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1. Introduction
A new SI to study on supporting NR with existing DL/UL waveform in high frequency band from 52.6 GHz to 71 GHz was approved in RAN#86 with following objectives [1]. 

	· 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].

· Study of channel access mechanism, considering potential interference to/from other nodes, assuming beam based operation, in order to comply with the regulatory requirements applicable to unlicensed spectrum for frequencies between 52.6 GHz and 71 GHz [RAN1].
· Note: It is clarified that potential interference impact, if identified, may require interference mitigation solutions as part of channel access mechanism.



In this contribution, we discuss and provide views on the required changes to support NR in high frequency range from 52.6 GHz to 71 GHz (simply denoted as “FR-X” hereafter), in terms of applicable numerology (including SCS and (maximum) carrier BW) considering the FR-X band characteristics and potential impacts to FR2 physical layer design.

2. Required changes to support NR in FR-X from 52.6GHz to 71GHz

· Supported numerology for FR2 and consideration points for FR-X
Regarding the supported numerology for current FR2 NR, first of all, the SCS values of 120 kHz or 240 kHz are supported for SSB transmission, and the SCS values of 60 kHz or 120 kHz are supported for other channel/signal transmission such as CORESET (PDCCH) or PDSCH/PUSCH. Accordingly, (maximum) NR carrier BWs are determined based on the SCS values used for CORESET/PDSCH/PUSCH and the FFT size of 4096, and specifically 200 MHz and 400 MHz are defined as the maximum carrier BW with the SCS values of 60 kHz and 120 kHz, respectively. 

On the support of NR in FR-X from 52.6 GHz to 71 GHz, there are some aspects to be considered further compared to current FR2 NR. Firstly, in FR-X band, the effects of phase noise (common phase error (CPE) and, especially inter-carrier interference (ICI)) and Doppler shift might be larger compared to FR2 band. These phase noise and Doppler shift would affect the BLER/SE performance and/or EVM requirement, especially for the case with high MCS, and thus may need to be taken into account for the determination of the supported SCS values and/or PT-RS design. In addition, under FR-X band, the channel delay spread and target cell coverage might be different (e.g. smaller) compared to FR2 band. These aspects would be related to the target deployments/scenarios for NR in FR-X, and may need to be taken into account for the determination of the CP length and OFDM symbol duration which might affect the beam switching time. Furthermore, for supporting NR in higher/wider FR-X band, it may need to consider frequency utilization efficiency, UE implementation, and unlicensed band operation (with multi-RAT coexistence). These aspects may need to be taken into account for the determination of the supported maximum carrier BW, with consideration of FFT size, ADC complexity, and channelization in unlicensed band. 

· Observations on previous NR study on high frequency band in Rel-15
According to the previous NR study proceeded during the initial phase of Rel-15, there were already some observations on certain high frequency band (e.g. 60 GHz) which belongs to the FR-X [2 – 6]. Firstly, in case with the SCS values of 60 kHz or 120 kHz for the high frequency band of 60 GHz, the performance in terms of BLER and T-put would be degraded for high MCS case, even in case with (ideal) CPE compensation based on the PT-RS transmission due to the effects of ICI. On the other hand, the performance loss is not significant or negligible for low MCS even in case without CPE compensation (no PT-RS transmission).

Besides, in case with the SCS value of 480 kHz for the frequency band of 60 GHz, the performance gain would be significant for high MCS case with CPE compensation, compared to the case with SCS values of 60 kHz or 120 kHz. In other words, the performance degradation caused by the ICI could be much mitigated if higher SCS value is used for the data (e.g. PDSCH/PUSCH) transmission.

