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Introduction
In the past meetings, decisions have been made concerning the NR waveform up to 40GHz, at least for eMBB. Some open issues concerning waveform discussions still remain, regarding special use cases and regarding the case of very high frequency bands above 40GHz.
Concerning special use cases, in RAN1#86, it was decided that [1]: 
· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC)

Concerning frequency bands above 40MHz, in RAN1#86, it was decided [1] that
· When considering DL and UL waveforms for spectrum band above 40GHz, RAN1 should at least consider the impact of
· Low PA efficiency
· Phase Noise and Doppler impairments

Although in the latest RAN#73 plenary it was decided to postpone discussions on waveform choice above 40GHz, having in mind potential candidates for mmWave above 40GHz is helpful at least for forward compatibility and numerology decisions. In RAN1#86b it was also decided that [2]: 
· RAN1 has not so far identified any forward compatibility issues for the potential introduction of new waveforms including zero-length CP in the future.

In this contribution, we show link level evaluation results for UW-DFT-s-OFDM [3] in the 70GHz band. We also address some numerology aspects enabling zero-length CP waveforms such as UW-DFT-s-OFDM. 

Zero-length CP UW-DFT-s-OFDM
Zero-length CP DFT-s-OFDM family
With a small modification to the well-known DFT-s-OFDM, zero-length CP DFT-s-OFDM can be generated by adding a static sequence (sometimes called unique word) to the input of the DFT operation, as in Figure 1, and removing the CP insertion module. This very general transmitter diagram can be used to generate a family of zero-length CP waveforms [4]. Depending on the content and position of the static sequence at the DFT input, the resulting waveform can be found in the literature under different names and variants, such as UW DFTsOFDM, Static Sequence DFTsOFDM, guard interval DFTsOFDM (when the guard is inserted before DFT pre-processing), zero tail (ZT) and/or zero head and tail (ZHT) DFTsOFDM (when the static sequence is composed of only zeros). The static sequence replaces the CP, acting as guard interval between the data parts of consecutive DFT-s-OFDM symbols.
Zero-length CP waveforms result in a shorter OFDM symbol duration with respect to CP-based waveforms (OFDM symbol length is considered CP duration included), as it can be seen in Figure 2. The duration of a zero-length CP OFDM symbol is independent of the size of the static sequence at the DFT input offering protection against ISI instead of the CP. As it will be further explained in section 3, this is particularly interesting from the point of view of symbol boundary alignment with different subcarrier spacings and/or different static sequence lengths.
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[bookmark: _Ref450822090]Figure 1 - Transmitter diagram for zero-length CP DFT-s-OFDM
[image: ]
[bookmark: _Ref465169646]Figure 2 – Zero-length CP DFT-s-OFDM symbol duration compared to CP-based DFT-s-OFDM

For generality we denote this zero-length CP waveform by UW DFTsOFDM. In this contribution, the UW is represented by a static Zadoff Chu sequence and is split in equal parts between the head and the tail of the symbol. Pre-DFT insertion of UW with UW split between head and tail ensures smooth time transitions between DFTsOFDM symbols, as shown in Figure 3. With the implementation in Figure 1, UW DFTsOFDM offers in-built OoB suppression features. 
[image: ]
[bookmark: _Ref465179602]Figure 3 – Phase discontinuity suppression by pre-DFT insertion of a static sequence
Properties of UW DFT-s-OFDM
[bookmark: _GoBack]OoB suppression is due to the UW split between the head and the tail at the DFT input and is not necessarily related to the exact content of the UW. But UW based on a Zadoff-Chu sequence can further be used as support for channel estimation [5], [6], phase noise tracking [7], per-used adaptation of the cyclic extension (guard) overhead [8], or synchronization, as further explained in the following.
UW DFT-s-OFDM is a variant of SC-FDMA conserving all of its advantages, such as the low PAPR important for mm wave waveforms. There is no extra filtering, windowing or other processing needed, so there is no extra complexity involved at the transmitter or receiver side with respect to the classical SC-FDMA (DFTsOFDM) transmitter/receiver. 
In Figure 4, the CCDF of PAPR, considered per sample (instantaneous normalized signal power) is presented for QPSK, 16QAM and 64QAM. Results show that UW-DFT-s-OFDM and DFTsOFDM have the same PAPR performance, which is an intuitive result since the only difference between the two waveforms is that part of the QAM constellation symbols with unitary average power are replaced by unitary power symbols from a Zadoff-Chu sequence. Lower PAPR can of course be obtained with e.g. rotated QAM constellations, just as in classical DFT-s-OFDM.
Observation 1: UW-DFT-s-OFDM and DFTsOFDM have the same PAPR performance and the same implementation complexity.
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[bookmark: _Ref450822162]Figure 4 – CCDF of per-sample PAPR (instantaneous normalized power) for UW-DFT-s-OFDM and DFTsOFDM 

