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1 Introduction

This contribution presents the transmitter structure, preliminary performance results and discusses main advantages of Single Carrier Circularly Pulse Shaped (SC-CPS) waveforms initially presented in [1].  
· Section 2 describes the waveform’s transmitter structure, including filtering and windowing operations.  
· Sections 3-5 present preliminary performance results for cases agreed to in previous Way Forward documents (see references cited below in the respective sections).  
· Section 6 presents a PAPR comparison between SC-CPS waveform and the LTE baseline waveforms (CP-OFDM for the DL and DFT-S-OFDM for the UL). 
· Section 7 presents some modifications with respect to the baseline LTE uplink waveform, namely DFT-S-OFDM.  
· Section 8 presents some conclusions, observations and some areas for further work.
Note: Since the SC-CPS waveform is being proposed for the NR uplink, only uplink performance results have been considered in this contribution.


2 SC-CPS Waveform Transmitter Structure

As discussed in [1], pulse shaping can further improve the PAPR of the DFT-S-OFDM waveform.  As described in [2] 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 carrying 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 (Left) for QAM, 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 K=N/L times. Similar steps are taken for O-QAM case, where 2L-point FFT and K/2 repetition are applied before the N-point IFFT. For brevity we’ve not shown the O-QAM transmitter. 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 [7]. Such designs can result in 2 to 3 dB improvement in PAPR when compared to the traditional DFT-S-OFDM. For the design proposed in [7], 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 approximately a 2 dB PAPR improvement. The windowing operations for transmitter and receiver are depicted in Figure 1 (Right).  We also note that by replacing the QAM symbols by offset QAM (O-QAM) symbols, additional 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 multiplexed version is referred to as SC-CPS-FDMA.
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Figure 1 SC-CPS-QAM Waveform Transmitter Block Diagram (Left) and the windowing operation (Right) for (a) Transmitter and (b) Receiver


3 Case 1b Performance (Single UL UE at edge of band – no interference)

Performance results in this and the following sections follow the Way Forward agreement for NR Waveform evaluation in [3].  For this case a single UL UE is placed at the edge of the band with no interferers as depicted on slide 6 of [3].  The simulation parameters for this case are listed on slide 13 of [3].  In addition to this, see the Appendix for simulation parameters used to obtain the results in this contribution
Figures 2 (Left) show the BLER performance for this case with PA (Note: without PA results are submitted as well as part of the waveform evaluation RAN1 spreadsheet - see [5]), where the polynomial PA model proposed in [4] and agreed to by RAN1 has been used.  For most results we have used a PA output average power of 22 dBm as suggested initially by Huawei in an e-mail discussion of waveform description [5], but we have also generated some results (discussed later) with higher average power to explore further the effects of PA non-linearity, especially on PSD spectral regrowth (see Conclusions section in addition to the results in this and the following sections).  The BLER performance of SC-CPS waveforms matches very closely that of the DFT-S-OFDM waveform and that given the PA operating point (linear region), PA effects are hardly noticeable.
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Figure 2 BLER performance for Case 1b with PA @ 22 dBm output (Left) 
and PA @ 26 dBm output (Right)
In Figure 2 (Right) we explore driving the PA towards saturation by increasing the average output power by 4 dB (26 dBm).  Again the performance of SC-CPS waveforms matches that of DFT-S-OFDM in the low and mid-SNR regions, but SC-CPS waveforms show a BLER advantage at high SNR.  We can also see that both DFT-S-OFDM and SC-CPS waveforms outperform CP-OFDM (the DL baseline waveform).
Figures 3 shows the Spectral Efficiency performance with PA, where we see a similar effect as we saw with BLER, where the performance of SC-CPS waveforms matches that of DFT-S-OFDM when the PA operating point is in the linear region.
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Figure 3  Spectral Efficiency for Case 1b with PA @ 22 dBm output
Figures 4 (Left) and (Right) show the PSD without and with PA, respectively, where a mild non-linearity effect is shown in the results with PA.  To explore the non-linearity effect further, we have increased the PA output power by 3 dB (25 dBm output) and have changed modulation to QPSK from 64-QAM with the results of Figure 5.  Here we begin to see that SC-CPS waveform offers a significant advantage over both DFT-S-OFDM and CP-OFDM, although a more systematic study would be required to validate and quantify this advantage.
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Figure 4 Power Spectral Density for Case 1b without PA (Left) 
and with PA @ 22 dBM output (Right)
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Figure 5  Power Spectral Density for Case 1b with PA (25 dBm output)
QPSK, Pulse Shape roll-off = 0.20


