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Introduction
In RAN #71, a new study item New Radio (NR) Access Technology was approved. In RAN1 #84b, and 85 several OFDM-based waveform candidates have been proposed for further evaluation and it was agreed to investigate the following cases for comparison across these candidate [1]. 
· 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 transmission)
· Case 4: UL mixed numerology case (synchronous transmission)

In this contribution, we analyze three candidate waveforms namely cyclic prefix OFDM (CP-OFDM), Filtered OFDM (F-OFDM) and Windowed OFDM (W-OFDM) with link level simulations. 
Simulation Results with Mixed Numerology (Case2)
[bookmark: _Ref378529477]In this section, we present out simulation results with mixed numerology for downlink transmission. We consider one numerology with 15 KHz subcarrier spacing and the other numerology with 30 KHz spacing.  Note that in this case all the numerologies are synchronized in time.  Figure 1 depicts the block diagram of the CP-OFDM transmitter in the mixed numerology case. The upper branch uses numerology with 15 KHz spacing, while the lower branch uses subcarrier spacing of 30 KHz. The lower branch generates two OFDM symbols during the time the upper branch generates one OFDM symbol. Let K1 to Km are the sub carrier indices for 15 KHz spacing and P1 to Pn are the subcarrier indices for 30 KHz spacing. Since the orthogonality is lost due to mixed numerology it was recommend to have some guard tones between these numerologies.  Let G be the number of guard tones between these two numerologies, then 
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Figure 1  Block diagram of CP-OFDM with mixed numerology

Figure 2 shows the block diagram for Filtered OFDM with mixed numerology. Similar to CP-OFDM, the lower branch generates two OFDM symbols during one OFDM symbol interval for the upper branch. However, each branch uses transmission filter to minimize the emissions.   In our simulations, we use a filter length of 512 with root-raised cosine impulse response.  Similar to CP-OFDM, guard tones are added for avoiding the inter carrier interference between the two numerologies.
 [image: ]
Figure 2 Block diagram of Filtered-OFDM with mixed numerology


Figure 3 shows the block diagram for Windowed OFDM with mixed numerology. Similar to CP-OFDM and Filtered OFDM, the lower branch generates two OFDM symbols during one OFDM symbol generation for the upper branch. However, to minimize the emissions time domain windowing technique is used rather than filtering. In our simulations, we use a raised cosine window of length 52 is used for the upper branch and window length of 26 is used for the lower branch. 
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Figure 3 Block diagram of Windowed-OFDM with mixed numerology

We describe our evaluations with fixed modulation/code rate and also with link adaptation, where the UE recommends the channel quality indicator through feedback channel. Feedback delay of 4 msec is assumed in our evaluations. Detailed link level simulation assumptions are shown in Table 1.  

Table 1 Detailed link level simulation assumptions 
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	Mixed numerology case: one is 15KHz, and the other subcarrier spacing is 30 KHz

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline

	FFT size 
	1024 for 15KHz subcarrier spacing and 512 for 30 KHz spacing

	Data transmission bandwidth 
	48 subcarriers for 15 KHZ spacing 

	Guard tone number
	4

	Antenna  configuration
	1T1R 

	MCS 
	Fixed. 64QAM: 1/2 
For link adaptation: QPSK, 16-QAM and 64-QAM are considered with variable code rate

	Control Overhead 
	Zero

	Channel estimation 
	Ideal


	Channel Model
	TDL-A with 30 ns




Simulation Results with Fixed Modulation and Coding 
Figure 4 shows the spectral efficiency of CP-OFDM, F-OFDM and W-OFDM as a function of signal to noise ratio (SNR) in dB.  From BLER, the spectral efficiency is computed based on the following formula
                                   Spectrum efficiency = TBS*(1-BLER)/(T*BW)
Where, TBS is the transport block size in bits, BLER is the block error rate, T is the time duration of one subframe, BW is the the actual bandwidth of target subband.
In this scenario, the target is narrow-band with 4RB allocation and SC of 15 KHz while the interferer is wide-band with 30 KHz SC spacing. Four guard bands are simulated 60 KHz (or 4 tones).  
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Figure 4 Spectral efficiency comparison with fixed modulation and coding

It can be observed from the figure that with fixed modulation coding scheme, all the 3 waveforms performs almost similar, and we didn’t observe any loss in throughput/spectral efficiency for CP-OFDM.  This is because, even though there is an inter carrier interference with mixed numerology, the channel decoder is able to recover most of corrupted bits. Note that in this case the BW is same for all the waveforms equal to 0.78 MHz. Figure 5 shows the BLER as a function of SNR in dB. In this case also, we observed similar performance for all the waveforms.