Moreover, in Rel-15 NR, the PT-RS structure/mapping was designed by focusing on the CPE compensation for the SCS values of up to 120 kHz and for the FR2 band of up to 52.6 GHz, with the underline assumption that the CPE is dominant while the ICI is negligible. More specifically, the Rel-15 PT-RS design could provide adaptive PT-RS density in time/frequency domain according to MCS level/index and/or the transmission BW (with consideration of T-put performance). Furthermore, it could also provide flexible PT-RS density in time/frequency domain by setting the threshold values of MCS/BW for determination of multiple different PT-RS densities (with consideration of UE channel/situation).

· Potential numerology and further considerations to support NR in FR-X 
As stated in the SID [1], FR-X NR design is targeting to operate in higher frequency band than the current FR2 where the ICI term in phase noise might not be negligible. Thus, based on the above observations, it might be expected that performance degradation for the case with high MCS would probably be significant if the SCS values and PT-RS structure defined in Rel-15 are used even for FR-X band as it is. Given that, in order to mitigate potential degradation caused by the ICI effect, one of the following two approaches would need to be adopted for FR-X NR design. 

1) Approach 1
A. Introduce new larger SCS values (e.g. 240 kHz and/or 480 kHz) than that for the current FR2 (e.g. 120 kHz), and reuse the existing Rel-15 PT-RS structure
2) Approach 2
A. Introduce new additional PT-RS structure/mapping which could make compensation of the ICI term possible, and reuse the existing Rel-15 SCS values in FR2

Between these two approaches, Approach 1 is slightly preferred for FR-X NR design with consideration of: 1) frequency utilization efficiency with wider carrier BW as well as multi-RAT coexistence/channelization in unlicensed band, 2) robustness to the ICI effect (as well as large Doppler shift) by using higher SCS value, 3) impacts to UE implementation which would be involved with new time domain processing (e.g. filtering) and new PT-RS mapping/estimation in case of Approach 2. However, new additional PT-RS structure/mapping and/or receiver algorithm to mitigate ICI term can be considered [7] if its necessity and benefit are shown for new larger SCS values especially when DL/UL data is scheduled with high modulation order such as 64 QAM.
Consequently, the followings are proposed as potential candidate numerologies to support NR in FR-X band. To be specific, an existing 240 kHz SCS could be reused for SSB transmission applying very low MCS robust to phase noise effects, and a new 240/480 kHz SCS would need to be introduced for other channel/signal (e.g. PDSCH/PUSCH) possibly applying high MCS sensitive to phase noise effects. Correspondingly, 800 MHz and/or 1.6 GHz could be considered as the maximum carrier BW for the 240/480 kHz SCSs by employing the current FFT size of 4096 (or 2048 for ADC complexity reduction).

Proposal #1: Consider the followings as candidate numerologies to support NR in FR-X band by taking frequency utilization efficiency, unlicensed band operation, the ICI mitigation, and the UE implementation into account.
· SCS for SSB transmission
· Reuse the existing value of 240 kHz (and/or 120 kHz)
· SCS for other channels/signals
· Introduce new value as 240 kHz and 480 kHz (and/or 120 kHz)
· Maximum carrier BW
· 800 MHz for the SCS of 240 kHz
· 1.6 GHz (and/or 800 MHz) for the SCS of 480 kHz

Considering to adopt larger SCS values of 240/480 kHz for supporting FR-X NR, correspondingly, the OFDM symbol duration would be reduced and also the CP length would be shortened. For this reason, it may be required to study further on potential impact (and relevant handling) due to the shortening of symbol duration and CP length in terms of whether/how to handle cell coverage and/or beam switching time (e.g. by employing the extended CP, grouping multiple OFDM symbols as a unit and/or putting symbol gap between consecutive DL/UL signals/channels except for the case of long CP symbol every 0.5 msec). 

Proposal #2: Study further on potential impacts (and relevant handling) due to the shortening of OFDM symbol duration and CP length by adopting larger SCS value. 
· Whether/how to handle impact to cell coverage and/or beam switching time (e.g. by employing the extended CP, grouping multiple OFDM symbols as a unit, and/or putting symbol gap between consecutive DL/UL signals/channels)

Furthermore, considering potential phase noise effects in FR-X band to certain control channel (e.g. PUCCH) which was designed without PT-RS in Rel-15, further study may also be necessary (e.g. whether/how to handle phase noise effects on such channel).

