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1. Introduction
During last RAN4 meeting, RAN4 #96-e, contributions regarding technological impacts at 52.6 GHz and beyond were discussed.  Interested companies brought studies on PN, antenna parameters, to name a few and impact of physical layer design, specifically PT-RS was also discussed.  As a conclusion to the discussion a WF was drafted with the following points:
· RAN4 agrees PT-RS design is RAN1 responsibility
· RAN4 is the expert group for RF and link performance and can provide feedback to RAN1 from this perspective.
· Such feedback should be provided when there is possible implications to RAN1 design
· Based on simulations provided to RAN4#96-e, PT-RS enhancements for >52.6 GHz frequencies may enable better performance especially with high order modulations. 
 Include in reply LS to RAN1 that RAN4 sees enhancements to PT-RS may be useful for >52.6 GHz frequencies and respectfully asks RAN1 to take this into account in their work.
Although the discussion on physical layer parameters should be evaluated and discussed in RAN1, if the design has impact on RF or RAN4 requirements then those issues should be treated within the RAN4 fora. In this contribution, we evaluate the current PT-RS rel-15 design from RF and performance perspective. 

2. Discussion
[bookmark: _Hlk24027289]As discussions continue, requirement aspects relating to spectrum beyond 52.6 GHz present technological challenges such as PA, antenna, channel bandwidths, subcarrier spacing and the like, some companies expressed the need to change existing rel-15 PT-RS design.  
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. 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 (ICI) between subcarriers. 
In this section, we evaluate two approaches to mitigate OFDM signal performance degradation caused by time-varying phase noise induced ICI:
1. Direct de-ICI filtering approach (see Annex 5.1.1)
· With this approach a filter on the received signal is estimated directly such that the filtered received signal becomes approximately free of ICI
· No change to the Rel-15 PTRS design is needed; this approach works for arbitrary PT-RS structures.
2. ICI filter approximation approach (see Annex 5.1.2)
· With this approach, the ICI filter induced by the phase noise is estimated first. The received signal is then filtered by the conjugate reverse of the estimated ICI filter.
· Requires a change to the Rel-15 PT-RS design. This approach requires that one or more clusters of consecutive subcarriers are used for PT-RS in contrast to the fully distributed structure of the Rel-15 PT-RS.
We evaluate the above ICI compensation approaches using two alternative PT-RS designs (Rel-15 design and clustered PT-RS design) to investigate the achievable performance potential for NR operation in 52.6 to 71 GHz. We show that the direct de-ICI approach with Rel-15 PTRS design to be superior.
2.1	FRC and Test Models with Rel-15 PTRS
During Rel-15, extensive study and work had been done in order to ensure that an appropriate representation of the physical layer was represented for conformance and performance testing.  Given the flexibility of NR design, it was a fundamental criterion to select a physical layer representation that would allow for accurate RF testing such as EVM.  Phase noise has been extensively discussed for FR2 EVM requirement and in studies for higher order modulation.  It had been concluded that in order to have accurate EVM measurement proper care would need to be considered such as CPE and ICI compensation before reference measurement point, as shown below in Figure 1.  Here careful consideration of the PT-RS configuration and the need for CPE compensation had been extensively considered for FR2 BS RF requirements; the knowledge acquired during this phase of Rel-15 should be used for 52.6 GHz frequency work unless significant need can be shown otherwise.


