coding rate =3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation. 
 Figure 2: USE for Case 1a, TDL-C 1000ns, FDD, 16QAM with coding rate=1/2, 64QAM with coding rate =3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.


The formula for the USE was evaluated on a per TTI basis and the following values were assumed:

Table 2: Parameters for USE evaluation of Case 1a, FDD
	
	OFDM
	W-OFDM
	f-OFDM
(TO=0)
	f-OFDM
(TO=5)

	
	(TBS size) x (1-simulated BLER)

	
	14

	
	0.0714 ms

	
	10 MHz

	/2 (kHz)
	0
	285
	420
	390





3.2 User spectral efficiency for Case 1b
LTE UL spectral mask is used to obtain the values for . For evaluation of  the UL PA model as agreed in RAN1#85 was considered. The supporting PSD as well as BLER plots can be found in Appendix 10.2 and 10.1, respectively.
To have a fair comparison, the value of  was scaled by the transmission bandwidth of the target user, i.e., only a fraction of  was used for the evaluation as the guard at the system edge is obtained for the 10 MHz carrier bandwidth.
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Figure 3: USE for Case 1b, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, 256QAM with coding rate=3/4, UL PA model, perfect channel estimation.
Figure 4: USE for Case 1b, TDL-C 1000 ns, FDD, 16QAM with coding rate=0.5, 64QAM with coding rate=3/4, 256QAM with coding rate=3/4, UL PA model, perfect channel estimation.


The formula for the USE was evaluated on a per TTI basis and the following values were assumed:
Table 3: Parameters for USE evaluation of Case 1b, FDD.
	
	OFDM
	W-OFDM
	f-OFDM
(TO=0)
	f-OFDM
(TO=5)

	
	(TBS size) x (1-simulated BLER)

	
	14

	
	0.0714 ms

	
	720 kHz (= 4 PRBs)

	 (kHz)
	60
	26,4
	14,4
	16,8









3.3 User spectral efficiency for Case 2
The USE with optimal guard is shown in the figures. Optimal guard means the highest USE out of the set of simulated guard band sizes as listed in the table.
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Figure 5: USE for Case 2, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.
Figure 6: USE for Case 2, FDD, TDL-C 1000 ns, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.


Table 4: Parameters for USE evaluation of Case 2, FDD, and user transmission bandwidth of 720 KHz.
	
	OFDM
	W-OFDM
	f-OFDM
(TO=0)
	f-OFDM
(TO=5)

	
	(TBS size) x (1-simulated BLER)

	
	14

	
	0.0714 ms

	
	720 kHz (= 4 PRBs)

	 (kHz)
	0,15, 30, 75, 180
	0,15, 30, 75, 180
	0,15, 30, 75, 180
	0,15, 30, 75, 180





3.4 User spectral efficiency for Case 3
The USE with optimal guard is shown in the figures. Optimal guard means the highest USE out of the set of simulated guard band sizes as listed in the table.
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Figure 7: USE for Case 3, TDL-C 300 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
Figure 8: USE for Case 3, TDL-C 1000 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Table 5: Parameters for USE evaluation of Case 3, FDD.
	
	OFDM
	W-OFDM
	f-OFDM
(TO=0)
	f-OFDM
(TO=5)

	
	(TBS size) x (1-simulated BLER)

	
	14

	
	0.0714 ms

	
	720 kHz (= 4 PRBs)

	 (kHz)
	0,15, 30, 75, 180
	0,15, 30, 75, 180
	0,15, 30, 75, 180
	0,15, 30, 75, 180





3.5 User spectral efficiency for Case 4
The USE with optimal guard is shown in the figures. Optimal guard means the highest USE out of the set of simulated guard band sizes as listed in the table.
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Figure 9: USE for Case 4, TDL-C 300 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
Figure 10: USE for Case 4, TDL-C 1000 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Table 6: Parameters for USE evaluation of Case 4, FDD.
	
	OFDM
	W-OFDM
	f-OFDM
(TO=0)
	f-OFDM
(TO=5)

	
	(TBS size) x (1-simulated BLER)

	
	14

	
	0.0714 ms

	
	720 kHz (= 4 PRBs)

	 (kHz)
	0, 30, 60, 180
	0, 30, 60, 180
	0, 30, 60, 180
	0, 30, 60, 180




Observation 1: For the TDL-C 300 ns channel model, f-OFDM and W-OFDM outperform OFDM in all considered scenarios. f-OFDM is only slightly better than W-OFDM.
Observation 2: For the extreme case of TDL-C 1000 ns channel model, f-OFDM outperforms OFDM in all considered scenarios. W-OFDM suffers from increased ISI for high order modulation schemes and the performance is degraded. 

