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Background
60 GHz phase noise discussion is ongoing and two new models were proposed in RAN4#96e. In this paper, we evaluate several RF and baseband performance metrics to compare different phase noise models.
Discussion
For systems operating in 52.6 - 71 GHz frequency range, phase noise (PN) may become a factor limiting the achievable data rates due to rapid phase variations caused by the PN. Dealing with the PN problem may require supporting subcarrier spacing (SCS) values larger than currently used in NR for FR1 and FR2. 
Figure 1 shows different PN models for comparison at 70 GHz carrier frequency. The different phase noise has different characteristics in different regions of frequency, and it is not easy to conclude immediately which model is better over the other from the PSD profiles.
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Figure 1. Phase noise PSD at 70 GHz

Integrated Phase Noise (IPN)
One of performance metrics showing overall PN characteristics is integrated phase noise (IPN) where integration is performed over interested frequency offset. Typically, higher IPN means worse performance, i.e., higher EVM. From system performance perspective, smaller frequency offset in PSD contributes to common phase error (CPE) which can be compensated easily by PTRS. For larger frequency offset, however, the PSD contributes inter-carrier interference (ICI) which is typically hard to be estimated and compensated, and results in major EVM contributor. 
Figure 2 shows IPN for different PN models, i.e., models from TR 38.803 and two newly proposed from RAN4#96e.
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Figure 2. IPN evaluation with cutoff frequencies 240 kHz (left) and 480 kHz (right)

For IPN with both 240 kHz and 480 kHz cutoff frequencies, the order of IPN (from smaller to larger) are –
· Ex-2 BS (better IPN) < Ex-2 UE < R4-2010176 (Ericsson) < R4-2011494 (Huawei) < Ex-1 (worse IPN);

Therefore, from IPN perspective, the two newly proposed PN models (R4-2010176 and R4-2011494) are still within the rage of the models in TR 38.803.

Observation #1: From IPN perspective, two newly proposed PN models (R4-2010176 and R4-2011494) are still within the rage of the models in TR 38.803.

PN impact on EVM
To evaluate PN impact on EVM, the followings are considered:
· PN EVM – BW dependency
For the same 960 kHz SCS, PN EVM are evaluated at 70 GHz for two different channel bandwidths, i.e., 400 MHz and 2.18 GHz.
· PN EVM – SCS dependency 
For the same 400 MHz BW, PN EVM are evaluated at 70 GHz for two sets of different SCS, i.e., 120 kHz vs. 240 kHz, and 120 kHz vs. 960 kHz.
 
Figure 3 shows PN EVM with BW dependency where dashed line and solid line indicate CBW 400 MHz and 2.18 GHz, respectively. While two curves are not identical, we assess the delta is minor.
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Figure 3. Phase noise EVM with bandwidth dependency
From the evaluation, it is observed that limited impact on EVM from different channel BW and newly proposed models are still within the range of the models in the TR 38.803.

Observation #2: There is limited impact on EVM from different channel BW.
Observation #3: Newly proposed PN models are within the range of the models in the TR 38.803.

Figure 4 shows PN EVM with SCS dependency where two sets of SCS are provided, i.e., 120 kHz vs. 240 kHz SCS (left), and 120 kHz vs. 960 kHz SCS (right), for the same 400 MHz channel BW.
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Figure 4. Phase noise impact on EVM with SCS dependency

While there is not much difference in EVM with smaller SCS delta (120 kHz vs. 240 kHz; SCS left), there is substantial difference with larger SCS delta (120 kHz vs. 960 kHz SCS; right). From this evaluation, we observe that there is limited EVM impact with smaller SCS difference. However, there might have substantial difference with larger SCS difference depending on PN model, i.e., Ex-2 UE (green line in right plot). The newly proposed models are still within the range of the models in the TR 38.803.