4 Case 3 Performance (Target UE with adjacent interferers using same numerology – asynchronous transmission)
Performance results in this section follow the Way Forward agreement for NR Waveform evaluation in [3].  For this case an UL UE is placed somewhere in the middle of the band with two adjacent interferers using the same numerology and transmitting asynchronously as depicted on slide 8 of [3].  The simulation parameters for this case are listed on slide 2 of [6].  

Figures 6 (Left) show the BLER performance for this case with PA.  Here we observe that the interference situation is so severe that the target BER = 10% cannot be met at any SNR within the simulated range under asynchronous transmission.  We also observe that the baseline waveform (DFT-S-OFDM, which can be thought of having a rectangular pulse shape with filter roll-off equal to zero) offers a slight advantage over SC-CPS waveforms despite the tight pulse shaping filter roll-off of 0.1 (see Appendix).  We also observe that due to the linear region PA operating point, the BLER results with (not shown) and without PA are very similar.
Figure 6 (Right) show the Spectral Efficiency performance for this case with PA, where we notice a similar effect as we did for BLER in the previous figure. For comparison, we’ve notice that CP-OFDM offers a slight improvement in spectral efficiency under these severe interference conditions and that DFT-S-OFDM offers a slight advantage over SC-CPS waveforms as a result of the combined effect of severe interference and mild non-linearity under asynchronous transmission.
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Figure 6  BLER (Left) performance and Spectral Efficiency (Right) for Case 3 with PA @ 22 dBm output (Right)



5 Case 4 Performance (Target UE with adjacent interferers using different numerologies – asynchronous transmission)
Performance results in this section follow the Way Forward agreement for NR Waveform evaluation in [3].  For this case an UL UE is placed somewhere in the middle of the band with two adjacent interferers using different numerologies and transmitting synchronously as depicted on slide 9 of [3].  The simulation parameters for this case are listed on slide 2 of [6].

Figures 7 (Left) show the BLER performance for this case with PA.  As in Case 3 above, due to the severity of interference we note that none of the waveforms can meet the BLER = 10% target at any simulated SNR under synchronous transmission.  Nevertheless, we notice that SC-CPS-OQAM offers a slight advantage over the DFT-S-OFDM baseline waveform and SC-CPS-QAM.  As previously, we note that the mild non-linearity shows negligible effect on spectral efficiency.
Figures 7 (Right) show the Spectral Efficiency performance for this case with PA.  The interesting finding from these curves is that SC-CPS-QAM (the worst BLER performance from the previous figure) has the best spectral efficiency performance and that SC-CPS-OQAM (the best BLER performance) has the worst spectral efficiency performance.  This may be explained as a result of the severe interference situation under synchronous transmission.
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Figure 7 BLER performance (Left) and Spectral Efficiency (Right) for Case 4 with PA @ 22 dBm output


6 PAPR Performance 

As indicated at the outset, pulse shaping offers the potential to reduce PAPR at the cost of excess bandwidth and potentially reduced BLER performance and spectral efficiency in the presence of interference and PA non-linearity.  Figures 8 show the PAPR performance of SC-CPS waveforms and the LTE baseline waveforms for a pulse shape roll-off equal to 0.2[footnoteRef:1], which is summarized in Table 1 below for CCDF = 1%. For QPSK, we see that SC-CPS waveform offer a PAPR gain of one dB or greater relative to DFT-S-OFDM, with the gain decreasing as the modulation size increases.   Greater PAPR gains are possible if the filter roll-off is increased at the expense of greater excess bandwidth and reduced BLER performance and spectral efficiency.  Additionally, greater PAPR gain may be obtained by optimizing the pulse shape beyond that of a raised cosine pulse. This may be an area for further study. [1:  This value is chosen to illustrate PAPR gains that are possible without severely compromising performance in the presence of interference.] 


