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1 Introduction
In the RAN1-84b meeting, there were 3 evaluation cases agreed for the waveform evaluation and they are

· 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 

In [1], the FC-OFDM waveform solution is proposed, which is based on 2 proposals [1]:
1. multiple configuration modes’ multiplexing in the frequency domain (i.e. pre-IFFT domain);

2. windowing design in the time domain (i.e. post-IFFT domain). 
2 Performance evaluation

In this section, the simulation results of 3 agreed evaluation cases are reported. The common simulation parameters are given in Table 1. The parameters dedicated to case 1a, 1b and 2 are further elaborated in each subsection. 
Table 1: common parameters for performance evaluations

	
	CP-OFDM
	FC-OFDM

	carrier frequency
	4 GHz

	system bandwidth
	10 MHz

	FFT size
	1024

	CP length
	72
	NA

	window length
	NA
	M+L=1168

	overlapping factor
	D=0
	D=CP

	channel model
	TDLa (DS=30 ns), TDLb (DS=100 ns), TDLc (DS=300,1000 ns)

	velocity
	3 kmph, 120 kmph

	transmission mode
	SISO

	channel coding
	LTE Turbo code, decode algo. (max-log-map) with 6 iterations

	LLR calculation
	Simplified max-log-map  [2]

	channel estimation
	ideal

	fixed MCS
	16QAM (1/2), 16QAM (2/3), 64QAM (1/2), 64QAM (3/4)


2.1 Case 1a
Case1a assumes DL transmission with single numerology case, where the target user occupies the whole bandwidth. For FC-OFDM, the configuration mode is configured with multi-carrier mode [1]. 
Table 2:  parameters dedicated to case 1a

	
	CP-OFDM
	FC-OFDM

	configuration mode
	NA
	multi-carrier mode

	number of modulated tones
	50 PRB
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2.2 Case 1b
Case1b evaluates UL transmission with single numerology case, where target user occupies a portion of the system bandwidth being allocated at the edge of the whole bandwidth. Ideal UL synchronization is assumed. For FC-OFDM, the configuration mode is configured with DFT spreading mode [1]
Table 3: parameters dedicated to case 1b

	
	CP-OFDM
	FC-OFDM

	configuration mode
	NA
	DFT spreading mode

	target user bandwidth
	5 PRB
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2.3 Case 2
Case2 is a new scenario evaluating DL transmission with two different numerologies employed within the same carrier band. These two numerologies are configured in two adjacent subbands, respectively, where the target user occupies a portion of the subband and is allocated to the edge of the subband that is close to the interfering subband. 
Table 4: parameters dedicated to case 2

	
	CP-OFDM
	FC-OFDM

	configuration mode
	NA
	multi-carrier mode

	numerology
	15 KHz for target user, 30 KHz for interfering subband

	interfering bandwidth
	10 PRB

	target user bandwidth
	5 PRB

	guard tones
	3 subcarriers in target subband
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3 Summary of simulation results
The SNR values at BLER=10% are captured in the tables below for 3 evaluation cases.
Table 5: SNR @ BLER=10% for Case 1a

	Case 1a


	
	required SNR (in dB) CP-OFDM
	required SNR (in dB) FC-OFDM

	
	
	30 ns
	100 ns
	300 ns
	1000 ns
	30 ns
	100 ns
	300 ns
	1000 ns

	16QAM1/2
	3

kmph
	13.4
	
	9.3
	9.1
	x
	
	9
	9

	16QAM2/3
	
	17
	
	12.5
	12.7
	x
	
	12.5
	12.7

	64QAM1/2
	
	18.4
	
	14.2
	14.2
	x
	
	14
	14.2

	64QAM3/4
	
	
	
	19.6
	21.2
	x
	
	19.5
	22.4

	16QAM1/2
	120 kmph
	x
	10.1
	9.7
	
	
	9.7
	9.4
	

	16QAM2/3
	
	x
	14.1
	13.4
	
	
	13.6
	13
	

	64QAM1/2
	
	x
	
	x
	
	
	
	x
	

	64QAM3/4
	
	x
	
	x
	
	
	
	x
	


Observation 1: for case 1a, FC-ODFM and CP-OFDM provide similar performance.
Table 6: SNR @ BLER=10% for Case 1b