3. Potential impacts to FR2 PHY design to support NR in FR-X band

· SSB transmission
As described in Section 2, the numerology (e.g., 240 kHz SCS) defined for the SSB transmitted in FR2 can be reused for the SSB transmission in FR-X band as well. Furthermore, support of up to 64 SSB (candidate) indexes for FR2 can be also applied for NR in FR-X band, especially for licensed spectrum. On the other hand, for unlicensed band operation, it could be beneficial to provide more opportunities for SSB transmission to cope with LBT failure. Similar to the mechanism already introduced for NR-U, within a SSB transmission window, multiple candidate SSB indexes corresponding to a SSB index can be defined with wrap-around manner. For instance, as shown in Figure 1, in addition to 64 SSB candidate indexes (from 0 to 63) positioned in the first 2.5 msec within 5 msec window as in Rel-15 NR FR2 design, additional 64 SSB candidate indexes (from 64 to 127) can be considered in the second 2.5 msec within the window. In this case, the total number of candidate SSB indexes within 5 msec window is increased to 128, which may lead to the necessity of discussing how to express candidate SSB indexes up to 128 (e.g., by using MIB or PBCH DM-RS). Furthermore, QCL relationship among candidate SSB indexes may need to be defined, for example, by using mod(candidate SSB index or PBCH DM-RS index, Q) where Q value can be signalled, for example, as one of {8, 16, 32, 64}.
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Figure 1. Example of SSB transmission for NR in FR-X unlicensed band

Proposal #3: Consider the enhancements for the SSB transmission to provide more opportunities in FR-X unlicensed band.

· Multiplexing between SSB and CORESET#0
If new numerologies such as the SCS values of 240 kHz and 480 kHz are defined for DL signal/channels other than SSB to support NR in FR-X band, it should be discussed how to multiplex SSB and corresponding CORESET#0. In Rel-15 NR FR2 design, three patterns for the multiplexing between SSB and CORESET#0 are supported as follows:

· Pattern 1: TDM between SSB and CORESET#0
· Pattern 2: FDM between SSB and CORESET#0 having different SCS from SSB
· Pattern 3: FDM between SSB and CORESET#0 having the same SCS as for SSB

Therefore, for SSB with 240 kHz SCS, Pattern 1 and/or Pattern 3 can be supported for CORESET#0 with 240 kHz SCS, and Pattern 1 and/or Pattern 2 can be supported for CORESET#0 with 480 kHz SCS. Especially for Pattern 1, CORESET#0 can be located close to the corresponding SSB such that CORESET#0(s) and corresponding SSB(s) can be contiguously transmitted for unlicensed band operation.

Proposal #4: Study further how to multiplex SSB and corresponding CORESET#0 in case of using new numerologies such as 240/480 kHz SCSs for the DL signal/channels other than SSB.

· RS design
Introduction of larger SCS such as 480 kHz may lead to performance degradation of channel estimation considering comb structure and frequency domain OCC of DM-RS. If significant performance degradation is investigated, it can be considered to enhance the current comb structure and invalidate OCC in frequency domain, not only for data channel (e.g., PDSCH, PUSCH) but also for control channel (e.g., PBCH, PDCCH, PUCCH). 
Enhancements to PT-RS design for DFT-s-OFDM can also be considered. In FR-X, the configured bandwidth could be large and the symbol duration could be short if high SCS is supported. This may require change of the number of PT-RS samples in a symbol or across symbols to achieve the same performance at a given SCS. In addition, to support increased UE multiplexing capacity, further study on PT-RS pattern and related parameters such as the length of OCC applied to a PT-RS group may be beneficial. From this perspective, it is recommended to investigate the potential enhancements of PT-RS design/configuration for DFT-s-OFDM.