Table 1  SC-CPS, OFDM and DFT-S-OFDM Waveform PAPR values for QPSK and 64-QAM
	Waveform
	PAPR (dB) at CCDF=1e-2
QPSK
	PAPR (64-QAM) at CCDF=1e-2
64-QAM

	OFDM
	6.65
	6.65

	DFT-S-OFDM
	4.6
	5.3

	SC-CPS-QAM
	3.6
	4.9

	SC-CPS-OQAM
	3.35
	4.85
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Figure 8  PAPR performance for SC-CPS and LTE baseline waveforms (Left: QPSK and Right: 64-QAM)
Pulse shaping roll-off = 0.2


7 SC-CPS waveforms transmitter modifications to DFT-S-OFDM transmitter

In DFT-s-OFDM, the data symbols are precoded by the DFT matrix of size, where  is the number of active subcarriers. The output of DFT precoder is passed to the IFFT modulator block. In SC-CPS the following modification is made. The output of the DFT precoder is cyclically repeated and multiplied by window function of length  . This is a relatively simple modification.





8 Conclusions

We have presented the transmitter structure for SC-CPS waveforms and some preliminary performance results for the evaluation cases agreed to in the Waveform Way Forward agreements [3], [6].  We have shown that only slight modifications are required to generate SC-CPS waveforms relative to the DFT-S-OFDM waveform.  We have also shown that the performance of SC-CPS waveforms is similar to that of the baseline waveform, but with lower PAPR.  Based on the above results, we can make the following observations and proposals:
Observation 1:  SC-CPS waveforms offer a PAPR advantage over the UL baseline waveform DFT-S-OFDM.
Observation 2: The performance of SC-CPS waveforms follows closely that of the baseline waveform, except in cases of severe interference where one pays a penalty due to the excess bandwidth.
Observation 3: Cases 3 and 4 depict such severe interference that the target BLER = 10% cannot be met by waveforms at practical SNR values.  This raises a question about the appropriateness of these cases for judging waveform performance.
Observation 4: When the PA operating point is in the linear region, the PA has little effect on performance.  Especially for the UL, it is more important to evaluate performance as the PA is driven towards saturation.
Observation 5: SC-CPS waveforms may offer significant OOBE advantage due to lower spectral regrowth from PA non-linearity (e.g., Figure 5).  This advantage may be quantified as the evaluation PA operating points are better defined.

Proposal 1: Study ways to further increase the PAPR advantage of SC-CPS waveforms.
Proposal 2: Modify evaluation scenarios so that meaningful performance results can be achieved and waveforms can be practically evaluated.
Proposal 3: For the UL explore waveform performance as PA is driven towards saturation. Discuss proposed operating points so that waveforms can be evaluated fairly.
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[bookmark: _GoBack]Appendix: Simulation Parameters

The parameters listed below were used to generate the simulation results presented in this document, unless otherwise specified.

TX window edge length: 52 (roll-off = 0.0474)
RX window edge length: 10 (roll-off = 0.0098)
Raised cosine window for TX and RX
Pulse shaping roll-off: 0.1
Square root raised cosine pulse shape

Spectrum efficiency formula:
Spectral efficiency = TBS * (1-BLER) / (T*BW)
TBS (transport block size in bits): 2016 bits
T (time duration of 1 subframe): 1ms

BW (case 1b): [720 + 146*2*4/50] KHz
BW (case 3):   [720 + 60] KHz
BW (case 4):   [720 + 60] KHz

The output power for the polynomial PA model: 22 dBm
The common phase compensation for the polynomial PA model: 76.3 degrees

Number of turbo decoding iterations: 8
Turbo decoding algorithm: max-log-MAP algorithm
QAM constellation size: 64
FEC coding rate: 1/2
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