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Introduction
A study item on Next Generation New Radio Access Technology was agreed in RAN Plenary #71 meeting [1].  The SID states that initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture, with focus on progressing in several areas, including
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain

This contribution discusses the candidates of new waveform for next generation radio access.
Motivations of New Waveform
The families of usage scenarios identified in New RAT include [2]:
-	eMBB (enhanced Mobile Broadband)
-	mMTC (massive Machine Type Communications)
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]-	URLLC (Ultra-Reliable and Low Latency Communications).
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]In eMBB, Cell/TP/TRP spectral efficiency, area traffic capacity and bandwidth are prioritized KPIs [3]. Because most potential spectrum bands may be unlicensed spectrum bands for new generation RAT, spectrum sharing is an essential technology to use unlicensed spectrum with high system capacity and data rate. Besides, channel bandwidth scalability, spectrum flexibility and support for wide range of services are also important requirements in eMBB. 5G waveform technology will be fundamental to satisfy these diverse and stringent requirements. Thus frequency localization and support for spectrum sharing and flexible spectrum resources use are very important factors in new waveform design.
In mMTC，the core requirement is to provide massive service connectivity with low energy consumption and low cost. Since a primary scenario of mMTC is numerous small packets transmitted in narrow bands, the guard band should be very small to get high spectrum efficiency. So the energy of mMTC signal in narrow band should fall very sharply out of the working band, which proposes a rigorous requirement on the CFR performance of waveform technology. Another character of mMTC is grant-free and asynchronous transmissions, thus the waveform of mMTC should be robust to asynchronous transmissions. 
In URLLC, extreme requirements on availability and reliability of transmission are emphasized, which means low error probability and low outage rate are the main targets in this usage scenario. In URLLC, the subcarrier spacing may be larger than that of current LTE system to be more robust to frequency deviation, especially in high frequency case. Since the subcarrier spacing maybe be different in different usage scenarios, the new waveform need to have the ability to allow different numerologies (such as different subcarrier spacing, subframe length, etc).
In general, in order to support different usage scenarios and satisfy their diverse requirements, waveform design for new generation RAT should ensure good frequency localization to allow different numerologies (to satisfy different requirements of different usage scenarios and various services) and be robust to asynchronous transmissions (which is common in mMTC and sparse burst transmission). Thus, guard band design to isolate neighboring subbands and to reduce leakage to neighboring subbands should be the main target of waveform technology.

Proposal 1: Waveform for next generation RAT should provide a unified framework to support different subband configurations (e.g. subcarrier spacing, subframe length, and subband size, etc.) with respect to different requirements of various services.
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]Proposal 2: In order to support different usage scenarios and various services, to reduce energy leakage to neighboring subbands should be considered in the waveform design.
Various New Waveform technologies
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Traditional CP-OFDM signal is used in current LTE system, however, CP-OFDM and its variants (e.g., Windowed-OFDM (W-OFDM) by adding a window to the time domain OFDM signal) may not be suitable for next generation RAT due to the out-of-band leakage of CP-OFDM signal and increased CP overhead. The out-of-band energy of CP-OFDM and W-OFDM cannot fall rapidly enough even with increased CP overhead (seen in Fig.10), which results in large guard band between subbands and poor spectrum efficiency.

[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Proposal 3: The out-of-band energy of traditional CP-OFDM and W-OFDM signal do not fall rapidly enough, which results in large guard band between subbands and poor spectrum efficiency, so new waveform technology is needed to satisfy the requirements of New RAT.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Several waveform technologies are discussed as candidates of waveform for next generation RAT, such as Filter Bank MultiCarrier (FBMC), Generalized Frequency Division Multiplexing (GFDM), Universal Frequency MultiCarrier (UFMC), Filtered-OFDM (F-OFDM) and Filter Bank-OFDM (FB-OFDM). Those candidates for 5G new waveform can be categorized according to the filtering granularity in frequency domain:
· Category A: subcarrier-level pulse shaping methods;
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Category B: subband-lever IFR filtering methods.
Table 1 Two categories of new waveform technologies 
	
