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1. Introduction
[bookmark: _GoBack]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.  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) than systems at lower frequencies.  Hence the systems above 40 GHz will likely be more noise limited [2][3],[4] especially at cell edge which will drive the need to obtain more power from the PAs.  Several contributions have proposed low PAPR waveforms for NR above 40 GHz.  Upon first inspection, these contributions have each presented a unique transmitter signal processing block diagram to achieve the low PAPR goals [3]-[9].  However, given the equivalency of frequency domain and time domain processing techniques, a common frequency domain signal processing block diagram may be used to generate all proposed waveforms.  Furthermore, when presented in the frequency domain, the common aspects of all designs may be highlighted while the differences can also be more clearly identified.  The differences between proposals primarily relate to further filtering for spectral containment and the addition of reference symbols to correct for phase noise.
2 Summary of existing proposal signal processing block diagrams
This section will review the signal processing block diagrams presented in [6] [7] [8] and [9].  Figure 1 shows the transmitter signal processing block diagram for Guard Interval (GI) DFT-S-OFDM as described in [6].  GI-DFT-S-OFDM presents the data with zeros appended to an M-point DFT followed by subcarrier mapping stage and then an N-point IFFT where M is less than N.   M represents the number of subcarriers allocated to a particular UE.  A GI sequence is added in the time domain and may be scaled to match the desired cyclic redundancy at the expense of allocated data such that the “Zeros” are proportional to the GI length.  Note that the GI sequence vector xi is concatenation of zeros sequence followed GI sequence.  
[image: ]    
[bookmark: _Ref462596726]Figure 1.	Guard Interval (GI) DFT-S-OFDM transmitter
Figure 2 shows the transmitter signal processing block diagram for Unique Word (UW) DFT-S-OFDM as described in [8] and [9].  UW-DFT-S-OFDM is a variant of SC-FDMA where a static sequence or “Unique Word” is inserted prior to the DFT operation.  However, an equivalent version of UW DFT-S-OFDM can be written with a summation in the time domain as shown 
Figure 3 where the UW is separately generated in frequency domain based on the superposition property of linear systems. In general, a time domain representation of the UW can be resampled to match the output sampling rate after the IDFT and represented as UW(t’): An oversampled version of the unique word will appear at the output of IDFT due to larger number of IDFT points compared to the DFT points An alternate block diagram of UW-DFT-S-OFDM is shown in Figure 4 that is similar to GI-DFT-S-OFDM implementation.
    


[bookmark: _Ref462597500]Figure 2.	 Unique Word (UW) DFT-S-OFDM transmitter
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[bookmark: _Ref462598528]
Figure 3.	 UW-DFT-S-OFDM equivalent transmitter signal processing diagram 
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[bookmark: _Ref462599112]Figure 4.	 Alternate UW-DFT-S-OFDM similar to GI-DFT-S-OFDM 


Figure 5 shows the transmitter signal processing block diagram for Null Cyclic Prefix Single Carrier (NCP-SC) as described in [7].  A frequency domain implementation of NCP-SC will append a null cyclic prefix to the data prior to a NSC point FFT.   The subcarrier mapping to the final N-point IFFT is done prior to Root Raised Cosine Filtering.  Unlike GI-DFT-S-OFDM, no reference symbols are added in the time domain and the null cyclic prefix is retained to allow for analog beam switching between blocks.
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[bookmark: _Ref462660694]
Figure 5.	 Null Cyclic Prefix Single Carrier 
Observation 1: Several proposals for low PAPR waveform are based on DFT-s-OFDM with zero prefix and/or zero postfix , and alternatively zero-prefix/postfix are replaced by UW (unique word) or GI sequences. 
Observation 2: On top of the DFT-s-OFDM waveform, additional filtering and windowing may be used for further spectral containment. 
Observation 3: Time domain reference signal such as UW and GI are considered as a reference signal for channel estimation, synchronization and phase noise compensation purpose. 

