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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved. For the New Radio Access Technology (NR), there is potential to improve the waveform design to efficiently multiplex different services while optimize for the specific requirements of each service, respectively.
The typical use cases, as well as their specific requirements, for potential waveform optimization has been listed in [3]. Several potential candidates for waveform evaluation are listed in [4]. In this contribution, we discuss several waveform candidate proposals from literature to be further evaluated for various service/deployment scenarios for the new RAT. 
In this contribution, we discuss several metrics for evaluating waveform proposals for various service/deployment scenarios for the new RAT. 
Use Cases and Waveform Requirements
[bookmark: _Ref378529477]5G should be designed to provide a diverse range of services all under the same network, leveraging the same spectrum and ideally unified under the same standard with shared physical blocks and scalable numerologies. Moreover, 5G is expected to offer current consumer electronics significantly lower latencies (e.g., wide-area ARQ/HARQ latencies of 1-2 ms) and high throughputs (e.g., 5-10 Gbps at the application layer including TCP), while at the same time expanding to more machine-type communications in both dimensions of very low power and very low latency (which can scale down to 100 us at shorter ranges) and/or high reliability (packet failure rates between 1e-5 and 1e-9). The overview of applications shown in Figure 1. 
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[bookmark: _Ref446266927][bookmark: _Ref426144886][bookmark: _Toc426146511][bookmark: _Toc426398617][bookmark: _Toc426466086][bookmark: _Toc426479639][bookmark: _Toc426482624][bookmark: _Toc426491412][bookmark: _Toc426525819][bookmark: _Toc426528745][bookmark: _Toc426539008][bookmark: _Toc426539731][bookmark: _Toc426621689][bookmark: _Toc426644432][bookmark: _Toc426739387][bookmark: _Toc426920298][bookmark: _Toc427064862][bookmark: _Toc427065029][bookmark: _Toc427076242][bookmark: _Toc427116220][bookmark: _Toc427150353][bookmark: _Toc428452747]Figure 1 Key applications of 5G

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]This chapter lists key design metrics relevant to cellular deployments both for macro-cell and small cell scenarios, including both the base station and the user equipment. It is important to first establish this set of requirements so that various waveform designs can be more thoroughly assessed. It is also important to note that waveform designs should not be evaluated purely on link performance, and the analysis should also take into account the impact of user and signal multiplexing. 