	[bookmark: OLE_LINK43]Category A
	Category B

	Filtering granularity in frequency domain
	Per subcarrier
	Per subband

	Process method in time domain
	Pulse shaping
	IFR Filtering

	Waveform technology
	FBMC, GFDM, FB-OFDM
	UFMC, F-OFDM


Waveform technologies of category A: subcarrier-level pulse shaping methods 
3.1.1 FBMC
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]FBMC provides a filter-bank filter to enable efficient pulse shaping and the number of filter coefficients is higher than the FFT size. Owing to the properly of the designed filter with longer length, the power of each subcarrier can be concentrated in the frequency domain and thus enable much lower out-of-band leakage. As the block diagram of an FBMC system illustrated in Fig.1, the transmitted signal is obtained as
      (1)
where,  is the filter for the data on subcarrier k and the m-th symbol:
 (2)
where, is the subcarrier spacing,  is the symbol interval, and  is the prototype filter.

[bookmark: OLE_LINK17][bookmark: OLE_LINK18] Fig.1 Block diagram of an FBMC system transceiver
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]FBMC/Offset QAM (FBMC/OQAM) is the most attractive scheme of FBMC, which can achieve the same or even higher spectral efficiency in SISO or SIMO scenario than CP-OFDM due to the absent of the cyclic-prefix overhead [4]. However, FBMC/OQAM is not friendly to MIMO, because only real-valued data can be mapped to the multicarrier symbol. The polyphase filter bank structure of FBMC/OQAM transmitter is depicted in Fig.2 [5], where G(n) is the filter. 


Fig.2 Block diagram of a FBMC/OQAM transmitter with digital polyphase filter bank structure
3.1.2 GFDM
GFDM uses a suitable pulse, like a Root Raised Cosine (RRC) or Raised Cosine (RC), to have low out-of-band radiation.

Fig. 3 Block diagram of GFDM transmitter
By applying Tx filters via circular convolution (also referred as tail-biting technique)[6][8], the length of the transmitted signal in GFDM is independent of the length of the pulse shaping filters. At the transmitter, the modulated signal is shaped by the transmit pulse shaping filter. Then, tail biting is applied to the pulse shaped signal before subcarrier up-conversion [6].After that, a CP of a block is added to the head of each block. 

At the receiver part of the system, after removing the CP and equalization, subcarrier down-conversion is performed. Then the signal passes through the matched received pulse shaping filter, followed by a sampler and a detector. The pulse shaping in GFDM is applied circularly, thus eliminating filter tails in the signal. 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Further, in contrast to FBMC, offset-QAM modulation is renounced and orthogonality is not maintained. Thus GFDM has a performance of higher bit error rates as a consequence of self-created interference between neighboring sub-carriers and time slots. It is shown that SIC can cancel ICI and improve the performance of GFDM [7][8].
3.1.3 FB-OFDM 
We propose a new waveform scheme based on the combination of OFDM and filter bank. For convenience we name it as FB-OFDM in this paper. In principle, FB-OFDM filters each subcarrier independently thus a bank of filters is needed to filter multiple subcarriers. The baseband signal of FB-OFDM is simply the summation of multiple subcarriers and can be expressed as follows.

    (3)





[bookmark: OLE_LINK4]In above, and  are the indexes of frequency domain subcarrier and time domain symbol respectively. is the subcarrier spacing andis the symbol interval.  is the pulse function. The process of a bank of filters to multiple subcarriers can be implemented by conducting IFFT on all subcarriers first and passing the resultant data through a polyphase filter [11]. So FB-OFDM transmitter can be implemented as illustrated in Fig. 4. The complex data symbols in one sub-frame are passed through an IFFT processing block. Then the signal is filtered with the polyphase filter and converted to analog signal using the digital to analog converter (DAC). The only difference from the CP-OFDM implementation in LTE is that the CP addition process is replaced by a polyphase filter. The pulse function selection module chooses the pulse function according to the requirements under different scenarios and passes the selected pulse function to the filter module.

