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1. Introduction
In 3GPP RAN meeting #86 meeting, a new SID is agreed on the study of supporting NR from 52.6GHz to 71GHz [1]. The objective covers the study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71GHz. This further breaks down into two categories:
· 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 order to study the impact of practical RF impairments, evaluation assumptions for both LLS and SLS simulations are discussed and agreed in 3GPP RAN1 e-meeting #101 [5]. Based on the agreed evaluation assumptions, in the first part of this contribution, we will evaluate whether or not the FR2 numerology and PHY design could handle the RF impairments in frequency band between 52.6GHz and 71GHz. In the second part of this contribution, based on the discussion in 3GPP RAN1 e-meeting #102 e, we provide our views on the required changes to NR signals/channels for the new SCSs.

2. [bookmark: _Ref494794648]Numerology Considerations
When operating at high frequency band such as 52.6GHz to 71GHz band, it is desirable to use larger subcarrier spacing in an OFDM system to reduce the impact of RF impairments such as phase noise. In current NR framework, the largest subcarrier spacing available when operating in FR2 is 120 KHz [2]. For channel bandwidth, NR currently supports up to 400MHz (SCS=120 KHz, ) for a single carrier, corresponding to an OFDM FFT size of 4096. Note that subcarrier spacing of 240KHz is also defined in NR, but is only applicable to SSB/PBCH currently.
According to our pervious DL simulation results [6], assuming 120 KHz subcarrier spacing, the EVM at the UE (receiver) side can only support up to 16QAM operation (barely) when phase noise [4] is applied. In [8], it is further confirmed that for subcarrier spacing of 120 KHz, large performance degradation and error floors are observed in the case of MCS = 22 (64QAM) for both TDL-A and TDL-D channels. Under the same conditions, for subcarrier spacing of 960 KHz, performance degradations are found to be negligible. Note that in both references mentioned above, the receiver is assumed to perform only common phase error (CPE) compensation using R-15 NR PTRS. This leads to two possible options moving forward:
1. Use R-15 NR FR2 numerology and PHY designs, together with advanced receiver processing (e.g., ICI equalization instead of CPE compensation) to enable reliable operation at all MCS levels.
2. Adopt new numerologies (e.g., 960KHz subcarrier spacing) and the corresponding PHY designs to enable reliable operation at all MCS levels.
It has been confirmed by contributions from multiple companies (e.g., [8]) that option 2 could minimize the performance impacts caused by RF impairments in frequency band between 52.6GHz and 71GHz. However, it is also generally agreed that in order to support the new numerology, changes and enhancements to current NR physical channels and signals are needed, as will be discussed in the second part of this contribution.
[bookmark: _GoBack]Option 1, on the other hand, is less considered by companies so far, since the effort relies mostly on advanced receiver techniques that is transparent to NR specifications. However, if proved feasible, option 1 would allow minimum changes to the current NR specification while still be able to support operation in frequency band between 52.6GHz and 71GHz.
In the following section, we will focus on assessing the feasibility of option 1.
3. Inter-Carrier-Interference Equalization based on NR PTRS
The impact of phase noise on a modulated OFDM subcarrier can be modeled as:

where , , , and  are the transmitted signal, channel, received signal, and noise at subcarrier , correspondingly. The coefficient  is the CPE term, and  for , are the ICI terms. Note that the CPE term  and the phase noise sequence  have the following relationship:

For the subcarriers that carry PTRS symbols, both the transmitted signal and the received signal are known. If we assume the channel response at these subcarriers are also known (e.g., estimated via DMRS), we can train a simple linear equalizer using the known PTRS symbols. Specifically, we assume a simple 3-tap linear equalizer that takes the sequence  as input and estimates the transmitted signal scaled by the known channel (i.e., the sequence of ). A batch least square estimator will allow us to estimate the corresponding equalizer coefficients as follow:

where  is the equalizer coefficient vector,  is the received PTRS signal, and  is a matrix of the following form:

