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1. Introduction
An objective of the new radio (NR) study item [1] is to identify and develop technology components being able to use any spectrum band ranging at least up to 100 GHz. In particular [2] proposed that OFDM-based waveforms be used for all frequencies up to 100 GHz but that depending on the exact frequency bands, different variants of OFDM would be used.  For example below 6 GHz, universal filtered OFDMA was proposed [4] and from 6 GHz to 40 GHz cyclic-prefix (CP) OFDMA was proposed. The next generation systems above 40 GHz will have to cope with increased path loss, larger arrays, and less efficient RF components like power amplifiers (PAs).  Hence the systems above 40 GHz will likely be more noise limited [6][8] especially at cell edge which will drive the need to obtain more power from the PAs. As proposed in [2] and discussed in [9], CP single carrier (CP-SC) is preferred over OFDM for carrier frequencies above 40 GHz predominantly because of its low peak to average power ratio (PAPR) properties. However, it should be noted CP-SC can still be generated at the transmitter and processed at the receiver in the frequency domain just like any OFDM signal [10] (also see Section 2 below).  Also there are benefits of using a null prefix (or postfix) as described in [9] for a null cyclic prefix SC (NCP-SC) system.  In this contribution we provide simulation results for NCP-SC and other NR waveforms for above 40 GHz.  We also discuss NCP-SC numerology that facilitates frequency-domain transmitter implementation.
2 Frequency-Domain Transmitter and Numerology Example for NCP-SC Above 40 GHz
A NCP-SC transmission can easily be created in the frequency domain just like a DFT spread OFDM (DFT-S-OFDM) system as shown in Figure 1.  Before spreading with a NSC-point FFT, the ND data symbols have a null CP of length 
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 added to the data.  As described in [10], it is best to split the null CP into a postfix and prefix to improve spectral properties of the NCP-SC transmitted waveform.  Note that the receiver can still operate as if a null postfix was used by simply adjusting its timing and hence the receiver will still have the full delay spread protection offered by the null CP length.  A NSC-point FFT (note that 
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) is taken of the data and the split null prefix/postfix and the resulting frequency-domain symbols are mapped to K subcarriers as shown in the third block of Figure 1.  Then the frequency-domain symbols on these K subcarriers are multiplied by a frequency-domain pulse filter, which could be the square-root raised cosine filter which is given as (for 0(k(K-1):
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where  is the roll-off factor of the pulse waveform.  The resulting K symbols are mapped to occupied subcarriers and an N-point IFFT is taken to create the time-domain samples.  Note that there is a relationship between , NSC, and K which can be expressed as:
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The number of occupied subcarriers will be set by the system bandwidth and the subcarrier spacing, F.  For example if F=960 kHz (26*15 kHz) and the target bandwidth is 1000 MHz, then K could be chosen to be 1040 which gives an occupied bandwidth of KF=998.4 MHz.  Note that the frequency-domain filter in NCP-SC (for >0) rolls off at the band edges (unlike OFDM which uses a brick-wall frequency-domain filter) and hence the occupied bandwidth can be close to the target bandwidth since any other digital or analog filters can partially overlap with these roll-off regions.  Once K is chosen, NSC and  needs to be selected.  The roll-off factor, , is chosen to meet some PAPR criteria (the PAPR tends to improve as  increases [9] but spectral efficiency decreases as  increases) but  also affects the choice of NSC as shown with the equation above.  Since an NSC-point FFT needs to be taken at the transmitter (and an NSC-point IFFT at the receiver), NSC should be chosen to simplify implementation.  For example the NSC point FFT should ideally be implemented with mostly radix-2 FFTs and perhaps a minimal number of radix-3 FFTs if it helps provide a better target .  One example for the 1000 MHz bandwidth system with K=1040 is to choose NSC=768 (only a single radix-3 FFT) which gives a =17/48=0.3542 which is a good  for providing near-minimal PAPR for BPSK and QPSK modulations without excessively degrading spectral efficiency.  The IFFT size, N, is chosen similarly to NSC in that the number of radix-2 operations should be maximized but also considering the computational complexity and hardware burden (i.e., a too large of N will result in a higher sample rate at the transmitter which could impact the D/A).  So for the numerology example given here, a reasonable choice for N could be 1536 which contains only a single radix-3 IFFT.  Note that with this choice of N, a 2x over-sampled (relative to the symbol rate) NCP-SC transmitted waveform is created.
Finally it should be noted that this same transmitter structure can be used to generate zero-tail DFT-S-OFDM (ZT-DFT-S-OFDM) by setting =0 and NSC=K.
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Figure 1.
Frequency domain transmitter structure for NCP-SC.

