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[bookmark: _Toc46307390][bookmark: _Toc47085980]1	Introduction
In the study for NR mm-wave frequencies, phase noise was identified as one important factor to consider in the selection of subcarrier spacing that maximizes the achievable signal quality [7]. Since phase noise generally increases by 6 dB when carrier frequency doubles, impacts of phase noise on NR operations in the 52.6 – 71 GHz range can be expected to be more pronounced than those on NR operations in the FR2. The presence of phase noise can cause two types of impairments to an OFDM signal: (1) a common random phase rotation (same on each subcarrier); and (2) inter-carrier interference between subcarriers. Different SCS sizes affect the relative strengths of these two types of impairments. In general, a large SCS tends to reduce the level of inter-carrier interference experienced by the OFDM signal. However, a large SCS also tends to suffer more performance losses from inter-symbol-interference (ISI) due to channel dispersion because of the shortened CP. It is hence important to evaluate both impacts on the link performance under realistic system parameters and scenarios.
In this contribution, we evaluate two approaches to mitigate OFDM signal performance degradation caused by time-varying phase noise induced inter-subcarrier-interference (ICI). In the first, a filter on the received signal is estimated directly such that the filtered received signal becomes approximately free of ICI. In the second, the ICI filter induced by the phase noise is estimated first. In this approach, the received signal is then filtered by the conjugate reverse of the estimated ICI filter. 
A drawback of the second approach is that it requires a change to the PTRS structure such that clusters of consecutive subcarriers are used for PTRS instead of the fully distributed structure of the Rel-15 PTRS. We apply the two ICI compensation solutions on the two alternative PTRS structures to investigate the achievable performance potential for NR operation in 52.6 to 71 GHz.
[bookmark: _Toc46307392][bookmark: _Toc47085982]2	Phase noise compensation
Let the transmitted symbol and the channel response for sub-carrier  be  and , respectively. The time-varying phase noise induces inter-carrier-interference (ICI) in the frequency domain received signal  [3]:

We discuss in the following two compensation approaches. In the first, a filter on the received signal  is estimated directly such that the filtered received signal becomes approximately free of ICI. In the second, the ICI filter  induced by the phase noise is estimated first. In this approach, the received signal is then filtered by the conjugate reverse of the estimated ICI filter [3].
[bookmark: _Toc46307393][bookmark: _Toc47085983]2.1	Direct de-ICI filtering approach
PTRS are transmitted on sub-carriers . The values of  at these sub-carriers are hence known and can be used to estimate a de-ICI filter of  taps:

For , the de-ICI filter reduces to single-tap common phase error (CPE) compensation:

For ICI compensation, the -tap de-ICI filter can be obtained from minimizing the residue sum of squares:

This is a least square problem with solution given by

Note that  is a  matrix. In Section 3, we investigate the performance differences between  and . For  and ,  are hence small 3x3 and 5x5 matrices, respectively. To compensate the ICI, the received signal  is filter by  and then fed to the OFDM demodulator.
2.2	ICI filter approximation approach
To estimate the ICI filter , two approaches have been investigated in the literature. The first approach as discussed in [3] relies on decision feedback of the data sub-carriers to assist the ICI filter estimation. The second approach assumes the availability of known symbols in a block of contiguous sub-carriers [4]. The first approach requires high computational complexity and is unlikely to be suitable for high data rate use cases for NR operation in 52.6 to 71 GHz. We explore the second approach in the following.
Let  denote the sub-carrier indices of the block of  contiguous known symbols. The object is to estimate a -tap filter such that

Note that there are only  equations in the above because  is not known if  or . In comparison, the direct de-ICI filtering approach in Section 2.1 always utilizes  equations for the  known reference symbols regardless of the value of . That is, given the same amount of reference symbols, the direct de-ICI filtering approach in Section 2.1 has higher reference symbol efficiency than the ICI filter approximation approach in this section.
The finite tap approximation of the ICI filter can be obtained from minimizing the following residue sum of squares:

