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1. Introduction
In RAN#86, a rel-17 SI covering support for NR in 52.6 – 71 GHz was approved [1]. The SI and the consecutive WI aims to maximize the leverage of FR2 based implementations and minimize the specification burden, where possible extension of FR2 operation up to 71GHz would imply the adoption of one or more new numerologies. Thus, one of the main objectives of the SI is to study applicable numerology including subcarrier spacing and maximum channel BW as following:
· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].
· Identify potential critical problems to physical signal/channels, if any [RAN1].

In RAN4 #96e, the discussion around numerology has been initiated where the applicable numerology and sub-carrier spacing would require a realistic up to date model of phase noise which is further addressed in [2] where new phase noise models based on state-of-the-art PLL representing the current technology envelope has been discussed in detail and proposed. 
In [3], PTRS design is investigated considering different phase noise models and ICI compensation approaches.
In this paper, we further investigate the performance and applicability of different numerologies considering different phase noise models by means of link simulations. In addition a short overview of spectrum, channelization and carrier bandwidths is elaborated.
More elaborated discussion and results on numerology evaluation and PTRS aspects can be found in [4] and [5].

2. Discussion
In [2] in addition to detailed description of a new phase noise models based on recent PLL data, a qualitative comparison between different sets of phase noise models (existing and new ones) was presented where different models were categorized as Figure 1.
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Figure 1 Comparison of (left) TR 38.803 Example 2 models [1] and (right) new model proposals in RAN4 [2].
To further evaluate and compare the impact of different phase noise models, we consider the following three sets of phase noise models:
· PN model set 1 
· BS: Ex2 BS
· UE: Ex2 UE
· PN model set 2
· BS: Ex2 BS
· UE: R4-2011494 (ref [6])
· [bookmark: _Toc52463418][bookmark: _Toc47530172]PN model set 3 
· BS: R4-2010176 DM=0 dB (ref [2])
· UE: R4-2010176 DM=5 dB (ref [2])
The PDSCH link performance evaluation consider TDL-A channel model with different delay spread, CPE compensation or simple ICI where the ICI algorithm used are further described in [3].
2.1	Evaluation results
In this section, link-level evaluation results in terms of PDSCH block error rate (BLER) vs. signal to noise ratio (SINR) for TDL-A channel to assist in the proper selection of numerology is provided. In all link-level simulations for OFDM, current Rel-15 PTRS configurations are used, and we provide results for CPE compensation and simple ICI compensation. PN model set 1-3 as described above is assumed. In addition, two different channel bandwidths are evaluated.
· 400 MHz
· 256 RBs @ 120 kHz SCS
· 128 RBs @ 240 kHz SCS
· 64 RBs @ 480 kHz SCS
· 1600 MHz
· 256 RBs @ 480 kHz SCS
· 128 RBs @ 960 kHz SCS

In Figure 2-4, BLER for MCS 22 and MCS 16 with CPE compensation is depicted. The results show phase noise has negative impacts on link performance of smaller sub-carrier spacings particularly for higher MCSs when only CPE compensation is performed. It is noted that, when the delay spreads are low, a system with smaller number of sub-carriers generally has better performance than one with larger number of sub-carriers due to less phase noise power aggregated by all the sub-carriers. However, with larger delay spreads, systems with large SCS start to suffer from inter-symbol interference (ISI). For the example of 960 kHz SCS, link performance error floor starts to develop for the 64QAM in a channel with 40 ns average delay spreads. 
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Figure 2 BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. CPE compensation is used assuming the PN model set 1. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref52969657]Figure 3 BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. CPE compensation is used assuming the PN model set 2. The dotted/solid curves correspond to MCS 16/22, respectively.
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Figure 4 BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. CPE compensation is used assuming the PN model set 3. The dotted/solid curves correspond to MCS 16/22, respectively. 
From the results presented in in this paper, following observations can be made:
Observation 1
With phase noise model set 1 using Ex 2 models at both BS and UE, BLER performance with only CPE compensation depends strongly on the SCS. It can be observed that links using larger SCS outperforms those with smaller SCS. That is, links using small SCS suffer more from ICI problems caused by the time-varying phase noise. For 400 MHz bandwidth with 120 or 240 kHz SCS as well as 1.6 GHz bandwidth with 480 kHz SCS, BLER floors can be observed.
Observation 2
With phase noise model set 2, the Ex 2 UE model is replaced by the new UE phase noise model provided in R4-2011494. For the BS, the same Ex 2 BS model is still applied. It can be clearly observed that there is significantly less dependence of BLER performance on SCS. For all test cases, no error floor is observed. Instead, there is only around 1 dB performance difference between consecutive SCSs.
Observation 3
With phase noise model set 3, the BS and UE phase noise is modelled by the model provided in R4-2010176 with different design margins (5 dB for UE and 0 dB for BS), respectively. Similar to the cases observed in phase noise model set 2, there is significantly less dependence of BLER performance on SCS than that observed in phase noise model set 1. Between consecutive SCSs, BLER performance for the same bandwidth differs by only 1 to 2 dB.