Here, , and  are the carrier indexes corresponding to PTRS. The same receiver architecture has been proposed in [9], and promising results have been reported.
We will use the simple equalizer described above for ICI mitigation, and evaluate whether such technique could allow reliable operation at high MCS (e.g., MCS=22) using existing NR numerology. Our simulation results are provided in the next section.
4. Simulation Results and Discussion
In this section, we evaluate the DL BLER corresponding to various numerology options in the presence of phase noise. Specifically, we configured the DL channel bandwidth to 400 MHz, and evaluate the performance impact of phase noise for subcarrier spacing of 120 KHz and 960 KHz. TDL-A channel model (2 x 2) is assumed in our simulation, with the DS scaling factor set to 5ns, 10ns, and 20ns. MCS of 16 (16QAM) and 22 (64QAM) are used in our simulations according to Table 5.1.3.1-1 in [7]. Note that in our simulation, we use the ICI equalizer developed in the previous section to mitigate the ICI caused by the phase noise. A more detailed simulation settings are given in Table 1.
[bookmark: _Ref53675333]Table 1: Summary of the simulation parameters 
	Evaluation Assumptions for LLS

	Channel Bandwidth (MHz)
	Subcarrier Spacing (KHz)
	FFT Size
	
	CP Length ()  (NCP)

	400
	120
	4096
	256
	586

	
	960
	512
	32
	73

	Waveform
	CP-OFDM

	Max 
	275 (FFT size: 4096)

	Channel
	Model: TDL-A (2x2); Mobility: 3 km/hr; DS: 5ns, 10ns, 20ns

	Phase Noise
	TR 38.803 Example 2

	NR Settings
	PDSCH: Rank 1, DMRS: 1 symbol, PTRS: (K=4, L=1),    MCS: 16(16QAM), 22(64QAM)



Figure 1 and Figure 2 show the simulated DL performance for TDL-A channel with delay spread of 5ns and 10ns, respectively. From the figures, we can see that unlike the case when only CPE is compensated, the error floor we observed in [8] no longer exists for 120KHz subcarrier spacing. This shows that a simple, 3-tap BLS ICI equalizer is able to eliminate the error floor caused by the ICI, and in turn allows proper operation using current NR numerology. Performance degradation, however, is still visible at high MCS, particularly when compared to the cases with 960KHz subcarrier spacing.
[bookmark: _Ref47695458][bookmark: _Ref53691482]Observation 1: A simple, 3-tap BLS ICI equalizer is able to eliminate the error floor caused by the ICI, and in turn allows proper operation using current NR numerology (e.g., SCS = 120KHz).
To further reduce the performance degradation, some companies have proposed modifications to the PTRS design. Particularly, one modification that features block PTRS patterns has the potential to further enhance the ICI mitigation capability of the receiver. We thus evaluate the performance of the 3-tap BLS equalizer, assuming block PTRS patterns (i.e., blocks of 8 consecutive REs are allocated for PTRS transmission). In order to achieve fair comparison, we also reduce the frequency density accordingly (i.e., switch from  to ). The result is shown in Figure 3. From the figure, we can see that when the 3-tap linear BLS equalizer is used at the receiver, both R-15 PTRS design and block PTRS design offer identical performance. This is because the simple equalizer we implemented does not take advantage of the fact that some PTRS symbols are located in consecutive REs. More complicated ICI equalization technique (e.g., DFE), together with the block PTRS design, may further reduce the performance degradation due to phase noise.
[bookmark: _Ref47695471][bookmark: _Ref53691491]Observation 2: When 3-tap BLS ICI equalizer is used at the receiver, R-15 PTRS design and block PTRS design offer identical performance.
[bookmark: _Ref53691498]Observation 3: More complicated ICI equalization technique (e.g., DFE), together with the block PTRS design, may further reduce the performance degradation due to phase noise.
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[bookmark: _Ref47699112]Figure 1: DL Performance for TDL-A (DS = 5 ns) Channel 
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[bookmark: _Ref47699128]Figure 2: DL Performance for TDL-A (DS = 10 ns) Channel
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[bookmark: _Ref53690373]Figure 3: Performance comparison between various PTRS design
5. Discussion on potential change of physical layer design
5.1. SSB 
In RAN1 #102e meeting, it has been agreed that the following aspects are considered to determine SSB subcarrier spacing [10]