Figure 1: FR2 Reference point for EVM measurement
Similarly, the FRC design needed for receiver requirements was designed such that all receiver algorithms and implementations were considered.  For performance requirements FRCs are used as input signals as the basis of minimum performance expected at the gNB receiver.  From PUSCH parameters perspective only DM-RS is considered as part of the signal makeup of the test parameters.  Complexities due to the higher frequencies (>52.6 GHz) such impairments such as phase noise may impact overall performance however before jumping into changing reference signals, the test parameters used in PUSCH for performance evaluation, shown in Figure 2, should first consider defining the current Rel-15 phase tracking signal.  At present, any CPE/ICI compensation cannot be taken into consideration for performance requirements as no PT-RS is even considered.  
[image: ]
Figure 2: NR Rel-15 PUSCH Performance Test Parameters (TS 38.104)
2.2	PT-RS Design
There are two possible approaches to mitigate OFDM signal performance degradation caused by time-varying phase noise induced ICI:
1. Direct de-ICI filtering approach (Annex 5.1.1)
With this approach a filter on the received signal is estimated directly such that the filtered received signal becomes approximately free of ICI. As demonstrated in Annex 5.1.1, this approach can be readily applied using the existing Rel-15 PTRS design without any additional change.
2. ICI filter approximation approach (Annex 5.1.2)
With this approach, the ICI filter induced by the phase noise is estimated first. The received signal is then filtered by the conjugate reverse of the estimated ICI filter. This approach requires that one or more clusters of consecutive subcarriers are used for PT-RS, which is different than the fully distributed structure of the Rel-15 PT-RS [4].
2.3	Performance evaluation on Rel-15 PTRS 
In this section, we provide link-level evaluation results using phase noise compensation algorithms discussed in the above. The evaluation is in terms of DL-SCH block error rate (BLER) vs. signal to noise ratio (SINR) for TDL-A channel in the presence of phase noise. In all link-level simulations for OFDM, current Rel-15 PTRS configurations (K=2 and L=1) are used. According to the evaluation assumptions in [1], we provide BLER for MCS 22 which uses 64-QAM and MCS 16 which uses 16-QAM for two different channel bandwidths:
· 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

To 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
· PN model set 3
· BS: R4-2010176 DM=0 dB
· UE: R4-2010176 DM=5 dB
2.3.1	CPE compensation
In all link-level simulations for OFDM, current Rel-15 PTRS configurations with K=2 and L=1 are used and CPE compensation is applied to the received signals
The BLERs for MCS 16 and MCS 22 (which use 16QAM and 64QAM, respectively) using the three sets of phase noise models are provided in Figure 3, Figure 4 and Figure 5. The following observations can be made.

· 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 in Figure 3 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.
· 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 in Figure 4 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.
· With phase noise model set 3, the BS and UE phase noise are modelled by the model provided in R4-2010176 with different design margins, 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.
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. 

When the UE phase noise model is replaced by either (1) the measurements/simulation on 70GHz UE PLL [3], or (2) state of the art representative implementation of integrated RF circuit solutions, SCS and ICI issues play much reduced roles in the link performance.
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[bookmark: _Ref52969641]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 1. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref52969657]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 2. The dotted/solid curves correspond to MCS 16/22, respectively.
[bookmark: _Ref52969664] [image: ] [image: ]
[bookmark: _Ref53395981]Figure 5: 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.

2.3.2	ICI compensation
2.3.2.1	Rel-15 PT-RS structure
Below is provided BLER for the same agreed evaluation assumptions in [1] using three-tap de-ICI compensation (i.e., ) for the two channel bandwidths and three phase noise model sets. 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. Therefore, there is no need to drastically increase SCS, e.g., to 960 kHz, to combat phase noise.  
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[bookmark: _Ref53085692]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 1. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref53495713]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 2. The dotted/solid curves correspond to MCS 16/22, respectively.
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[bookmark: _Ref53495718]Figure 8: 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 Figure 9, the link performance results compare numerology impact of CPE/ICI compensation using release 15 PT-RS with the following, the MCS22 link performance of the following bandwidths:
· 400 MHz
· 64 RBs @ 480 kHz SCS
· 32 RBs @ 960 kHz SCS
· 1.6 GHz
· 256 RBs @ 480 kHz SCS
· 128 RBs @ 960 kHz SCS
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[bookmark: _Ref53086176]Figure 9:  BLER for 480 kHz  and 960 SCSs in TDL-A 10 ns channel with Rel-15 PT-RS structure for 400 MHz (left) and 1.6 GHz (right) bandwidth for the PN model set 1.
[bookmark: _Toc52892736][bookmark: _Toc52893733][bookmark: _Toc52893878][bookmark: _Toc52893984][bookmark: _Toc52894020][bookmark: _Toc52894070][bookmark: _Toc53082964][bookmark: _Toc53085968][bookmark: _Toc53086141][bookmark: _Toc53082965][bookmark: _Toc53085969][bookmark: _Toc53086142][bookmark: _Toc53086143]From Figure 9, we can conclude that the performance with SCS of 480 kHz with simple ICI compensation is on par or better than the performance with 960 kHz with CPE compensation only.

