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Introduction
In this contribution, we provide link-level simulation results on orthogonal and quasi-orthogonal waveforms [1] in uplink transmission for new RAT. F-OFDM [2] and FBMC [3] are compared with conventional OFDM. As in-band interference is negligible for F-OFDM and FBMC, performance degradation caused by out-of-band interference is evaluated and some simulation parameters can be found in Appendix.

Post-demodulation out-of-band interference 
Lower out-of-band power in spectrum does not necessarily leads to lower post-demodulation out-of-band interference. This is because post-demodulation out-of-band interference includes the interferences which cannot be reflected in spectrum, e.g., the interferences caused by frequency/time offset and inter-block-interferences. In the following, the receive signal-to-interference ratio (SIR) is adopted as a performance metric, wherein the interference power refers to that from one UE’s in-band signal to the out-of-band subcarriers which are allocated to the other UE. It is assumed that user transmission powers are the same. Three asynchronous scenarios are evaluated in our simulation. 
[bookmark: _Ref447184922]Scenario A: Synchronized in time but not in frequency 
[image: ]CFO

[bookmark: _Ref446353192]Figure 1 Simulation model for waveform against CFO
In Scenario A, it is assumed that in-band and out-of-band UEs are synchronized in time but not in frequency. In our simulation, we assume that a sub-band comprised of 48 subcarriers with 15 kHz subcarrier spacing are modulated with random symbols with unit power, and at the eNB linear phase shifting is used to simulate the carrier frequency offset (CFO). The simulation model is illustrated by Figure 1 wherein Rx without CFO denotes the ideal case with perfect synchronization in uplink, Rx with CFO denotes the case with CFO, Rx + n subcarrier denotes the adjacent out-of-band subcarrier which is n-subcarrier away to the upper edge of the sub-band if perfectly synchronized. 
Performance of OFDM, F-OFDM, and FBMC is evaluated in terms of SIR on adjacent subcarriers under different CFOs.  As shown in Figure 2, FBMC suffers severe interference on the +1 subcarrier due to loss of real orthogonality, but on the +2 and the +3 subcarriers, FBMC’s low out-of-band power makes it outperform F-OFDM and OFDM. There is gain of F-OFDM over OFDM as well but relatively small.
[image: ]
[bookmark: _Ref446353347]Figure 2 SIR against CFO for 3 adjacent subcarriers for OFDM, F-OFDM and FBMC

Observation 1: When uplink transmission are synchronized in time but not in frequency, F-OFDM achieves small gain over OFDM against CFO, while FBMC achieves significant gain over OFDM against CFO except for the closest subcarrier that suffers from loss of real-orthogonality.

[bookmark: _Ref447184926]Scenario B: Synchronized in frequency but not in time
In Scenario B, it is assumed that in-band and out-of-band UEs are synchronized in frequency but not in time. At the eNB, time shifting is used to simulate the time offset and continuous transmission is assumed, i.e., the receive window consists of the tail and the front of two consecutive symbols as Figure 3 shows. 
[image: FSTA]
[bookmark: _Ref446403536]Figure 3 Simulation model for waveform against time offset
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[bookmark: _Ref446404610]Figure 4 SIR against subcarrier for certain time-offsets for OFDM, F-OFDM and FBMC
Figure 4 shows performance of OFDM, F-OFDM, and FBMC evaluated in terms of SIR on out-of-band subcarriers under different time offsets including ideal offset (0 for OFDM and FBMC, -0.5TCP for F-OFDM), 0.25TOFDM excessive offset, and 0.5TOFDM excessive offset, where TCP and TOFDM are the CP length and the OFDM length, respectively. -0.5TCP for F-OFDM indicates that the receive window is aligned to the mid-point of the receive CP. We see that F-OFDM shows almost a constant gain over OFDM along the subcarrier indices while FBMC makes out-of-band subcarriers benefit much from the distance to the band edge and is more robust against time offset except for the closest subcarrier that suffers from loss of real orthogonality.
Figure 5 shows SIR against “continuous” time offset for 3 adjacent out-of-band subcarriers. We see that there is no interference for OFDM if uplink transmissions are well synchronized in time, i.e., within CP, but the SIR descends sharply when time synchronicity is not satisfied. For F-OFDM, SIR reaches its maximum when the receive window is aligned to the mid-point of CP. It keeps a relatively high value for a small range of time offset out of CP, and then gradually converges to a lower value that is a few decibels higher than that of OFDM. For FBMC, much higher SIRs are achieved along the time axis except for the +1 subcarrier. It is also interesting to see the small-scale fluctuation along the time-axis. The fluctuation frequency is observed to be proportional to the normalized frequency of the subcarrier.
[image: ]CP

