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1 Introduction

In [1], the newly approved SI on the next generation (5G) radio access technology has one of its objectives as the following:

· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access

· FFS: other waveforms if they demonstrate justifiable gain

In [2], the requirements and design principles for 5G waveform are discussed. A new waveform in 5G, should enable flexible numerology coexistence that supports diverse service and deployment scenarios in a carrier band and provide very good spectrum localization, while inheriting the advantages of OFDM. In this contribution, we discuss the waveform candidates and the benefits of an OFDM based flexible waveform for the new radio access. Further justifying these benefits, we present in this document some preliminary analysis. Lastly, we propose some next steps for further considerations and evaluations in a way forward proposal.
2 Waveform candidates and categorization
Possible new waveform candidates for considerations can be roughly categorized as OFDM based orthogonal waveform and non- orthogonal Waveform. 
2.1 OFDM based Orthogonal Waveforms
Universal-Filtered (UF-OFDM) (a.k.a. UFMC) [4], windowing-OFDM, and filtered-OFDM (a.k.a. f-OFDM) [5] belong to this category, in which complex-domain orthogonality of OFDM symbols is maintained, i.e. self intrinsic ICI/ISI, or EVM loss due to waveform itself is negligible. All of three solutions are variants of the conventional OFDM. With a well-designed filter or window applied to the time domain OFDM symbol at the same sampling rate and at sub-band level, the out-of-band radiation of the sub-band signal is improved while concurrently maintaining the complex-domain orthogonality of OFDM symbols within the sub-band. The sub-band comprises several contiguous subcarriers, and the bandwidth is scalable from 1 LTE RB to the entire band level, depending on practical requirements.
It should be noted that the single-carrier OFDM variant using DFT spreading to reduce PAPR also belong to this category. SC-FDM with Windowing-OFDM and f-DFT-s-OFDM are the corresponding single-carrier variants of Windowing-OFDM, and f-OFDM respectively. All the waveforms of this category are summarized in Table 1 and Figure 1. The DFT spreading operation in Figure 1 is used only for the single-carrier variants.
The three orthogonal waveforms in this category could be further divided into two groups, according to the prefix they use. 
· ZP-OFDM based 

UF-OFDM uses ZP (zero prefix), to accommodate the transient response of the sub-band filter so as

to acquire an ISI-free waveform at the transmitter, which is shown in Figure 2(a).
· CP-OFDM based

Both f-OFDM and windowing OFDM retain CP, in order to combat the ISI caused by channel multi-path spread. The windowing and filtering operation for f-OFDM and windowing OFDM at transmitter are illustrated in Figure 2(b) and Figure 2(c), respectively.
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Figure 1 OFDM-based orthogonal waveform TRX scheme
Table 1 OFDM-based orthogonal waveform schemes

	Category
	waveforms
	DFT spreading
	Prefix
	Frequency localization scheme

	OFDM based  multi-carrier

waveforms
	UF-OFDM
	No
	ZP
	Sub-band filtering

	
	windowing OFDM
	No
	CP
	Windowing

	
	f-OFDM
	No
	CP
	Sub-band filtering

	OFDM based  single carrier variants
	SC-FDM with windowing
	Yes
	CP
	Windowing

	
	filtered-SC-FDM
	Yes
	CP
	Sub-band filtering


For f-OFDM, one thing should be noted that, the ISI caused by the end-to-end filtering is negligible, even considering the channel multi-path spread (e.g. ETU channel). The reason is that CP can capture most energy leakage caused by end-to-end filter, together with the channel multi-path spread, and the remaining filter tail overlapping with neighboring data symbol is small power, and is negligible for data detection. That can be justified from the EVM test and BLER (Block Error Rate) performance in the appendix. Therefore, f-OFDM is categorized as orthogonal waveform.
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(a) UF-OFDM filtering illustration

(b) Windowing OFDM illustration

(c) f-OFDM filtering illustration


Figure 2 OFDM-based orthogonal waveform time domain filtering/windowing operation illustration
2.2 Non- orthogonal Waveform 
Typical waveforms in this category include Spectrally-Precoded OFDM (SP-OFDM) [6] and FBMC/GFDM. The common feature of these waveforms is that they are not complex-domain orthogonal.

In SP-OFDM, a precoder is applied on data symbols before OFDM modulation. The precoding operation creates ICI, but can be mitigated at the receiver if the information about precoder is available at the receiver, as depicted in Figure 3(a).

