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1. Introduction
As suggested by our contribution R4-1700204 [2] and as agreed in R4-1700300 way forward [1] at January 2017 NR Ad-hoc meeting, TRX impairments impact on multiple numerology should be studied. This contribution provides further input on this impact and proposes improved TRX impairments and discussed their feasibility at both <6GHz and mmWaves.
2. Discussion
In the agreed way forward [1] of last RAN4#81AH-NR meeting there is a specific request on slide 3 to study impact of TRX impairments on multiple numerology case. Our previous contribution [2] already adressed this partially and we further discuss the issue in this contribution. Feasibility of improved TRX impairments at both sub-6GHz and mmWave is also covered and proposal made.
2.1. Impact of PA Spectral Regrowth and TRX Impairment on Multiple Numerology Guard Band and Filtering Requirements
To ease the discussion in this chapter and make the illustration clearer, we have used two colors to distinguish the two UEs in the scenario together with their associated numerology:

· The “red” UE transmits on the left side with the smallest carrier spacing

· The “blue” EU transmits on the right side with the largest carrier spacing (as an example here, 4 times the “red” UE carrier spacing)

To simplify the schematics the two UEs are shown as seen from the base station at equivalent power. It is to be noted though that due to different transmit bandwidths the relative level will have to be corrected for the PSD.
2.1.1. Need for Filtered Waveform and Guard band
In this paragraph we return to key aspects related to one of the essential feature of NR, which is new compared to LTE: the possibility to use different numerologies for different users or services. This key feature is one of the reasons for adopting filtered OFDM waveforms. In this case we focus on the UL case where each numerology corresponds to the transmission of two different UEs.
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Figure 1: Overlap of two numerologies without (left) and with filtering and minimum Guard Band (right)
Figure 1 reproduces and idealized representation of the overlap of two different NR numerologies. As an example, the “blue” UE transmits an OFDM signal which has four times the carrier spacing of the “red” UE. To simplify the schematic, the two UEs are shown as seen from the base station at equivalent power.

On the left side, each UE transmits OFDM signals without filtering or guard band. Within a single numerology, the signals would still be orthogonal (side lobes have a zero at the peaks of the carriers as can be observed within the “red” or “blue” own numerology), the “blue” side lobes are no longer orthogonal to the “red” carriers, on the other end “red” side lobes are still orthogonal to the “blue” carriers (this is the case as long as the “blue” carrier spacing is an integer multiple of the “red” carrier spacing. Nevertheless, the two UE side lobes no longer interfere with the others carrier which is the desired situation.
To avoid this issue and make highest usage of the spectrum, filtered OFDM waveforms have been introduced in NR as illustrated in Figure 1 right side, and RAN4 is currently discussing the size of the required frequency guard band. As illustrated in Figure1 right side, the filtering cannot be perfect and the needed guard band has to be proportional to the largest carrier spacing UE (the “blue” one in this illustration).  
Observation 1: OFDM waveforms have to be filtered to enable side by side spectrum with different numerologies from separate UEs in UL.
2.1.2. Impact of TRX Impairments
This chapter discusses the transmission of two different numerologies with filtered waveforms and a guard band from two separate UEs, but now considers the impact of the transceiver impairments like image and carrier leakage that are the results of imperfections in the up conversion block.
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Figure 2: Overlap with two numerologies and carrier leakage (left) and with added image leakage (right)
Carrier leakage
In Figure 2, on the left side, two cases of carrier leakage overlapping the other numerology are illustrated:

· In one case the “blue” carrier leakage falls on the “red” spectrum: in this case since the “blue” carrier spacing is a multiple of the “red” one, the carrier leakage falls in a null between two “red” carriers thus, as in LTE case its interference can be ignored and easily cancelled by the base station signal processing.
· In the other case the “red” carrier leakage falls on the “blue” spectrum: in this case the “red” carrier leakage may fall directly on top of a “blue” carrier affecting the SNR of that carrier.
Current assumption for LTE is a 25dBc carrier leakage which is essentially due to DC offsets or imbalances within the up converter. Since it had no performance impact, no effort was done to try to improve it since Release 8. This effect is not so severe since it affects only one carrier, but in the case of 2RB of 12 large spacing carriers and 8RB of 12 small spacing carriers, it would result in a 2.1% spectrum loss. This is close to the loss induced by the guard band. Note that this impact is present regardless of the transmit UE power.
Observation 2: As opposed to LTE, in the case of multiple numerologies for NR, the up converter carrier leakage can affect at least one carrier, reducing the spectrum usage and efficiency.
Image leakage
In Figure 2, on the right side, the images of the “red” and “blue” spectrums are added to the carrier leakage. The image leakage is the symmetric of the wanted signal on the other side of the carrier. As illustrated here the “red” spectrum image partially overlaps with the wanted “blue” spectrum while the “blue” spectrum image fully recovers the wanted “red” spectrum, which again is not orthogonal. In both cases the impact is larger than the overlap of unfiltered OFDM waveforms was in Figure 1.
Current minimum assumption for LTE is a 25dBc image leakage which is essentially due to quadrature error within the up converter. Until UL 256 QAM no performance impact was found, and recently image leakage of 34dBc have been assumed for UL256QAM capable transceivers. Note that this impact is present regardless of the transmit UE power.
Observation 2: Unless image rejection is improved compared to LTE minimum requirement, the impact to NR multiple numerologies scenario might be higher than the one of unfiltered waveforms with no guard band.

