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1. Introduction
For emerging next generation wireless system, the various use cases such as eMBB, mMTC, URLLC are considered [1]. The different KPIs associated with the use cases also need to be satisfied e.g. ultra-low latency, high reliability, high efficiency, etc. In order to meet KPIs and support the different use cases, NR (New RAT) is expected to provide more flexible spectrum utilization, which enables the following cases: 
· Case 1: In-band multiplexing with different transmission characteristics
· Flexible numerology e.g. different subcarrier spacing and dynamic TTI 
· Case 2 : In-band asynchronous transmission 
· For reduced synchronization signalling overhead e.g. grant-free transmission 
· Case 3 : Baseband aggregation of fragmented pieces of spectrum 
It is well known that CP-OFDM has the advantages such as lower receiver complexity by single-tap equalizer in frequency domain and multipath immunity via CP. But it requires strict synchronization in time and frequency domain in order to maintain orthogonality between subcarriers. Consequently, with keeping the advantages of the CP-OFDM system, it needs to be considered that the waveform designed for NR provides low out-of-band emission for the improved spectral containment, and relaxed synchronization requirement for the asynchronous cases. 
To this end, many candidate waveforms such as FBMC [2], UF-OFDM [3] and GFDM [4] can be considered for NR. However, OFDM still has potential with filtering/windowing to enhance spectral containment and relaxation of synchronization. Therefore, we discuss on an OFDM-based waveform.
2. Flexible CP-OFDM
Flexible CP-OFDM (FCP-OFDM) is an OFDM variant with sub-band wise filtering and flexible CP and zero prefix (ZP). In general, CP-OFDM signal at the transmitter side is generated by following procedure: 1) IFFT operation with modulated symbols 2) insertion of CP. Compared to the conventional CP-OFDM, key difference of FCP-OFDM is to utilize the variable combination of CP and ZP with filtering per each sub-band, as shown in Figure 1. Here, granularity of sub-band can be PRB or RBG or allocated band for specific UE.
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Figure 1: Comparison between CP-OFDM and FCP-OFDM symbol
More specifically, Figure 2 shows the block diagram of the transmitter when the number of sub-band is . Here, and  indicate modulated symbols, length of CP, length of ZP, filter coefficient and length of filter for sub-band , respectively. It is noted that the sum of CP length and ZP length is constant for all sub-band. On the other hand, for each sub-band, the length of CP can be changed according to ZP length under the condition that the total length of CP and ZP is fixed. 



Figure 2: Block diagram of FCP-OFDM transmitter
At the receiver side, in order to detect the received signal, the N-FFT can be performed like conventional CP-OFDM receiver after removing the samples corresponding to both CP and ZP parts. In addition, windowing or filtering techniques at Rx can be adopted for enhancement of performance. 

In the following, we discuss the expected benefits by applying FCP-OFDM. First, FCP-OFDM provides trivial MIMO adoption because it is based on OFDM. Next, we can expect performance gain such as reduction of out-of-band emission at the cost of additional complexity. For example, we can assume CP length determined by the worst channel delay spread. With this assumption, CP might be oversized (in other words, CP overhead is too large) for many cases except the worst environment. So, the wasted guard interval can be utilized for improvement of spectral property. Of course, the adaptive CP/ZP needs to be utilized in an adequate manner under the fact that there is a trade-off between inter-symbol interference and reduction of out-of-band emission. 

As another aspect, we consider the granularity of sub-band related to the number of sub-band, B. For example, B for downlink may be set to the number of numerologies for supporting the scenario where the different numerology within in-band. In the uplink asynchronous transmission, B may be set to the number of active UEs scheduled to transmit UL signal in order to achieve the improved spectral containment in frequency domain. 
 
