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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 this contribution, CP single carrier (CP-SC) is preferred over OFDM for carrier frequencies above 40 GHz predominantly because of its low 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 [2].
2 Waveform Considerations for Frequencies Above 40 GHz
When frequencies go beyond 40 GHz (e.g., the 60 GHz band and the E-Band from 71-76 and 81-86 GHz), several notable differences from below 40 GHz are seen:
1. Larger bandwidths are available above 40 GHz, with even 2.0 GHz bandwidths being possible in the E-band (contingent on allocations by the governing bodies).  The large bandwidths likely mean higher subcarrier spacing and hence a small symbol block (FFT) size.
2. The wavelength is smaller above 40 GHz meaning larger antenna arrays can fit in the same area as below 40 GHz.

3. PAs will be less efficient above 40 GHz.

4. The above 40 GHz systems are predominantly noise limited as opposed to interference limited below 40 GHz.  The reasons are because of the larger bandwidths available above 40 GHz, the use of larger arrays which produce more directional transmissions and hence less interference, and the increased path loss.  The implication is that increasing the transmit power, particularly on the downlink, will greatly improve the coverage [6][8].
5. The phase noise will be worse above 40 GHz, possibly even needing to be tracked within a symbol block.
6. The Doppler frequencies will be higher above 40 GHz for the same UE speed.

7. The large bandwidths will mean the analog to digital and digital to analog converters use significantly more power.  The implication is that these RF components will need to be minimized which drives the use of RF arrays where beams are steered at RF instead of at digital baseband.  The result is that only a single (or very few) RF beams can be steered at one time mitigating the need for multiplexing in frequency.
When considering all of the above, cyclic-prefix single carrier modulation seems a natural choice for the following reasons:
1. Above all, low peak to average power ratio (PAPR) can be achieved meaning the PAs can be driven harder and hence generating a higher transmit power and resulting in longer battery life for the UE.  Since the above 40 GHz systems tend to be noise limited, this increase in transmit power can even improve the downlink coverage [8].
2. Frequency multiplexing is not needed due to the limitations imposed by RF beamforming and the likely small symbol block (FFT) size.

3. Single carrier benefits from enhanced modulations (e.g., pi/2 shifted BPSK and pi/4 shifted QAM as described in the next section) which improve the PAPR beyond standard modulations with the result of further increasing the cell range and further improving the battery life at the UE.

4. Single carrier modulation has data symbols which are sent in the time domain.  The implication in the presence of phase noise means that after equalization the phase noise can be easily tracked in time on sub-blocks of symbols within the symbol block even through blind techniques such as given in [5][7].

5. The single carrier modulation could employ null cyclic prefixes instead of regular cyclic prefixes which provide the following additional value:

· The null cyclic prefixes provide a natural guard period for switching of RF beams.

· The length of the null cyclic prefixes can be adapted per UE-link without changing overall frame numerology as the samples where the FFT is taken (i.e., the symbol block) includes the null cyclic prefix.

· Null cyclic prefixes help lower out of band emissions of the digital baseband signal.