CIM3
For the sake of completeness, we will cover here the Baseband IM3 (counter IM3) which is one of the other up-converter impairment. Since CIM3 LTE assumption is 60dBc, this issue is largely negligible when it comes to in band interference.
2.1.3. Impact of PA Spectral Regrowth

In this chapter, we cover the impact of spectral regrowth due to PA non linearity close to maximum power. To illustrate this, the “red” UE now transmits close to its maximum power, while the “blue” UE transmits far from its non-linear region. Note that the two UE can both be close to their maximum power and that different PSDs will arise from different transmitted bandwidths.
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Figure 3: Overlap of two numerologies with smaller numerology at max power exhibiting spectral regrowth
Figure 3 illustrates the spectral regrowth of the “red” spectrum, showing the effect of 3rd and 5th order intermodulation products. Again the impact of the unwanted “red” spectrum overlapping the wanted “blue” spectrum is more significant than the overlapping of unfiltered waveform with guard band of Figure 1.
Although this issue is usually thought to be only relevant close to maximum power, the lower efficiency due to millimetre wave operation and higher PAPR for sub-6GHz will push for the use of efficiency enhancement techniques like Doherty, Envelope Tracking and (more likely due to large bandwidths) Adaptive Power tracking. These techniques have as a result that spectrum regrowth does not improve very fast with back-off.
Separately, if ACLR of around 30dB can be anticipated for sub-6GHz, the currently discussed 17dB UE ACLR at millimetre wave will significantly reduce the benefit of filtered waveforms.

Observation 3: Spectral regrowth due to PA non-linearity will significantly reduce the benefit of filtered waveforms and guard band for the multiple numerology case.
2.1.4. Proposal for Analysis of Filtering and Guard Band Requirement for Multiple Numerology

Proposal 1: To avoid un-necessarily stringent requirement on filtering and guard band, TRX impairments and PA ACLR impact must be carefully budgeted.
2.2. Feasibility of Improved TRX and PA Impairments
2.2.1. Sub-6GHz Case

Our proposal is to start from state-of-the art performance. This can be derived from the already agreed impairment budget from UL 256QAM studies. Also, it is to be noted that Wi-Fi technology uses 256QAM and recently introduced 1024QAM with even higher requirement on transceiver impairments and PA EVM floor. State-of-the art Wi-Fi solutions achieve this performance up to 6GHz.
As discussed above, beyond the effort already agreed for Image Rejection, it is of interest to also improve carrier leakage. Modern solutions implement calibration of Quadrature errors together with imbalance and DC offsets. It is understood though that the Carrier Leakage calibration may have limited power range validity and cannot reach the same level of precision than Image Rejection across variable output power. Taking this into consideration we propose to improve Carrier leakage level from 25dBc to 30dBc.

CIM3 is not a specific concern and 60dBc can be maintained. As for phase noise, this should driven by EVM, carrier spacing and frequency of operation.