We have already shown in previous contributions that the insertion of the unique word prior to the DFT operation leads to suppression of out-of-band emission, and offers important performance gain especially in the case of asynchronous adjacent band access (simulation assumptions case 3) [9] or mixed numerology (simulation assumptions case 4). OoB suppression is achieved without any added complexity or EVM degradation as it is the case for filtered DFT-s-OFDM, and without any added complexity or reduced ISI protection as it is the case for windowed DFT-s-OFDM.
An example of ACLR and EVM values with 16QAM full spectral allocation after a polynomial amplifier with IBO=-8dB is given here-below


	
	ACLR
	EVM

	DFT-s-OFDM
	33.5dB
	7.15%

	UW DFT-s-OFDM
	33.89dB
	7.15%

	Filtered DFT-s-OFDM
	33.9dB
	9.89%



Observation 2: UW-DFT-s-OFDM achieves OoB reduction without any added complexity or reduced performance in terms of EVM. 
Besides lowering the out of band emissions, judicious choice of UW sequence also offers some other interesting features, such as support for channel tracking at very high mobility, support for phase noise tracking and compensation at very high carrier frequencies, support for flexible per user adaptation of the guard interval, channel estimation improvements (allowing thus to decrease the DM-RS density), etc...
For example, in some particular use cases such as very high mobility, frequent insertion of UW every DFTsOFDM symbol offers support for time-domain channel tracking, as it has been proven for the high speed train scenario with relay in our companion contribution [5].
Observation 3: UW-DFT-s-OFDM offers support for performance enhancements, e.g. time domain channel tracking at high mobility and/or phase noise tracking.
As explained in [10], in mmWave bands the delay spread of the channel is significantly reduced due to narrow beamforming. UW-DFT-s-OFDM offers an easy way for implementing flexible length guard intervals between the data parts of successive OFDM symbols, by modulating the length of the UW sequence at the input of the DFT. Guard length can be adapted per user, without any change in the frame structure [10]. Guard length does not impact the symbol length, guard included, which offers more flexibility than CP-based waveforms.
Observation 4: UW-DFT-s-OFDM offers an easy way of implementing variable length guard intervals between the data parts of successive OFDM symbols, without any change in the frame structure.





Some considerations on numerology and frame structure for zero-length CP waveforms
For a given subcarrier spacing 2k∙15kHz used for the transmission, 15 zero-length CP DFTsOFDM symbols fit within a time duration of 1/2k ms regardless of the length of the UW, as it can be seen in Figure 5. Symbol level alignment can be achieved across different subcarrier spacings. With 15 symbols per slot, slot duration is constant (1/2k ms). Alignment with any other numerologies with irregular slot duration (e.g.CP/ECP-based) is achieved every 1ms.

[image: ]
[bookmark: _Ref465874726]Figure 5 – Symbol level alignment with zero-length CP DFTsOFDM

Observation 5: For zero-length CP waveforms, symbol boundary alignment is achieved inside the zero-length CP family irrespective of the considered UW overhead and chosen SCS. 




Evaluation results
We assessed the performance of UW DFT-s-OFDM against the performance reference CP DFTsOFDM by means of link level evaluations complying with the current NR evaluation assumptions requirements. 
In the following, the UW was chosen to be a Zadoff-Chu static sequence with time duration similar or shorter than the equivalent normal CP duration. 