[bookmark: _Toc426033876][bookmark: _Ref426040182][bookmark: _Toc426113027][bookmark: _Toc426128171][bookmark: _Toc426129871][bookmark: _Toc426131787][bookmark: _Toc426146520][bookmark: _Toc426368259][bookmark: _Toc426466094][bookmark: _Toc426479647][bookmark: _Toc426482632][bookmark: _Toc426491311][bookmark: _Toc426525827][bookmark: _Toc426528754][bookmark: _Toc426539017][bookmark: _Toc426539740][bookmark: _Toc426621698][bookmark: _Toc426644441][bookmark: _Toc426739396][bookmark: _Toc426920307][bookmark: _Toc427064871][bookmark: _Toc427065038][bookmark: _Toc427076251][bookmark: _Toc427116229][bookmark: _Toc427150362][bookmark: _Toc428452635][bookmark: _Toc425715600][bookmark: _Toc425778847][bookmark: _Toc425855208][bookmark: _Toc425864938][bookmark: _Toc425945367][bookmark: _Toc425959974]Waveform Evaluation Metrics 
[bookmark: _Toc424303268][bookmark: _Toc425248866][bookmark: _Toc425344836][bookmark: _Toc425350727][bookmark: _Toc425501585][bookmark: _Toc425504169][bookmark: _Toc425715601][bookmark: _Toc425778848][bookmark: _Toc425855209][bookmark: _Toc425864939][bookmark: _Toc425945368][bookmark: _Toc425959975][bookmark: _Toc426033877][bookmark: _Toc426113028][bookmark: _Toc426128172][bookmark: _Toc426129872][bookmark: _Toc426131788][bookmark: _Toc426146521][bookmark: _Ref426210331][bookmark: _Toc426368260][bookmark: _Toc426466095][bookmark: _Toc426479648][bookmark: _Toc426482633][bookmark: _Toc426491312][bookmark: _Toc426525828][bookmark: _Toc426528755][bookmark: _Toc426539018][bookmark: _Toc426539741][bookmark: _Toc426621699][bookmark: _Toc426644442][bookmark: _Toc426739397][bookmark: _Toc426920308][bookmark: _Toc427064872][bookmark: _Toc427065039][bookmark: _Toc427076252][bookmark: _Toc427116230][bookmark: _Toc427150363][bookmark: _Toc428452636][bookmark: _Ref447117439]Multipath Processing and Spectral Efficiency
The multipath scattering environment characteristic of cellular deployments provide many benefits toward diversity and multiplexing gain. In 2G and 3G systems, multipath delay profiles with non-negligible delay spread had been considered as impairments to achieving high spectral efficiency even though they were beneficial to fading diversity. However, with the advent MIMO-OFDM in 4G LTE and 802.11n, the multipath scattering environment further allowed for linear scaling of throughput with the number of Tx/Rx antennas to achieve much higher spectral efficiency gains relative to higher order modulations with single rank transmissions alone. This is illustrated below in Figure 2‑2, where we plot the achievable rates for 64-QAM and spatial multiplexing on a system with approximately 30% MAC overhead for pilot and control signals, evaluated for the EPA channel model. As can be seen, for wireless scenarios with higher SNR operating points, it becomes important that the waveform be able to realize such spatial multiplexing gains.
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As an example, the focus on spatial multiplexing gains in wide-area networks with larger intra-site distance (ISD) has been more on the downlink than the uplink, since higher downlink SNR operating regions may occur depending on basestation transmit power and burst traffic interference or intercell coordination. On the contrary, wide area uplink design has not been as focused on achieving spatial multiplexing gains since the lower transmit power for most handheld UE’s leads to lower operating SNR’s at each receiver basestation antenna, and many devices may additionally choose to transmit from only a single antenna to reduce costs.
[bookmark: _Toc424303269][bookmark: _Toc425248867][bookmark: _Toc425344837][bookmark: _Toc425350728][bookmark: _Toc425501586][bookmark: _Toc425504170][bookmark: _Toc425715602][bookmark: _Toc425778849][bookmark: _Toc425855210][bookmark: _Toc425864940][bookmark: _Toc425945369][bookmark: _Toc425959976]It should be noted that the achievable rate is not the only important metric related to exploiting the channel characteristics. Additionally, the flexibility allowed for signal multiplexing and pilot placement is equally important in realizing such gains, and the waveform choice can sometimes restrict the placement or structure of pilot and control tones. Moreover, the next discussion includes implication of waveform selection on user multiplexing. In some cases where single carrier waveforms might have good properties such as lower PAPR, depending on the multiplexing scheme such properties may not hold.

[bookmark: _Toc426033878][bookmark: _Toc426113029][bookmark: _Toc426128173][bookmark: _Toc426129873][bookmark: _Toc426131789][bookmark: _Toc426146522][bookmark: _Toc426368261][bookmark: _Toc426466096][bookmark: _Toc426479649][bookmark: _Toc426482634][bookmark: _Toc426491313][bookmark: _Toc426525829][bookmark: _Toc426528756][bookmark: _Toc426539019][bookmark: _Toc426539742][bookmark: _Toc426621700][bookmark: _Toc426644443][bookmark: _Toc426739398][bookmark: _Toc426920309][bookmark: _Toc427064873][bookmark: _Toc427065040][bookmark: _Toc427076253][bookmark: _Toc427116231][bookmark: _Toc427150364][bookmark: _Toc428452637][bookmark: _Ref447117870]In-band and Out-of-band Emissions
The interference caused by particular active frequencies allocated to a given user is another aspect of waveform design. In cellular, the in-band emissions is relevant to the extent of user multiplexing afforded within some owned portion of spectrum. Certain waveform designs can allow for very high achievable SNR among users which are efficiently multiplexed across the band.
Out-of-band (OOB) emissions are important considerations for waveforms that might enable deployments between different operators in adjacent spectrum. This might sometimes be measured as an adjacent channel leakage ratio (ACLR), and certain other requirements to allow neighboring operators to achieve high SNRs within their allocated band.
It should be emphasized that OOB emission is not only determined by the waveform at the digital baseband, but is also heavily affected by the RF front-end components, especially the power amplifier. 
The trade-off between the final OOB emission suppression with practical PA impairment and the associated complexity at the digital baseband of each waveform proposal need to be carefully evaluated. To achieve this, some reasonable yet simple PA model should also be incorporated in the evaluation. Two popular and simple PA models could potentially be used, including:
· Clipping model with backoff: as shown in Figure 2‑3. Notice that clipping model assumes perfect linearity until hitting the clipping threshold, which reflect a perfect digital pre-distortion (DPD).
· Rapp’s SSPA model [2].