4. Simulation results TDD
W-OFDM and f-OFDM introduce filter or window tails, which should be considered in the spectral efficiency if they are transmitted. Nevertheless, such tails can be truncated or shortened to be within the guard period anyway defined in TDD to switch between uplink and downlink period. This switching period is independent of the waveform. So as long as the filter or window truncation at the beginning and end of any DL or UL transmission can be captured by the guard period, the efficiency of all considered waveforms are reduced by a fixed term independent of the waveform. Therefore, the qualitative results for the USE for FDD may be similar for TDD.

5. Impact of receiver processing
The receiver processing has a certain impact on the performance of W-OFDM and f-OFDM, which will be analyzed in this section. For W-OFDM, two options were considered, either no RX windowing was applied meaning a normal CP-OFDM receiver was used or an RX windowing of similar length as the TX window was applied. The observations are as follows:
For cases without interference from other users (cases 1a and 1b), no degradation is observed when the CP-OFDM receiver is applied. For cases with interference (cases 2, 3 and 4) a degradation was observed, which was larger the higher the interference is.
For f-OFDM, also two options were considered, either no RX filtering was applied meaning a normal CP-OFDM receiver was used or an RX filter equal to the TX filter was applied. The observations are as follows:
For case without interference from other users (cases 1a and 1b), no degradation is observed when the CP-OFDM receiver is applied. For cases with interference (cases 2, 3 and 4) a degradation was observed, which was larger the higher the interference is.
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Figure 11: USE for case 1a for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 12: USE for case 1a for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 13: USE for case 1b for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 14: USE for case 2 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 15: USE for case 1b for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 16: USE for case 2 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 17: USE for case 3 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 18: USE for case 4 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 19: USE for case 3 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 20: USE for case 4 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.

Observation 3: For cases without interference no dedicated receiver processing is needed neither for W-OFDM nor for f-OFDM. The benefits of the frequency localization can be obtained independent of the receiver processing. That means, f-OFDM and W-OFDM can be transparent to the receiver. The receiver does not need to know the transmitter processing, but can simply use CP-OFDM receiver without performance degradation. 
Observation 4: For cases with interference a dedicated receiver processing is beneficial for W-OFDM as well as for f-OFDM to obtain good performance. The benefits of the frequency localization are not fully obtained when CP-OFDM receiver is simply applied. An appropriate receiver processing becomes more relevant for scenarios with higher interference.
Proposal 3: Consider waveforms that are transparent at least in cases without interference like W-OFDM and f-OFDM for further evaluations, meaning performance degradation due to simple CP-OFDM receiver is negligible.
Proposal 4: Investigate the need and impact of receiver windowing or filtering also in case of transparent waveforms, where the receiver does not know the waveform details.

6. Guard band size
It can be observed that guard bands of several SCs, but less than 1 PRB are beneficial for the USE in several cases. Therefore, in order to have high throughput, the use of a fractional PRB guard should be considered. This could be realized by allocating the guard SCs inside the allocated subband in order to keep a regular resource grid.
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Figure 21: USE for case 3 for W-OFDM with different guard bands, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 22: USE for case 3 for f-OFDM, TO=5 with different guard bands, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.


Observation 5: Guard bands of several SCs, but less than 1 PRB are beneficial for achieving the high USE in several cases. Therefore, in order to have high throughput, the use of a fractional PRB guard may be further studied.

7. Filter design for f-OFDM
Filter design for f-OFDM is not straight forward, so in order to keep it simple, a design approach with only a few parameters is considered. One is the tone offset describing the bandwidth of the passband of the filter. We compared the performance of two values for the tone offset (TO), either 0 or 5. In case of 0 the edge subcarriers suffer from power attenuation, but the OOBE suppression close to the data carrying subcarriers is superior. On the other hand, by choosing the TO to be larger, e.g. 5, the passband is almost flat, so no power attenuation occurs at the edges, but the OOBE suppression is degraded at the same time. It was observed that the optimal tone offset in terms of USE is different depending on the interference situation. In cases with high interference, TO=0 is better, whereas for a narrowband transmission without interference like in case 1b TO=5 shows better performance. As a consequence, the filter should be designed carefully and should fulfil certain requirements for the inband distortion, e.g. in terms of EVM and the OOB suppression. One option is to let RAN4 propose requirements for the inband and OOB distortion and design the filter according to such requirements.
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Figure 23: USE for case 1b for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
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Figure 24: USE for case 2 for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, 256-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 25: USE for case 3 for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
8. 

