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Introduction
It was agreed in RAN1_86 [1] [2] that NR will support CP-OFDM based waveform with possibly low PAPR techniques, as shown below:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 
It was further agreed [1] [3] that:
· NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, under the same usage scenarios and similar deployment configurations (e.g., same carrier frequency)
· Details FFS
· Techniques can be evaluated for the uplink scenarios
· E.g., low PAPR/CM techniques (including DFT-s-OFDM)
Notice that the low PAPR techniques are only discussed in the context of uplink, and mainly focused on eMBB for NR phase 1, as agreed in [4]:
· At least up to 40 GHz for eMBB and URLLC services, 
· CP-OFDM without specified low-PAPR/CM technique(s) is recommended to be supported for uplink
· For data transmission, additional low-PAPR/CM technique(s) is only considered for uplink from RAN1 specification perspective
· Additional low-PAPR/CM technique(s) for special downlink signals such as sync signals is FFS
· Additional low-PAPR/CM technique(s) for other uplink signals/channels is FFS
· Additional low PAPR/CM technique(s), if specified, and CP-OFDM without specified low-PAPR/CM technique(s) for uplink are considered as complementary to each other 

Low PAPR techniques for cellular uplink has been extensively studied in literature, even in the initial studies of 4G LTE deployment. Low PAPR techniques are critical in achieving better PA efficiency, which in turn results in better cell coverage, lower UE battery consumption and lower UE thermal dissipation for cell edge users. Those are much desired properties not only from fundamental network planning perspective, but also better user experiences. As a result, LTE chose DFT-S-OFDM as the default waveform for the uplink.
The key remaining question for phase 1 NR design is: what would be the most effective and matured PAPR reduction technology for NR uplink that facilitate NR commercialization progress? This will include several aspects:
1) Link level performance: under the same transmit power constraint and out-of-band emission requirements (e.g. ACLR), which technology gives the best cell coverage while achieving same link performance. 
2) Implication to eNB scheduling complexity 
3) Implication to NR commercialization progress

In this contribution, we try to address these aspects by comparing a few known techniques in literature to the well-established DFT-S-OFDM technique, which has been used in LTE for 10 years.  
However, before comparing individual techniques, it is important to point out that most of the existing implementation-based low PAPR techniques or PA efficiency improvement techniques, such as digital pre-distortion (DPD), clip-and-filter (CAF), etc, are already widely used and extensively optimized in existing UE modems, (i.e. on top of DFT-S-OFDM in LTE uplink). So to argue replacing the DFT spreading by those implementation-based low PAPR techniques itself is not valid in many cases.
Discussion
Motivations for low PAPR waveforms
It is well known that waveforms with lower PAPR allow the transmitter PA to operate at higher efficiency operating point under the same EVM and ACLR requirements. This allows the UE devices to either transmit further away from the base station (i.e., better cell coverage), or transmit at a low power (i.e. longer battery life). 
For NR sub-6 GHz deployment: by achieving the same (or better) cell coverage as the current LTE uplink, it allows the operator to minimize the number of base station sites needed to deploy NR network, as well as co-site upgrade from LTE to NR if the same spectrum is re-farmed.
For mmW deployment: it is known that PA efficiency is much more challenging at higher carrier frequency for mmW [5]. In addition, the analog beam forming from large antenna array also effectively hardens the wireless channel and makes it less frequency selective. This reduces the potential equalization loss associated with the single carrier waveforms. All these properties make the single carrier waveform especially attractive for mmW.

Impact to link budget and UE power consumption
It is known that the equalization loss from DFT-S-OFDM, as compared to OFDM, mainly happens with higher modulation order and frequency selective channels. Therefore, for link budget limited users that only transmit small MCS, the PAPR gain associated with DFT-S-OFDM waveform will dominate, and directly translates to link budget gain.
In [6], we compare the link budget difference between DFT-S-OFDM and OFDM with implementation based low PAPR techniques, such as companding, clipping, etc, both with wideband allocation and narrowband allocation. It is shown that the implementation based low PAPR technique do not fundamentally improve the PA efficiency when UE is subject to radio emission constraints (e.g. ACLR). The results show that OFDM needs to back off 2dB more compared to DFT-S-OFDM. This 2dB more back off can either translate to 2dB loss in link budget, or excessive power consumption and thermal dissipation on UE devices.
A simple calculation tells us that link budget loss of 2dB implies a cell coverage loss of ~13% in terms of cell radius (assuming a typical 3.5 path loss exponent), which is roughly 25% loss in terms of coverage area. This also equivalently translate to 33% more base stations to cover the same area.
Alternatively, assuming the same transmit power from UE antenna (or equivalent, same coverage), the 2dB more back off translate to substantially more battery power consumption as well as heat dissipation from the UE side. Table 1 illustrates the difference assuming the same PA output power target of 27dBm (or 23dBm antenna output power), but with different PA back offs. With a typical class AB PA, 2dB more back off (from 5dB to 7dB) could reduce the PA efficiency from 45% to 30%. As shown in Table 1, such differences can lead to extra PA power consumption of 557mW as well as almost 2 times heat dissipation (1171mW vs 614mW) from the UE. This will impose a huge impact to UE design and usability. 

[bookmark: _Ref462956735]Table 1 UE power consumption with different back off
	
	5dB back off
	7dB back off

	Antenna output power [dBm]
	23
	23

	Insertion loss [dB]
	4
	4

	PA output power [dBm]
	27
	27

	PA efficiency
	45%
	30%

	DC power [mW]
	1114
	1671

	Power dissipation in PA [mW]
	614
	1171



In [7], we further compare the link budget (or coverage) difference between DFT-S-OFDM and OFDM, by applying some other PA efficiency improvement techniques that have already been used in existing modems, such as clip-and-filter (CAF) and DPD. The results reach similar conclusion, i.e. that DFT-S-OFDM has advantage of roughly 1.8dB in link budget compared to OFDM for low MCS.
Observation 1: the extra PA back off from OFDM with low PAPR techniques, compared to DFT-S-OFDM, can lead to extra 557mW battery power consumption, as well as 2 times the heat dissipation from the PA.