Regarding the power amplifier, it is essential that EVM floor improves when back-off is increased. Again UL256QAM study and Wi-Fi technology have demonstrated the feasibility of EVM floor close to 1%. Also, in order to either improve efficiency or spectral regrowth, it is essential to study the possibility of PAPR reduction techniques.
Proposal 2: For sub-6GHz NR the following transmitter impairment budget is proposed:

· Image Rejection: 35dB

· Carrier rejection: 30dB

· CIM3: 60dB

· PA EVM floor: <1.5%
· PAPR reduction or CFR is applied in BB
2.2.2. mm-Wave Case

For mm-Wave transceiver impairment, two cases must be considered: direct up- conversion or heterodyne up-conversion.
Heterodyne Up-conversion
In this case, the baseband signal is first converted to an IF then up-converted to mmWave frequencies. Since this IF is most likely below 6GHz it is fair to apply same reasoning than for the sub-6GHz case.
Proposal 3: For mm-Wave NR using an UL IF the following transmitter impairment budget is proposed:

· Image Rejection: 34dB

· Carrier rejection: 30dB

· CIM3: 60dB
Direct Up-conversion
In the case of direct up-conversion, it is clearly more difficult to implement good quadrature control and calibration is most likely required. The carrier leakage being dominated by DC offsets though, similar result than sub-6GHz is feasible. To account for the higher frequency, we propose to derive the achievable Image rejection by scaling the associated phase error (mostly LO related) to the desired frequency.
Figure 4 describes the behavior of Image rejection as a function of amplitude and phase errors.
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Figure 4: Image Rejection versus amplitude and phase error.
Assuming a reasonable residual amplitude error of 0.25dB the 34dB Image rejection is obtained for 1.5 degree phase mismatch.

To scale to higher frequency from 6GHz the phase error can simply be scaled by the frequency ratio, and the phase error can thus target:

· 6 degree at 24GHz resulting in 26dB image rejection
· 7.5 degree at 30GHz resulting in 23dB image rejection

· 9 degree at 36GHz resulting in 22dB image rejection

· 10.5 degree at 42GHz resulting in 21dB image rejection

· 16.5 degree at 66GHz resulting in 17dB image rejection

As a result, it can be concluded that using direct up-conversion for frequencies above 30-40GHz is challenging. Accounting for some improvement with calibration and a worst case phase error of 10 degree at high frequencies before calibration, we propose the following:

Proposal 4: For mm-Wave NR using direct conversion the following transmitter impairment budget is proposed:

· Image Rejection: 28dB for FTX<40GHz, 25dB for 40GHz<FTX <71GHz
· Carrier rejection: 30dB <40GHz, 27dB for 40GHz<FTX <71GHz
· CIM3: 60dB
· This budget can be used to assess the feasibility of higher performance NR at mm-Wave frequencies using direct-conversion.

Power Amplifier Contribution
As already discussed, the NR power amplifier linearity at mm-Wave frequency is a crucial criteria when it comes to UE efficiency and battery peak current. It is essential that efficiency enhancement techniques are studied, both at the analog/RF level and the digital processing level, this comprises:
· Doherty amplifiers

· Analog pre-distortion

· Digital feed forward pre-distortion

· PAPR reduction or CFR techniques

· ….

These techniques are essential to allow a good compromise between battery current and good EVM floor and ACLR needed to achieve good performance in presence of multiple numerologies in UL.

Proposal 5: In order to achieve an optimum NR performance at mm-Wave frequencies, it is proposed to study applicable Power Amplifier linearization and efficiency enhancement techniques enabling improved EVM floor and ACLR at reasonable battery current targets.
3. Conclusion
In this contribution, the effects of different UL transmitter imperfections to the multiple numerology case have been discussed. Feasibility of improved performance versus LTE minimum requirements have been analysed leading to the following proposals.
Proposal 1: To avoid un-necessarily stringent requirement on filtering and guard band, TRX impairments and PA ACLR impact must be carefully budgeted.
Proposal 2: For sub-6GHz NR the following transmitter impairment budget is proposed:

· Image Rejection: 35dB

· Carrier rejection: 30dB

· CIM3: 60dB

· PA EVM floor: <1.5%
· PAPR reduction or CFR is applied in BB
Proposal 3: For mm-Wave NR using an UL IF the following transmitter impairment budget is proposed:

· Image Rejection: 34dB

· Carrier rejection: 30dB

· CIM3: 60dB
Proposal 4: For mm-Wave NR using direct conversion the following transmitter impairment budget is proposed:

· Image Rejection: 28dB for FTX<40GHz, 25dB for 40GHz<FTX <71GHz
· Carrier rejection: 30dB <40GHz, 27dB for 40GHz<FTX <71GHz
· CIM3: 60dB
· This budget can be used to assess the feasibility of higher performance NR at mm-Wave frequencies using direct-conversion.

Proposal 5: In order to achieve an optimum NR performance at mm-Wave frequencies, it is proposed to study applicable Power Amplifier linearization and efficiency enhancement techniques enabling improved EVM floor and ACLR at reasonable battery current targets.
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