 (
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)
Fig. 4 Block diagram for FB-OFDM transmitter


[bookmark: OLE_LINK33][bookmark: OLE_LINK34]FB-OFDM can choose different pulse functions under different scenarios, providing additional flexibility over CP-OFDM. For example, root raised cosine function and IOTA can be utilized when strict out-of-band leakage is required. When timing and frequency offsets are limited and the emphasis is on link performance, rectangular pulse function can be adopted and the relationship  holds ( ), or the polyphase filter module is replaced by CP addition module, then FB-OFDM will fall back to the CP-OFDM utilized in LTE, which indicates CP-OFDM can be implemented as a special case of FB-OFDM.
Apart from pulse shape, symbol interval T can also be adjusted. When the channel condition is good, T can be set smaller than T0 to realize Fast-Than-Nyquist (FTN) transmission and improve system capacity. On the contrary, T  can be set larger than T0 to make the subcarriers and the symbols quasi orthogonal. The configuration of pulse shape and symbol interval is conducted in the pulse function selection module. In fact, pulse function also has significant influence on demodulation performance. Pulse function that performs better in out-of-band leakage and demodulation will be one direction of further study.
Similar to the transmitter, we can also utilize one polyphase filter to implement the receiver and this leads to the diagram in Fig. 5. As illustrated, baseband signal is passed through a polyphase filter first and then processed by an FFT module. Then frequency domain equalization and demodulation can be conducted by the detection module. Moreover, receiver side polyphase filter can utilize a number of algorithms to suppress inter-symbol interference, including matched filtering (MF), zero forcing (ZF) or minimum mean square error (MMSE).
 (
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)
Fig. 5 Block diagram for FB-OFDM receiver


As an example, a modified root raised cosine pulse is chosen for the polyphase filter. This pulse is illustrated in Fig. 6, which plots the time and frequency curve of .T is the symbol interval and . And f0=1/2T.
[image: ][image: ]
Fig.6 Time and frequency domain response of a chosen pulse function
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]The power spectrum density of both CP-OFDM and FB-OFDM with the above pulse function are plotted in Fig. 7. It can be seen the out-of-band energy of FB-OFDM falls much more rapidly than that of CP-OFDM.
[image: ]
Fig. 7 Out-of-band leakage comparison between FB-OFDM and CP-OFDM
Fig. 8 plots the BLER performance of CP-OFDM and FB-OFDM under this condition: AWGN, QPSK, code rate 1/3, no timing and frequency offsets. It can be observed that FB-OFDM has a slight performance loss of approximately 0.1 dB compared with CP-OFDM when BLER = 0.1.
 [image: ]
Fig. 8 BLER performance comparisons
Waveform technologies of category B: Filtering methods 
3.2.1 UFMC
With UFMC, IFR filtering is applied on a per sub-band basis. The time domain transmit vector  for symbol m of user  is the superposition of the sub-band-wise filtered components [10]:
(4)
is a IDFT-matrix and is a Toeplitz matrix, composed of the filter impulse response, performing the linear convolution. At the receiver, the baseband signal may optionally be processed in time domain, e.g. windowing, and then a 2-N point FFT conversion may be applied to improve signal quality. After that any procedure for CP-OFDM is applicable here [9].
3.2.2 F-OFDM
F-OFDM is another subband-level filtering method, which performs filtering continuously per subframe instead of per symbol, so the successive data symbols overlap with neighboring symbols. Unlike UFMC, F-OFDM can apply different filters to different subbands according to various demands of different services. The block diagram for F-OFDM transmitter is given in Fig. 9.