Proposal 1: A reasonable PA impairment model should be assumed when evaluating the OOB emission suppression of the waveform candidates. Two possible candidates are 1) clipping model, and 2) Rapp’s SSPA model.
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The design requirements for both in-band and out-of-band emissions are often closely related to the multiple access scheme envisioned to multiplex users within a system bandwidth and to multiplex several systems among a particular band of spectrum. In the next section, we will discuss the implications of multiple access in more detail, since the waveform design is very closely tied with the multiple access scheme and the service requirements.
This is also related to the level of asynchronous operation between different systems or different users in the same system. The benefits of asynchronism in the protocol versus complexity in the waveform design and requirements of the operating modes need to be considered comprehensively. For instance, in downlink operation intra-cell interference between users must be low enough to achieve the peak throughput requirements. On the other hand, for the uplink a more relaxed requirement on peak SNR might be needed since the intercell interference and available transmit power lead to different SINR operating regions.
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Certain waveforms often involve entire blocks to be processed at once before transmission, such as OFDM or SC-FDE, whereas other systems can prepare the transmissions sample-by-sample. In reality, the entire system often works on some segmented level since data and control packets may be processed in blocks as well, though at the waveform level the block processing may be selected to optimize the spectral efficiency at the cost of processing latency. An extreme example of this is OFDM broadcast solutions such as LTE-MBSFN, where the larger CP and symbol sizes lead to larger processing blocks.

[bookmark: _Toc424303273][bookmark: _Toc425248871][bookmark: _Toc425344841][bookmark: _Toc425350732][bookmark: _Toc425501590][bookmark: _Toc425504174][bookmark: _Toc425715606][bookmark: _Toc425778853][bookmark: _Toc425855214][bookmark: _Toc425864944][bookmark: _Toc425945373][bookmark: _Toc425959980][bookmark: _Toc426033882][bookmark: _Toc426113033][bookmark: _Toc426128177][bookmark: _Toc426129876][bookmark: _Toc426131792][bookmark: _Toc426146525][bookmark: _Toc426368264][bookmark: _Toc426466099][bookmark: _Toc426479652][bookmark: _Toc426482637][bookmark: _Toc426491316][bookmark: _Toc426525832][bookmark: _Toc426528759][bookmark: _Toc426539022][bookmark: _Toc426539745][bookmark: _Toc426621703][bookmark: _Toc426644446][bookmark: _Toc426739401][bookmark: _Toc426920312][bookmark: _Toc427064876][bookmark: _Toc427065043][bookmark: _Toc427076256][bookmark: _Toc427116234][bookmark: _Toc427150367][bookmark: _Toc428452640][bookmark: _Ref447115068]Transmitter Energy Efficiency
Traditionally, the peak-to-average power ratio (PAPR) has been a proxy metric for determining the energy efficiency of waveforms, and minor variations have been introduced such as cubic-metric distributions. However, in practical systems the PA actually has hard limit or saturation point, and depending on how often the input signal reaches this clipping threshold determines the level of in-band distortion, as well as the level of increased out-of-band emissions such as ACLR. For our discussion in this paper, we adopt a very simple clipping model for PA non-linearity as shown in Figure 2‑3. 
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In order to improve PA efficiency, the transmitted signal is operated as close as possible to the PA saturation point as long as still meeting some acceptable level of distortion. A commonly accepted measure of in-band distortion is the error vector magnitude (EVM), as defined by Equation 2‑1, which we will use throughout this paper.
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A related convention for EVM metric is the ratio sqrt(Perror/Pref) reported as a percentage, but is not used here. Therefore, the more critical aspect of waveform design is not specifically the PAPR, but the overall tolerable clipping threshold (also referred to as PA backoff) for the system. Generally, lower PA backoffs can lead to higher PA efficiencies.
It should be noted that devices often employ pre-compensation and post-compensation at the transmitter and receiver, respectively, to allow operation close to saturation of the PA. Two prevalent examples of pre-compensation are digital pre-distortion and crest factor reduction which aim to linearize the overall signal path from pre-compensation to PA output.
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It has been shown in literature that limiting the number of active components at the receiver can dramatically reduce the power consumption at the receiver and for certain use cases. Waveform design can impact this depending on data rate requirements. 
Different Use Cases
It should be noted that the waveform evaluation metrics listed above are the general principles in evaluating each waveforms. Depending on the specific use cases, some metrics will be more important than the others. For example, in mMTC where data packet sizes are small and battery life and coverage extension are critical, transmission energy efficiency listed in section 2.1.5 and support of asynchronous operation listed in section 2.1.3 to avoid control overhead are more important. On the other hand, for eMBB use cases, the support of high spectral efficiency listed in section 2.1.1 and low block processing latency listed in section 2.1.4 are more important than supporting low PAPR.