This is a least square problem with solution given by

The dimension of the matrix  is also . To avoid the least square problem becoming under-determined, it is necessary that . That is, to estimate a -tap approximation of the ICI filter, the block size of contiguous known symbols should satisfy  and therefore must at least be roughly twice the length of the estimated ICI filter.
To compensate the ICI [3][4], the received signal  is filtered by  and then fed to the OFDM demodulator. This implicitly assumes the convolution of the true ICI filter  and the conjugate reverse of the estimated ICI filter is approximately a unit impulse signal [3].
2.3	Alternative PTRS structures 
Unlike the direct de-ICI filtering approach in Section 2.1, in order for the ICI filter estimation approach in Section 2.2 to work, the PTRSs need to be organized differently than the distributed structure in Rel-15 NR. As proposed in [4], PTRSs should be clustered into blocks. One straightforward solution is to have a cluster with as many PTRSs as in Rel-15 NR. However, for a dispersive channel, it would be beneficial to have several clusters (with fewer PTRSs each) that are separated in the frequency domain to capture frequency diversity. As illustrated in Figure 1, we investigate this generalized clustered PTRS structure where there are N PTRS clusters and each cluster consists of M PTRSs.
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[bookmark: _Ref47619350]Figure 1: Clustered PTRS structure in one OFDM symbol
Because of the fast time-varying nature of the phase noise, the ICI components experienced by adjacent OFDM symbols can differ significantly. As a result, PTRSs need to be present in every non-DMRS OFDM symbol. For Rel-15 NR, PTRS can be configured to be present in every non-DMRS OFDM symbol and, in frequency domain, there is no more than one PTRS subcarrier per RB. The specs is defined such that, with proper configuration, PTRS does not collide with other RS.
However, the same cannot be easily achieved with the alternative clustered PTRS structure. As discussed in Section 2.2, the size of each cluster of contiguous PTRS should satisfy  in order to estimate a -tap approximation of the ICI filter. That is, to estimate a 3-tap approximation of the ICI filter, each cluster should have at least 5 PTRS subcarriers. This type of clusters can frequently collide with other existing NR RS with no simple solution. One example is the tracking RS illustrated in Figure 2. Since there are only three subcarriers between two TRSs, there is not enough room to insert the needed minimum of five clustered subcarriers. 

[bookmark: _Toc47699160]Clustered PTRS structure can frequently collide with existing NR reference symbols (such as CSI-RS and TRS) with no simple avoidance solution.
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[bookmark: _Ref47542063]Figure 2: Tracking reference symbol (TRS) mapping in NR
3	Performance comparison of different PTRS structures for OFDM
3.1	Rel-15 PTRS structure
For OFDM evaluation in this contribution, we perform CPE and ICI compensation using existing Rel-15 PTRS structure with K=2 and L=1 for MCS22 following the agreed link level evaluation assumptions [5]. 
· 400 MHz
· 64 RBs @ 480 kHz SCS
· 32 RBs @ 960 kHz SCS
In Figure 3, we show the BLERs for TDL-A with 10 ns with CPE compensation and direct de-ICI filtering for 480 kHz SCS with Rel-15 PTRS structure when TRS is on. We provide the performance of the direct de-ICI filtering approach with  and . It can be observed that using a low-complexity 3 taps de-ICI filter () is sufficient to recover most of the performance degradation caused by phase noise induced ICI. The larger 5 taps de-ICI filter () does not provide appreciable additional gain for this evaluation case.
We further provide the BLER of 960 kHz SCS for the same bandwidth with CPE compensation in Figure 3. Comparing this with those for the 480 kHz SCS, a further conclusion can be drawn that systems with smaller sub-carrier spacing equipped with simple ICI compensation can outperform systems with larger sub-carrier spacing equipped with only CPE compensation.