Proposal #5: Investigate the necessity to enhance the structure of DM-RS for data as well as control DL/UL channels and that of PT-RS for DFT-s-OFDM considering UE multiplexing and efficient data transmission.


· UL channels
If coexistence with other RAT such as WiGig and regulatory requirements (including nominal channel BW, occupied channel BW, maximum allowed power, and maximum power spectral density) are considered, it seems necessary to support wide-band PRACH preamble and interlaced/multi-RB PUSCH/PUCCH, similarly as discussed in Rel-16 NR-U. 
For PRACH preamble, there can be two approaches: one is long sequences spanning over (most of) UL BWP BWs (e.g. 400 MHz, 800 MHz) and the other is frequency domain repetition of PRACH preamble with unit length (e.g. length-N seq. for 400 MHz and two length-N seq. repetition for 800 MHz). Besides, a rule for determining RACH slot with high SCS such as 240/480 kHz is to be considered, e.g., by reusing current RACH slot configuration table but re-interpreting RACH slot index.
For PUSCH/PUCCH, if interlaced structure is supported, the number and interval of interlaces can be determined based on the relationship between maximum allowed power and power spectral density (PSD). Furthermore, (consecutive) multi-RB based PUCCH can be considered to boost its power which is restrictive due to PSD requirement. To be specific, currently 1-RB based PUCCH format 0/1/4 can be extended to multiple RBs e.g., by increasing sequence length of (initial) PUCCH format 0/1.
In addition, it can be discussed whether RA-RNTI is sufficient to cover 10 ms window for large SCS or not.

Proposal #6: Design wide-band PRACH and interlaced or multi-RB based PUSCH/PUCCH considering regulatory requirements such as nominal channel BW, occupied channel BW, maximum allowed output power, and maximum power spectral density.

· Required processing timelines and scheduling
Considering that slot/symbol length is shortened as SCS increases, slot(or symbol)-group level processing instead of every slot(or symbol) processing could be beneficial with respect to simplified UE implementation and potential power consumption reduction. For instance, PDCCH monitoring occasions can be configured per slot-group (or every multiple slot-groups) and the maximum number of PDCCH candidates and non-overlapping CCEs can be applied per slot-group. In this case, it can be further considered how to efficiently schedule PDSCH/PUSCH between PDCCH monitoring occasions configured per slot-group (e.g. by modifying SLIV range/interpretation or by enlarging granularity of scheduling/HARQ offsets). For another instance, availability check for CSI processing unit can be performed per symbol-group instead of every symbol.
It would be efficient to schedule multiple PDSCHs/PUSCHs for a BWP via a single DCI, at least for the case where slot-group level PDCCH monitoring occasions are configured. Multi-PUSCH scheduling DCI design introduced for NR-U can be reused while multi-PDSCH scheduling DCI has to be redesigned. At least time domain resource allocation method of multi-PUSCH scheduling DCI for NR-U can be the starting point also for multi-PDSCH scheduling DCI, but further discussion seems necessary for DL-specific issues such as how to construct HARQ-ACK codebook.

Proposal #7: It would be beneficial in terms of UE implementation complexity or power consumption to perform slot(or symbol)-group level processing instead of every slot(or symbol) processing, e.g. PDCCH monitoring and CSI processing unit availability check.
Proposal #8: Consider to support multi-PDSCH scheduling by a single DCI.

· Beam management
In order to cope with large SCS’s impact to cell coverage and/or beam switching time, it can be considered to enhance resource (set) configuration of CSI-RS or SRS for the purpose of beam management. For instance, symbol gap (or sub-symbol gap) between different beam RSs might be necessary considering beam switching time. As a result, a set of (aperiodic) RSs for beam management may need to be configured to span over a couple of slots. For another instance, the minimum time domain resource unit for CSI-RS or SRS can be increased to multiple symbols to recover coverage loss due to shortened symbol duration.

