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1. Introduction
Peak to average power ratio (PAPR) is an important metric in UL waveform design due to its critical influence on cell coverage and UE power consumption. A low PAPR UL signal allows more efficient PA operation on the UE side, leading to better cell coverage and longer battery life. It is exactly for this reason that LTE adopted DFTS-OFDM, a waveform with lower PAPR compared to OFDM, as its UL waveform. For NR, in order to further improve link budget and lengthen UE battery life, it is even more important to have a low PAPR UL waveform, together with low PAPR modulation schemes. In fact, it is agreed that NR UL should support DFTS-OFDM based waveform in link budget limited cases [1]. Furthermore, it is also agreed that π/2-BPSK, a low PAPR modulation scheme, will be supported together with DFTS-OFDM [7].
Despite the potential advantages described above, there are also concerns regarding the effectiveness of π/2-BPSK when it is applied on top of DFTS-OFDM. Specifically in [8], it is argued that with maximum TX power limited to 23dBm, π/2-BPSK can provide Maximum Coupling Loss (MCL) gain only at relatively low spectral efficiency (≤ 0.3 bit/s/Hz) and with allocation size greater than 2 PRBs.
Following the above discussion, this contribution aims to address the advantages and concerns of low PAPR modulations. Specifically, we will discuss the impact of low PAPR modulation from the perspective of both BS and UE. This allows us to understand the multi-dimensional trade-offs between MCL, cell coverage, and UE power consumption. We also review some low PAPR modulation designs, including π/2-BPSK, π/4-QPSK, and interpolated-QPSK. Finally, we demonstrate that interpolated-QPSK, a QPSK based low PAPR modulation design, could achieve approximately 1dB MCL gain for spectral efficiency beyond 1 bit/s/Hz.  

2. Low PAPR Modulation: Coverage & UE Power Consumption
In this section, we discuss the impact of low PAPR modulation on cell coverage and UE power consumption. Cell coverage can be quantitatively described by the corresponding MCL, which is given by

Where  is the maximum Tx power,  is the overall spectral efficiency,  is the target BLER,  is the overall noise level, and  is the signal bandwidth. Higher MCL means a larger coupling loss between Tx (UE) and Rx (BS) is allowed for the link to meet the performance requirement specified by , , and . Since coupling loss is directly related to the physical distance between Tx and Rx via the corresponding path-loss model, MCL gain directly translates to cell coverage gain. 
To evaluate the MCL of a link, we need to first determine the corresponding . In general,  is constrained by multiple factors, including UE power class, spectral mask requirements, ACLR requirements, and EVM requirements. These constraints in turn depend on PA characteristics and different operating scenarios, such as various combinations of signal bandwidth , waveform, and modulation. For example, in LTE with DFTS-OFDM as the underlying UL waveform,  is upper bounded by 23dBm (UE power class 3), while the signal also needs to meet a minimum ACLR requirement of 30dBc. Assuming the PA model given [5], for QPSK with number of allocated PRBs ≤ 2, it is shown in [8] that  is limited by LTE UE power class constraint, and is capped at 23dBm. In this case, a low PAPR modulation will not help extending the coverage of the LTE cell, since further increment in  is not allowed, and no gain in MCL could be obtained. On the other hand, for QPSK with number of allocated PRBs > 2, it has been shown in various contributions [8][9] that  is limited by constraints other than UE power class limit, resulting in a  that is strictly less than 23dBm. In this case, if a low PAPR modulation (e.g., π/2-BPSK or QPSK based low PAPR modulation) is used instead of conventional QPSK, the resulting gain in  will translate to MCL gain, leading to cell coverage gain for LTE.
For NR UL, many underlying assumptions have been changed as compared to LTE. For example, NR adds the support of CP-OFDM as an UL waveform, and the ACLR and spectral mask requirements may become even stricter due to the support of multi-format subframes and the attempt to further reduce interference between users. Hence, despite the lack of detailed NR requirements, we can foresee that there will be many, if not more, operation scenarios in NR such that  is limited by constraints other than UE power class limit. In this case, a low PAPR modulation can provide MCL gain over conventional QPSK, leading to cell coverage gain for NR.
Observation 1: For many operation scenarios in NR,  is bounded by constraints other than UE power class limit. In this case, a low PAPR modulation can provide MCL gain over conventional QPSK, leading to cell coverage gain.
Next, we discuss the impact of low PAPR modulation on UE power consumption. Assume both conventional QPSK and the low PAPR modulation have the same PA operating point. Modern PA allows dynamic adjustment of PA drain voltage to achieve high PA power efficiency. With a smaller PAPR, the low PAPR modulation allows the PA to lower its drain voltage even more as compared to conventional QPSK without distorting the signal, leading to a direct reduction in UE power consumption. For example, a low PAPR modulation with 1dB PAPR advantage over conventional QPSK may provide 20% saving in UE power consumption, while with a 2dB PAPR advantage, 37% UE power saving could be obtained.
Observation 2: With modern PA technologies, low PAPR modulation could provide significant UE power saving when compared to conventional QPSK at the same PA output power level.