[bookmark: _Ref446409051]Figure 5 SIR against time offset for 3 adjacent subcarriers for OFDM, F-OFDM and FBMC

Observation 2: When uplink transmission are synchronized in frequency but not in time, F-OFDM achieves moderate gain over OFDM against time offset while  FBMC achieves significant gain over OFDM except for the closest subcarrier that suffers from loss of real-orthogonality.

[bookmark: _Ref447184743]Scenario C: Coexistence of different numerologies
In Scenario C, it is assumed that two UEs in different sub-bands use different numerologies. We assume that user 1 uses 24 out of 1024 subcarriers with 15 kHz subcarrier spacing and user 2 uses 48 out of 2048 subcarriers with 7.5 kHz subcarrier spacing. Both of two users are modulated with random symbols with unit power using FDM modulation. The interference from user 2 on the possible subcarriers of user 1 and interference from user 1 on the possible subcarriers of user 2 are evaluated, respectively. A uniform symbol period Ts is assumed for both users so that the subcarrier spacing is proportional to the reciprocal of FFT size. The symbols with the preceding CP in time domain are arranged as shown in Figure 6. 
[image: ]
[bookmark: _Ref446420693]Figure 6 Simulation model for numerology coexistence of different subcarrier spacings. Note that
· Time offset is generated by a random multiple of symbol period, e.g., 256Ts.
· For FBMC, there is no CP.
The in-band and the out-of-band signal are modulated with the same waveform. 
[bookmark: _GoBack]Figure 7 and Figure 8 show SIR against subcarrier for interference from user 2 to user 1 and from user 1 to user 2, respectively. When the interference from user 2 to user 1 is measured, we assume that user 2 takes subcarriers indexed from k2=-24 to k2=23, and the out-of-band subcarrier indices of interest for user 1 starts from k1=12. On the other hand, when the interference from user 1 to user 2 is measured, we assume that user 1 takes subcarriers indexed from k1=-12 to k1=11, and the out-of-band subcarrier indices of interest for user 2 starts from k2=24. From the figures, we see that for OFDM, the interference from user 1 to user 2 is higher than that from user 2 to user 1. It is because smaller subcarrier spacing inherently generates lower ripples out of band. The gain of F-OFDM over OFDM is marginal, and corresponding SIR is not significantly improved as the subcarrier index increases. As for FBMC, similar to the previous scenarios, only the closest subcarrier by the band-edge suffers from severe interference, and the rest subcarriers can  be treated as interference-free. Hence, we can arrange the sub-bands of FBMC as Figure 9 shows. 
[image: ]
[bookmark: _Ref446421409]Figure 7 SIR against subcarrier for interference from user 2 (2048) to user 1 (1024)
[image: ]
[bookmark: _Ref446421411]Figure 8 SIR against subcarrier for interference from user 1 (1024) to user 2 (2048)
[image: ]
[bookmark: _Ref446507389]Figure 9 FBMC subcarrier arrangements for two subcarrier spacings

Observation 3: For OFDM, interference from the numerology with large subcarrier spacing to that with small subcarrier spacing is higher than the other way around.
Observation 4: When numerologies with different subcarrier spacing coexist, F-OFDM achieves marginal gain over OFDM, while FBMC achieves significant gain at a cost of one subcarrier as the guard band.