Potential impact to beam forming
A question was brought up whether OFDM could use beam-forming to compensate the link budget loss compared the DFT-S-OFDM? First of all, many UE’s (especially the low cost UE’s) will not have multiple transmit antennas, where beam-forming is out of question. It is shown [8] that for cell edge user, flat beam forming for DFT-S-OFDM already achieve most of the beam forming gains, even compared to per-tone beam forming with ideal channel estimates. In practice, this difference is expected to be further reduced with practical channel estimation error (especially at cell edge), as well as with per-RB beam forming.
Observation 2: DFT-S-OFDM achieves comparable beam forming gain as CP-OFDM for link budget limited users in eMBB uplink .

 Receiver design implication
It is known that for MIMO/mu-MIMO, in high SNR scenarios, joint ML demodulation can outperform LMMSE demodulation. With DFT-S-OFDM waveform, a joint ML demodulation on a per-tone basis would be non-trivial and LMMSE is more feasible. However, since DFT-S-OFDM is expected to be used only for link budget limited users with low MCS transmission, the performance difference between joint ML and LMMSE detector is negligible. 
In Figure 1, we compared the performance of joint ML detector vs LMMSE detector with 2 layers and 4 layers spatial multiplexing. As we can see, at low MCS region (the expected operating region for cell edge users), joint ML does not have noticeable performance advantage compared to LMMSE.
[image: ][image: ]
[bookmark: _Ref462998780]Figure 1 Performance comparison of joint ML vs LMMSE in spatial multiplexing for low rate users

Observation 3: there is no obvious performance gain by using joint ML receiver compared to LMMSE receiver for link budget limited users in eMBB uplink.

eNB scheduling complexity implication
Existing LTE uplink supports only DFT-S-OFDM waveforms. From eNB scheduling perspective, it imposes certain constraints in that resource allocation need to be in consecutive RB’s. For example, this can potentially leave some fragmented unused spectrum in the system and lead to lower spectral utilization if users need to be FDM’ed.
On the other hand, it is very important to emphasize that from UE implementation perspective, a consecutive RB allocation has much desirable radiation properties than multi-clustered OFDM waveforms, in terms of impact from inter-mod and additional maximal power reduction (A-MPR), which also negatively impact achievable UE transmit power. Further, too many combinations of clusters also inevitably lead to long and tedious study in RAN4 about the values of MPRs.
It should be pointed out that, by supporting both DFT-S-OFDM and CP-OFDM waveforms, the eNB scheduling for NR uplink is already more flexible than for existing LTE uplink. With support of both waveforms in the uplink, the fragmented spectrum remain unused by DFT-S-OFDM users can still potentially be utilized by the CP-OFDM waveform users, as long as it does not impose much negative impact in terms of A-MPR. In addition, since cell edge users are typically only allocated narrow band, consecutive RB allocation would also be simple for eNB scheduler.
Notice that for mmW, since users are typically TDM’ed, the need of allocating consecutive RB to a user is no longer a issue from eNB scheduler perspective.
Observation 4: From emission perspective, contiguous RB allocation is preferred in UL regardless of waveform.
Observation 5: By supporting both DFT-S-OFDM and CP-OFDM waveforms in eMBB uplink, the eNB scheduler has more flexibility than in LTE uplink

NR Commercialization implication
From standard specification perspective, supporting DFT-S-OFDM for cell edge scenarios does not lead to fundamentally more complicated design compared to supporting CP-OFDM for NR, since many design considerations can leverage existing LTE design. Specifically, we discuss some simple options for user and channel multiplexing in [9], and some options of uplink reference signal design in [10]. 
Further, since DFT-S-OFDM has been a commercialized technology used in every LTE devices from the past decades, it has been well understood by all the UE vendors and can greatly reduce the time-to-market for NR deployment compared to any less established low PAPR techniques. The extra coverage gain reduces the number of base stations to cover the same area, which further expedite the NR deployment.
Finally, by using OFDM waveform with implementation based low PAPR techniques will inevitably introduce significant amount of RAN4 work. The potential impact to NR specification procedure was further discussed in [11].
[bookmark: _GoBack]Observation 6: Supporting both DFT-S-OFDM and CP-OFDM waveforms in NR eMBB uplink, it helps expediting the NR commercialization and standardization.
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Conclusions
.
Observation 1: the extra PA back off from OFDM with low PAPR techniques, compared to DFT-S-OFDM, can lead to extra 557mW battery power consumption, as well as 2 times the heat dissipation from the PA.
Observation 2: there is no obvious beam forming gain by using CP-OFDM compared to DFT-S-OFDM for link budget limited users in eMBB uplink .
Observation 3: there is no obvious performance gain by using joint ML receiver compared to LMMSE receiver for link budget limited users in eMBB uplink.
Observation 4: From emission perspective, contiguous RB allocation is preferred in UL regardless of waveform.
Observation 5: By supporting both DFT-S-OFDM and CP-OFDM waveforms in eMBB uplink, the eNB scheduler has more flexibility than in LTE uplink
Observation 6: Supporting both DFT-S-OFDM and CP-OFDM waveforms in NR eMBB uplink, it helps expediting the NR commercialization and standardization.

Proposal: NR Support DFT-S-OFDM based waveform, together with CP-OFDM waveform, at least for eMBB uplink.
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