3. Low PAPR Modulation Designs
In this section, we briefly review the low PAPR modulation designs proposed in various contributions. Specifically, we will focus on π/2-BPSK and QPSK based low PAPR modulations. Following the convention of [9], we formulate these low PAPR modulations as special cases of low PAPR TCM design (see Figure 1). 
[image: ]
[bookmark: _Ref450665415]Figure 1: Block diagram of low PAPR TCM modulated DFTS-OFDM system. 



π/2-BPSK and π/4-QPSK
Both π/2-BPSK [2][3] and π/4-QPSK [10] are special cases of low PAPR TCM design. We will use π/2-BPSK as an example, but generalization to π/4-QPSK is straightforward. The underlying constellation of π/2-BPSK is a 4 point constellation as shown in Figure 2. The 4 constellation points are first partitioned into two subsets:  and . The input bits are then BPSK modulated within each subset alternatively. As an example, consider the binary input sequence {0,1,1,0,1}. If the first bit is BPSK modulated using the constellation subset , then the second bit would be BPSK modulated using the constellation subset . This process continues until the whole input sequence is being mapped to the constellation points accordingly. In our example, the π/2-BPSK modulated sequence is given by . π/2-BPSK can be represented by a time invariant TCM. The corresponding trellis diagram is given in Figure 2. As can be seen from the figure, the trellis corresponding to π/2-BPSK has 4 states, and since the input takes 1 bit per trellis section, there are totally 8 transitions per trellis section.
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[bookmark: _Ref462911111]Figure 2: TCM representation for π/2-BPSK.
From the trellis diagram and our example, it is easy to see that consecutive π/2-BPSK modulated symbols always have a π/2 phase transition. Specifically, zero crossing in the constellation plane (i.e., phase transition of π) is avoid, leading to significant PAPR reduction at the output of the DFTS-OFDM modulator. The resulting PAPR corresponding to π/2-BPSK and other modulation schemes are plotted in Figure 3 for comparison. From the figure, we observe that a π/2-BPSK modulated DFTS-OFDM signal has a PAPR advantage of 1.5dB over QPSK modulated DFTS-OFDM signal. Despite its advantage in PAPR, one major drawback of π/2-BPSK is that it can only support spectral efficiency up to 1bit/s/Hz. When attempting to use higher order Rotated-QAM constellation such as π/4-QPSK, the corresponding PAPR advantage vanishes rapidly, as can be seen in Figure 3. 
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[bookmark: _Ref462908889]Figure 3: PAPR of DFTS-OFDM signals with various modulations.
Interpolated-QPSK
In this subsection, we introduce another low PAPR TCM design named Interpolated-QPSK [4][9]. To reduce the PAPR using Interpolated-QPSK, the QPSK constellation is first interpolated along a smooth, constant envelope trajectory before being input to the DFT of DFTS-OFDM. For example, if there are  QPSK symbols at the input to the constellation interpolator, and assume an interpolation ratio of , we will get  constellation points at the input to the DFT, all of them lie on the unit circle. As mentioned above, the interpolated constellation points should form a smooth, constant envelope trajectory. This could be achieved using a simple  state trellis code, where  is the size of the original constellation. The trellis code corresponding to QPSK with  is shown in Figure 4. As an example, suppose  QPSK symbols {0,1,3,2,3,0} are to be transmitted. From the trellis diagram, the output of the constellation interpolator is . Note that all  interpolated constellation points lie on the unit circle, and the phase transition between any two consecutive constellation points is less than . In general, larger interpolation ratio  implies a more constrained constellation trajectory, leading to smaller PAPR.
[image: ]
[bookmark: _Ref462920685]Figure 4: TCM representation for Interpolated-QPSK with .
Since Interpolated-QPSK results in  more constellation points, we will use the rectangular spectral shaping window with parameter  (see Figure 1) to truncate the post-DFT symbols before mapping them to individual subcarriers. Specifically, assume  original constellation points. At the output of the constellation interpolator, we have  interpolated symbols. These complex value symbols are then processed by an -point DFT before truncation. At the output of the spectral shaping window, only  (out of ) central symbols remain, while the others (corresponding to the edges of the signal spectrum) are zeroed out before being modulated onto OFDM subcarriers. Note that the asymptotic spectral efficiency of the resulting signal is given by . Spectral windowing allows flexible trade-offs between PAPR and spectral efficiency. As an example, Interpolated-QPSK with  and  has asymptotic spectral efficiency of 2 bits/s/Hz, while Interpolated-QPSK with  and  has asymptotic spectral efficiency of 1 bits/s/Hz. However, the constellation trajectory of the latter is more confined as compared to that of the former, leading to lower PAPR as shown in Figure 3. Finally, it is worth noting that at 2 bit/s/Hz, Interpolated-QPSK modulated DFTS-OFDM with  and  still provide a PAPR advantage of 2.5dB over conventional QPSK modulated DFTS-OFDM. This PAPR advantage increases to 6dB if Interpolated-QPSK with  and  is used.