3 Simulation Results
Simulation results are presented in this section comparing NCP-SC, ZT-DFT-S-OFDM, and CP-OFDM and the parameters are given in Tables I and II.   For all FER results, the SNR given is the SNR before beamforming gain (i.e., from a single transmit antenna to a single receive antenna) and without PA power boosting from the PAPR benefit.  Hence all FER results for NCP-SC and ZT-DFT-S-OFDM will include a gain from being able to drive the PA with a higher power due to the improved PAPR performance where CP-OFDM is the baseline (i.e., CP-OFDM has a 0 dB gain from PAPR).  Three channels are considered as given in Table III including the CP length used in the simulations for each of the channels.  
Table I. Simulation parameters for the different waveforms

	
	NCP-SC
	ZT-DFT-S-OFDM
	CP-OFDM

	Carrier frequency
	70 GHz
	70 GHz
	70 GHz

	Bandwidth
	1000 MHz
	1000 MHz
	1000 MHz

	N (IFFT/FFT size)
	1536
	1536
	1536

	Subcarrier spacing F
	960 kHz
	960 kHz
	960 kHz

	Sample time
	0.6782 ns
	0.6782 ns
	0.6782 ns

	# of occupied subcarriers, K
	1040
	960
	960

	Spreading size, NSC
	768
	960
	-

	Roll-off factor
	17/48=0.3542
	0
	-

	Equalization
	MMSE
	MMSE
	ML


Table II. Other simulation parameters
	Parameter
	Value

	Access point array
	(8,8,2,1,1)

	UE array
	(2,2,2,1,1)

	Access point and UE element antenna beamwidth
	65 degree 3 dB beamwidth

	Number of data streams
	1

	Beamforming
	Ideal direction of arrival/departure

	Channel estimation
	Ideal

	PA model
	Above 6 GHz model from [11]

	Phase noise model
	Parameter set B from [12]

	Modulation levels
	½ /2 BPSK, ½ /4 QPSK, ½ 16-QAM, ¾ 64-QAM

	Channel Coding
	LTE Turbo


Table III. Channels simulated

	
	RMS delay spread
	Azimuth angle spread of departure
	Azimuth angle spread of arrival
	CP length