Observation 4
With larger delay spreads, systems with large SCS start to suffer from inter-symbol interference (ISI). For the example of 960 kHz SCS, link performance error floor starts to develop for the 64QAM in a channel with 40 ns average delay spreads.
In summary, link evaluation performed based on only Ex 2 models (phase noise model set 1) can lead to the belief that small SCSs suffer significantly from ICI problems and, hence, a large SCS is preferred. It is, however, demonstrated in that all the observed link performance differences are essentially caused by the Ex 2 UE model with characteristics that may not reflect current technology envelope.  
In Figure 5-7, we provide BLER for the same agreed setups using simple ICI compensation (see [3] for details of de-ICI algorithm). The results show that, with simple ICI compensation, link performance of smaller sub-carrier spacings can be brought on par with that of larger sub-carrier spacings particularly in the range of typical link adaptation target of 10% BLER for channels with low to moderate average delay spreads. Therefore, there is no need to drastically increase SCS, e.g., to 960 kHz, to combat phase noise impact.
However, for large delay spreads, systems with larger SCS still incur ISI-induced performance losses and, as a result, are outperformed by systems with smaller SCS.  
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[bookmark: _Ref53570277]Figure 5: BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. ICI compensation is used assuming the PN model set 1. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref53570290]Figure 6: BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. ICI compensation is used assuming the PN model set 2. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref53570291]Figure 7: BLER for TDL-A channel with 10 ns (left) and 40 ns (right) delay spread. ICI compensation is used assuming the PN model set 3. The dotted/solid curves correspond to MCS 16/22, respectively.
In all link-level simulations for OFDM, current Rel-15 PTRS configurations are used and ICI compensation is applied to the received signals. From Figure 5 to Figure 7 following observations can be made:
Observation 5:
With phase noise model set 1, the de-ICI algorithm presented above can effectively remove the ICI degradation for SCS ≥ 240 kHz as shown in Figure 5. There is still residual ICI degradation with 120 kHz SCS.
Observation 6:
As observed in the previous section, with phase noise model set 2 and set 3, there is significantly less dependence of BLER performance on the SCS. The de-ICI algorithm can remove the ICI degradation effectively as shown in Figure 6 and Figure 7, even for 120 kHz SCS.
Observation 7:
For small delay spread (5/10 ns) and 1.6 GHz bandwidth, while there is a small gain with ICI compensation for 960 kHz SCS compared to 480 kHz SCS, this gain vanishes for 20 ns delay spread. Furthermore, 960 kHz SCS becomes unusable for 40 ns delay spread due to severe interference (ISI).
In summary, with simple ICI compensation, link performance of smaller sub-carrier spacings can be brought on par with that of larger sub-carrier spacings particularly in the range of typical link adaptation target of 10% BLER for channels. Therefore, there is no need to drastically increase SCS, e.g., to 960 kHz, to combat phase noise impact.
When the UE phase noise model is replaced by either of the phase noise model set 2 or phase noise model set 3, SCS and ICI issues play much reduced roles in the link performance. Therefore, as emphasised earlier, it is important for 3GPP to adopt more suitable phase noise models in the discussion and system designs including numerology decision for NR operation in 52.7 – 71 GHz range. The importance and applicability of new up-to-date models was discussed in [7] where in this section, the importance of considering up-to-date models was proven by means of link evaluations and analysis. We thus propose the following:
Proposal 1:
RAN4 urgently send the LS response to RAN1 and recommend the usage of two up to date phase noise model sets.
In addition to what is shown above, higher sub-carrier spacing such as 960 kHz results in-efficient usage of FFT (<50%), and thus poor power efficiency. 480 kHz SCS can maintain the same FFT utilization as Rel-15 (~77%), performs well, and can result in suitably wide carrier bandwidths of ~1.6 GHz. Hence our view is that 480 kHz SCS should be adopted. In addition for other scenarios such as systems for coverage with higher EIRP, 120 kHz SCS seems to be an optimum solution considering that many of the existing rel-15 procedures can be directly re-used. We thus propose the following:
Proposal 2:
Inform RAN1 that 120 kHz and 480 kHz SCS are the RAN4 preferred numerologies for NR in 52.6-71 GHz. 
2.2	Channel bandwidths
Considering the proposed numerologies based on 120 kHz and 480 kHz SCS for NR in 52.6-71 GHz and the assumed FFT size of ~4K, the maximum supported bandwidth can be ~1.6 GHz using 480 kHz SCS. In addition, for coverage related scenario a smaller bandwidth e.g. ~400 MHz using 120 kHz SCS can be considered. 
