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1	Introduction

An objective of the new radio (NR) study item [1] is to identify and develop technology components being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2] and in [3],[4].  

CP-OFDM waveform was agreed as baseline waveform for DL and UL in RAN1#86 and agreement informed to RAN4 [5]. As part of the conclusion RAN1 agreed that the Tx processing should be transparent to Rx. In this contribution we show that mixing different waveform processing algorithms in Tx and Rx unit is possible and propose a measurement and performance evaluation setup in which the Tx and Rx unit performance can be separately verified, thus ensuring mixed waveform processing link performance in all scenarios. Here the work presented in [6] is extended to verify mixed numerology performance in different scenarios. The used waveform candidates have been widely discussed in RAN1 in e.g. [7-9] and references therein.

[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	Discussion

Up to this point the RAN1 discussion about NR waveforms has concentrated on the evaluation of Tx and Rx units supporting only a certain waveform. This allows to use matched filtering in Rx side for example in the case of f-OFDM and UF-OFDM. In addition, the evaluations with interfering signals assume that the interfering signal uses the same waveform. In these cases, it is often mistaken that the good performance of a certain waveform is because the Tx and Rx use the same filter or window, while in reality most of the gain is achieved by using some method to improve spectral containment in Tx and provide side band selectivity in the Rx.
Observation 1: Most of the gains observed for currently evaluated waveforms, especially in mixed numerology or asynchronous interference cases, are because some filtering or windowing is used in Tx and Rx, not because matched waveform processing is used in Tx and Rx.
Now that the CP-OFDM waveform has been chosen as baseline, it is possible to build Tx and Rx unit test setups around this assumption to evaluate the effects of the additional waveform processing on the spectral containment or inband signal quality with respect to CP-OFDM transceiver. In Fig. 1 the proposed measurement setup for Tx unit is illustrated. In this case, the Tx unit implements some method, filtering or windowing, to achieve the specified emission mask for inband and out-of-band emissions with different allocation bandwidths and to provide sufficient performance in mixed numerology cases. In the Tx unit test, the receiver is a basic CP-OFDM receiver, without any additional filtering or windowing. Now, assuming a sufficient time and frequency synchronization between the Tx unit and CP-OFDM receiver the signal quality is evaluated in the next step by using, e.g., the inband EVM and BLER performance. The main key performance indicators (KPIs) should be specified together with emission requirements. Furthermore, different channel profiles need to be specified which are used in the evaluation.



Figure 1, Block diagram of the proposed Tx unit testing scheme.

In Fig. 2, the Rx unit testing setup is illustrated. In this case, the transmitter is a basic CP-OFDM transmitter and the receiver unit under testing implements some filtering or windowing scheme. The Rx performance is measured by similar KPIs as in Tx unit test or separate target value set can be defined for Rx unit testing. Interference source is used to introduce an interfering signal into the vicinity of the desired signal and the Rx unit selectivity capabilities can be evaluated. Especially important is that any kind of interfering signal can be added, e.g., LTE, WLAN, or Bluetooth signal. The mixed numerology case would be evaluated by mixing the two different numerologies in a CP-OFDM Tx and evaluating the performance of the Rx unit. As indicated in [9], basic CP-OFDM Tx is sufficient for testing DL mixed numerology case.



Figure 2, Block diagram of the proposed Rx unit testing scheme.

By using a basic CP-OFDM Tx or Rx in the test setup and ensuring that the inband purity of the desired signal is not downgraded by the filtering or windowing performed in the Rx or Tx unit under test, respectively, we ensure a high quality cross performance between independently tested Tx and Rx unit.
Observation 2: The proposed test setup allows a fair evaluation of any Tx or Rx unit implementation following the CP-OFDM baseline waveform assumption, while ensuring that the overall link performance is not degraded.
Important to notice while defining the signal quality requirements is that the EVM budget of the signal of interest has to account the both the Tx and Rx unit processing. Like shown in [12], stringent filtering applied in TX may lead to increased EVM in Tx and reduced EVM budged in the Rx unit. Thus, when the inband selectivity requirements (in case of mixed numerology) are defined they should account also the EVM requirements at the same time and with the same assumptions in order to make sure that both requirements can be simultaneously met.
Observation 3: New mixed numerology scenarios with sub-band wise selectivity requirements may lead to need to share balance the EVM budget between Tx and Rx units.
Proposal 1: RAN 4 should define the Tx unit emission requirements and Rx unit selectivity requirements in the presence of predefined interfering signals.
Proposal 2: RAN 4 should define signal quality performance targets for Tx and Rx unit testing in predefined channels, while noting the possible division balancing of EVM budget between Tx and Rx units.