	CDL-C (NLOS)
	50 ns
	15 degrees
	45 degrees
	100 ns

	CDL-C (NLOS)
	300 ns
	15 degrees
	45 degrees
	200 ns

	CDL-E (LOS)
	30 ns
	15 degrees
	45 degrees
	100 ns


Figure 2 shows a PAPR comparison of each waveform for various modulation types.  Note that for CP-OFDM, only a single curve is shown as the PAPR is not a function of modulation type.  For BPSK and QPSK modulations, /x (x=2 for BPSK and x=4 for QPSK) is employed to further reduce the PAPR (where by /x shifting it is meant that every-other symbol has its phase shifted by /x radians).  So measuring at the 99.9% PAPR point, NCP-SC has a 6.54 dB, 5.47 dB, 3.33 dB and a 2.86 dB gain over CP-OFDM for /2 BPSK, /4 QPSK, 16-QAM, and 64-QAM respectively.  ZT-DFT-S-OFDM has a 3.90 dB, 2.81 dB, 1.98 dB and a 1.80 dB gain over CP-OFDM for /2 BPSK, /4 QPSK, 16-QAM, and 64-QAM respectively.  Hence particularly for range-limited applications, NCP-SC has a significant advantage over CP-OFDM and also over ZT-DFT-S-OFDM.
Figure 3 shows the out of band emissions of the three waveforms before the PA (i.e., with only digital baseband processing) and with a PA.  For CP-OFDM a time-domain Hamming window of length 16 is applied to the beginning and end of each OFDM symbol to improve the spectral properties of CP-OFDM (i.e., to smooth the transition from one OFDM symbol to the next).  Note that for each waveform that the PA power is backed off so that the 99.9% PAPR point was at the 1.0 dB compression point.  It was found that by using this criteria that all waveforms had similar out of band characteristic in the first harmonics (i.e., the first 1000 MHz on either side of the in-band frequencies) with any modulation type.  This observation was true despite BPSK being able to drive the PA at a higher level than 64-QAM for both NCP-SC and ZT-DFT-S-OFDM.  Hence for these results, only 16-QAM results are shown and the other modulations had similar performance.  Note that quantization levels of the D/A converter were not considered and that effect will likely introduce a noise floor which will make the out of band emissions of all waveforms be similar beyond of the first harmonic.  However it is clear that the PA can be driven with a higher power for NCP-SC without impacting the out of band emissions.
Figure 4 shows the FER performance of the waveforms in the LOS CDL-E channel including the PA model and the improved power output for PAPR performance (as set by the 99.9% PAPR point as described above).  NCP-SC has a clear advantage due to the PAPR benefit and that in LOS channels there is little improvement in ML decoding of CP-OFDM.  Figure 5 shows the results in the CDL-C channels and here in the NLOS channel the ML decoding of CP-OFDM overcomes any PAPR benefit for rate ¾ 64-QAM modulation.  Note also that there is a FER floor for rate ¾ 64-QAM with the 300 ns RMS DS channel as the CP length is insufficient for this channel.
Finally in Figure 6 the effects of phase noise are considered.  For phase noise correction, the blind algorithm of [7] is used on the equalized symbol estimates (note that the algorithm is the same as [5] for BPSK).  Given the relatively high subcarrier spacing of 960 kHz, the effects of phase noise are not seen until rate ¾ 64-QAM.  However as seen, simple blind phase noise correction applied after equalization can easily fix the phase noise for all modulation types without the need of phase-noise reference symbols.
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Figure 2.
PAPR comparison of NCP-SC, ZT-DFT-S-OFDM, and CP-OFDM.
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Figure 3.
Out of band emissions without (left) and with (right) the PA model for above 6 GHz from R1-165006.  NCP-SC and ZT-DFT-S-OFDM were shown for 16-QAM but all modulations had the same out of band emissions (in each case the PA power was backed off so that the 99.9% PAPR point was at the 1.0 dB compression point).
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Figure 4.
FER results for the CDL-E (LOS) channel with the PA model for above 6 GHz from R1-165006.  The SNR shown is before beamforming gain and without increased PA power for NCP-SC and ZT-DFT-S-OFDM due to lower PAPR than OFDM.

[image: image10.emf]-30 -20 -10 0 10

10

-3

10

-2

10

-1

10

0

SNR (dB)

FER

 

 

OFDM 1/2 BPSK

OFDM 1/2 QPSK

OFDM 1/2 16QAM

OFDM 3/4 64QAM

ZT 1/2 BPSK

ZT 1/2 QPSK

ZT 1/2 16QAM

ZT 3/4 64QAM

NCP 1/2 BPSK

NCP 1/2 QPSK

NCP 1/2 16QAM

NCP 3/4 64QAM

[image: image11.emf]-25 -20 -15 -10 -5 0 5 10 15

10

-3

10

-2

10

-1

10

0

SNR (dB)

FER

 

 


Figure 5.
FER results for the CDL-C (NLOS) channel with the PA model for above 6 GHz from R1-165006.  The left plot is with a RMS DS of 50 ns and the right plot is with a RMS DS of 300 ns.  The SNR shown is before beamforming gain and without increased PA power for NCP-SC and ZT-DFT-S-OFDM due to lower PAPR than OFDM.
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Figure 6.
FER results for the CDL-C (NLOS) channel with a 50 ns RMS DS and with phase noise (parameter set B from R1-163984).  The left plot is without phase noise correction and the right plot is with blind phase noise correction.  The SNR shown is before beamforming gain and without increased PA power for NCP-SC and ZT-DFT-S-OFDM due to lower PAPR than OFDM.

4 Conclusion
This contribution presented numerology and simulation results for NCP-SC for frequencies above 40 GHz.  In particular the observations are:

1.
NCP-SC provides a significant PAPR advantage over CP-OFDM especially for /2 BPSK and /4 QPSK without degrading the out of band emissions.
2.
The PAPR advantage of NCP-SC provides significant link-level gains in LOS channels and for BPSK and QPSK modulations in NLOS channels.  This advantage will enable significant range extension for the NR system operating above 40 GHz.
3.
Phase noise can be corrected using blind techniques without the need of phase noise reference symbols.

4.
Care must be taken when choosing a subcarrier spacing, spreading FFT size, number of occupied subcarriers, and roll-off factor for NCP-SC in order to enable efficient implementation.
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