· Detection performance of SSB (including PSS, SSS, PBCH DMRS, and PBCH) and SSB coverage requirement
· Impact on initial cell search complexity due to frequency errors (e.g. carrier frequency offset, Doppler shift, etc)
· Timing detection accuracy and its relation to uplink transmission accuracy
· Signaling design for supporting different subcarrier spacing for SSB and CORESET#0 (if supported)
· Multi-TRP delay considerations
· Consideration of SSB-based RRM/RLM and beam management if the SSB SCS is significantly different from that of the active BWP (e.g., switching gap, scheduling constraint, etc.)
Based on our evaluation, QPSK modulation is robust against phase noise across all candidate SCS for the operation in the target spectrum. Therefore, introducing SCS larger than 240 kHz for SS/PBCH block which equips only with QPSK seems to provide no noticeable benefit, which addresses the detection performance aspect. Furthermore, without detection performance concerns, it is desirable to reuse Rel-15/16 initial access design to avoid large spec impact caused by newly introduced SCS, e.g., configuration design to support Type-0 PDCCH monitoring based on the information in MIB for new SS/PBCH block SCS, SSB pattern design with beam switching gap under new SCS, etc. Therefore, we prefer to reuse the SCS and the multiplexing pattern between SSB and CORESET#0 designed in Rel-15/16. 

Regarding the time domain pattern of SSB, if the existing SSB subcarrier spacing are reused, we haven’t identifies any critical issues from reusing the existing FR2 SSB pattern at least for licensed operation. For unlicensed operation, the enhancement of considering more SSB transmission occasions to accommodate LBT failure as designed in Rel-16 NRU needs to be justified in 52.6 GHz-71 GHz band. In our view, no LBT has been agreed to be considered as one of transmission modes and LBT failure might not be a major issue due to the high priority of SSB transmission and the channel characteristics in the target spectrum. On the other hand, considerable specification changes are required if additional SSB occasions are introduced, e.g., MIB information design for additional SSB index, SIB1 information design for actual transmitted SSB, etc., which is not desirable in our views.

[bookmark: _Ref53739435]Proposal 1: For 52.6-71 GHz band, the existing SCSs, i.e., 120 kHz and 240 kHz, and multiplexing pattern between SSB and CORESET#0 in FR2 for SS/PBCH blocks should be reused.  

[bookmark: _Ref53739453]Proposal 2: For 52.6-71 GHz band, the existing time domain patterns designed in FR2 for SS/PBCH blocks at least for licensed spectrum should be reused.  

5.2. PDCCH/PDSCH
UE PDCCH monitoring complexity has been identified as one of the aspects which might be impacted by the new SCSs. In Rel-15/16, PDCCH monitoring complexity is mainly managed by search space set and CORESET configuration from gNB, BD/CCE limit per slot/span, and the monitoring capabilities reported by UE. In particular, search space set configuration includes a bitmap to indicate UE PDCCH monitoring pattern within a slot and a number of consecutive  slots to apply the monitoring pattern within a configured period of   slots for the search space set. BD/CCE limit per slot/span caps the PDCCH blind decoding complexity within a slot/span and the reported UE monitoring capabilities can impose restriction on the PDCCH monitoring configuration and PDCCH transmission from gNB, e.g., UE capability FG 3-5 specifies the gap criteria between DCI transmissions and FG 3-5b specifies the restriction on the monitoring occasion in search space set configuration. In our views, UE PDCCH monitoring complexity issue under larger SCSs should be addressed with the following three aspects: search space set and CORESET configuration, BD/CCE limit, and the UE monitoring capabilities.