	Case 1b


	
	required SNR (in dB) DFT-s-OFDM
	required SNR (in dB) FC-OFDM

	
	
	30 ns
	100 ns
	300 ns
	1000 ns
	30 ns
	100 ns
	300 ns
	1000 ns

	16QAM1/2
	3

kmph
	12.5
	13.7
	15.7
	14.6
	12.5
	13.6
	15.7
	14.6

	16QAM2/3
	
	15
	16.4
	18.7
	18.2
	15
	16
	18.5
	18.4

	64QAM1/2
	
	17
	18.6
	21
	21.7
	17
	18.2
	21
	23.1

	64QAM3/4
	
	21.2
	22.8
	25.9
	INF
	21.2
	22.7
	26
	INF

	16QAM1/2
	120 kmph
	14.7
	14
	14.5
	14.2
	14.5
	13.9
	14.1
	14.2

	16QAM2/3
	
	18.2
	17.5
	18.2
	18.2
	18
	17
	18
	19

	64QAM1/2
	
	20
	19.1
	20.5
	22.1
	19.5
	19
	20.2
	23.5

	64QAM3/4
	
	INF
	INF
	
	
	
	INF
	
	


Observation 2: for case 1b, FC-ODFM and DFT-s-OFDM provide similar performance. Moreover, high MCS, e.g. 64QAM ¾ cannot support high mobility, and it results in error floor for long DS case, e.g. TDLc with 1000 ns.  
Table 7: SNR @ BLER=10% for Case 2

	Case 2


	
	required SNR (in dB) CP-OFDM
	required SNR (in dB) FC-OFDM

	
	
	30 ns
	100 ns
	300 ns
	1000 ns
	30 ns
	100 ns
	300 ns
	1000 ns

	16QAM1/2
	3
kmph
	14
	13.5
	12
	11.2
	13.5
	12.9
	12
	11

	16QAM2/3
	
	16.5
	16.3
	15.5
	15.3
	16
	15.9
	14.5
	14.6

	64QAM1/2
	
	18.7
	18.5
	17.5
	17.1
	18
	17.8
	16.2
	16.3

	64QAM3/4
	
	24.6
	24.9
	24
	INF
	22.6
	22.7
	21.6
	29

	16QAM1/2
	120 kmph
	13.5
	13.2
	12.4
	10.8
	12.9
	12.7
	12.1
	10.5

	16QAM2/3
	
	17.2
	17
	16.3
	14.9
	16.5
	16
	15.7
	14.5

	64QAM1/2
	
	19.5
	18.9
	18.1
	17.1
	18.3
	17.8
	16.8
	16.3

	64QAM3/4
	
	INF
	INF
	>40
	
	29.3
	27.8
	26.8
	


Observation 3: for case 2, FC-ODFM outperforms CP-OFDM in all MCS for all combination of channel models and velocities. The performance gain for low MCS, i.e. 16QAM ½, is not less significant than that of for high MCS, i.e. 64QAM ¾. The gain ranges from 0 dB up to infinite. Moreover, for the high DS case, e.g. 300 ns and 1000 ns, the multi-carrier mode is in general outperforms the DFT spreading mode used in Case 1b, which further justifies the necessity of multiplexing of multiple configuration modes proposed in FC-OFDM. This can indeed be beneficial for URLLC service when the dynamic scheduling is restricted by the latency constraint. 
4 Conclusion
In this contribution, we report the performance evaluation of FC-OFDM versus LTE waveforms under 3 evaluation cases. We stress that the performance of FC-OFDM is obtained using the transceiver design which has the same transceiver complexity as LTE [1]. Based on the obtained results, we observe that FC-OFDM provides similar performance as that of CP-OFDM and DFT-s-OFDM in case 1a and case 1b, respectively. However, it outperforms CP-OFDM in case 2.
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