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1. Introduction

The SI for 5G was approved at RAN#71 [1], in which the task of PHY signal design is as follows:

(3) Initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture to fulfil objective 1 and 2, with focus on progressing in the following areas 
· Fundamental physical layer signal structure for new RAT
i. Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
1. FFS: other waveforms if they demonstrate justifiable gain

ii. Basic frame structure(s)

iii. Channel coding scheme(s)

…

…
· Fundamental RF aspects – especially where they may impact decisions on the above, e.g., 
i. Study and identify the aspects related to the testability of RF and performance requirements
Proposed candidate waveforms (GFDM, UFMC, FBMC, and f-OFDMA) for New Radio/5G are assessed for critical UL performance issues, including peak-to-average power ratio (PAPR) and out-of-channel emissions, through measured data of exampled state-of-the-art power amplifiers, namely a B41 LTE PA and a 5GHz Wi-Fi PA. These aspects of the proposed waveforms are challenging for the power amplifier, but when combined with present assumptions for RF front-end linearity required to achieve targeted capacity improvements of eliminating channel guard-bands and achieving reduced interference in asynchronous operation of adjacent channels, the performance becomes unattainable for any reasonable current consumption. Despite the candidate waveform improvements vs. FDMA/OFDMA to out-of-channel emissions in initial construction, once the waveforms are run through the power amplifier (and transceiver for that matter), all advantages are eliminated as the spectral regrowth quickly becomes limited by the RF path nonlinearity to a level that is independent of the starting waveform out-of-channel characteristics. This difficulty is compounded by issues related to efficient operation of 5G for much wider bandwidths and at much higher frequencies in the mm Wave bands. The symmetric definition for NR waveform to be the same in DL and UL is problematic for PAPR and transmit DC efficiency, and it is preferred (just as for LTE) to use a specific waveform solution for UL that makes a reasonable trade-off to sacrifice some spectral efficiency to enable lower PAPR.
Proposals are made to 1) support single carrier SC-FDMA for the NR UL as a continuation of the LTE UL, 2) renew study of encoding and alternative modulations with lower PAPR, and 3) explore alternative means to guarantee out-of-channel emissions than simply to rely on native PA linearity at significant DC current consumption penalty for the UE.
2. Discussion

2.1. 5G Physical Layer: Requirements for New Waveform Development
Key requirements of the 5G Waveform include :

· Flexibility and frequency localization for spectral efficiency/coexistence to support concurrent 5G use cases of enhanced mobile broadband (eMBB), massive machine type communications (mMTC) and ultra-reliable and low-latency communications (URLLC)

· MIMO capability, high order modulation support and spectral efficiency to meet peak 5G targets of 30bps/Hz for DL and 15bps/Hz for UL
· Uniform waveform design for downlink, uplink, and sidelink to simplify device-to-device, backhaul, and MIMO communications 
· Simplified implementation

· Enable energy efficient communications
Present OFDMA Waveform Deficiencies :
· OFDMA not spectrally efficient enough

· OFDMA not flexible/spectrally localized enough to support asynchronous adjacent services (poor Out-of-Channel emissions)
RAN1 is currently assessing different candidate waveforms that are attempting at providing the above properties and overcome OFDMA limitations. Table 1 is comparing the different candidate waveforms for a number of criteria.
	
	OFDM
	GFDM
	UFMC
	FBMC
	f-OFDM

	Peak-to-Avg Ratio
	High
	High
	High
	High
	High

	OOB Emissions
	High
	Low
	Low
	Lowest
	Lower

	Fragmented Spectrum
	No
	Yes
	Yes
	Yes
	Yes

	Filter Granularity
	Whole Channel
	Subcarrier
	Subband
	Subcarrier
	Subband

	Equal Size SubBands ONLY?
	No Subband Treatment
	Unequal OK
	Equal ONLY
(Non-Contig Possible)
	Equal Subcarrier
	Unequal OK

	Typical Filter Length
	≤ CP Length
	>> Symbol Duration
	= CP Length
	= (3,4,5) x Symbol Duration
	≤ ½ x Symbol Duration

	Time Orthogonality
	Orthogonal
	Non-Orthogonal
	Orthogonal
	Orthogonal in Real Domain
	Non-Orthogonal


Table 1 : Comparative summary of properties for NR candidate waveforms vs. OFDM
2.2. 5G UL Performance Issues Related to the NR Candidate Waveforms