[image: ]
Figure 5  BLER comparison with fixed modulation and coding


Simulation Results with Link Adaptation
In this subsection, we analyse the three waveforms with link adaptation. Figure 6 shows the spectral efficiency comparison of the three waveforms. Note that for reference purpose we also plotted CP-OFDM without any inter carrier interference, i.e.  CP -OFDM with single numerology. The performance of CP-OFDM without any interference serves as an upper bound in our analysis.  
It can be observed from figure that the performance of CP-OFDM with mixed numerology suffers a loss in throughput/spectral efficiency at high SNR. However, the performance of F-OFDM and W-OFDM are able to reduce the inter carrier interference and performs close to the upper bound.  Note that, in out simulation results, we observe similar performance for both F-OFDM and W-OFDM. Note that these simulations assume single transmit antenna and single receive antenna. We expect the performance of these waveforms have an impact with multiple transmit and multiple receive antennas with link adaptation. 
[image: ]
Figure 6 Spectral efficiency comparison with link adaptation 

Figure 7 shows the spectral efficiency comparison with link adaptation and with transmitter non-linearity. For transmitter non-linearity, we model the power amplifier (Rapp model) as agreed in the previous RAN1 meetings. Input back off (IBO) of 11.6 dB is used in our simulations for meeting the adjacent channel leakage ratio (ACLR) requirement.  It can be observed that the performance is almost same as that of Figure 6 and same conclusions as that of Figure 6 applies.   This is because with the IBO of 11.6 dB, the AM/AM characteristics of power amplifier is almost linear.
 [image: ]
Figure 7 Spectral efficiency comparison with link adaptation and PA modeled in the transmit chain

Observation 1: For mixed numerology case, spectral efficiency performance is almost equal to all the three waveforms. 
Observation 2: For mixed numerology case, spectral efficiency performance is worse for CP-OFDM with link adaptation for single transmit and single receive antenna.
Observation 3: For mixed numerology case, spectral efficiency performance is almost same for F-OFDM and W-OFDM with link adaptation for single transmit and single receive antenna.

Simulation Results with Single Numerology (Case 1a)
In this section, we present out simulation results with uniform numerology for downlink transmission. We consider one numerology with 15 KHz subcarrier spacing over the entire bandwidth.  Figure 8 shows the spectral efficiency as a function of SNR for all the three waveforms with link adaptation. Note that in this case, the spectral efficiency is given by 
Spectrum efficiency = TBS*(1-BLER)/(T*BW)
Where, TBS is the transport block size in bits, BLER is the block error rate, T is the time duration of one subframe, BW is the actual bandwidth.
From Out of band emissions, we found that the equivalent bandwidth for CP-OFDM, F-OFDM, and W-OFDM are 10 MHz, 9.13 MHz and 9.43 MHz respectively.
It can be observed that in this case, F-OFDM and W-OFDM perform better than CP-OFDM, mainly because of the excess bandwidth as CP-OFDM can’t be scheduled in the guard bands. The F-OFDM performs little better than W-OFDM as the tail in the Out of band emission plot decays faster than W-OFDM. Note that these values are chosen for a filter length equal to 512 and window length equal to 52. 
[image: ]
Figure 8 Spectral efficiency comparison with link adaptation with single numerology

Figure 9 shows the spectral efficiency plot when non-linearity is modelled in the transmit chain. Similar to case 2, we modelled the PA according to the agreed simulation assumptions with IBO of 11.6 dB.  Since the PA is close to linearization due to the back off, the performance is similar to the Figure 8.
[image: ]
Figure 9 Spectral efficiency comparison with link adaptation and PA with single numerology 

Figure 10 shows the out of band emissions comparison between the F-OFDM and W-OFDM.  It can be observed from figure that with the chosen filter length equal to 512 for F-OFDM and window length of 52, emissions with F-OFDM are less compared to W-OFDM. From figure, we observe that ACLR value is equal to -78 dBc and -66 dBc  for F-OFDM and W-OFDM respectively.  However, tt should be noted that 3GPP sets ACLR requirement of - 45 dBc as the minimum ACLR requirement for peaceful co-existence between adjacent systems.  Hence both the systems satisfy the ACLR requirement.
[image: ]
Figure 10  Power spectral density comparison between F-OFDM and W-OFDM
 

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Observation 4: With uniform numerology, CP-OFDM performance is inferior to both F-OFDM and W-OFDM due to the inefficient use of guard band.
Observation 5:  With uniform numerology, F-OFDM performance is slightly better than W-OFDM.
Conclusions
In this contribution we analysed the performance of CP-OFDM, F-OFDM and W-OFDM using link level simulations.  From simulation results we observed that with fixed modulation and coding, the performance of all the schemes are equal in spectral efficiency for mixed numerology. However, with link adaptation, it is observed that CP-OFDM performance degrades at high SNR for single transmit and single receive antenna system.   For single numerology, we observed that the CP-OFDM performance is inferior to F-OFDM and W-OFDM due to inefficient use of guard band, while F-OFDM performance is slightly better than W-OFDM.  Since the performance benefits of F-OFDM and W-OFDM over CP-OFDM are still not clear, we encourage other companies to thoroughly study the benefits with link adaptation and multiple input and multiple output systems for mixed numerology.

[bookmark: _GoBack]Observation 1: For mixed numerology case, spectral efficiency performance is almost equal to all the three waveforms and any difference is solely due to the ratio of the occupied signal bandwidth to the system bandwidth 
Observation 2: For mixed numerology case, spectral efficiency performance is worse for CP-OFDM with link adaptation for single transmit and single receive antenna.
Observation 3: For mixed numerology case, spectral efficiency performance is almost same for F-OFDM and W-OFDM with link adaptation for single transmit and single receive antenna.
Observation 4: With uniform numerology, CP-OFDM performance is inferior to both F-OFDM and W-OFDM due to the inefficient use of guard band.
Observation 5:  With uniform numerology, F-OFDM performance is slightly better than W-OFDM.
Based on the above observations, we have the following proposal:
Proposal 1: We request RAN1 should continue study the performance with link adaptation and multiple transmit and receive antennas to quantify the benefits of F-OFDM and W-OFDM over CP-OFDM for case 2.
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