[bookmark: _Toc47699161]Effective mitigation of ICI caused by phase noise for OFDM can be performed using the existing Rel-15 NR distributed PTRS structure.
[bookmark: _Toc47699162]Using a low-complexity 3 taps de-ICI filter () is sufficient to recover most of the performance degradation caused by phase noise induced ICI.
[bookmark: _Toc47699163]Systems with smaller sub-carrier spacing equipped with simple ICI compensation can outperform systems with larger sub-carrier spacing equipped with only CPE compensation.
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[bookmark: _Ref47541375]Figure 3: BLER for 480 kHz SCS in TDL-A 10 ns channel with Rel-15 PTRS structure (TRS is transmitted).
3.2	Clustered PTRS structure
In order to estimate 3 taps using the ICI filter approximation approach in Section 2.2, we need to have a block of at least 5 contiguous reference signals in each non-DMRS OFDM symbols with data. This causes collision between clustered PT-RS structure and existing NR reference signals (e.g., TRS) as discussed in Section 2.3. Therefore, to study the performance of the clustered PT-RS and ICI filter approximation approach, it is necessary to turn off TRS transmission to avoid collision between TRS and clustered PT-RS.
Note that TRS is needed for Doppler and delay spread estimation to set proper parameters for channel estimation and other important receiver functions. With TRS turned off, link performance will be degraded. In Figure 4, we show the BLER of 480 kHz SCS with the same Rel-15 PTRS and de-ICI filtering receiver but with the TRS transmission turned off. When compared to the BLER shown in Figure 3, we can observe that the loss of TRS degrades the receiver performance and results in error floors in the high SNR region. 
We evaluate two versions of the clustered PTRS structure:
· Option 1: 1 cluster with same number of PTRS subcarriers as Rel-15 setup (K=2).
· Option 2: Multiple clusters of 5 PTRS subcarriers with approximately the same total number of PTRS subcarriers as Rel-15 setup (K=2). That is, the number of clusters is , where  is the number of allocated RBs.
The clustered PTRS structure is motivated by the ICI filter estimation approach as discussed in Section 2.3. However, it should be noted that the direct de-ICI filtering approach described Section 2.1 is agnostic to the exact locations of the PTRS. Therefore, the direct de-ICI filtering approach can be used in conjunction with the distributed Rel-15 PTRS as well as the alternative clustered PTRS.
The BLER performance of Option 1 is provided in Figure 4. We can observe that the existing Rel-15 NR distributed PT-RS structure outperforms the single clustered PT-RS structure. This is mainly because the Rel-15 PT-RS structure is robust against frequency selective channels, as the reference signal is distributed over the entire scheduled BW. With the introduction of multiple clusters in Option 2, the link performance improves as shown in Figure 5 and matches that of the Rel-15 PTRS structure when the direct de-ICI filtering received is applied.
It can be further observed in Figure 4 and Figure 5 that the direct de-ICI filtering approach on the clustered PTRS actually outperform the ICI filter estimation approach. As discussed in Section 2, the two main potential reasons are (1) the ICI filter estimation approach has lower PTRS efficiency: each cluster of 5 PTRS is used to construct only 3 least square equations instead of 5; and (2) the ICI mitigation in the ICI filter estimation approach relies on the assumption that the convolution of the true ICI filter and the conjugate reverse of the estimated ICI filter is approximately a unit impulse signal, which cannot generally be guaranteed in practice.
In summary, we can conclude the following:

[bookmark: _Toc47699164]A clustered PTRS structure does not offer any performance advantage over the existing Rel-15 NR distributed PTRS structure.
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[bookmark: _Ref47559341]Figure 4: BLER for 480 kHz SCS in TDL-A 10 ns channel with Rel-15 or single-clustered PTRS structures (TRS is not transmitted).
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[bookmark: _Ref47559346]Figure 5: BLER for 480 kHz SCS in TDL-A 10 ns channel with Rel-15 or multiple-clustered PTRS structures (TRS is not transmitted).
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In this contribution, we evaluate two approaches to mitigate OFDM signal performance degradation caused by time-varying phase noise induced inter-subcarrier-interference (ICI). In the first, a filter on the received signal is estimated directly such the filtered received signal becomes approximately free of ICI. In the second, the ICI filter induced by the phase noise is estimated first. In this approach, the received signal is then filtered by the conjugate reverse of the estimated ICI filter. 
The second approach requires a change to the PTRS structure such that clusters of consecutive subcarriers are used for PTRS instead of the fully distributed structure of the Rel-15 PTRS. We apply the two ICI compensation solutions on the two alternative PTRS structures to investigate the achievable performance potential for NR operation in 52.6 to 71 GHz. The following observations can be drawn:
Observation 1	Clustered PTRS structure can frequently collide with existing NR reference symbols (such as CSI-RS and TRS) with no simple avoidance solution.
Observation 2	Effective mitigation of ICI caused by phase noise for OFDM can be performed using the existing Rel-15 NR distributed PTRS structure.
Observation 3	Using a low-complexity 3 taps de-ICI filter () is sufficient to recover most of the performance degradation caused by phase noise induced ICI.
Observation 4	Systems with smaller sub-carrier spacing equipped with simple ICI compensation can outperform systems with larger sub-carrier spacing equipped with only CPE compensation.
Observation 5	A clustered PTRS structure does not offer any performance advantage over the existing Rel-15 NR distributed PTRS structure.

Based on the analysis and observations provide in this contribution, we propose
Proposal 1	Retain the same Rel-15 distributed PTRS structure for OFDM for NR operation in 52.6 to 71 GHz.
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