	Assumptions , 
	Value 

	Carrier frequency 
	70 GHz

	Slot length 
	31.25 µs :
· 14 OFDM symbols (TOFDM = 2.23µs, CP included) with normal CP (0.145µs) for DFTSOFDM, 
· 15 OFDM symbols for UW DFTsOFDM (TOFDM = 2.08µs)

	Simulation case 
	Case 1b 

	System bandwidth 
	640 MHz 

	Data bandwidth 
	DL: 90% of system bandwidth (100PRBs, 1200 subcarriers)
UL: 4PRBs (48 subcarriers) and 90% of system bandwidth (100PRBs, 1200 subcarriers)

	Numerology 
	Subcarrier spacing ∆f=480kHz, NIFFT=2048, Fs=983.04MHz

	UE antenna model 
	(M,N,P,Mg,Ng) = (2, 2, 2, 1, 1) 

	TRP antenna model 
	(M,N,P,Mg,Ng) = (8, 16, 2, 1, 1) 

	Phase noise model 
	According to models described in [11]

	Channel coding 
	LTE Turbo code 

	HPA 
	Rapp model for DL, polynomial model for UL [12]

	MCS 
	16QAM: 1/2 and 64QAM: 1/2  

	Channel estimation 
	Ideal 

	Channel model 
	CDL-A  in TR 38.900 with 50 ns or 300 ns DS, with 15 degrees AoD spread for TRP, 45 degrees AoA for UE, analog beamforming with DFT vector in the direction of the dominant paths
3km/h



Unless stated otherwise, simple common phase estimation and compensation is performed to combat the phase noise effects, without symbol-level phase tracking. Symbol level phase tracking based on the UW sequence is performed when indicated.


Case 1b – Single numerology, UL
Comparative performance of UW-DFT-s-OFDM and DFTSOFDM in the uplink (Case 1b) are depicted in Figure 6 through Figure 9 for CDL-A channels with DS=50ns, for 4RB and 100RB allocation with 16QAM ½ and 64QAM 1/2. For the polynomial HPA in the UL, we used a common phase compensation of 73.98 degrees. Target output power is set to 22dBm and an IBO of 8dB is selected for both waveforms, which is proven to be sufficient to meet EVM, ACLR and mask requirements. 
Chosen CP/UW can cope with effective delay spreads after beamforming and both waveforms display similar performance with both 50ns DS CDL-A channels. Performance with longer delays spreads of 300ns were previously shown in [6]. ISI can be efficiently eliminated by the presence of the UW. 
Observation 6: ISI can be efficiently eliminated by the presence of the UW. 
Observation 7: When the UW sequence is not exploited, UW DFTsOFDM has similar performance to DFTSOFDM. Performance of UW DFTsOFDM can further be improved by exploiting the UW sequence.
In Figure 8 it is shown that phase noise tracking based on the UW sequence can be used for improving the performance. With simple linear regression tracking based on the UW inserted in every UW DFTsOFDM symbol, performance gain of 1.2dB is obtained for 16QAM ½ at target FER=10-1.
Observation 8: UW sequence offers support for phase noise tracking. 1.2dB of gain is obtained for 16QAM ½ with simple tracking methods.
The initial results in this contribution assumed, as described earlier, that the HPA is operated at the same IBO for both waveforms. Moreover, the simulation assumptions set the maximum occupied band to 90% of the system bandwidth irrespective of the used waveform. Nevertheless, as proven in [3] and [9], UW DFTsOFDM has inherently lower out of band emission than DFTsOFDM. It is thus possible to have a larger occupied bandwidth (more than 90%) and still meet the target ACLR and spectrum mask due to better OOB performance. Also, since OOB performance is different, UW DFTsOFDM may be used with an HPA operated closer to saturation in order to meet the same ACLR requirements as for example DFTsOFDM. How to compare waveforms at different IBO operating points should be clarified in the simulation assumptions. Better OOB performance of UW DFTsOFDM is not taken into account in the above presented results.
In the initial results in this contribution, the two waveforms were thus compared in a scenario unfavorable to UW DFTsOFDM where UW sequence length is set equivalent to CP duration. 
For example, results in Figure 10 show that UW can be used to improve the spectral efficiency. UW size can be adapted to the actual delay spread on a per user basis, and without any change in the frame structure, unlike CP for CP-based waveforms. Figure 10 shows the UW DFTsOFDM spectral efficiency variations when the UW size (expressed in samples at the DFT input) varies, and phase noise is tracked every UW DFTsOFDM symbol based on the UW sequence. Simulation results are shown for 16QAM1/2 on a CDL-A with 50ns DS and 100RBs allocated. UW size at the DFT input in samples and IFDT output (in ns) is given here-below. With numerology choices in this contribution, the NCP length for CP-based waveforms is 140ns, and the equivalent UW size is 80 samples/138.88ns. 

