3GPP TSG-RAN WG1 #85                                                          	            R1-164355
23rd – 27th May 2016
Nanjing, China

[bookmark: Source]Agenda item:		7.1.3.1
Source: 		Idaho National Laboratory
Title: 	Circularly Pulse-Shaped OFDM-based Waveform
[bookmark: DocumentFor]Document for:    	Discussion/Decision
1	Introduction
In the RAN1#84bis meeting RAN1 agreed to the following[footnoteRef:1]: [1: For the complete agreement text see reference [1]] 

Agreement:
· Largest component carrier bandwidth not smaller than 80 MHz for at least one numerology is supported
· Waveform is based on OFDM 
· Multiple numerologies are supported
· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered

In light of the above agreement, in this contribution we discuss the need to support DFT-S-OFDM with additional functionalities such as windowing and circularly pulse shaping (CPS) to improve the OOBE and the PAPR properties of the waveform. The contribution is organized as follows:
· Section 2 discusses Single-Carrier DFT-S-OFDM with Windowing 
· Section 3 discusses the Circularly Pulse Shaped OFDM based Waveform
· Section 4 discusses the SC-CPS-OFDM amicable to MIMO technologies and offering greater flexibility in CFO compensation
· Section 5 presents conclusion and summary
2	Single-Carrier DFT-S-OFDM with Windowing
As noted in several of the contributions in the last RAN1 meeting, the DFT-S-OFDM offers several advantages over the other OFDM based waveforms when it comes to UL access. When DFT-S-OFDM is combined with frequency multiplexing forming SC-FDMA, as used in LTE, each individual user transmits a single-carrier signal with a lower peak-to-average power ratio (PAPR) than with OFDM. It is well known a low PAPR is desirable to achieve higher PA efficiency, an essential requirement to avoid distortion in the transmitted signal and for extending the battery life of the UE. 
In terms of out-of-band emissions (OOBE), the DFT-S-OFDM has poor performance like any other OFDM-based waveform. An OFDM-based signal that is generated by simply adding a set of pure tones and limited to a length (TFFT + TCP) has a poor OOBE. Each truncated tone has a sinc-like spectrum with large OOBE. In OFDM, a filtering process is applied to the generated OFDM signal to control/reduce OOBE. The widely known methods are filtered OFDM (f-OFDM), OFDM with Weighted OverLap and Add (OFDM-WOLA), and zero padding followed by a filter (UFMC). In [2] it was shown DFT-S-OFDM with WOLA has significantly lower OOBE compared to DFT-S-OFDM without WOLA windowing. DFT-S-OFDM+WOLA also performs well when there is clipping at the transmitter due to the PA non-linearity [2]. 
Proposal: DFT-S-OFDM should be considered as the baseline waveform for the uplink due to its good PAPR performance. 
Proposal: Filtering/windowing techniques must be added to DFT-S-OFDM to improve its OOBE characteristics.
In NR new applications and services are envisioned such as mMTC and D2D requiring much lower cost devices with much longer battery lifetime. To address this requirement, new functionalities must be added to improve the existing OFDM-based waveforms. As mentioned before DFT-S-OFDM has a low PAPR; however, further functionalities are needed to meet the much more stringent NR requirements. The remainder of this document discusses one technique to improve the existing DFT-S-OFDM + filtering/windowing waveform to meet the NR challenges.
Observation: To meet the NR requirements such as improving battery life of the mMTC and D2D devices new functionalities must be added to improve the existing OFDM-based DFT-S-OFDM waveform.  