Fig. 9 Block diagram for F-OFDM transmitter
Comparison of Waveform technologies 
The transmitting of baseband signals of category A, including FBMC, GFDM and FB-OFDM, all can be implemented by polyphase filter process just after IFFT. The transmitting of baseband signals of category B, including UFMC and F-OFDM, both can be implemented by IFR filter process just after IFFT and CP addition. Usually the complexity of polyphase filter process is much lower than IFR filtering, so waveform technologies of category A may be more preferred.
Power spectrum densities of above mentioned waveform candidates are plotted in Fig. 10 and the partial enlarged drawing is illustrated in Fig. 11. It can be seen that these new waveform technologies have different CFR performance. In Fig.11, we can find energy of FBMC, GFDM, F-OFDM and FB-OFDM falls rapidly out of the working band compared with traditional OFDM and W-OFDM. So these new waveform technologies need smaller guard band to isolate neighbouring bands than traditional OFDM and W-OFDM, and lead to higher spectrum efficiency.
Observation 2: The out-of-band leakage of these new waveform technologies, e.g. FBMC, GFDM, F-OFDM and FB-OFDM, falls much more rapidly than that of traditional OFDM and W-OFDM.
[image: ]
Fig. 10 Out-of-band leakage comparison of new waveform candidates
[image: ]
Fig. 11 Enlarged section for out-of-band leakage
Proposal 3: Pulse shaping methods and IFR filtering methods should be considered as the candidates for the new RAT.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Usually, the pulse shaping methods can ensure lower out-of-band leakage, especially in adjacent channel, than the filtering methods. So, those waveforms of category A need less guard subcarriers to obtain good isolation between subbands.
Conclusion
In this contribution, we have discussed several waveform technologies including FBMC, GFDM, FB-OFDM, UMFC and F-OFDM. We have the following observations and proposals:
Observation 1: The out-of-band energy of traditional CP-OFDM and W-OFDM signal do not fall rapidly enough, which results in large guard band between subbands and poor spectrum efficiency.
Observation 2: The out-of-band leakage of these new waveform technologies, e.g. FBMC, GFDM, F-OFDM and FB-OFDM, falls much more rapidly than that of traditional OFDM and W-OFDM.
Proposal 1: Waveform for next generation RAT should provide a unified framework to support different subband configurations (e.g. subcarrier spacing, subframe length, and subband size, etc.) with respect to different requirements of various services.
Proposal 2: In order to support different usage scenarios and various services, to reduce energy leakage to neighboring subbands should be considered in the waveform design.
Proposal 3: The out-of-band energy of traditional CP-OFDM and W-OFDM signal do not fall rapidly enough, which results in large guard band between subbands and poor spectrum efficiency, so new waveform technology is needed to satisfy the requirements of New RAT.
Proposal 4: Pulse shaping methods and IFR filtering methods should be considered as the candidates for the new RAT.
References
[1] [bookmark: _Ref446943966][bookmark: _Ref446076644][bookmark: _Ref426471819][bookmark: _Ref410219761]3GPP RP-160560, New SID Proposal: Study on [5G, Next Generation, or other names] New Radio Access Technology, NTT DOCOMO
[2] [bookmark: _Ref446960391]3GPP TR 38.913 V0.2.0
[3] [bookmark: _Ref447292198]3GPP R1-162224, Evaluation Assumptions for NR in RAN1, ZTE
[4] [bookmark: _Ref446337313]Sahin, Alphan, Ismail Güvenç, and Hüseyin Arslan. "A survey on prototype filter design for filter bank based multicarrier communications." CoRR, vol. abs/1212.3374 (2012).
[5] [bookmark: _Ref446076647]Baltar, Leonardo G., Amine Mezghani, and Josef A. Nossek. "MLSE and MMSE subchannel equalization for filter bank based multicarrier systems: coded and uncoded results." Signal Processing Conference, 2010 18th European. IEEE, 2010.
[6] [bookmark: _Ref446078692]Fettweis, Gerhard, Marco Krondorf, and Steffen Bittner. "GFDM-generalized frequency division multiplexing." Vehicular Technology Conference, 2009. VTC Spring 2009. IEEE 69th. IEEE, 2009.
[7] [bookmark: _Ref446320451][bookmark: _Ref446082453]Datta, Rohit, et al. "FBMC and GFDM interference cancellation schemes for flexible digital radio PHY design." Digital System Design (DSD), 2011 14th Euromicro Conference on. IEEE, 2011.
[8] [bookmark: _Ref446320427]I. Gaspar, N. Michailow, A. Navarro Caldevilla, E. Ohlmer, S. Krone and G. Fettweis, "Low Complexity GFDM Receiver Based On Sparse Frequency Domain Processing", 77th IEEE Vehicular Technology Conference (VTC Spring'13), Dresden, Germany, June 2013
[9] [bookmark: _Ref446319962]Schaich, Frank, Thorsten Wild, and Yejian Chen. "Waveform contenders for 5G-suitability for short packet and low latency transmissions." Vehicular Technology Conference (VTC Spring), 2014 IEEE 79th. IEEE, 2014
[10] [bookmark: _Ref446319986]V. Vakilian, T. Wild, F. Schaich, S.t. Brink, J.-F. Frigon, "Universal-Filtered Multi-Carrier Technique for Wireless Systems Beyond LTE", IEEE Globecom'13,Atlanta, December 2013
[11] [bookmark: _Ref446343140]3GPP R1-050922, OFDM/OQAM technical overview, France Telecom, Orange, Alcatel.