For BD/CCE limit, if new SCSs, e.g., 240kHz, 480kHz, are introduced, the Rel-15/16 BD/CCE limit per slot is expected to be scaled down accordingly for the new SCSs in order to accommodate UE monitoring burden within a shorter slot or span. Many companies [12][13][15][14] raised the concern that the scaled down BD/CCE limit per slot might be too small for practical operation, e.g., CCE limit might be less than 16. To address the issue, new time unit other than slot or span, e.g., multi-slot, has been discussed as a solution. However, new monitoring time unit other than slot or span doesn’t address UE monitoring complexity entirely and how the monitoring complexity distributed in time has impact on PDCCH monitoring complexity as well. Therefore, in our views, RAN1 should prioritize the investigation of BD/CCE limit per slot for new SCSs and consider other time unit for BD/CCE limit if per slot limit is not feasible in order to avoid unnecessary spec impact from Rel-15/16. On the other hand, regardless of the time unit for BD/CCE limit, UE PDCCH monitoring complexity can be effectively reduced by current search space set and CORESET configurations, e.g., PDCCH monitoring for consecutive slots can be avoided by setting  and  in a search space set. On top of the monitoring configuration restriction, it is beneficial to introduce related UE PDCCH monitoring and processing capabilities to further relax UE monitoring and processing burden by implicitly limit the PDCCH monitoring configuration based on the reported PDCCH monitoring capabilities.
	
[bookmark: _Ref53739525]Proposal 3: For new SCS, if agreed, the following aspects should be prioritized to address UE PDCCH monitoring complexity concerns.
· investigation on the maximum number of BDs/CCEs for PDCCH monitoring per slot
· potential limitation to PDCCH monitoring configurations, e.g.,  and  in search space set configuration
· related UE capabilities for PDCCH monitoring and processing

As a consequence of less frequent PDCCH monitoring, another discussed DL enhancement is PDSCH scheduling. Some companies [11][15][16] propose to consider the enhancement of multi-PDSCH scheduled by one DCI to improve data rate and reduce UE PDCCH monitoring burden. Similar enhancement has been introduced in Rel-16 NRU PUSCH scheduling, where one DCI contains the individual scheduling information, e.g., RV, NDI, of multiple contiguous PUSCHs and the associated PUSCH resources allocations are specified from an enhanced TDRA table. The motivation of multi-PUSCH scheduling in Rel-16 NRU is to avoid multiple DL-UL switching gap and reduce the number of LBT trials to secure the channel, which can’t be used as a valid motivation for multi-PDSCH scheduling feature. The high data rate motivation of scheduling multi-PDSCH under less frequent scheduling DCIs is also not clear. Due to a shorter slot duration under larger SCS, there might be a large gap between scheduling DCIs in terms of slot. However, the processing timeline from scheduling DCI to PDSCH in terms of symbols might also increase to more than one slot to address UE processing capability. Also, processing multi-PDSCHs in consecutive slots might not be a desirable UE behavior as well under high SCS. Consequently, the data rate improvement based on multi-PDSCH feature might not be substantial. On the other hand, one major drawback of multi-PDSCH scheduling is the large payload size in the scheduling DCI, which has negative impact on PDCCH coverage. Therefore, the benefit of multi-PDSCH scheduling needs to be justified and the scheduling PDCCH coverage issue needs to be addressed. 
5.3. PUCCH/PUSCH
Potential enhancement on UL transmission power, e.g., PUSCH, PUCCH, with regulation compliance has been discussed in the SI phase. In LTE eLAA and Rel-16 NRU in sub 6GHz unlicensed band, PRB-based interlace resource allocation has been adopted for PUCCH/PUSH to comply with OCB requirement and boost transmission power by scattering the resource and fully utilizing the PSD constraint. Interlace resource allocation also can be utilized for multiplexing UL transmissions from different UEs. 

In our understanding, the major motivation to adopt interlace resource allocation in sub 6GHz bands is power boosting under PSD constraints. However, the same PRB interlace allocation offers no power gain in 52.6 GHz-71 GHz bands due to the large SCS. For example, a PRB with SCS=240 kHz is already larger than 1MHz, which is the PSD constraints unit, and hence there is no room for power boosting from PRB interlace. Another interlace benefit of UE multiplexing is also questioned in the 52.6 GHz-71 GHz bands since fewer UEs will transmit in the same receiving direction at gNB side. Since OCB requirement in the target spectrum requires only one transmission mode to comply at transmitter side, the benefit of interlace transmission on satisfying OCB is also not clear.

As for sub-PRB interlace resource allocation, the power gain is either none or limited for large SCS. For SCS=960kHz, a single RE is already close to 1MHz. Even for SCS=480 kHz or 240 kHz, the number of interlace will be 2 or 4, respectively, and the corresponding power gains from sub-PRB interlace are relatively small compared to the sub 6GHz bands where 10 and 5 interlaces are designed for 15 kHz and 30 kHz, respectively. Moreover, the specification efforts will be considerable for sub-PRB interlace since PRB is the basic resource allocation unit. 