3. Simulation Result
In this section, we provide an evaluation result in terms of the spectral property of FCP-OFDM. Figure 3 shows power spectrum density of FCP-OFDM according to various filter length. In this figure, CP-OFDM and UF-OFDM are also included as baselines. The detailed parameters for this simulation are listed in Table 1. Here, dolph-chebyshev window, which is adopted in [3], with sidelobe attenuation of 20dB is used for each sub-band for FCP-OFDM and UF-OFDM. As shown in Figure 3, it can be observed that FCP-OFDM provides steeper slope at the edge as the filter length increases. On the other hand, although UF-OFDM has performance gain over FCP-OFDM in terms of out-of-band emission, it requires 2N-FFT due to absence of CP at the receiver. It is noted again that there are a trade-off between the good localization and inter symbol interference. 
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Figure 3: Power spectrum density of FCP-OFDM according to filter length

Table 1: Parameters for evaluations
	System Bandwidth
	5MHz

	Data Resource
	25 PRBs

	# of subcarriers 
per Sub-band
	One PRB (= 12 subcarriers)

	FFT size
	512

	Sampling rate
	7.68MHz

	CP length & Filter Length [samples]
	CP-OFDM
	 

	
	UF-OFDM
	, for all n
Filter: dolph-chebyshev, , 20dB for all n

	
	FCP-OFDM
	 for all n
Filter: dolph-chebyshev, , 20dB for all n



4. Summary
In this contribution, we discussed FCP-OFDM as a candidate waveform for supporting NR. The proposal based on the discussion is given as follows: 

Proposal 1. In order to support KPIs and use cases, FCP-OFDM with sub-band wise filtering and flexible CP/ZP can be considered as a candidate of waveform for NR.

5. Reference
TR 38.913, “Study on Scenarios and Requirements for Next Generation Access Technologies”
B. Farhang-Boroujeny, “OFDM Versus Filter Bank Multicarrier,” IEEE Signal Process. Mag., Vol. 28, pp. 92–112, May 2011.
X. Wang, T. Wild, F. Schaich, A. Santos, “Universal Filtered Multi-Carrier with Leakage-Based Filter Optimization”, European Wireless 2014
N. Michailow, M. Matthé, I.S. Gaspar, A.N. Caldevilla, L.L. Mendes, A. Festag, G. Fettweis,“Generalized Frequency Division Multiplexing for 5th Generation Cellular Networks,” IEEE Transaction on Communications, Vol. 62, No. 9, September 2014.
image2.emf
Band pass 

filter 

F

1

DAC

RF Front-

End

Band pass 

filter 

F

2

Band pass 

filter 

F

B

CP

1

/ZP

1

S

1

IFFT

0s

0s

IFFT

0s

0s

S

2

IFFT

0s

0s

S

B

CP

2

/ZP

2

CP

B

/ZP

B


oleObject1.bin
IFFT


S1


IFFT


0s


0s


Band pass filter  F1


DAC


RF Front-End


Band pass filter   F2


S2


IFFT


Band pass filter   FB


CP1/ZP1


CP2/ZP2


CPB/ZPB


0s


0s


0s


0s


SB



image3.wmf
,,

n

ZP

n

CP

LLconstantfornB

+==¼

1


oleObject2.bin

image4.emf
-4 -3 -2 -1 0 1 2 3 4

x 10

6

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

Frequency [Hz]

PSD [dB]

 

 

FCP-OFDM(L

filter

 = 1, L

CP

 =36) (=CP-OFDM)

FCP-OFDM(L

filter

 = 5, L

CP

 =32)

FCP-OFDM(L

filter

 = 9, L

CP

 =28)

FCP-OFDM(L

filter

 = 13, L

CP

 =24)

FCP-OFDM(L

filter

 = 19, L

CP

 =18)

UF-OFDM(L

filter

 = 37, L

CP

 =0)


image1.png
fixed
CP-OFDM: for full band
fixed
variable
SRV ——
2ZP for Tx
filtering
fixed
varigble
FCP-OFDM ) for each sub-band
(for In-band C} & 3}): /ﬁble\
ZP for Rx ZPfor Tx

filtering filtering