Proposal 2: Different evaluation metrics can be applied to waveform evaluation for different use cases. The following is suggested:
[bookmark: _Ref447303072]Table 3‑1 Waveform evaluations for different scenarios
	
	High spectral efficiency 
	Inband and out-of-band emission
	Support non-orthogonal and async operation
	Low block processing delay
	PA efficiency /PAPR
	Receiver complexity

	eMBB UL
	√
	√
	
	√
	√
	√

	eMBB DL
	√
	√
	
	√
	
	√

	mMTC UL
	
	√
	√
	
	√
	√

	mMTC DL
	
	√
	
	
	
	√

	uLLRC UL
	
	√
	√
	√
	
	√

	uLLRC DL
	
	√
	
	√
	
	√



Conclusions
Proposal 1: A reasonable PA impairment model should be assumed when evaluating the OOB emission suppression of the waveform candidates. Two possible candidates are 1) clipping model, and 2) Rapp’s SSPA model, as stated in section 2.1.2.
Proposal 2: Different evaluation metrics can be applied to waveform evaluation for different use cases, as shown in Table 3‑1.
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Waveform Evaluation Metrics 
Multipath Processing and Spectral Efficiency
The multipath scattering environment characteristic of cellular deployments provide many benefits toward diversity and multiplexing gain. In 2G and 3G systems, multipath delay profiles with non-negligible delay spread had been considered as impairments to achieving high spectral efficiency even though they were beneficial to fading diversity. However, with the advent MIMO-OFDM in 4G LTE and 802.11n, the multipath scattering environment further allowed for linear scaling of throughput with the number of Tx/Rx antennas to achieve much higher spectral efficiency gains relative to higher order modulations with single rank transmissions alone. This is illustrated below in Figure 2‑2, where we plot the achievable rates for 64-QAM and spatial multiplexing on a system with approximately 30% MAC overhead for pilot and control signals, evaluated for the EPA channel model. As can be seen, for wireless scenarios with higher SNR operating points, it becomes important that the waveform be able to realize such spatial multiplexing gains.
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Figure 2‑2 Spatial Multiplexing Gains from Multipath

As an example, the focus on spatial multiplexing gains in wide-area networks with larger intra-site distance (ISD) has been more on the downlink than the uplink, since higher downlink SNR operating regions may occur depending on basestation transmit power and burst traffic interference or intercell coordination. On the contrary, wide area uplink design has not been as focused on achieving spatial multiplexing gains since the lower transmit power for most handheld UE’s leads to lower operating SNR’s at each receiver basestation antenna, and many devices may additionally choose to transmit from only a single antenna to reduce costs.
It should be noted that the achievable rate is not the only important metric related to exploiting the channel characteristics. Additionally, the flexibility allowed for signal multiplexing and pilot placement is equally important in realizing such gains, and the waveform choice can sometimes restrict the placement or structure of pilot and control tones. Moreover, the next discussion includes implication of waveform selection on user multiplexing. In some cases where single carrier waveforms might have good properties such as lower PAPR, depending on the multiplexing scheme such properties may not hold.

In-band and Out-of-band Emissions
The interference caused by particular active frequencies allocated to a given user is another aspect of waveform design. In cellular, the in-band emissions is relevant to the extent of user multiplexing afforded within some owned portion of spectrum. Certain waveform designs can allow for very high achievable SNR among users which are efficiently multiplexed across the band.
Out-of-band (OOB) emissions are important considerations for waveforms that might enable deployments between different operators in adjacent spectrum. This might sometimes be measured as an adjacent channel leakage ratio (ACLR), and certain other requirements to allow neighboring operators to achieve high SNRs within their allocated band.
It should be emphasized that OOB emission is not only determined by the waveform at the digital baseband, but is also heavily affected by the RF front-end components, especially the power amplifier. 
The trade-off between the final OOB emission suppression with practical PA impairment and the associated complexity at the digital baseband of each waveform proposal need to be carefully evaluated. To achieve this, some reasonable yet simple PA model should also be incorporated in the evaluation. Two popular and simple PA models could potentially be used, including:
· Clipping model with backoff: as shown in Figure 2‑3. Notice that clipping model assumes perfect linearity until hitting the clipping threshold, which reflect a perfect digital pre-distortion (DPD).
· Rapp’s SSPA model [2].