4. MCL & Spectral Efficiency of Low PAPR Modulations
In this section, based on the PA model described in [5], we provide the link budget analysis for the modulation schemes described in the previous section. Specifically, we will evaluate the MCL corresponding to each modulation scheme, assuming DFTS-OFDM as the underlying waveform. Some of the evaluation parameters and the resulting  are given in Table 1 and Table 2, respectively.
[bookmark: _Ref462923120]Table 1: Selected Parameters for MCL Evaluation
	Waveform
	DFTS-OFDM

	Subcarrier Spacing (KHz)
	15

	Number of Occupied Subcarriers
	300

	Code Rate
	0.25, 0.375, 0.5, 0.625

	PA Model
	Polynomial Model [5]

	Channel Type
	AWGN

	Target BLER
	0.01

	No (dBm/Hz)
	-174

	Receiver Noise Figure (dB)
	5

	Interference Margin (dB)
	0

	Minimum ACLR (dBc)
	30

	Signal Bandwidth (MHz)
	4.5

	Guard Band (MHz)
	0.5

	Adjacent Channel Bandwidth (MHz)
	4.5













Note that some of the assumptions (e.g., PA model) and requirements (e.g., ACLR) are based on the study or specifications of LTE. As discussed earlier, it is expected that  for NR should be lower than the values listed in Table 2 due to stricter requirements on ACLR and spectral mask. Nevertheless, the MCL gain (loss) between different modulation schemes should remain valid.
[bookmark: _Ref462929657]Table 2: Maximum Transmitter Power (dBm) for Evaluated Modulations
	Modulation
	Spectral Efficiency
(bit/s/Hz)
	99% PAPR (dB)
	Maximum Transmitter Power  (dBm)