The initial spectral purity and minimal out-of-channel emissions are a critical aspect of coexistence and supporting adjacent asynchronous services. As shown in the left-most inset of Figure 1, OFDM exhibits significant residual out-of-channel spectrum due to the fundamental frequency signature of the orthogonal sinc function used in its resource element construction. The allocation of RBs within the channel exhibits this challenge up until just past the guard band to the channel band-pass filter edge (shown at left of the Figure 1 inset) where the emissions are attenuated significantly. This is contrasted with the properties of the new radio candidate waveforms shown in the center inset without a guard band requirement and excellent out-of-channel emissions signature. 
The difficulty is that once these ideal candidate waveforms are run through the nonlinearity of the power amplifier, the spectral regrowth and ACLR become large and limited entirely by the PA, effectively independent of the property of the initial waveform, limiting adjacent asynchronous concurrent services, and eliminating any potential advantage of the initial waveform spectral purity. This is especially clear when looking at the behavior of the OFDM vs. 5G candidate waveforms with very different starting behavior, running them through a PA, and demonstrating that the spectral emissions at the PA output is degraded to the similar emissions level. Even the behavior of OFDM at the channel edge (where the out-of-channel emissions are well attenuated) vs. the other side of that allocation in within the channel (where emissions are sinc-function limited) become symmetrically degraded at the PA output independent of that asymmetry above and below allocation at the outset.
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Figure 1 : PA Spectral Regrowth Dominates Out of Channel Emission Regardless of Starting Waveform
Table 2 describes the detailed parameterization of the different waveforms used for the measurements, to facilitate the comparison with SC-FDMA and LTE UL, a comparable allocation bandwidth of the modulation of 18MHz (100RB) was uniformly established for all cases.

	
	LTE SC-FDMA
	GFDM
	UFMC
	FBMC
	f-OFDM

	Number of Subcarriers
	
	2048
	2048
	2048
	2048

	Number of Active Subcarriers
	1200
	1200
	1200
	1200
	1200

	Subcarrier Spacing
	15kHz
	15kHz
	15kHz
	15kHz
	15kHz

	Guard Subcarriers
	424/424
	424/424
	424/424
	424/424
	424/424

	Cyclic Prefix  Length (samples)
	144
	144
	144
	144
	144

	Filter
	-
	RRC a=0.1
	Dolph-Chebyshev
	RRC a=0.1
	Soft Truncation

	Filter Length
	
	
	74
	
	74

	Number Subbands
	1
	
	40
	
	1

	Windowing Method
	
	
	
	
	Hanning

	Stopband Attenuation
	
	
	60 dB
	
	

	Overlap Factor
	
	
	
	K = 4
	

	Cut Transient Response
	
	
	
	OFF
	OFF

	PAPR Results 0.001 %
	7.2
	> 10.5
	>10.5
	>10.5
	>10.5


Table 2 : Configuration parameters used in evaluation NR candidate waveforms
2.2.1. CCDF and Peak-to-Average Power Ratio (PAPR)

Figure 2 shows the CCDF of the different waveforms using properly randomized data; it can be deducted from this graph that following 0.001% CCDF PAPR is:

· 7.2dB for LTE SC-FDMA

· 10.4dB for f-OFDM

· 10.6dB for UFMC and FBMCw

· Up to 11.2dB for GFDM

[image: image2.emf]0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

Percentage of Occurance [%]

RMS Power Above Mean [dB]

CCDF

LTE : Ref

GFDM : Ref

UFMC : Ref

FBMCw : Ref

fOFDM : Ref


Figure 2 : CCDF statistical profile of the NR candidate waveforms GFDM, UFMC, FBMC, f-OFDM indicating PAPR > 10, relative to LTE UL SC-FDMA with PAPR ~ 7.2
In order to compare the linearity characteristics of waveforms with different peak-to-average power ratios, a formalism to establish the correct rms average output power with equivalent headroom is shown in Figure 3. This enables equivalent headroom for the different waveforms to be applied such that clipping distortion is similar between them and the inherent nonlinearity of the PA is more fairly compared between the cases.
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Figure 3 : Formalism to establish correct rms average output power for equivalent headroom

Also critically important in the assessment of the 5G new candidate waveforms is the relative immaturity of scrambling and encoding to establish independence from underlying data patterns. In order to represent the waveform modulations correctly, sufficient randomization of the underlying data was required.

2.2.2. Out of channel emissions for full allocated channel

Figure 4 shows the measured different ideal waveforms out-of-channel emission for an equivalent 100RB allocation. The LTE waveform is using a channel limiting filter showing that it can also have a fairly localized spectrum outside it’s guard band extent.
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Figure 4 : 18MHz Modulation Bandwidth (Equivalent Full allocation 100RB of a 20MHz channel) GFDM, UFMC, FBMC, f-OFDM out-of-channel emissions compared to a baseline LTE UL waveform.