3	Circularly Pulse-Shaped OFDM based Waveform
Additional pulse shaping can further improve the PAPR of the DFT-S-OFDM waveform.  As described in [3] the pulse shape can be implemented in the frequency domain. Furthermore, borrowing the concept from Generalized Frequency Division Multiplexing (GFDM), circular convolution-based pulse shaping is implemented for each subcarrier where each subcarrier is designed to include multi-tones and to carry more than one QAM symbol. Taking note of this property of GFDM, GFDM-like waveforms may be collectively referred to as circularly pulse-shaped (CPS) waveforms. As shown in Figure 1, the CPS OFDM-based waveform is simply generated by modifying the existing DFT-S-OFDM transmitter. A CPS filter is added after the L-point DFT and before the N-point IFFT. To this end, the output of the DFT is expanded from the length L to N by periodically repeating it N/L times. A window of the result is then selected at a desired position of the frequency band before being transformed back to time domain through the N-point IFFT. In DFT-S-OFDM, the window used is a rectangular one. We propose to use a more general window function and optimize it with the goal of minimizing the PAPR. One such optimized design can be found in [5]. Such designs can results in 2 to 3 dB improvement in PAPR when compared to the traditional DFT-S-OFDM. For the design proposed in [5], there is a cost of an excess bandwidth for the generated single carrier CPS signal. As mentioned before for new NR applications improved PAPR characteristics justify the small cost of excess bandwidth. The design that we present in this contribution makes use of a window function that results in a PSD with no noticeable difference with that of DFT-S-OFDM yet achieves 2 dB PAPR improvements. We also note that by replacing the QAM symbols by offset QAM (OQAM) symbols another 1 dB improvement in PAPR is achievable. 
The result of CPS processing is a waveform whose main body (an equivalent to the output of IFFT in OFDM) may be thought of as a single period of a periodic waveform. As a result this main body may be written as a summation of a number of pure tones and, similar to OFDM, a CP may be added to absorb the transient response of the channel. The tones, also like OFDM, are the carriers of the information symbols. They also are affected by the channel response in the same way as the tones in OFDM. As a result, per tone channel equalization and MIMO processing for CPS waveforms can be done trivially, following the well-known methods that have been developed for OFDM. Considering these observations, the CPS waveforms may be thought as a generalization of OFDM. From here onwards, the waveform generated in Figure 1 is referred to as SC-CPS-OFDM waveform and its corresponding frequency multiplexing version is referred to as SC-CPS-FDMA.
The frequency domain pulse shaping filter gives us many degrees of the freedom in its selection for minimizing the PAPR of the transmit signal. This results in a significant PAPR gain over DFT-S-OFDM as shown by the simulation results in Figure 2. For the simulations results, all three schemes (OFDM, DFT-S-OFDM and SC-CPS-OFDM) have an IFFT size, N = 256 and DFT size, L= 16 (active subcarriers). A raised cosine pulse shaping filter with a roll-off α = 1/3 was used to generate the simulations results. Here, data symbols are chosen from a QPSK alphabet. 
In Figure 2, OFDM performance is the worst and compared to OFDM the DFT-S-OFDM waveform achieves a better performance by 2dB measured at 10-3 CCDF. Most importantly, as expected, the SC-CPS-OFDM shows further gain of more than 1dB and 2dB measured at 10-3 CCDF for QAM and OQAM version of SC-CPS-OFDM, respectively. This significant gain over DFT-S-OFDM is attributed to the additional degree of freedom from the CPS filter that allows further control of the PAPR.  One could vary the roll-off α as a design factor to obtain a desired PAPR performance. Note that with α = 0 we would obtain identical performance as with the DFT-S-OFDM curve. Beside variation of α, other parameters of the CPS filter (e.g., some variation of the gains at different frequency domain samples) may be adjusted to further improve the PAPR during the design phase. 
Observation: Circular Pulse Shaping provides significant PAPR gain of at least 1.2dB and at least 3.2dB over DFT-S-OFDM and OFDM, respectively. 


Figure 1. Generation of SC-CPS-OFDM waveform
To make sure that the PAPR results in Figure 2 are on a fair basis, in Figure 3 we have presented the power spectral densities (PSD) of DFT-S-OFDM and SC-CPS-OFDM (QAM) case (The remaining OFDM and SC-CPS-OFDM (OQAM) cases are shown in the Appendix A. All results are according to agreed parameters described in [6]). The results were obtained by averaging over 1000 realizations of each waveform. The same WOLA window with roll-off β = 0.08 has been applied to reduce the OOBE for all cases. Each OFDM symbol has 16 additional CP samples to take care of the channel transient. As seen in Figure 3, all waveforms have about the same PSDs. We thus conclude that while the SC-CPS-OFDM waveforms offer significant gains in PAPR, they keep the same OOBE when compared to OFDM and DFT-s-OFDM. Also in Figure 3, note for the SC-CPS-OFDM case the shoulders of the non-linear PA Rapp-model PSD curve are lower by more than 3 dB compared to the OFDM case and that spectral regrowth due to PA non-linearity is significantly less pronounced. To further quantify the results in Figure 3, we have evaluated the adjacent channel leakage ratio (ACLR) that these designs lead to. ACLR at each user band is defined as the ratio of in-band power to the power leakage into other bands. Assuming three OFDM subcarriers allocated as a guard band for users’ separation, the ACLR results presented in Table 1 are obtained. The only noticeable difference is seen when we consider the first adjacent bands. SC-CPS-OFDM designs (both QAM and OQAM) show 0.2 dB lower ACLR than the conventional OFDM and DFT-S-OFDM. This slight difference is due to the pulse-shaping filter roll-off that is introduced in SC-CPS-OFDM to improve on the PAPR. For the bands that are further away, there is no noticeable difference. These numbers are consistent with the PSD plots in Figure 3. 
 
Figure 2. Cumulative Complementary Distribution Functions (CCDF) of OFDM, DFT-S-OFDM and SC-CPS-OFDM waveforms with α = 1/3 roll-off.
Table 1: ACLR values (in dB) for different waveforms and the leakage received from adjacent bands.
	