The general scheme of FBMC/GFDM is illustrated in Figure 3(b). With a very long customized subcarrier-based filter lasting several symbols, the pulse shape of each subcarrier becomes localized. The FBMC/GFDM waveforms can be further divided into two branches based on the transmitted symbols:
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(b)  FBMC/GFDM
Figure 3 Non-orthogonal waveform TRX scheme

· OQAM based

In order to keep the time-frequency density of the waveform equal to 1, OQAM symbols are adopted for transmission, i.e. the real and imaginary parts of the QAM symbols are transmitted over different time-frequency points [7]

 REF _Ref446432261 \r \h 
 \* MERGEFORMAT [8]

 REF _Ref446432263 \r \h 
 \* MERGEFORMAT [9]. Such a waveform maintains the orthogonality only in real domain.  However, as a result of the real-domain orthogonality, OQAM-based waveforms cannot be easily used with other widely-used techniques, such as MIMO and non-orthogonal multiple access. Furthermore, channel estimation also becomes complicated, especially in severely frequency selective channel.
· QAM based

To mitigate the complication involved in the application of the OQAM-based waveform with other widely-used techniques and also the complexity of their pilot scheme, QAM-based waveforms have been studied intensively [10]. According to the Balian-low theorem, this QAM-based modulation no longer preserves the complex-domain orthogonality, with the requirement of time-frequency density approaching 1.  As a result, the intrinsic ICI is non-negligible and will cause obvious performance loss even with advanced non-linear receiver. On the other hand, this non-orthogonality also complicates the application of the QAM-based waveforms with other widely-used techniques, including MIMO and non-orthogonal multiple access. In particular, a high complexity non-linear receiver has to be designed to deal with the interference, caused by waveform’s non-orthogonality together with the inter-layer/inter-UE interference.
It should be noted that per-subcarrier localized design of the non-orthogonal FBMC/GFDM waveforms results in an over-localized spectrum at the expense of other inherent disadvantages: 
· Firstly, the non-orthogonality in complex domain (as shown in Fig.4(a)), means performance loss for high MCS transmission in fading channel even with complex interference mitigation receiver, and meanwhile the non-orthogonality make them rather difficult to be used with MIMO and non-orthogonal multiple access techniques.
· Secondly, the very long filter required by FBMC/GFDM (as shown in Fig.4 (b)) also causes additional processing delay at the receiver side, making them unsuitable for low latency applications.
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(a) Frequency domain ICI  illustration
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(b) Time domain filter extension  illustration

Figure 4 FBMC/GFDM waveform time/frequency domain filtering operation illustration
OFDM-based orthogonal waveforms have the following advantages: 
· Support of dynamic configurations to enable mixed service application and various deployment scenarios. With only a configuration of the specific OFDM numerology (i.e. subcarrier spacing, CP length, TTI length) in the given sub-band, each sub-band can serve its own target application or deployment, while the mutual impacts is greatly minimized.
· The OFDM-based orthogonal waveform can be easily adapted to support RAN slicing and hence provides a future proof design within a carrier band. In the case when a LTE sub-band within a carrier is partitioned, impacts towards the UEs are further minimized with the use of these waveforms.  
· They maintain the complex-domain orthogonality within the sub-band as OFDM waveform, and hence inherits all benefits of OFDM and could reuse all the OFDM transmitter and receiver schemes. 
· The orthogonal waveforms are in principle more amicable to MIMO technologies;

· The insertion of reference signals is in principle simpler with orthogonal waveforms.
· With better out-of-band radiation performance, they can enable very high spectrum utilization and asynchronous inter-UE uplink transmission without frequent TA signaling.

Figure 5 illustrates an example for the flexible numerology configuration enabled with the sub-band localized OFDM-based orthogonal waveform for downlink. The sub-band number at the BS side depends on practical application and deployment request. At the UE side, one or multiple sub-band signals could be detected according to its service requirements and hardware capability. This example also works in uplink, wherein each UE sends the OFDM-based orthogonal signal only in its specific sub-band or sub-bands, and BS passes the received signal of all UEs through specific sub-band filters.
 
[image: image7.emf]IFFT 1 with 

subcarrie 

spacing 1

IFFT 2 with 

subcarrie 

spacing 2

IFFT K with 

subcarrie 

spacing K

Add CP1

Add CP2

Add CP K

Filtering/

windowing

Filtering/

windowing

Filtering/

windowing

Subband1 

symbol

Subband 2 

symbol

Subband K 

symbol

RF

... ... ...

