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1. Introduction
[bookmark: _GoBack]	According to the study item [1] for 5G new radio access technology, the waveform development is based on OFDM with potential support of non-orthogonal waveform and multiple access. This contribution analyzes the pros and cons of using frequency-domain precoding and time-domain processing techniques for 5G fragmented spectrum usage based on an OFDM framework, and provide an observation of GFDM waveform that can be regarded as a kind of precoded-OFDMA. Related evaluation results of this contribution can be found in [17].

2. Analysis of Using Precoding and Filtering Techniques for 5G Fragmented Spectrum Usage Based on An OFDM Framework 
To facilitate diverse services in 5G network (e.g., internet-of-things and real-time applications), it is expected that there is a flexible and scalable frame structure in which different OFDM-based numerologies coexist [2]. Out-of-band emission (OOBE) is a critical metric that determines the performance of signal reception for all 5G users allocated in the same transmission band. Several new waveforms featuring low OOBE are thus developed [3]. In this document, we mainly consider three well-known waveforms: GFDM [4], filtered-OFDM [5]-[7], and UFMC/UF-OFDM [8], whose techniques of lowering OOBE can be further categorized into two parts: frequency-domain precoding and time-domain filtering, which can be found in a generalized OFDM framework as shown in Figure 1.     

[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\SystemModel.png]
Figure 1: A generalized OFDM framework 
2.1 Overview of GFDM, Filtered-OFDM, and UFMC 
GFDM is a non-orthogonal modulation format that exploits the property of circularly shifting a prototype pulse in both time and frequency domain to perform individual subcarrier filtering block by block. The prototype pulse is typically derived from a raised-cosine (RC) filter whose roll-off factor determines the degree of overlap between any two adjacent subcarriers. Mathematically, GFDM modulation can be represented by a square matrix 
[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\Amatrix.gif]
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where k{0,1,…,K-1} and m  {0,1,…M-1} denote the subcarrier index and the sub-block index, respectively. Refer to the corresponding literature [4] and Figure 1, we know that A can be factorized as 
[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\Amatrix2.gif]
and the guard interval is generally chosen as cyclic prefix (CP), i.e.,
[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\CPmatrix.gif],
where G is the number of guard interval samples. Here F(z)=1 for all z. Accordingly, GFDM can be considered as a precoded-OFDM wherein a frequency-domain precoding technique is adopted. However, since GFDM modulation is performed on the whole band (P is an N-by-S matrix, N>=S), multiple access support is infeasible. Moreover, for the implementation of GFDM with real symmetric prototype pulse, either K or M must be an odd number so that N cannot be a power of 2 to enable fast Fourier transform algorithm [9].
Both filtered-OFDM and UFMC are considered as using time-domain filtering techniques, in which a time-domain convolution is performed on the transmitted signal x and a finite impulse response (FIR) denoted by F(z). Here P is an S-by-S identity matrix or an S-point DFT matrix, S<N. The main difference between these two waveforms is that the guard intervals of filtered-OFDM and UFMC are chosen as CP and zero-padding (ZP), respectively. For ZP, we have 
[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\ZPmatrix.gif].
Since the convolution of the FIR F(z) and the multipath propagation channel can be regarded as an equivalent channel at the receiver, multiple access support is still feasible.  

	
	GFDM
	Filtered-OFDM
	UFMC

	Frequency-domain precoding
	Circular pulse shaping
	None
	None

	Multicarrier 
	IDFT
	IFFT
	IFFT

	Guard interval
	CP
	CP
	ZP

	Time-domain filtering
	None
	Sinc+RRC [7]
	Dolph-Chebyshev [10]


Table 1: Summary of the function blocks for GFDM, filtered-OFDM, and UFMC waveform generation