Proposal #9: Study potential enhancements for beam management CSI-RS or SRS considering beam switching time and coverage loss for large SCS.

· Multi-carrier based operation
Considering the efficient coexistence with WiGig operating with nominal channel bandwidth of 2.16 GHz, NR system on FR-X band may need to be operated with carrier bandwidth comparable to WiGig. However, since some UEs may not support carrier bandwidth up to 2.16 GHz, NR system on FR-X should consider multi-carrier based operation where each carrier has BW narrower than 2.16 GHz (e.g. 400 MHz) but aggregated BW through multiple carriers can reach to around 2.16 GHz. In this case, some measurements for the channel availability such as LBT result for each carrier can be identical over multiple carriers which overlap to the occupied channel BW of WiGig. To indicate these information to group of carriers efficiently, carrier-group based operation can be considered. For instance, PDCCH indicating channel occupancy duration can be configured per carrier-group instead of per each carrier and the set of carriers within the group can share these information to access the channel. For another instance, DL/UL data scheduling can be configured per carrier-group to reduce the amount of control signalling. With carrier-group based configuration, it can be beneficial to NR operation with respect to the controllability of channel access or data channel scheduling in unlicensed FR-X band coexisting with multiple other RATs.

Proposal #10: Consider carrier-group based operation for NR unlicensed band in frequency range above 52.6 GHz, with consideration of multi-RAT coexistence as well as control signalling efficiency.

4. [bookmark: _GoBack]Conclusions
In this contribution, the required changes to support NR in high frequency range (FR-X) from 52.6 GHz to 71 GHz were discussed, and the followings were proposed.

Proposal #1: Consider the followings as candidate numerologies to support NR in FR-X band by taking frequency utilization efficiency, unlicensed band operation, the ICI mitigation, and the UE implementation into account.
· SCS for SSB transmission
· Reuse the existing value of 240 kHz (and/or 120 kHz)
· SCS for other channels/signals
· Introduce new value as 240 kHz and 480 kHz (and/or 120 kHz)
· Maximum carrier BW
· 800 MHz for the SCS of 240 kHz
· 1.6 GHz (and/or 800 MHz) for the SCS of 480 kHz

Proposal #2: Study further on potential impacts (and relevant handling) due to the shortening of OFDM symbol duration and CP length by adopting larger SCS value. 
· Whether/how to handle impact to cell coverage and/or beam switching time (e.g. by employing the extended CP, grouping multiple OFDM symbols as a unit, and/or putting symbol gap between consecutive DL/UL signals/channels)

Proposal #3: Consider the enhancements for the SSB transmission to provide more opportunities in FR-X unlicensed band.

Proposal #4: Study further how to multiplex SSB and corresponding CORESET#0 in case of using new numerologies such as 240/480 kHz SCSs for the DL signal/channels other than SSB.

Proposal #5: Investigate the necessity to enhance the structure of DM-RS for data as well as control DL/UL channels and that of PT-RS for DFT-s-OFDM considering UE multiplexing and efficient data transmission.

Proposal #6: Design wide-band PRACH and interlaced or multi-RB based PUSCH/PUCCH considering regulatory requirements such as nominal channel BW, occupied channel BW, maximum allowed output power, and maximum power spectral density.

Proposal #7: It would be beneficial in terms of UE implementation complexity or power consumption to perform slot(or symbol)-group level processing instead of every slot(or symbol) processing, e.g. PDCCH monitoring and CSI processing unit availability check.

Proposal #8: Consider to support multi-PDSCH scheduling by a single DCI.

Proposal #9: Study potential enhancements for beam management CSI-RS or SRS considering beam switching time and coverage loss for large SCS.

Proposal #10: Consider carrier-group based operation for NR unlicensed band in frequency range above 52.6 GHz, with consideration of multi-RAT coexistence as well as control signalling efficiency.
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