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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved [1]. The physical layer waveform for use in 5G has been agreed to be OFDM-based; this include both OFDM and SC-FDM. At the last RAN1 meeting, in [2] we presented considerations on comparing OFDM vs SC-FDM, including the PAPR comparison. Here we present EVM and ACLR results comparing OFDM with SC-FDM with a practical millimeter-wave PA design. Based on this, we propose adopting both OFDM and SC-FDM as candidate waveforms for uplink for millimeter-wave bands.
OFDM vs SC-FDM
SC-FDM has a PAPR advantage over OFDM, which translates to improved link-budget or cell-edge coverage. This advantage is offset by poorer equalizer performance. Thus OFDM is preferable for users for which the transmit power requirement results in PA operation far away from the compression region. On the other hand, SC-FDM is preferred if PA is near compression region, as would happen at the cell edge where high-power transmission is required to close the link. In millimeter-wave bands, several PAs are required due to the need for analog beamforming with large number of antennas to overcome the high propagation losses. Thus waveforms with lower PAPR that improve PA efficiency may be more desirable. 
The PAPR advantage of SC-FDM implies being able to output more power from the PA for the same level of degradations due to PA nonlinearity. The extra output power corresponds to the link-budget gain. In [2], the PAPR advantage was quantified to be 2.6dB for QPSK and 1.7dB for 64QAM with a single 100MHz component carrier. To see how this translates to link budget advantage, we compared lab measurements of ACLR and EVM resulting from passing these waveforms through an actual millimeter-wave PA design. Setup assumptions for these measurements are shown in Table 1. Note that WOLA was not used for EVM measurements due to lab setup limitations, however, as WOLA is designed primary to limit out-of-band emissions, its impact on EVM can be expected to be minimal.
Table 1: Setup assumptions for ACLR and EVM measurements
	Parameter
	Value

	System bandwidth
	100MHz component carrier

	Number of component carriers
	1

	Carrier frequency
	29 GHz

	Subcarrier spacing
	75 KHz

	Guard band overhead
	10% (5MHz at each band edge)

	Cyclic prefix overhead
	7%

	Weighted overlap and add (WOLA) overhead
	2% for ACLR measurements, 0% for EVM measurements

	Modulation
	QPSK and 64QAM

	Waveform
	OFDM: random bits modulated
SC-FDM: LTE uplink waveform with 5x time-compression, yielding subcarrier spacing of 5x15=75 KHz

	Waveform bandwidth used
	90 MHz (all 1200 REs used)

	ACLR measurement 
	Average of power in 90 MHz usable frequency of the two adjecant (left and right) component carriers, relative to in-band power (dB)

	EVM measurement
	Rohde & Schwartz measurement equipment measures power of difference between received and demodulated waveform, relative to received power (dB).



ACLR for OFDM and SC-FDM

Figure 1.  ACLR for OFDM and SC-FDM waveforms 
Figure 1 shows that for QPSK modulation, across the range of PA output power levels, SC-FDM waveform allows around 2dB higher output power for the same ACLR level. For 64QAM, this drops to around 1dB higher output power level. Note that the ACLR for OFDM is insensitive to whether QPSK or 64QAM modulation is used. This is understandable, given the OFDM PAPR is also insensitive to this, as shown in [2].

EVM for OFDM and SC-FDM

Figure 2. EVM for OFDM and SC-FDM waveforms
Figure 2 shows that relative to OFDM, for the same level of EVM, SC-FDM allows more than 6dB higher PA output power for QPSK and 4dB higher output power for 64QAM. Note that the EVM levels for QPSK are lower than the SNRs typically required to decode low code-rate QPSK-modulated payloads. Nevertheless, the result suggests that with alternative PA designs that sacrifice more linearity to increase PA efficiency, whereby both ACLR and EVM get worse, the link-budget advantage of SC-FDM over OFDM could arise from considerations of EVM as well as ACLR.
Discussion
[bookmark: _GoBack]Higher path-loss in millimeter-wave propagation environment make it challenging to maintain the link budget. Analog beamforming, the key technique to combat this challenge, requires multiple PAs on chip, making PA efficiency an important consideration for improved UE battery life. It is well-known [3,4] that achieving good PA efficiency gets harder as the carrier frequency increases. The data presented show that the PAPR advantage of SC-FDM over OFDM translates to 2dB link budget improvement with a practical 29 GHz PA design for QPSK. The down-side of SC-FDM, namely, poorer equalization performance relative to OFDM, is dominant only in high-throughput scenarios (higher order modulation, MIMO, multiple component carriers). As shown in [2] based on past studies for LTE, the equalization loss is only around 0.2dB for QPSK rate 1/3 encoding. This loss originates in the difference in performance achievable on each subcarrier, i.e., the loss is lower in channels with less frequency selectivity. In millimeter-wave communications, the use of analog beamforming further reduces the effective channel delay-spread, thus making the equalization loss negligible in cell-edge scenarios. Hence, the link budget advantage makes it compelling to include SC-FDM waveform on uplink for 5G NR for millimeter-wave.

Conclusions
We have presented ACLR and EVM comparison of OFDM vs SC-FDM using lab measurements with a practical 29GHz PA design. For QPSK modulation, SC-FDM has around 2dB link budget advantage over OFDM for a range of PA output powers; i.e., allows 2dB higher output power at the same ACLR level. 
Proposal 1: Both OFDM and SC-FDM waveforms should be supported on NR uplink for millimeter wave bands, so as to capture both the link budget advantages of SC-FDM at cell-edge and the link-efficiency advantages of OFDM at higher data rates.
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