2.2 Precoding vs. Filtering 
	A 5G frame structure is supposed to support three use cases: enhanced mobile broadband (eMBB), massive machine type communications (mMTC), and ultra-reliable and low latency communications (URLLC). In addition to low OOBE requirement, they have different considerations of waveform properties.
	For eMBB, users establish connections with complete synchronization procedure and dedicated resources. OFDMA technology with low OOBE is adequate to data rate aspect. For mMTC, users usually send short packets in contention-based mode and asynchronous operation. The long block transmission time may be allowed in order to provide wide coverage. Peal-to-average power ratio (PAPR) is also a critical issue especially for low-cost machines. For URLLC, users send mission-critical messages in contention-based mode and asynchronous operation. In the viewpoint of physical layer latency, the block transmission time must be reduced as much as possible. Besides, the transmission power is usually large enough to ensure the reliability of signal reception at the receiver. Therefore, it is required that the chosen waveform can achieve good bit error rate (BER) or block error rate (BLER) performance at high signal-to-noise ratio (SNR).
	Based on the above discussion, we suggest that both frequency-domain precoding and time-domain filtering techniques shall be considered for 5G OFDM-based waveform development. Further evaluation of 5G waveform candidates depending on the three use cases is needed. The pros and cons of using precoding and filtering techniques are summarized in Table 2. The main advantage of precoding techniques is to prevent the extension of block duration, which may result in interblock interference (IBI), timing offset sensitivity increase, and transmission latency increase. 


	
	Precoding
	Filtering 
	Filtering
with guard time extension

	Inter-block interference (IBI)
	NO
	YES
	NO

	Timing offset sensitivity increase
	NO
	YES
	NO

	Transmission latency increase
	NO
	YES (filtered-OFDM)
NO (UFMC)
	YES

	Guard tones in the allocated subband
	YES
	YES
	NO 

	Transceiver complexity increase
	YES
	YES
	YES

	Spectrum efficiency loss
	YES
	YES
	YES

	OOBE suppression 
	YES
	YES
	YES

	Possible scenarios
	eMBB
mMTC
URLLC
	eMBB
mMTC

	mMTC



Table 2: The pros and cons of using precoding and filtering techniques with OFDM benchmark



Proposal: 
For any OFDM-based waveform, both frequency-domain precoding and time-domain filtering techniques for low OOBE shall be considered.







3. An Observation of GFDM Waveform 
Consider the advantages of precoding techniques as shown in Table 2, we take GFDM waveform into account. In the RAN1#84bis contributions [3], [11]-[16], GFDM has been mentioned to be one of 5G waveform candidates, but no contribution specifically indicates its practical implementation or forward compatibility. An implicit reason is that the GFDM modulation matrix defined by [image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\Amatrix2.gif] basically means no multiple access support and compatibility.
To overcome this difficulty, we think that the use of GFDM modulation shall be confined to a subband (i.e., a subset of N subcarriers). This way not only enables multiple access support, but also provides backward and forward compatibility to 4G and 5G users adopting OFDM-based waveform. The mathematical description of the GFDM modulation matrix is then rewritten as 
[image: http://latex.codecogs.com/gif.latex?%5Cmathbf%7BA%7D%27%3D%5Cmathbf%7BW%7D_%7BS%7D%5E%7BH%7D%5Cmathbf%7BP%7D%27],
where P’ is an S-by-D matrix, N>S>=D. Consider A’ as a time-domain processing matrix, the frequency-domain precoding matrix with respect to the subcarriers indexed by [image: http://latex.codecogs.com/gif.latex?%5Cmathcal%7BI%7D] can be given as 
[image: http://latex.codecogs.com/gif.latex?%5Cmathbf%7BP%7D%27%27%3D%5Cmathbf%7BW%7D_%7BS%7D%5Cmathbf%7BA%7D%27].
For the intra-subband subcarriers (indexed by [image: http://latex.codecogs.com/gif.latex?%5Cmathcal%7BI%7D]), they are subject to non-orthogonal property of GFDM. For different users allocated on different subbands, they still enjoy the orthogonality and flexibility like legacy OFDMA technology. Therefore, we observe that GFDM can be regarded as a precoded-OFDMA waveform that meets the objective of this study item [1]: 
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access

The transmitter architecture can be represented by the building blocks as shown in Figure 2.
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Figure 2: GFDM waveform generator in the view of subband precoding


Observation:
GFDM can be regarded as a precoded-OFDMA waveform that meets the objective of this study item [1]: 
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
4. Conclusion
This contribution analyzes the pros and cons of using frequency-domain precoding and time-domain filtering techniques in an OFDM framework for low out-of-band emission (OOBE). Particularly, for the precoding technique, we provide an observation of GFDM waveform. One proposal and one observation are shown as follows:


Proposal: 
For any OFDM-based waveform, both frequency-domain precoding and time-domain filtering techniques for low OOBE shall be considered.

Observation:
GFDM can be regarded as a precoded-OFDMA waveform that meets the objective of this study item [1]: 
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
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