3 	Performance evaluation
In this section examples of the performance of independently tested Tx and Rx units are given. The basic CP-OFDM transceiver is used as a baseline implementation. The Tx only and Rx only scenarios are also evaluated against waveform specific Tx and Rx transceivers. In the case of f-OFDM or CP-UF-OFDM [13] this means that a matched filter is used in Rx, and in the case of WOLA that windowing, overlap and add processing is performed in Tx and Rx. The different scenarios are evaluated in the TDL-C 300 ns, rank 1, 1x1 SISO channel. The used MCS is 64-QAM and coding rate R=3/4. The transmitted signal has a 4 PRB allocation. No PA is assumed for these evaluations.
In Fig. 3 the performance of Tx units based on different waveform processing options are showed. On the left hand side the performance of the Tx unit following the waveform processing indicated in the legend is shown. On the right hand side the performance of the matched transceiver is shown. The performance of the Tx units under evaluation are as good or better than the performance of the matched transceiver. In the case of f-OFDM, TO=0, and CP-UF-OFDM, Nf=73, the total ISI caused by Tx and Rx side filtering causes reduced BLER performance at 1% BLER target. In Fig. 3, also the performance of a LTE channel filtered CP-OFDM is included.
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Figure 3. Tx unit performance comparison between matched transceiver. Left hand side: Different Tx waveform processing, CP-OFDM Rx, right hand side: matched Tx & Rx waveform processing.
In Fig. 4 the performance of different Rx units is compared to matched transceiver design. As in Tx unit test, the performance of the Rx units with CP-OFDM Tx are as good or better than the performance of the matched transceivers.
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Figure 4. Rx unit performance comparison between matched transceiver processing. Left hand side: Different Rx waveform processing, CP-OFDM Tx, right hand side: matched Tx & Rx waveform processing.
Observation 4: Waveform specific processing can be separated between Tx and Rx unit, indicating that link quality is not deteriorated by having specific waveform processing only in the Tx or Rx unit.
Next the benefits of Tx or Rx waveform processing are evaluated in the presence of a well spectrally contained interferer, following the Case 3 definition agreed in [11] (UL single numerology case, asynchronous reception between UEs). The interfering signal is a fast-convolution filtered CP-OFDM [10] with frequency domain transition bandwidth of 2 samples, meaning that the most of the filtered signal energy is contained within 780 kHz band (720+2*30 kHz). The fast-convolution filtered CP-OFDM interferer was chosen to have interfering signal independent of the tested waveform processing candidates. The same interfering signal is present in all of the evaluations with guard band of 60 kHz and time offset of 128 samples. The interfering signal power offset is set to 0dB in Tx, but the random channel realizations cause random average power fluctuation of the interfering signal in Rx. 
In Fig. 5, the performance of different Tx units using different waveform processing candidates with CP-OFDM Rx is presented in the case of interfering signal. Left hand side shows the performance of Tx only processing and right hand side for matched Tx and Rx processing. It can be clearly observed that the Tx waveform processing has no effect on the link performance as the CP-OFDM Rx destroys the performance when the interfering signal is fixed for all waveform processing candidates.
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Figure 5. Tx unit performance comparison between matched transceiver with asynchronous interfering signal on both sides of the desired signal. Left hand side: Different Tx waveform processing, CP-OFDM Rx, right hand side: matched Tx & Rx waveform processing.
Observation 5: Using a CP-OFDM Rx performance as a baseline in UL asynchronous or mixed numerology interference scenarios does not provide sufficient performance. 
In Fig. 6 the different Rx units with CP-OFDM Tx are evaluated in the presence of asynchronous interfering signals. Compared to matched Tx&Rx processing on the right hand side it is obvious that the Rx waveform processing is in this case the key contributor to the performance. It should be reminded that in this case the interfering signal is a very well localized in the frequency. If the interfering signal would be less localized, e.g. WLAN signal, then the difference between Rx waveform processing schemes would be smaller because the interference is dominated by the power leaking into inband. 