3 Cyclic extension placement: prefix, postfix or split 
Of the three proposals presented in Section 2, each selected a different method for inserting the cyclic extenation.  GI-DFT-S-OFDM inserted the cyclic extension as postfix to the data, NCP-SC and UW DFT-s-OFDM splits the cyclic extension inserting half as a prefix and postfix.  The split of null or UW prefix and postfix is intended to eliminate a time domain discontinuity transitioning from the data to the null period.  Figure 6 shows the time domain discontinuity resulting when a null cyclic prefix is added to the data sequence.  The data at the beginning of the FFT is reflected back in the time domain after the oversampled IFFT resulting abrupt change at the symbol block boundry.  Note that this discontinuity would exist for a Guard Interval prefix also.  One way to avoid this time-domain discontinuity is split the cyclic extension simultaneously then prepend and postpend half the sequence.  The combination of two adjacent symbol blocks will combine to provide the full cyclic prefix benefit with no discontinuity between symbol blocks.  Figure 7 shows the time domain sequence in the case with a split prefix and postfix.  One can notice that the residual data has decayed to zero in the oversampled IFFT output at the block edge resulting in no discontinuity.
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[bookmark: _Ref462663462] Figure 6.	 Time-domain discontinuity resulting from a postfix null cyclic prefix
[image: ]
[bookmark: _Ref462667586] Figure 7.	 No time-domain discontinuity when split null cyclic prefix is employed
Observation 4: Split zero-postfix into zero-prefix and zero-postfix benefit to avoid time-domain discotinuity between symbol blocks.   
It should be noted that as indicated in[10], insertion of postfix UW and prefix UW prior to DFT also avoids time domain discountinuity.
Observation 5: Split UW into postfix UW and prefix UW to avoid time-domain discotinuity between symbol blocks
4 Proposed transmitter signal processing block diagram
Figure 8 shows a proposed transmitter signal processing block diagram that encompasses the referenced proposals of Zero Head-Tail DFT-s-OFDM (ZHT-DFT-s-OFDM).  Data is presented to an M-point DFT after a null cyclic extension is inserted as pre-fix and post-fix avoiding the time domain discontinuity.  The M-point DFT is followed by a subcarrer mapping that can both support a single allocaion spanning the entire channel or that may be frequency multiplexed.   The precise details of the subcarrier mapping would be FFS.  The subcarrier mapping may be followed by an optional frequency domain filtering for spectral containment and reduced PAPR.  Finally, an N-point IFFT will map the signal back into the time domain for transmission.   An optional UW or GI  may replace zero head and/or tail as a reference for channel estimation, phase noise compensation, time and frequency synchronization 
  
[image: ]
[bookmark: _Ref462665582]Figure 8.	Proposed transmitter signal processing block diagram
Proposal 1: Adopt ZHT-DFT-s-OFDM-based waveform as a baseline waveform above 40GHz for DL and UL.
Though the opportunity of frequency multiplexing is limited for RF beamforming, it could be considered for coverage extension with narrow band allocation in uplink. 
Figure 9 shows how the proposed transmitter block diagram may support frequency domain multiplexing on the uplink. Two or more UEs using different subcarrier allocations can be rendered orthogonal in the frequency domain.  The figure shows two alternate data sets (1) and (2) can use different M-point DFTs combined with orthognal subcarrier mapping to achieve this orthogonality.  Both UEs may maintain the low PAPR properties as a single transmitter user using the entire frequency domain.  The latter scenario assumes that the both UEs will be received by the same beam at the base station with a fully analog beamformer or the base station could use two beams if it employs a hybrid beamformer.
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[bookmark: _Ref462666668]Figure 9.	Proposed transmitter signal processing block diagram
Observation 5: The opportunity of frequency multiplexing is limited for RF beamforming, and it could be considered for coverage extension with narrow band allocation in uplink
5 Conclusion
For NR Waveform above 40 GHz the following way forward is proposed:
Proposal 1: Adopt ZHT-DFT-s-OFDM-based waveform as a baseline waveform above 40GHz for DL and UL.
Proposal 2: An optional frequency domain filtering may be used for spectral containment and reduced PAPR.  
Proposal 3: An optional UW or GI  may replace zero head and/or tail as a reference for channel estimation, phase noise compensation, time and frequency synchronization.

[image: ]
And, following additional propsals are proposed for further study.
Proposal 4: Multiple numerologies are not frequency multiplexed. TDM is a baseline for multiplexing physical resources allocated to different UEs. Potential frequency multiplexing in uplink should be investigated. 
Proposal 5: Low PAPR modulation schemes (e.g. pi/2 BPSK or  pi/4 QPSK) should be studied.

We propose the following text proposal to be add TR 38.802:
----------------------------------------Text proposal-------------------------------------------------------------------------------------
[bookmark: _Toc450909634]
6. DL concept
[bookmark: _Toc100737767][bookmark: _Toc444186756][bookmark: _Toc450909632]6.1	Basic transmission scheme
…………..
6.1.2	Waveform
6.1.2.1 Waveform below 40GHz
OFDM-based waveform is supported.
6.1.2.2 Waveform above 40GHz
ZHT-DFT-s-OFDM based waveform is supported. 
An optional frequency domain filtering may be used for spectral containment and reduced PAPR.  
An optional UW or GI  may replace zero head and/or tail as a reference for phase noise compensation, time and frequency synchronization 
[image: ]
Figure 6.x.	Example of transmitter signal processing block diagram


8. UL concept
8.1	Basic transmission scheme
…………..
8.1.2	Waveform
8.1.2.1 Waveform below 40GHz
OFDM-based waveform is supported.
8.1.2.2 Waveform above 40GHz
ZHT-DFT-s-OFDM based waveform is supported. 
An optional frequency domain filtering may be used for spectral containment and reduced PAPR.  
An optional UW or GI  may replace zero head and/or tail as a reference for phase noise compensation, time and frequency synchronization 
[image: ]Figure 8.x.	Example of transmitter signal processing block diagram

----------------------------------------End of Text proposal------------------------------------------------------------------------------------
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