· Null cyclic prefixes retain the cyclic prefix properties even in the presence of phase noise, carrier frequency offset, and high Doppler.
It should be noted that CP-SC modulation relies on MMSE equalization which has a performance degradation for higher order modulations in frequency-selective Rayleigh-faded channels and for very large MIMO (e.g., greater than 4 streams).  However the array sizes expected for frequencies above 40 GHz (e.g., 8x8 at the eNB) will create Ricean channels even in NLOS conditions.  Also, MIMO orders will likely be no more than 2 since bandwidth can be exploited to meet the high data rates and the number of analog to digital and digital to analog components need to be minimized anyway.  The two data streams are easily generated and separated by exploiting polarization diversity along a dominant channel direction.  Hence because of these reasons, the difference between ML equalization of OFDM and MMSE equalization of CP-SC should be minimal and the improved PAPR of CP-SC should still provide a benefit.
3 Cyclic Prefix Single Carrier Modulation
Cyclic prefix single carrier (CP-SC) modulation can be implemented in the frequency domain both at the transmitter and receiver as an OFDM-based waveform similar to DFT spread OFDM (DFT-S-ODFM) [2].  CP-SC will use a pulse shaping filter such as the root-raised cosine (RRC) filter with a roll-off factor where this filter can be applied in the frequency-domain to the DFT-spread symbols [2].  The roll-off factor varies from 0 to 1 and the higher the roll-off factor, the larger the roll-off region of the frequency-domain RRC filter with the result of lowering the spectral efficiency as the roll-off factor increases.  A roll-off factor of 0 represents a sinc waveform in the time-domain and is the roll-off factor in DFT-spread OFDM (DFT-S-OFDM).  However, there is a tradeoff between spectral efficiency and PAPR reduction since the PAPR tends to increase with decreasing roll-off factor as seen in Figure 1 (these results include the pi/2 or pi/4 shifting described in the subsequent paragraph).  The frequency-domain implementation of CP-SC with null cyclic prefixes (NCP-SC) will have very good out of band properties at digital baseband as is seen in Figure 2.
One final observation with CP-SC and NCP-SC is that the PAPR can be further decreased through the use of BPSK for the lowest modulation and coding rates, and by employing pi/2 shifting of the BPSK or pi/4 shifting of QAM symbols.  By pi/2 or pi/4 shifting it is meant that every-other data symbol in the time domain is shifted in phase by pi/2 for BPSK and pi/4 for QAM.  The shift creates a time-domain signal that does not pass through zero thus improving the PAPR without impacting the FER performance. The PAPR benefits of pi/2 and pi/4 shifting are seen in Figure 3 for NCP-SC with a roll-off factor of 0.25 (including for reference a very low PAPR pilot design and OFDM).  The benefits of pi/2 and pi/4 shifting are clear as is the benefit of BPSK over QPSK for the lowest order modulations (hence cell-edge users) since more transmit power can be delivered by the PA since significantly less back off is needed.
One final note is that the PAPR benefits of single carrier would be significantly hurt if carrier aggregation is used within a single PA.  The reason is that carrier aggregation creates the equivalent of a multi-carrier signal which results in an increased PAPR.  Hence carrier aggregation should be avoided above 40 GHz when employing single carrier waveforms.
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Figure 1.
PAPR results for OFDM and CP-SC with roll-off factor of 0.3 (solid), 0.25 (dashed), 1/12 (dash-dot), 0 (dot-dot).  Note that a roll-off factor of zero has the same PAPR as DFT-S-OFDM.
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Figure 2.
Out of band emissions of the digital baseband signal.
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Figure 3.
PAPR with and without pi/2 shifting for BPSK and with and without pi/4 shifting for QAM.  Comparisons are made to very low PAPR pilots and also OFDM.

4 Phase Noise Simulations
In this section the ability of single carrier to better correct phase noise than OFDM, particularly without the user of phase noise reference symbols, is demonstrated.  The system simulated is a 73 GHz system with a 800 MHz BW and the NCP-SC waveform employs roll-off factor of 0.25.  Four different subcarrier spacings were considered: 3840 kHz (FFT size = 256), 960 kHz (FFT size = 1024), 480 kHz (FFT size = 2048), and 60 kHz (FFT size = 16384).  The CDL-E channel was simulated with a 15 degree angle spread at the AP, a 45 degree angle spread at the UE, and a 30.2 ns RMS delay spread.  The cyclic prefix length for both OFDM and NCP-SC was 70 s (69 samples).  The AP has a 8x8 RF array (/2 spacing) of co-located cross-polarized (XP) antennas (for a total of 128 antennas) and the UE has a 2x2 RF array (/2 spacing) of co-located XP antennas (for a total of 8 antennas).  A single stream transmission is used with optimal DOA beamforming at the AP and optimal DOA reception at the UE.  Both the AP and UE have only a single baseband transceiver so all Tx and Rx weights are wideband and analog steered. 
For these simulations the phase noise was created as given in [7] which was similar as what was seen in the NCP-SC demonstration system described in that paper.  An example phase noise realization is shown in Figure 4.  The different FFT sizes simulated (including CP of length 69 samples) are shown by the vertical dashed lines.  The distance between sample zero and the line provides an indication of the severity of the phase noise change experiences over a block of symbols (i.e., OFDM symbol length).  As the FFT size increases more variations in phase are seen across the symbol block in time.  For OFDM the symbols are sent in the frequency domain so in the time domain the time-domain symbols are noise-like and hence not amenable to blind tracking techniques like [5]

 REF _Ref450743257 \r \h 
[7].  Hence blind OFDM tracking of phase noise (especially for higher order modulations) must be done from one OFDM symbol to the next.  A contiguous group of frequency-domain training may help OFDM track how the phase noise changes across the OFDM symbol, but it requires a significant increase in overhead and hence was not considered.  For single carrier, the blind techniques of [5]

 REF _Ref450743257 \r \h 
[7] can be applied to sub-blocks of equalized symbols in the time domain and in that way the phase noise can be tracked even when the block length (FFT size) is very large.  Note that another problem OFDM will have is that the phase noise destroys the CP property since the CP sees a different phase noise realization as the repeated symbols at the end of the OFDM symbol.  For NCP-SC, the phase noise is multiplied by null symbols (i.e., zeros) and hence the CP property (i.e., zeros) is maintained.