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Figure 6. Rx unit performance comparison between matched transceiver with asynchronous interfering signal on both sides of the desired signal. Left hand side: Different Rx waveform processing, CP-OFDM Tx, right hand side: matched Tx & Rx waveform processing.
Observation 6: In the case of interfering signals in the vicinity of the Rx, the Rx waveform processing defines the link performance. Tx waveform processing has negligible effect on the link performance in this case.
Finally, the mixed waveform processing link performance is shown by combining a WOLA Tx with f-OFDM, TO=4, Rx. The results are shown in Fig. 7. The interfering signal setup is the same as used for results shown in Figures 5 and 6. In Fig. 7 dash-dot line shows the performance of a matched Tx and Rx processing for WOLA (black) and f-OFDM (green). The Tx unit performance is shown by dotted line and Rx unit performance by dashed line. The mixed link performance is indicated by the red line. In this case, Rx side subband filtering enables the good link performance in the presence of spectrally well localized interfering signal and in the Tx side windowing is used to shape the transmitted signal spectrum.
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Figure 7. example of mixed Tx and Rx unit link performance. Tx unit uses WOLA and Rx unit uses f-OFDM, TO=4 filtering.
Observation 7: Mixing of different waveform processing techniques is possible.
Observation 8: The best combination of waveform processing techniques depends on the channel model, interference conditions, interference signal type, and on the required performance targets.
Observation 9: When considering the Tx and Rx requirements and related complexity also spectral efficiency needs to be considered.
Proposal 3: Independent Tx and Rx unit requirements and corresponding test setups will be defined in RAN4.
4	Conclusion
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]In this contribution we have demonstrated that mixing different waveform processing algorithms is possible, and discussed a new approach to validate Tx and Rx unit waveform processing without going into specific waveform implementation details and without joint (matched) design of the Tx and Rx units and come to the following conclusions: 
Observation 1: Most of the gains observed for currently evaluated waveforms, especially in mixed numerology or asynchronous interference cases, are because some filtering or windowing is used in Tx and Rx, not because matched waveform processing is used in Tx and Rx.
Observation 2: The proposed test setup allows a fair evaluation of any Tx or Rx unit implementation following the CP-OFDM baseline waveform assumption, while ensuring that the overall link performance is not degraded.
Observation 3: New mixed numerology scenarios with sub-band wise selectivity requirements may lead to need to share balance the EVM budget between Tx and Rx units.
Observation 4: Waveform specific processing can be separated between Tx and Rx unit, indicating that link quality is not deteriorated by having specific waveform processing only in the Tx or Rx unit.
Observation 5: Using a CP-OFDM Rx performance as a baseline in UL asynchronous or mixed numerology interference scenarios does not provide sufficient performance. 
Observation 6: In the case of interfering signals in the vicinity of the Rx, the Rx waveform processing defines the link performance. Tx waveform processing has negligible effect on the link performance in this case.
Observation 7: Mixing of different waveform processing techniques is possible.
Observation 8: The best combination of waveform processing techniques depends on the channel model, interference conditions, interference signal type, and on the required performance targets.
Observation 9: When considering the Tx and Rx requirements and related complexity also spectral efficiency needs to be considered.

Proposal 1: RAN 4 should define the Tx unit emission requirements and Rx unit selectivity requirements in the presence of predefined interfering signals.
Proposal 2: RAN 4 should define signal quality performance targets for Tx and Rx unit testing in predefined channels, while noting the possible division balancing of EVM budget between Tx and Rx units.
Proposal 3: Independent Tx and Rx unit requirements and corresponding test setups will be defined in RAN4.
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