Effective mitigation of ICI caused by phase noise for OFDM can be performed using the existing Rel-15 NR distributed PT-RS structure.
2.4	Performance evaluation on Clustered PTRS 
In the following section, we evaluate the following different ICI compensation approaches:
· Approach 1: Direct de-ICI compensation approach presented in Annex 5.1.1 
· Option 0: Rel-15 PT-RS with K=2 and L=1
· Option 1: Single cluster with same number of PT-RS subcarriers as Rel-15 setup (K=2).
· Option 2: Multiple clusters of 5 PT-RS subcarriers with approximately the same total number of PT-RS subcarriers as Rel-15 setup (K=2). That is, the number of clusters is , where  is the number of allocated RBs.
· Approach 2: ICI filter approximation approach presented in Annex 5.1.2 
· Option 1: Single cluster with same number of PT-RS subcarriers as Rel-15 setup (K=2).
· Option 2: Multiple clusters of 5 PT-RS subcarriers with approximately the same total number of PT-RS subcarriers as Rel-15 setup (K=2). That is, the number of clusters is , where  is the number of allocated RBs.
We emphasize that the PT-RS overhead is the same for both Options 1 and 2, which in turn is the same as the Rel-15 PT-RS overhead. For both ICI compensation approaches, 3-tap filters (u=1) are estimated and used for compensation.
The BLER performance between Option 0 and Option 1 is provided in Figure 10. 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 11 and matches that of the Rel-15 PT-RS structure when the direct de-ICI filtering received is applied. We can also see that ICI compensation performance for 400 MHz is worse than 1.6 GHz bandwidth since, for a given K (here K=2), the number of PT-RS for 400 MHz is less than that of 1.6 GHz BW, which results in estimation error.
It can be further observed in Figure 10 and Figure 11 that the direct de-ICI filtering approach on the clustered PT-RS outperform the ICI filter estimation approach. The two main reasons are (1) the ICI filter estimation approach has lower PT-RS efficiency: each cluster of 5 PT-RS 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.
Based on the above extensive analysis alternative PT-RS structures and ICI compensation algorithms, we conclude with the following proposal:

[bookmark: _Toc47624950][bookmark: _Toc47625720][bookmark: _Toc47626064][bookmark: _Toc47630290][bookmark: _Toc47624951][bookmark: _Toc47625721][bookmark: _Toc47626065][bookmark: _Toc47630291][bookmark: _Toc47624952][bookmark: _Toc47625722][bookmark: _Toc47626066][bookmark: _Toc47630292][bookmark: _Toc53086145]Retain the same Rel-15 distributed PT-RS structure for OFDM for NR operation in 52.6 to 71 GHz.
[bookmark: _Toc47616544][bookmark: _Toc47616596][bookmark: _Toc47616546][bookmark: _Toc47616598][bookmark: _Toc47616547][bookmark: _Toc47616599][bookmark: _Toc47616548][bookmark: _Toc47616600][image: ][image: ]
[bookmark: _Ref47559341]Figure 10: BLER for 480 kHz SCS in TDL-A 10 ns channel with Rel-15 or single-clustered PT-RS structures for 400 MHz (left) and 1.6 GHz (right) bandwidth for the PN model set 1.
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[bookmark: _Ref47559346]Figure 11: BLER for 480 kHz SCS in TDL-A 10 ns channel with Rel-15 or multiple-clustered PT-RS structures for 400 MHz (left) and 1.6 GHz (right) bandwidth for the PN model set 1. 

A clustered PT-RS structure does not offer any performance advantage over the existing Rel-15 NR distributed PT-RS structure.


3. Conclusion
The following observations have been apparent based upon the provided analysis:

Observation 1	Effective mitigation of ICI caused by phase noise for OFDM can be performed using the existing Rel-15 NR distributed PT-RS structure.