Proposal 1: A reasonable PA impairment model should be assumed when evaluating the OOB emission suppression of the waveform candidates. Two possible candidates are 1) clipping model, and 2) Rapp’s SSPA model.

Multiple Access and Asynchronous Operation
The design requirements for both in-band and out-of-band emissions are often closely related to the multiple access scheme envisioned to multiplex users within a system bandwidth and to multiplex several systems among a particular band of spectrum. In the next section, we will discuss the implications of multiple access in more detail, since the waveform design is very closely tied with the multiple access scheme and the service requirements.
This is also related to the level of asynchronous operation between different systems or different users in the same system. The benefits of asynchronism in the protocol versus complexity in the waveform design and requirements of the operating modes need to be considered comprehensively. For instance, in downlink operation intra-cell interference between users must be low enough to achieve the peak throughput requirements. On the other hand, for the uplink a more relaxed requirement on peak SNR might be needed since the intercell interference and available transmit power lead to different SINR operating regions.

Block Processing Latency
Certain waveforms often involve entire blocks to be processed at once before transmission, such as OFDM or SC-FDE, whereas other systems can prepare the transmissions sample-by-sample. In reality, the entire system often works on some segmented level since data and control packets may be processed in blocks as well, though at the waveform level the block processing may be selected to optimize the spectral efficiency at the cost of processing latency. An extreme example of this is OFDM broadcast solutions such as LTE-MBSFN, where the larger CP and symbol sizes lead to larger processing blocks.

Transmitter Energy Efficiency
Traditionally, the peak-to-average power ratio (PAPR) has been a proxy metric for determining the energy efficiency of waveforms, and minor variations have been introduced such as cubic-metric distributions. However, in practical systems the PA actually has hard limit or saturation point, and depending on how often the input signal reaches this clipping threshold determines the level of in-band distortion, as well as the level of increased out-of-band emissions such as ACLR. For our discussion in this paper, we adopt a very simple clipping model for PA non-linearity as shown in Figure 2‑3. 
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Figure 2‑3 Simple model of PA nonlinearity

In order to improve PA efficiency, the transmitted signal is operated as close as possible to the PA saturation point as long as still meeting some acceptable level of distortion. A commonly accepted measure of in-band distortion is the error vector magnitude (EVM), as defined by Equation 2‑1, which we will use throughout this paper.

Equation 2‑1
A related convention for EVM metric is the ratio sqrt(Perror/Pref) reported as a percentage, but is not used here. Therefore, the more critical aspect of waveform design is not specifically the PAPR, but the overall tolerable clipping threshold (also referred to as PA backoff) for the system. Generally, lower PA backoffs can lead to higher PA efficiencies.
It should be noted that devices often employ pre-compensation and post-compensation at the transmitter and receiver, respectively, to allow operation close to saturation of the PA. Two prevalent examples of pre-compensation are digital pre-distortion and crest factor reduction which aim to linearize the overall signal path from pre-compensation to PA output.

Receiver Energy Efficiency
It has been shown in literature that limiting the number of active components at the receiver can dramatically reduce the power consumption at the receiver and for certain use cases. Waveform design can impact this depending on data rate requirements. 
Different Use Cases
It should be noted that the waveform evaluation metrics listed above are the general principles in evaluating each waveforms. Depending on the specific use cases, some metrics will be more important than the others. For example, in mMTC where data packet sizes are small and battery life and coverage extension are critical, transmission energy efficiency listed in section 2.1.5 and support of asynchronous operation listed in section 2.1.3 to avoid control overhead are more important. On the other hand, for eMBB use cases, the support of high spectral efficiency listed in section 2.1.1 and low block processing latency listed in section 2.1.4 are more important than supporting low PAPR.

Proposal 2: Different evaluation metrics can be applied to waveform evaluation for different use cases. The following is suggested:
Table 3‑1 Waveform evaluations for different scenarios
	
	High spectral efficiency 
	Inband and out-of-band emission
	Support non-orthogonal and async operation
	Low block processing delay
	PA efficiency /PAPR
	Receiver complexity

	eMBB UL
	√
	√
	
	√
	√
	√

	eMBB DL
	√
	√
	
	√
	
	√

	mMTC UL
	
	√
	√
	
	√
	√

	mMTC DL
	
	√
	
	
	
	√

	uLLRC UL
	
	√
	√
	√
	
	√

	uLLRC DL
	
	√
	
	√
	
	√
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