[bookmark: _Ref53739532]Proposal 4: PRB and sub-PRB Interlace are not supported for UL transmission in 60 GHz band.
Another discussion regarding UL transmission power is PUCCH format 0, 1, and 4 enhancements. Due to one RB allocation design in NR, PUCCH format 0, 1, and 4 transmission power is limited and coverage loss is anticipated. To address the issue, existing PUCCH repetition in time domain seems to be a feasible solution. Similarly, repetition in frequency domain with PAPR mitigation can improve the transmission power. In [11], sending UCI on PUSCH is mentioned, which is also a simple candidate solution to address the issue.

   
[bookmark: _Ref53739546]Proposal 5: Potential enhancements for PUSCH/PUCCH transmissions to achieve higher transmit power should be considered in WI, e.g., PUCCH repetition in time/frequency domain.


5.4. BFR enhancement
In Rel-15/16, beam failure detection in PHY layer relies on the measurement of a configured set,  of periodic RS, e.g., CSI-RS. The PHY layer periodically assess the periodic RS in set   and provides a beam failure indication to higher layers when the radio link quality for all RS in set  is worse than a specified threshold . When the number of beam failure indication is over the threshold beamFailureInstanceMaxCount within an amount of time specified by beamFailureDetectionTimer, higher layers will initiate beam failure recover procedure and instruct PHY layer to measure anther configured set,  of periodic RS in order to find a new beam. The initiated BFR procedure is completed when a new beam with good quality is found.

In Rel-16 NRU, validation of periodic CSI-RS transmission has been specified in the maintenance phase in order to distinguish between the poor CSI-RS transmission quality and LBT failure for CSI-RS transmission failure. Without the validation rule, the uncertainty of periodic CSI-RS transmission can impact the BFR procedure in the 52.6 GHz-71 GHz unlicensed band, e.g., LBT failure might be falsely detected as beam failure. To address the issue, beam failure detection based on aperiodic CSI-RS has been discussed to remove the uncertainty of CSI-RS transmission and to ensure UE measure the actual CSI-RS quality when a CSI-RS is transmitted. However, when the beam quality is poor, it is likely that UE might not be able to detect the DCI which triggering the aperiodic CSI-RS. Consequently, UE will not measure the aperiodic CSI-RS and the BFR will not be initiated by higher layers even when the beam quality is poor. Therefore, beam failure detection based on aperiodic CSI-RS should not be adopted as a BFR enhancement. 

[bookmark: _Ref53739557]Proposal 6: Aperiodic CSI-RS should not be used for BFR purpose.

6. Conclusion
In summary, we have the following observations and proposals:
Observation 1: A simple, 3-tap BLS ICI equalizer is able to eliminate the error floor caused by the ICI, and in turn allows proper operation using current NR numerology (e.g., SCS = 120KHz).
Observation 2: When 3-tap BLS ICI equalizer is used at the receiver, R-15 PTRS design and block PTRS design offer identical performance.
Observation 3: More complicated ICI equalization technique (e.g., DFE), together with the block PTRS design, may further reduce the performance degradation due to phase noise.

Proposal 1: For 52.6-71 GHz band, the existing SCSs, i.e., 120 kHz and 240 kHz, and multiplexing pattern between SSB and CORESET#0 in FR2 for SS/PBCH blocks should be reused.

Proposal 2: For 52.6-71 GHz band, the existing time domain patterns designed in FR2 for SS/PBCH blocks at least for licensed spectrum should be reused.

Proposal 3: For new SCS, if agreed, the following aspects should be prioritized to address UE PDCCH monitoring complexity concerns.

Proposal 4: PRB and sub-PRB Interlace are not supported for UL transmission in 60 GHz band.

Proposal 5: Potential enhancements for PUSCH/PUCCH transmissions to achieve higher transmit power should be considered in WI, e.g., PUCCH repetition in time/frequency domain.

Proposal 6: Aperiodic CSI-RS should not be used for BFR purpose.
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