Adjacent band #
	OFDM
	DFT-S-OFDM
	SC-CPS-OFDM
(QAM)
	SC-CPS-OFDM
(OQAM)

	1
	28.9
	28.9
	28.7
	28.7

	2
	58.8
	58.8
	58.8
	58.8

	3
	69.7
	69.7
	69.7
	69.7



Proposal: RAN1 should consider SC-CPS-FDMA because of its improved PAPR performance over SC-FDMA while still providing all the benefits of SC-FDMA.

	
	



Figure 3: Power Spectral Density (PSD) of DFT-S-OFDM and SC-CPS-QAM waveforms

4	Further benefits of SC-CPS-OFDM
a) Friendliness with MIMO
As discussed in section 3 SC-CPS-OFDM is amenable to MIMO channels in the same way as OFDM and DFT-S-OFDM. In a MIMO channel, multiple data vectors, like x (see Figure 1) of SC-CPS-OFDM, are transmitted through different antennas and their combinations are received at multiple antennas at the receiver. Similar to the case of OFDM, at the receiver, for each subcarrier we have a vector of the received signal that is equal to its counterpart at the receiver pre-multiplied by the channel gain matrix. The channel gain matrix is removed through a ZF or MMSE equalizer, as done for OFDM, and subsequent signal processing steps will follow. 
b) Flexibility for CFO Compensation
In addition to reducing the PAPR, pulse shaping of subcarriers further provides flexibility to handle CFO at the receiver. Figure 4 presents a scenario where two users communicate to a base station in the uplink of a network using SC-CPS-FDMA. Here, for convenience of presentation, for each user only the spectrum of a single subcarrier channel is presented. The grid lines show the locations of the spectral samples at the receiver after removing CP and applying FFT. The vertical arrows show the spectral sample magnitudes. While user 1 has some CFO (the spectral samples are not aligned with the centre of the subcarrier spectrum), user 2 has no CFO. Hence, data symbols of user 2 can be extracted after its demodulation to baseband and some trivial signal processing steps, e.g., see [4]. However, for user 1 an interpolation step should be applied among the present spectral samples to obtain the samples highlighted with the circles before data extraction. Alternatively, one may note that a shift in the frequency domain samples can be compensated for by demodulating the extracted data symbols with a complex sine wave whose frequency is equal to that of the respective CFO. We note that this processing method works for CPS waveforms because their spectrum is oversampled (there are many samples per subcarrier band), but does not work for OFDM, since in OFDM there is only one sample per subcarrier band.
Figure 5(a) illustrates the benefit of CFO compensation for SC-CPS waveforms in the two-user uplink FDMA user case. The user of interest does not suffer from CFO, but the other user does. So when looking at the output symbols of the user of interest there is interference coming from the asynchronous adjacent user. We note that there is more than 12 dB SIR improvement by using the SC-CPS waveform. This improvement is due to the filtering in the SC-CPS receiver, which rejects the interference coming from the adjacent symbol.  Figure 5(b) shows this benefit in terms of BER.

Observation: SC-CPS-OFDM is amicable to MIMO technologies and provides greater flexibility for CFO compensation.              


Figure 4: Two users signal spectra with possible CFOs (User 1 has some CFO and User 2 has no CFO).


Figure 5(a) CFO compensation effect for SC-CPS waveform relative to OFDM/DFT-S-OFDM in terms of SIR
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Figure 5(b) CFO compensation effect for SC-CPS waveform relative to OFDM/DFT-S-OFDM in terms of BER
5	Conclusion
In this contribution we made the following observations and proposals:
Proposal: DFT-S-OFDM should be considered as the baseline waveform for the uplink due its PAPR performance. 
Proposal: Filtering/windowing techniques must be added to the DFT-S-OFDM to improve its OOBE characteristics.
Observation: To meet the NR requirements such as improving battery life of the mMTC and D2D devices new functionalities must be added to improve the existing OFDM-based DFT-S-OFDM waveform.  
Observation: Circular Pulse Shaping provides significant gain of at least 1.2dB and at least 3.2dB over DFT-S-OFDM and OFDM respectively.
Proposal: RAN1 should consider SC-CPS-FDMA because of its improved PAPR performance over SC-FDMA while still providing all the benefits of SC-FDMA.
Observation: SC-CPS-OFDM is amicable to MIMO technologies and provides greater flexibility for CFO compensation.              
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Appendix A: Simulation Parameters and PSD plots
The following parameter values have been used in obtaining the above results, except where noted otherwise.
	Parameter
	Value

	FFT size
	1024

	No. of active subcarriers
	64

	WOLA roll-off
	0.08

	SC-CPS filter roll-off
	0.15

	Rapp PA model saturation level
	2.2

	Rapp PA model knee factor
	3.0

	Subcarrier spacing (Δf)
	15 KHz

	CP Length
	0.1*(OFDM Symbol)
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