[image: image5.emf]
Figure 5 : Measured data of 18MHz Modulation BW GFDM, UFMC, FBMC, f-OFDM  out-of-channel emissions compared to a baseline LTE UL waveform after a standard LTE B41 2.6GHz PA amplification.
[image: image6.emf]
Figure 6 : Measured data of GFDM, UFMC, FBMC, f-OFDM  out-of-channel emissions compared to a baseline LTE UL waveform after a standard 5GHz WiFi PA amplification.
Figure 5 shows the measured output spectrums of the different waveforms at the output of the LTE band 41 PA at 2.6GHz, exhibiting significant spectral regrowth and comparable out-of-channel degradations across all waveforms. Figure 6 does the same for the 5GHz Wi-Fi PA with similar results.

I can be observed that similar ACLR performances are achieved and that the localization present in the input waveforms is completely lost. Furthermore, for the new candidate waveforms for 5G NR having higher PAPR the average transmitted power is lowered by 2dB for equivalent headroom and therefore ACLR compared to the LTE SC-FDMA waveform case. This may result in reduced cell coverage in UL limited scenarios, and much lower DC efficiency for the UE.

Observation 1

· For a fully allocated channel, at the output of the PA, initial waveform localization properties are lost and out-of-channel spectral emissions are degraded to the same values limited by the PA nonlinearity.

· For a fully allocated channel, higher PAPR waveforms result in lower transmitted power and reduced DC efficiency

2.2.3. Out of channel emissions for partially allocated channel

Figure 7 shows the measured different ideal waveforms out of channel emission for an equivalent 18RB partial allocation at channel edge. In this case the LTE waveform using a channel limiting filter at the left-most portion of the allocation past the defined guard band while the emissions above the modulation is not filtered symmetrically, and the NR candidate waveforms show better localization everywhere outside the modulation.
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Figure 7 : 3.24MHz Modulation Bandwidth (Equivalent 18RB of a 20MHz channel starting at RB location = 0) GFDM, UFMC, FBMC, f-OFDM out-of-channel emissions compared to a baseline LTE UL waveform.
[image: image8.emf]
Figure 8 : Measured data of 3.24MHz Modulation BW GFDM, UFMC, FBMC, f-OFDM  out-of-channel emissions compared to a baseline LTE UL waveform after a standard LTE B41 2.6GHz PA amplification.
[image: image9.emf]
Figure 9 : Measured data of 3.24MHz Modulation BW GFDM, UFMC, FBMC, f-OFDM  out-of-channel emissions compared to a baseline LTE UL waveform after a standard 5GHz WiFi PA amplification.
Figure 8 shows the measured output spectrum of the different partially allocated waveforms at the output of the LTE band 41PA at 2.6GHz, Figure 9 does the same for the 5GHz WiFi PA.

Again it can be noticed that initial localization of the modulation and spectral purity of the waveform is entirely limited by PA nonlinearity, with all waveforms degraded comparably at the PA output independent of the initial performance of the waveform. Even in the case of asymmetric out-of-channel emissions of the baseline 18RB LTE UL signal, the out-of-channel emissions becomes symmetrically degraded at the PA output. Also of note is that the average transmitted power is lowered by 2dB for equivalent headroom and ACLR compared to LTE SC-FDMA waveform case when higher PAPR candidate NR waveforms are used, with implications for significant degradation of UE DC efficiency.

Observation 2

· For a partially allocated channel, at the output of  the PA initial waveform localization properties are lost and out-of-channel emissions are degraded to the same values limited by the PA nonlinearity

· For a partially allocated channel, higher PAPR waveforms result in lower transmitted power and reduced DC efficiency
2.2.4. Out of channel emissions for wideband channel

Figure 10 shows the measured ideal f-OFDM input waveform out of channel emission for an equivalent 800RB allocation wideband channel.
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Figure 10 : 144MHz (Equivalent 800RB of a 160MHz channel starting at RB location = 0) Modulation Bandwidth f-OFDM input waveform out-of-channel emissions.
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Figure 11 : Measured data of 144MHz Modulation BW f-OFDM out-of-channel emissions after both a standard LTE B41 PA at 2.6GHz and a 5GHz WiFi PA amplification.

Figure 11 shows the measured wideband 144MHz f-OFDM output waveforms out of channel emission for an equivalent 800RB allocation wideband channel at the output of both a band 41 LTE PA and a 5GHz.

It is to be noted that both PAs have similar performance which can be easily understood since the LTE PA is designed for a 23dBm/7.2dB PAPR waveform and the 5GHz Wi-Fi PA for a 20dBm/10dB PAPR waveform. As a result they both have very similar peak power capability.

Observation 3

Both LTE high band and Wi-Fi 5GHz high performance PAs are good candidates for modelling and testing NR waveforms at less than 6GHz frequencies for channel bandwidths at least equal to 200MHz.