In our simulations we used the blind phase noise tracking algorithm of [7] for both OFDM and NCP-SC.  For OFDM one phase value was tracked from one OFDM symbol to the next.  For single carrier, the phase noise was tracked from one sub-block of 256 equalized symbols to the next.  The FER results for rate ¾ turbo-coded 64-QAM are shown in Figure 5.  As can be seen, OFDM begins to exhibit an error floor due to the phase noise for subcarrier spacings as high as 960 kHz.  On the other hand, the FER performance of NCP-SC is relatively unchanged even when going down to a subcarrier spacing of 60 kHz (note some variations are seen as the codeword size increases as subcarrier spacing decreases (i.e., FFT size increases)).  It is worth noting that another lesson learned from simulating phase noise mitigation techniques, is that the blind techniques (such as [5]

 REF _Ref450743257 \r \h 
[7]) are very effective at tracking the phase noise and that phase noise reference symbols are really unnecessary (hence lowering system overhead).
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Figure 4.
Phase noise (time-domain) realization similar to the phase noise seen in the 72 GHz demonstration system of [7].  The vertical red dashed lines indicate the location relative to sample 0 of the different FFT sizes simulated (from left to right: 256,  1024, 2048, and 16384) including a cyclic prefix of 69 samples.
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Figure 5.
FER performance of NCP-SC and OFDM in phase noise for different subcarrier spacings (F).

5 Conclusion
This contribution presented arguments for using single carrier modulation for frequencies above 40 GHz.  In particular the findings are:

1.
A low PAPR waveform enables the PAs to be run at a higher power thus improving coverage which is important for the frequencies above 40 GHz where systems are found to be more noise limited due to propagation conditions and large array sizes [6][8].  In addition, the improved PAPR should also result in longer battery life at the UEs.
2.
Carrier aggregation destroys the low PAPR property of CP-SC waveforms.
3.
Lowering the roll-off factor improves spectral efficiency at the price of increased PAPR.

4.
BPSK with pi/2 shifting (every other BPSK symbol in time is shifted in phase by pi/2) should be used with CP-SC to further reduce the PAPR and enhance cell edge coverage.  For QAM symbols, pi/4 shifting should be used to also help lower the PAPR.  The PAPR is lowered with pi/2 or pi/4 shifting since zero-crossing are eliminated with pi/2 or pi/4 shifting.
5.
CP-SC is more robust than OFDM to phase noise and carrier frequency offset with large block sizes/smaller subcarrier spacing since tracking of the phase can be done on the equalized finite alphabet symbols in the time domain instead of on frequency-domain symbols.  For example the phase can be tracked on sub-blocks of the symbol (FFT) size using a blind technique such as the power-law estimator given in [5] or the techniques of [7].

4.
CP-SC modulation relies on MMSE equalization which has a performance degradation for higher order modulations in frequency-selective Rayleigh-faded channels and very large MIMO (e.g., greater than 4 streams).  However the array sizes expected for frequencies above 40 GHz (e.g., 8x8 at the eNB) will create Ricean channels even in NLOS conditions and MIMO orders will be around 2 by exploiting polarization diversity along a dominant channel direction.  Hence the impact of MMSE equalization should be mitigated by the PAPR benefits even for higher QAM.
4.
Null cyclic prefixes can further enhance CP-SC by:

· Providing a natural guard period for switching of RF beams.
· Adapting the length of the cyclic prefix per UE-link without changing overall frame numerology as the samples where the FFT is taken includes the null cyclic prefix.

· Helping to lower out of band emissions of the digital baseband signal.
· Retaining the cyclic prefix properties even in the presence of phase noise, carrier frequency offset, and high Doppler.

Proposal 1: Adopt null cyclic prefix single carrier modulation or its variants for both the downlink and uplink for carrier frequencies above 40 GHz.

Proposal 2: Use pi/4 shifted BPSK and pi/2 shifted QAM with cyclic prefix single carrier to further improve the PAPR.
Proposal 3: Do not employ carrier aggregation when employing single-carrier modulation for carrier frequencies above 40 GHz.
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