Conclusions
In the contribution, we provide our simulation results on orthogonal/quasi-orthogonal waveforms and the following observations are made.
Observation 1: When uplink transmission are synchronized in time but not in frequency, F-OFDM achieves small gain over OFDM against CFO, while FBMC achieves significant gain over OFDM against CFO except for the closest subcarrier that suffers from loss of real-orthogonality.
Observation 2: When uplink transmission are synchronized in frequency but not in time, F-OFDM achieves moderate gain over OFDM against time offset while  FBMC achieves significant gain over OFDM except for the closest subcarrier that suffers from loss of real-orthogonality.
Observation 3: For OFDM, interference from the numerology with large subcarrier spacing to that with small subcarrier spacing is higher than the other way around.
Observation 4: When numerologies with different subcarrier spacing coexist, F-OFDM achieves marginal gain over OFDM, while FBMC achieves significant gain at a cost of one subcarrier as the guard band.
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Appendix
The simulation parameters for Subsections 2.1, 2.2, and 2.3 are summarized in Table 1.
[bookmark: _Ref446958084]Table 1 Simulation parameters for Subsections 2.1, 2.2, and 2.3
	
	OFDM
	F-OFDM
	FBMC

	FFT Size
	2048

	Sampling frequency
	30.72MHz

	Subcarrier spacing
	15kHz

	TOFDM
	1/15 ms
	1/15 ms (Before FD upsampling)

	CP length
	144
	NA

	TCP
	4.6875us
	NA

	Bandwidth
	720kHz

	Filter length
	NA
	256 if not specified. Ideal low pass filter, using Hanning window for FIR.
	8192 (Prototype filter defined in PHYDYAS. Overlapping factor K=4)

	Channel estimation
	Ideal




image3.png
OFDM,

OFDM,,

1

1

1
Offset r—

1

Recv window





image4.emf
20 25 30 35 40 45 50 55 60 65 70

0

10

20

30

40

50

60

70

80

90

100

SubcarrierIndex

S

I

R

[

d

B

]

SIRonadjacentsubcarrierunderdi,erenttimeo,sets

 

 

OFDM0latency

OFDM(0:25T

OFDM

)latency

OFDM(0:50T

OFDM

)latency

F-OFDM(

!

0:5T

CP

)latency

F-OFDM(0:25T

OFDM

!

0:5T

CP

)latency

F-OFDM(0:50T

OFDM

!

0:5T

CP

)latency

FBMC0latency

FBMC(0:25T

OFDM

)latency

FBMC(0:50T

OFDM

)latency


image5.emf
-200 0 200 400 600 800 1000

0

10

20

30

40

50

60

70

80

90

100

TimeO,set

S

I

R

[

d

B

]

SIRon3adjacentsubcarriersunderdi,erenttimeo,sets

 

 

OFDM+1sc

OFDM+2sc

OFDM+3sc

F-OFDM+1sc

F-OFDM+2sc

F-OFDM+3sc

FBMC+1sc

FBMC+2sc

FBMC+3sc


image6.emf
 


image7.emf
15 20 25 30 35

0

10

20

30

40

50

60

70

80

90

100

SubcarrierIndex

S

I

R

[

d

B

]

 

 

OFDM

F-OFDM128

th

order

F-OFDM256

th

order

FBMC


image8.emf
25 30 35 40 45 50 55 60 65 70

0

10

20

30

40

50

60

70

80

90

100

SubcarrierIndex

S

I

R

[

d

B

]

 

 

OFDM

F-OFDM128

th

order

F-OFDM256

th

order

FBMC


image9.emf
 


image1.emf
-2 0 2 4 6 8 10

0

0.5

1

1.5

SubcarrierIndex

M

a

g

n

i

t

u

d

e

(

L

i

n

e

a

r

)

Frequencydomain

 

 

Rx without CFO

Rx with CFO

Rx +1 subcarrier

Rx +2 subcarrier

Rx +3 subcarrier

Rx +4 subcarrier


image2.emf
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

0

10

20

30

40

50

60

70

80

90

100

FrequencyO,set[

#

f

sc

]

S

I

R

[

d

B

]

SIRon3adjacentsubcarriersunderdi,erentCFOs

 

 

OFDM+1sc

OFDM+2sc

OFDM+3sc

F-OFDM+1sc

F-OFDM+2sc

F-OFDM+3sc

FBMC+1sc

FBMC+2sc

FBMC+3sc