Observation 6: The filter passband bandwidth for f-OFDM have to be carefully chosen for a given transmission bandwidth and existence of interference by taking into account a tradeoff and compromise between inband distortion and OOBE suppression







9. Impact of channel estimation
One important aspect of the performance of the physical layer is the channel estimation. OFDM-based waveforms like W-OFDM and f-OFDM can reuse the pilot structure and channel estimation algorithms designed for OFDM in a straight forward manner, whereas other waveforms may need some adaptations or even completely different schemes. This aspect is also relevant for the simple implementation of new waveforms and a possible transparency property. For the results shown in this section, the LTE DMRS pilot pattern is used and a 2D-MMSE interpolation is applied for all considered waveforms. Further details about the pilot grid can be found in Appendix 10.5.
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[bookmark: _Ref458689431][bookmark: _Ref458689423]Figure 26: USE for Case 1b, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, UL PA model, perfect (dashed) and real channel estimation with (solid) and without (dash-dot) considering the pilot overhead in the USE. 
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[bookmark: _Ref458689480]Figure 27: USE for Case 2, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, DL PA model, perfect (dashed) and real channel estimation (solid).

The impact of the real channel estimation is twofold. First, the pilot insertion reduces the number of symbols that can be used for data transmission and therefore the USE is reduced. Furthermore, due to the non-perfect channel knowledge, also the BLER will be degraded. These different aspects are illustrated in Figure 26 by also showing the USE for the real CE case, but ignoring the pilot overhead. It can be observed that the USE of all waveforms is reduced in a quite similar manner for cases without interfering users. In cases with interfering users as shown in Figure 27, waveforms which are anyway more sensitive to interference like CP-OFDM also suffer more from non-perfect CE because also the pilots are disturbed more by the interference and the worse CE further degrades the performance. In consequence, the optimal guard band between the users is also increased. Although not shown here, the results for other cases lead to the same observations.
Observation 7: Real channel estimation degrades the performance of all considered waveforms (OFDM, f-OFDM and W-OFDM), but in cases with interference from other users f-OFDM and W-OFDM are more robust to non-perfect CE and the degradation is less compared to OFDM.
10. Summary
In this contribution, we present our views on performance of different candidate waveforms considering simulation setups and metrics agreed in RAN1#84bis and RAN1#85. Following observations and proposals are made based on the discussion.
Observation 1: For the TDL-C 300 ns channel model, f-OFDM and W-OFDM outperform OFDM in all considered scenarios. F-OFDM is only slightly better than W-OFDM.
Observation 2: For the extreme case of TDL-C 1000 ns channel model, f-OFDM outperforms OFDM in all considered scenarios. W-OFDM suffers from increased ISI for high order modulation schemes and the performance is degraded. 
Observation 3: For cases without interference no dedicated receiver processing is needed neither for W-OFDM nor for f-OFDM. The benefits of the frequency localization can be obtained independent of the receiver processing. That means, f-OFDM and W-OFDM can be transparent to the receiver. The receiver does not need to know the transmitter processing, but can simply use CP-OFDM receiver without performance degradation. 
Observation 4: For cases with interference a dedicated receiver processing is beneficial for W-OFDM as well as for f-OFDM to obtain good performance. The benefits of the frequency localization are not fully obtained when CP-OFDM receiver is simply applied. An appropriate receiver processing becomes more relevant for scenarios with higher interference.
Observation 5: Guard bands of several SCs, but less than 1 PRB are beneficial for achieving the high USE in several cases. Therefore, in order to have high throughput, the use of a fractional PRB guard may be further studied.
Observation 6: The filter passband bandwidth for f-OFDM have to be carefully chosen for a given transmission bandwidth and existence of interference by taking into account a tradeoff and compromise between inband distortion and OOBE suppression
Observation 7: Real channel estimation degrades the performance of all considered waveforms (OFDM, f-OFDM and W-OFDM), but in cases with interference from other users f-OFDM and W-OFDM are more robust to non-perfect CE and the degradation is less compared to OFDM.
Proposal 1: For mixed numerology scenarios in the same frequency band, the subcarrier location of each numerology of the DL/UL control and data channels should be aligned with a resource grid of 15kHz. 
Proposal 2: Investigate efficient transmitter and receiver processing for mixed numerology scenarios in the same frequency band.
Proposal 3: Consider waveforms that are transparent at least in cases without interference like W-OFDM and F-OFDM for further evaluations, meaning performance degradation due to simple CP-OFDM receiver is negligible.
Proposal 4: Investigate the need and impact of receiver windowing or filtering also in case of transparent waveforms, where the receiver does not know the waveform details.
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11. Appendix
10.1 BLER results
Block Error Rate for Case 1a
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Figure 28: BLER for Case 1a, TDL-C 300 ns, FDD, 64QAM with coding rate =3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 29: BLER for Case 1a, TDL-C 1000ns, FDD, 16QAM with coding rate=1/2, 64QAM with coding rate =3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.