2.3. Power Amplifier modeling for NR waveform evaluation

In [9] and [10] RAN1 is requesting to model PA non-linearities for link level simulation in order to properly evaluate candidate waveforms for NR/5G, also RAN1 is seeking recommendation from RAN4 on modeling UE and BS power amplifiers.
We would like to suggest that the measured data in this contribution serves as benchmark for UE power amplifier modeling.
Link level simulations are suggesting 10MHz system bandwidth at 4Ghz and in this case the experience of Skyworks is that AM/AM and AM/PM based models provides representative results of UE power amplifier behaviour. Nethertheless this may not be the case for wideband channels up to 200MHz at 4GHz but also for higher frequencies where memory effects, bias bandwidth limitations, etc. can have high impact on power amplifier in band distorsions and out of channel emissions.
This issue is illustrated when comparing the wideband (800RB) channel f-OFDM waveform of Figure 11 of the LTE and Wi-Fi power amplifiers with their behaviour when a 100RB equivalent f-OFDM waveform is used (Figures 5 and 6). It can be noted that multiple behaviours are different:

· Out of channel power leakage is much larger for the 800RB case than for 100RB altough it is 1dB lower into compression. The PSD in 100kHz is 10dB lower where it should be only 9dB lower (10*Log(100/800))

· Where the out of channel emission is very symetrical and very similar for the LTE and Wi-Fi PA for the 100RB case it becomes very unsymetrical and di-semblable for the 800RB case revealing the memory effects and bandwidth limitations at baseband (power amplifier biasing…)

For the bandwidths and frequencies intended for NR/5G UE power amplifier models need to seriously consider addding memory effects. Skyworks is willing to contribute in the elaboration of such model.

Observation 4
Simple AM/AM + AM/PM model is not representative of power amplifier non linear behaviour for wide bandwitdth and/or frequencies higher than 6GHz. Models accounting for memory effects, bias network bandwidth limitations, etc. should be studied in order to refine the accuracy and predictability of such models. Application of PA models for mm Wave will also need to be inclusive of additional parasitics and test method limitations.
3. Conclusion
Initial goals for the 5G candidate physical layer modulation approaches include better out-of-channel spectral efficiency in order to enable reduced adjacency emissions for asynchronous wireless coexistence. The degradation of out-of-channel emissions due to spectral regrowth in the RF front-end (both transceiver and PA, but primarily the PA) largely eliminates all benefits of the improved initial waveform spectrum, and the unrealistic expectations for RF front-end linearity to maintain the ideal out-of-channel properties as well as the extremely large peak-to-average power ratio both serve to severely burden the UL with significant efficiency degradation. The assumption for a symmetric waveform of UL equal to DL for simplification of D2D services is impractical if UL energy efficiency is to be optimized.

Proposal 1

A proposal is made here to refocus efforts on reduced PAPR for the 5G NR UL, whether 
1) Retaining the present PAPR performance of single-carrier SC-FDMA as in LTE-A, 
2) Revisiting encoding and multiple access schemes that enable PAPR reduction, and 
3) Explore alternative means to guarantee out-of-channel emissions than simply to rely on native PA linearity at significant DC current consumption penalty for the UE.
In response to RAN1 inquiries on modelling of power amplifier for NR/5G link level simulation for evaluation of candidate waveforms this contribution would recommend that the following aspects are retained in RAN4 answer:
Proposal 2

1. LTE and Wi-Fi PA measurements results with candidate waveforms shall serve as the benchmark for modelling.

2. Impact of memory effect for higher frequencies and wider bandwidths as intended by NR/5G shall be assessed for power amplifier modelling.
Summary of observations:

Observation 1

· For a fully allocated channel, at the output of the PA, initial waveform localization properties are lost and out-of-channel spectral emissions are degraded to the same values limited by the PA nonlinearity.

· For a fully allocated channel, higher PAPR waveforms result in lower transmitted power and reduced DC efficiency

Observation 2

· For a partially allocated channel, at the output of  the PA initial waveform localization properties are lost and out-of-channel emissions are degraded to the same values limited by the PA nonlinearity

· For a partially allocated channel, higher PAPR waveforms result in lower transmitted power and reduced DC efficiency

Observation 3

Both LTE high band and Wi-Fi 5GHz high performance PAs are good candidates for modelling and testing NR waveforms at less than 6GHz frequencies for channel bandwidths at least equal to 200MHz.

Observation 4

Simple AM/AM + AM/PM model is not representative of power amplifier non linear behaviour for wide bandwitdth and/or frequencies higher than 6GHz. Models accounting for memory effects, bias network bandwidth limitations, etc. should be studied in order to refine the accuracy and predictability of such models. Application of PA models for mm Wave will also need to be inclusive of additional parasitics and test method limitations.
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