	Conventional QPSK
	2.0
	7.3
	25.8

	π/2-BPSK
	1.0
	5.8
	27.1

	π/4-QPSK
	2.0
	7.1
	25.8

	Interpolated-QPSK 
	2.0
	4.8
	27.5



Figure 5 shows the MCLs corresponding to different overall spectral efficiency (i.e., including FEC) for each evaluated modulation scheme. From the figure, we can see that at spectral efficiency between 0.25 bit/s/Hz and 0.6 bit/s/Hz, π/2-BPSK provides MCL gain of up to 1.5dB over conventional QPSK. However, the gain decrease as spectral efficiency increases, and it completely vanishes when spectral efficiency goes beyond 0.6 bit/s/Hz. π/4-QPSK failed to obtain any MCL gain compared to conventional QPSK due to its limited PAPR improvement, as can be seen from Table 2. It is worth noting that similar results on the limitation of π/2-BPSK and π/4-QPSK were also observed in [8]. Finally, as demonstrated in Figure 5, Interpolated-QPSK with  and  enjoys a steady 0.8dB MCL gain over conventional QPSK across a wide spectrum of spectral efficiency, ranging from 0.25 bit/s/Hz to 1.25 bit/s/Hz. This result addressed the concern of [8] by showing that there exists QPSK based low PAPR modulation that could achieve significant MCL gain over conventional QPSK at high spectral efficiency.
Observation 3: Compared to conventional QPSK, π/2-BPSK provides MCL gain of up to 1.5dB in low spectral efficiency region. However, the gain decrease as spectral efficiency increases, and it completely vanishes when spectral efficiency goes beyond 0.6 bit/s/Hz. 
Observation 4: Compared to conventional QPSK, π/4-QPSK failed to obtain any MCL gain.
Observation 5: Compared to conventional QPSK, Interpolated-QPSK provides a steady MCL gain of 0.8dB over a wide spectrum of spectral efficiency, ranging from 0.25 bit/s/Hz to 1.25 bit/s/Hz. This provides a solution to the low spectral efficiency issue of π/2-BPSK.
[image: ]
[bookmark: _Ref462924232][bookmark: _Ref458777199]Figure 5: MCL vs. Spectral Efficiency for various modulation schemes.

5. Conclusion
In this contribution, we analyzed the impact of low PAPR modulation in terms of cell coverage and UE power consumption. We showed that for NR UL, low PAPR modulation could provide both cell coverage gain and UE power saving. We also prove with a concrete design example that QPSK based low PAPR modulation could achieve MCL gain of approximately 1dB for a wide spectrum of spectral efficiency, ranging from 0.25 bit/s/Hz to 1.25 bit/s/Hz. This addressed the low spectral efficiency issue of π/2-BPSK. Based on our evaluation results, we have the following observations and proposal:
Observation 1: For many operation scenarios in NR,  is bounded by constraints other than UE power class limit. In this case, a low PAPR modulation can provide MCL gain over conventional QPSK, leading to cell coverage gain.
Observation 2: With modern PA technologies, low PAPR modulation could provide significant UE power saving when compared to conventional QPSK at the same PA output power level.
Observation 3: Compared to conventional QPSK, π/2-BPSK provides MCL gain of up to 1.5dB in low spectral efficiency region. However, the gain decrease as spectral efficiency increases, and it completely vanishes when spectral efficiency goes beyond 0.6 bit/s/Hz. 
Observation 4: Compared to conventional QPSK, π/4-QPSK failed to obtain any MCL gain.
[bookmark: _GoBack]Observation 5: Compared to conventional QPSK, Interpolated-QPSK provides a steady MCL gain of 0.8dB over a wide spectrum of spectral efficiency, ranging from 0.25 bit/s/Hz to 1.25 bit/s/Hz. This provides a solution to the low spectral efficiency issue of π/2-BPSK.
Proposal 1: NR UL should support QPSK based low PAPR modulation for MCL enhancement and UE power saving.
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