	UW size (samples at DFT input)
	80
	60
	40
	20
	10
	4

	UW size (ns at IDFT output)
	138.88
	104.16
	69.44
	34.72
	17.36
	6.94
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[bookmark: _Ref457781718]Figure 6 – CDL-A 50ns, 4RB, FER
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Figure 7 - CDL-A 50ns, 4RB, spectral efficiency, 
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[bookmark: _Ref466049108]Figure 8 – CDL-A 50ns, 100RB, 16QAM ½ FER
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[bookmark: _Ref463039891]Figure 9 - CDL-A 50ns, 100RB, spec. eff. 16QAM ½ 

	[bookmark: _Ref463014669][image: ]
[bookmark: _Ref463026601] Figure 10 – CDL-A 50ns, 100RB, spectral efficiency for different UW sizes with PN tracking on UW
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[bookmark: _Ref463026572]Figure 11 – Spectrum for UW DFTsOFDM with different UW sizes 


Since UW with shorter duration than the NCP length can, in this case, cope with the channel delay spread UW can bring spectral efficiency gain by per-user adaptation of the UW size to the channel conditions.
Observation 9: UW can bring spectral efficiency gain by per-user adaptation of the UW size to the channel conditions.

Since OoB suppression effectiveness is dependent on the UW sequence length, in Figure 11 we confirm that UW lengths proposed in Figure 10 can meet the spectral mask, EVM and ACLR requirements. Spectrum of UW DFTsOFDM with 80 and 4 UW samples at the DFT input are presented for 16QAM ½. Results in the following table prove that EVM and ACLR requirements are met.
	
	ACLR
	EVM

	80 samples UW
	34.55dB
	7%

	4 samples UW
	33.89dB
	7.15%




Conclusion
UW DFTsOFDM has the same performance as CP DFTSOFDM if the UW is not used to improve performance. UW offers support for performance improvement by enabling optimum per user choice of the guard interval duration and/or support for phase noise tracking in environments subject to important phase noise 
Observation 1: UW-DFT-s-OFDM and DFTsOFDM have the same PAPR performance and the same implementation complexity.
Observation 2: UW-DFT-s-OFDM achieves OoB reduction without any added complexity or reduced performance in terms of EVM. 
Observation 3: UW-DFT-s-OFDM offers support for performance enhancements, e.g. time domain channel tracking at high mobility and/or phase noise tracking.
Observation 4: UW-DFT-s-OFDM offers an easy way of implementing variable length guard intervals between the data parts of successive OFDM symbols, without any change in the frame structure. 
Observation 5: For zero-length CP waveforms, symbol boundary alignment is achieved inside the zero-length CP family irrespective of the considered UW overhead and chosen SCS. 
Observation 6: ISI can be efficiently eliminated by the presence of the UW. 
Observation 7: When the UW sequence is not exploited, UW DFTsOFDM has similar performance to DFTSOFDM. Performance of UW DFTsOFDM can further be improved by exploiting the UW sequence.
Observation 8: UW sequence offers support for phase noise tracking. 1.2dB of gain is obtained for 16QAM ½ with simple tracking methods.
Observation 9: UW can bring spectral efficiency gain by per-user adaptation of the UW size to the channel conditions.
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