Observation 2	A clustered PT-RS structure does not offer any performance advantage over the existing Rel-15 NR distributed PT-RS structure.
In conclusion, there is not sufficient evidence to warrant any change in current PT-RS structure design; particularly considering specification and implementation impact the change would incur.
Proposal 1		Retain the same Rel-15 distributed PT-RS structure for OFDM for NR operation in 52.6 to 71 GHz.
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5. Annex - 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  [5]:

[bookmark: _Toc46307393][bookmark: _Toc47085983]5.1.1	Direct de-ICI filtering approach
In the direct de-ICI approach, a filter on the received signal  is estimated directly such that the filtered received signal becomes approximately free of ICI. PT-RS 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. To compensate the ICI, the received signal  is filter by  and then fed to the OFDM demodulator.
In this section, we use  and hence each row of the  matrix  is given by the received PTRS and its two neighbors:

5.1.2	ICI filter approximation approach
In the ICI filter approximation approach, the ICI filter  induced by the phase noise is estimated first. The received signal is then filtered by the conjugate reverse of the estimated ICI filter [4]. To estimate the ICI filter, two sub-approaches have been investigated in the literature. The first sub-approach as discussed in  [5] relies on decision feedback of the data sub-carriers to assist the ICI filter estimation. The second sub-approach assumes the availability of known symbols in a block of contiguous sub-carriers [5]. 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 sub-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 last section 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 the last section 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 [4][5], the received signal  is filtered by the conjugate-reverse of the estimated filter coefficients  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 response [4].

6. Annex – Clustered PT-RS Structure
In order for the ICI filter estimation approach in Annex 5.1.2 to work, the PT-RSs need to be organized differently than the distributed structure in Rel-15 NR. As proposed in [4], PT-RSs should be clustered into blocks. One straightforward solution is to have a cluster with as many PT-RSs as in Rel-15 NR. However, for a dispersive channel, it would be beneficial to have several clusters (with fewer PT-RSs each) that are separated in the frequency domain to capture frequency diversity. As illustrated in Figure 12, we investigate this generalized clustered PT-RS structure where there are N PT-RS clusters and each cluster consists of M PT-RSs.
[image: ]
[bookmark: _Ref47619350]Figure 12: Clustered PT-RS 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, PT-RSs need to be present in every non-DMRS OFDM symbol. For Rel-15 NR, PT-RS can be configured to be present in every non-DMRS OFDM symbol and, in frequency domain, there is no more than one PT-RS subcarrier per RB. The specs is defined such that, with proper configuration, PT-RS does not collide with other RS.
In contrast, the same cannot be easily achieved with the alternative clustered PT-RS structure. As discussed in Annex 5.1.2, the size of each cluster of contiguous PT-RS 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 PT-RS subcarriers. This type of clusters can frequently collide with other existing NR RS, and there is no simple solution to avoid collisions. One example collision is with the tracking RS illustrated in Figure 13. Since there are only three subcarriers between two TRSs, there is not enough room to insert the needed minimum of five clustered subcarriers. 

[bookmark: _Toc53086138]Clustered PT-RS 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 13: Tracking reference symbol (TRS) mapping in NR
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Table: 8.2.1.1-1 Test parameters for testing PUSCH
Parameter Value
Transform precoding Disabled
Default TDD UL-DL paften (Note 1) 75 iz SCS.
3D1S1U, $=10D26:2U
30 kiz SCS
7D1S2U, S=6D:4G:4U
FARQ Maximum number of HARQ transmissions 7
RV sequence 02,31
DV-RS DM-RS configurafion type 1
DN-RS duration Single-symbol DM-RS
‘Additional DV-RS position post
Number of DM-RS CDM group(s) without data 2
Ratio of PUSCH EPRE to DV-RS EPRE 3d8
DI-RS port 001
DN-RS sequence generation Ne°=0, psgip =0
Time domain PUSCH mapping type AB
resource Start symbol
assignment Allocation length 4
Frequency domain | RB assignment Full applicable fest
resource bandwidth
assignment Frequency hopping Disabled
TPMI index for 2T two-layer spatial multiplexing transmission 0
Code block group based PUSCH transmission Disabled

NOTE 1. The same requirements are applicable to FDD and TDD vith different UL-DL patten.
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