Given the ongoing discussion around no need for LBT for this frequency range even for the unlicensed spectrum, there is no need to support carrier bandwidth mapping to IEEE 802.11ad since given reginal allocations depicted in Figure 8, the channelization and fixed 802.11 does not fully use the available spectrum and in some regions due to fixed channelization results in very in-efficient spectrum usage. For example, in the 5 GHz allocation China, only two 2.16 GHz channels are supported with a wastage of 680 MHz.In the 5 GHz IMT allocation in Europe, only one 2.16 GHz channel is supported. In contrast, with carrier bandwidth ~1.6 GHz, 3 channels can be supported in each of these allocations without wasting spectrum.
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[bookmark: _Ref53057845]Figure 8: Regional frequency allocations 
Considering the capability of NR for Carrier Aggregation (CA), larger bandwidths can be accommodated by means of CA. Thus a set of carrier bandwidths of ~400 MHz, 800 MHz and 1600 MHz can be used for NR in 52.6 -71 GHz frequency range. The proposed channel bandwidths give enough flexibility to efficiently use the available spectrum both for licensed and unlicensed spectrum also allowing for deployments with improved coverage where higher EIRP can be reached.
Note that the very ultra large carrier bandwidths have impact on PA and important PA dependencies between output power, linearity and power efficiency which would require further discussion in RAN4.
We thus propose:
Proposal 3:
The carrier bandwidths for NR in 52.6-71 GHz should be ~400 MHz, ~800 MHz and ~1600 MHz. 

3. Conclusions
In this paper, the link evaluation for selection numerology for NR in 52.6-71 GHz under three different sets of phase noise models were presented.
It was shown that it is essential to use relevant up to date phase noise models for selection of appropriate numerology for NR in 52.6-71 GHz. Thus it is proposed to:
Proposal 1:
RAN4 urgently send the LS response to RAN1 and recommend the usage of two up to date phase noise model sets.
The evaluation study in this paper in addition to different phase noise model seta also considered different channel bandwidths, CPE compensation and simple ICI compensation for TDL-A channel with delay spread. From the link evaluation results following observations were made:
Observation 1
With phase noise model set 1 using Ex 2 models at both BS and UE, BLER performance with only CPE compensation depends strongly on the SCS. It can be observed that links using larger SCS outperforms those with smaller SCS. That is, links using small SCS suffer more from ICI problems caused by the time-varying phase noise. For 400 MHz bandwidth with 120 or 240 kHz SCS as well as 1.6 GHz bandwidth with 480 kHz SCS, BLER floors can be observed.
Observation 2
With phase noise model set 2, the Ex 2 UE model is replaced by the new UE phase noise model provided in R4-2011494. For the BS, the same Ex 2 BS model is still applied. It can be clearly observed that there is significantly less dependence of BLER performance on SCS. For all test cases, no error floor is observed. Instead, there is only around 1 dB performance difference between consecutive SCSs.
Observation 3
With phase noise model set 3, the BS and UE phase noise is modelled by the model provided in R4-2010176 with different design margins (5 dB for UE and 0 dB for BS), respectively. Similar to the cases observed in phase noise model set 2, there is significantly less dependence of BLER performance on SCS than that observed in phase noise model set 1. Between consecutive SCSs, BLER performance for the same bandwidth differs by only 1 to 2 dB.
Observation 4
With larger delay spreads, systems with large SCS start to suffer from inter-symbol interference (ISI). For the example of 960 kHz SCS, link performance error floor starts to develop for the 64QAM in a channel with 40 ns average delay spreads. 
Observation 5:
With phase noise model set 1, the de-ICI algorithm presented above can effectively remove the ICI degradation for SCS ≥ 240 kHz as shown in Figure 5. There is still residual ICI degradation with 120 kHz SCS.
Observation 6:
As observed in the previous section, with phase noise model set 2 and set 3, there is significantly less dependence of BLER performance on the SCS. The de-ICI algorithm can remove the ICI degradation effectively as shown in Figure 6 and Figure 7, even for 120 kHz SCS.
Observation 7:
For small delay spread (5/10 ns) and 1.6 GHz bandwidth, while there is a small gain with ICI compensation for 960 kHz SCS compared to 480 kHz SCS, this gain vanishes for 20 ns delay spread. Furthermore, 960 kHz SCS becomes unusable for 40 ns delay spread due to severe interference (ISI).
And consequently the following proposal on preferred SCS:
Proposal 2:
Inform RAN1 that 120 kHz and 480 kHz SCS is the RAN4 preferred numerology for NR in 52.6-71 GHz. 
The channelization and channel bandwidth for NR in 52.6-71 GHz was also addressed considering efficient usage of spectrum, the possibility to use CA to compose wider carrier as well as efficient usage of FFT and obvious need for coverage scenarios where higher EIRP is needed. Thus we propose the following:
Proposal 3:
The carrier bandwidths for NR in 52.6-71 GHz should be ~400 MHz, ~800 MHz and ~1600 MHz. 
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