Tx



[image: image8.emf]Filtering/

windowing

Remove

CP i

FFT-i with 

subcarrier 

spacing i

Subband i 

OFDM 

detection

RX for sub-band i

RF


Figure 5 Sub-band localized OFDM-based orthogonal waveform for flexible numerology
3 Conclusion

In this contribution, we discussed the pros and cons of OFDM-based orthogonal waveforms and non-orthogonal waveforms. The OFDM-based waveforms include UF-OFDM, windowed-OFDM, and f-OFDM, and the non-orthogonal waveforms include SP-OFDM, FBMC and GFDM.
Based on the analyses and comparisons above, we have the observation, 
Observation: OFDM-based orthogonal waveforms have the following advantages: 

· Supporting a flexible and forward compatible air interface;
· Enhanced spectrum localization performance;
· Reuse of legacy OFDM-based transmission thanks to the complex-domain orthogonality retained within sub-bands;
· Amicable to MIMO technologies;

· Simpler insertion of reference signals.

We propose to study and evaluate the OFDM-based orthogonal waveforms over non-orthogonal waveforms due to their clear advantages in various aspects as above.  
Proposal: OFDM based orthogonal waveforms including filtered-OFDM, windowing-OFDM, UF-OFDM should be considered for further evaluation.
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Appendix
In this section, the OOB, EVM and BLER performance in fading channel (ETU) are evaluated for f-OFDM, in comparison with OFDM.

The simulation assumptions are listed in Table 2.                   
Table 2 link level simulation assumptions for f-OFDM evaluation
	Assumptions 
	Value 

	Carrier frequency
	4GHz

	Duplex
	FDD

	System Bandwidth
	20MHz 

	TTI length
	1 ms 

	Subcarrier spacing
	15KHz

	CP length
	6.7% overhead

	Utilized transmission bandwidth
	108RB (19.44MHz)

	Number of transmission

antenna ports
	1T1R

	MCS
	Fixed. 64QAM: 1/2, 3/4

	Control overhead
	No RS, PDCCH / EPDCCH / PSS / SSS / PBCH 

	Channel estimation
	Ideal 

	Channel model
	ETU

	UE speed
	3km/h 

	Filter type
	Windowed-sinc filter (filter order =160):
Filter time domain response: 
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· OOB
The OOB performance is shown in Fig. 6. Obviously, f-OFDM has much better OOB leakage performance than OFDM, in both baseband and RF output, hence enables rather high spectrum utilization (108RB@20MHz, <3% guard band overhead), with the RF spectrum mask and ACLR constraints regulated by 3GPP.
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(a) Baseband OOB performance

[image: image15.png]



(b) RF OOB test

Figure 6  OOB performance comparison

· EVM

The EVM test for OFDM and f-OFDM is shown in Fig. 7.  It can be observed that, with the same receiver algorithm, the EVM performance is similar for OFDM (0.87%) and f-OFDM (0.91%). And undoubtedly for f-OFDM, the EVM loss due to the intrinsic ISI/ICI caused by the end-to-end filter is negligible.                                                 
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(a) OFDM EVM
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(b) f-OFDM EVM

Figure 7 EVM test result
· BLER in fading channel
For all the filtering/windowing based new waveform, the ISI in fading channel will become bigger than that in AWGN channel, since the end-to-end filter/window response convoluted with rich multi-path spread will exaggerate the intrinsic ISI. 

In order to test the self intrinsic ISI performance of f-OFDM in fading channel, the ETU channel and 64QAM, 3/4 coding rate is used for the simulation. As shown in Fig. 8, the BLER performance is the same as OFDM. Hence, the intrinsic ISI for f-OFDM even in severe fading ETU channel, is negligible. 
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Figure 8 BLER performance of f-OFDM and OFDM
The simulation and test results in this section showed that f-OFDM is actually an orthogonal waveform since it has negligible intrinsic ISI/ICI loss (based on the EVM test result), and the loss is also negligible even in severely fading ETU channel (based on the BLER evaluation result for 64QAM, 3/4 coding rate). On the other hand, it has very desirable spectrum localization performance and enables rather high spectrum utilization (less than 1% guard band overhead) with the spectrum mask constraint by 3GPP (based on the OOB test).
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