Block Error Rate for Case 1b
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Figure 30: BLER for Case 1b, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, 256QAM with coding rate=3/4, UL PA model, perfect channel estimation.
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Figure 31: BLER for Case 1b, TDL-C 1000 ns, FDD, 16QAM with coding rate=0.5, 64QAM with coding rate=3/4, 256QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Block Error Rate for Case 2
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Figure 32: BLER for Case 2, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.
[image: ]
Figure 33: BLER for Case 2, FDD, TDL-C 1000 ns, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, 256QAM with coding rate=3/4, DL PA model, perfect channel estimation.


Block Error Rate Case 3

[image: ]
Figure 34: BLER for Case 3, TDL-C 300 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
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Figure 35: BLER for Case 3, TDL-C 1000 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Block Error Rate Case 4
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Figure 36: BLER for Case 4, TDL-C 300 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
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Figure 37: BLER for Case 4, TDL-C 1000 ns, FDD, 16QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Impact of receiver processing
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Figure 38: BLER for case 1a for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 39: BLER for case 1a for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 40: BLER for case 1b for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 41: BLER for case 1b for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 42: BLER for case 2 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 43: BLER for case 2 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 44: BLER for case 3 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
[image: ]
Figure 45: BLER for case 3 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 46: BLER for case 4 for W-OFDM with and without RX windowing, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 47: BLER for case 4 for f-OFDM with and without RX matched filter, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.


Guard band size
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Figure 48: BLER for case 3 for W-OFDM with different guard bands, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.
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Figure 49: BLER for case 3 for f-OFDM, TO=5 with different guard bands, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, UL PA model, perfect channel estimation.


Filter design for f-OFDM
[image: ]
Figure 50: BLER for case 1b for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.
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Figure 51: BLER for case 2 for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 64-QAM with coding rate=3/4, 256-QAM with coding rate=3/4, DL PA model, perfect channel estimation.
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Figure 52: BLER for case 3 for f-OFDM with different tone offsets, TDL-C 300 ns, FDD, 16-QAM with coding rate=1/2, 64-QAM with coding rate=3/4, UL PA model, perfect channel estimation.


Impact of channel estimation

[image: ]
Figure 53: BLER for Case 1b, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, UL PA model, perfect (dashed) and real channel estimation (solid). 
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Figure 54: BLER for Case 2, TDL-C 300 ns, FDD, 64QAM with coding rate=3/4, DL PA model, perfect (dashed) and real channel estimation (solid).


10.2 PSD results
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Figure 55: PSD and DL SEM for different waveforms for Case 1a.
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Figure 56: PSD and UL SEM for different waveforms for Case 1b.


10.3 Subcarrier location for mixed numerology
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10.4 Waveform details 
Waveform details for cases 1a, 1b and 3.
	W-OFDM
	Raise cosine window

	
	- Tx Window length:52 samples on each side
- Rx window length: 0, 10 or 52 samples on each side

	f-OFDM
	Window sinc filter

	
	Tx, Rx: 512 order

	
	Tone offset (TO) = 0, 5 SC (0, 2.5 on each side) 














[bookmark: _GoBack]Waveform details for cases 2 and 4.
	
	Target subband
	Interfering subband

	Bandwidth
	720KHz
	720KHz

	Numerology
	15KHz
6.7% CP (72samples)
1ms subframe
	30 KHz
6.7% CP (36 samples)
0.5 ms subframe

	W-OFDM
	Raise cosine window
	Raise cosine window

	
	Tx Window length: 52 samples on each side
Rx window length: 0, 10 or 52 samples on each side
	Tx Window length: 26 samples on each side
Rx window length: 0, 5 or 26 samples on each side

	f-OFDM
	Window sinc filter
	Window sinc filter

	
	Tx, Rx: 512 
	Tx, Rx: 512 

	
	Tone offset (TO) = 0, 5 SC     
(0, 2.5 on each side) 
	Tone offset (TO) = 0, 5 SC 
(0, 2.5 on each side) 



Illustration of tone offset for f-OFDM filter design.
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10.5 Pilot grid for real channel estimation 
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