10
image2.emf
Real(X(k))

Imag(X(k))

IFFT

IFFT

G(n) 

Filter Bank

G(n-N/2) 

Filter Bank

P

/

S

Phase 

factor

Phase 

factor

QAM modulated 

symbols

X(k)


oleObject2.bin
Real(X(k))


Imag(X(k))


IFFT


IFFT


G(n) 
Filter Bank


G(n-N/2) 
Filter Bank


P
/
S



Phase factor


Phase factor


QAM modulated 
symbols


X(k)



image3.emf
Subcarrier 

Mapping

Tail Bitting

Tail Bitting

Pulse Shaping

exp(j2pif

1

n)

exp(j2pif

N

n

Channel 

coding

+

M-QAM 

Symbol 

Mapping

Info Bits

CP


oleObject3.bin
Subcarrier Mapping


CP


Tail Bitting


Tail Bitting


Pulse Shaping


exp(j2pif1n)


exp(j2pifNn


Channel coding
+
M-QAM Symbol Mapping


Info Bits



image4.wmf
å

å

-

=

n

m

n

m

nT

t

g

mft

j

a

t

s

))

(

)

2

exp(

(

)

(

,

p


oleObject4.bin

image5.wmf
m


oleObject5.bin

image6.wmf
n


oleObject6.bin

image7.wmf
f


oleObject7.bin

image8.wmf
T


oleObject8.bin

image9.wmf
()

gt


oleObject9.bin

image10.wmf
0

CP

TTT

=+


oleObject10.bin

image11.wmf
0

1/

Tf

=


oleObject11.bin

image12.wmf
()

gt


oleObject12.bin

oleObject13.bin

image13.emf
0 1 2 3 4 5

-0.2

0

0.2

0.4

0.6

0.8

1

Time (unit:T)


image14.emf
-10-9-8-7-6-5-4-3-2-1 0 1 2 3 4 5 6 7 8 910

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

dB

 

 

frequency (unit: f0)


image15.emf
-8 -6 -4 -2 0 2 4 6 8

-160

-140

-120

-100

-80

-60

-40

-20

0

20

MHZ

PSD(dB)

 

 

OFDM

FB-OFDM


image16.emf
0 0.5 1 1.5 2 2.5

10

-2

10

-1

10

0

SNR(dB)

BLER

AWGN QPSK 1/3

 

 

OFDM

FB-OFDM


image17.emf
QAM symbol

 generating

QAM symbol

 mapping1

IFFT

Add CP1

Subband 1

filter

QAM symbol

 generating

QAM symbol

 mapping2

IFFT

Add CP2

Subband 2

filter

IFFT size N1

IFFT size N2

QAM symbol

 mapping B

IFFT

Add CP B

IFFT size NB

Subband B

filter

QAM symbol

 generating


oleObject14.bin

image18.emf
-8 -6 -4 -2 0 2 4 6 8

-160

-140

-120

-100

-80

-60

-40

-20

0

20

MHz

PSD(dB)

 

 

OFDM

FBMC/OQAM

GFDM

UFMC

F-OFDM

FB-OFDM

W-OFDM


image19.emf
-4.58 -4.56 -4.54 -4.52 -4.5 -4.48 -4.46 -4.44

-70

-60

-50

-40

-30

-20

-10

0

10

20

MHz

PSD(dB)

 

 

OFDM

FBMC/OQAM

GFDM

UFMC

FB-OFDM

F-OFDM

W-OFDM


image1.emf
S/P

g

1,m

(t)

g

2,m

(t)

g

N,m

(t)

S/P Channel

g

’

1,m

(t)

g

’

2,m

(t)

g

’

N,m

(t)

（

*

）

（

*

）

（

*

）

Detector

T=mNTs


oleObject1.bin
S/P


g1,m(t)


g2,m(t)


gN,m(t)


S/P


Channel


g’1,m(t)


g’2,m(t)


g’N,m(t)


（*）