Observation #4: There is limited impact on EVM with smaller SCS difference, i.e., 120 kHz vs. 240 kHz SCS.
Observation #5: There might have substantial difference with larger SCS difference, i.e., 120 kHz vs. 960 kHz SCS, depending on PN model, i.e., Ex-2 UE (green in the right plot).
Observation #6: The newly proposed models are still within the range of the models in the TR 38.803.

Based on EVM evaluations above, we have not found any fundamental change from the newly proposed PN models.

Observation #7: Based on EVM, there is not fundamental difference in the newly proposed PN models.

Link level performance evaluation
PDSCH BLER is evaluated to investigated link level performance and the figure 5 shows some of them and more detail results and discussion can be found in [1].
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Figure 5. PDSCH BLER comparison for different phase noise models

The trend of the relative BLER performance are as expected based on the PN PSD analysis. However, it should be noted that higher Rank transmission, such as Rank 2, would require higher effective SNR where the effective noise floor is created by phase noise may cause more problems for the lower subcarrier spacing.

Observation #8: Higher Rank transmission, i.e., Rank-2, would require higher effective SNR where the effective noise floor is created by phase noise may cause more problems for the lower subcarrier spacing.

From the analysis above, EVM, which is performed in RF domain, may not fully characterize a phase noise model and we think it might be useful to provide additional PN models in addition to the existing models in the TR for RAN1 discussion. Different PN models characterize different hardware implementations and RAN4 should not preclude different PN models to ensure wider applicability of NR above 52 GHz.

Observation #9: EVM, which is performed in RF domain, may not fully characterize a phase noise model and final link level performance evaluation should be investigated by RAN1.
Observation #10: Different PN models characterize different hardware implementations and RAN4 should not preclude different PN models to ensure wider applicability of NR above 52 GHz.
Proposal #1: Send LS to RAN1 to include newly proposed PN models for RAN1 discussion along with the existing PN models in the TR 38.803.

RF impairment in 60 GHz
Based on our internal assessment, the same level of RF impairments in FR2 can be achievable and we suggest to reuse the assumptions.
Proposal #2: Reuse the same RF impairment assumptions in FR2 for 52.6 – 71 GHz.
Summary
In this paper, we evaluated several performance metrics to compare different phase noise models. The following proposals and observations were made:

[bookmark: _GoBack]Proposal #1: Send LS to RAN1 to include newly proposed PN models for further RAN1 discussion along with the existing PN models in the TR 38.803.
Proposal #2: Reuse the same RF impairment assumptions in FR2 for 52.6 – 71 GHz.

Observation #1: From IPN perspective, two newly proposed PN models (R4-2010176 and R4-2011494) are still within the rage of the models in TR 38.803.
Observation #2: There is limited impact on EVM from different channel BW.
Observation #3: Newly proposed PN models are within the range of the models in the TR 38.803.
Observation #4: There is limited impact on EVM with smaller SCS difference, i.e., 120 kHz vs. 240 kHz SCS.
Observation #5: There might have substantial difference with larger SCS difference, i.e., 120 kHz vs. 960 kHz SCS, depending on PN model, i.e., Ex-2 UE (green in the right plot).
Observation #6: The newly proposed models are still within the range of the models in the TR 38.803.
Observation #7: Based on EVM, there is not fundamental difference in the newly proposed PN models.
Observation #8: Higher Rank transmission, i.e., Rank-2, would require higher effective SNR where the effective noise floor is created by phase noise may cause more problems for the lower subcarrier spacing.
Observation #9: EVM, which is performed in RF domain, may not fully characterize a phase noise model and final link level performance evaluation should be investigated by RAN1.
Observation #10: Different PN models characterize different hardware implementations and RAN4 should not preclude different PN models to ensure wider applicability of NR above 52 GHz.
Reference
[1] R1-2008805, Discussion on required changes to NR in 52.6 – 71 GHz, Intel
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PN Profile Comparison, IPN Cutoff Freq.= 480[kHz]
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