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[bookmark: _GoBack]In this contribution, we discuss required changes to support NR operation from 52.6GHz to 71GHz carrier frequency. In particular, we present simulation results and analyze candidate subcarrier spacings, CP length and channel bandwidth by considering various propagation channel delay spreads, inter-symbol interference and realistic phase noise. Further, we discuss a list of potential changes of DL/UL physical channels/signals due to modification of fundamental physical layer parameters. Our view on channel access mechanism and considerations on performance evaluation is presented in our companion contributions [1] and [2], respectively. 
The following are list of agreements and conclusions made in RAN1 #102-e meeting.
	Agreement declared in GTW session on 8/24.
Agreement:
For NR system operating in 52.6 GHz to 71 GHz, 
· NR should be designed with maximum FFT size of 4096 and maximum of 275RBs per carrier;
· Candidate supported maximum carrier bandwidth(s) for a cell is between 400 MHz and 2160 MHz;
· If subcarrier spacing 240 kHz or below are supported, NR in 52.6 to 71 GHz is expected to use normal CP length only (does not have any implications on whether ECP is supported for the higher subcarrier spacings, if supported).

Conclusion and agreements declared in email 8/28.

Conclusion:
RAN1 continues study and specification effort for both licensed and unlicensed operation for supporting NR from 52.6 GHz to 71 GHz SI.
· RAN1 strives for maximum commonality for the system design for licensed and unlicensed operation for NR from 52.6GHz to 71GHz, and for maximum re-use of the existing NR design


Agreement:
· Instruct rapporteur to create dedicated (sub-)section for set of identified issues for physical layer NR design.
· Endorse following text proposal as introduction to the (sub-)sections for discussing identified issues for physical layer.
· For supporting NR operation in both licensed and unlicensed band in the frequency range from 52.6 GHz to 71 GHz, FR2 numerologies and additional numerologies beyond that supported currently in NR are studied. Existing framework for numerology scaling is considered i.e.  2μ ×15 subcarrier spacing to select the candidates. For SSB transmissions, it is investigated whether or not µ>4 (larger than 240 kHz) is needed and corresponding impacts, if any, on the aspects including at least SSB pattern, multiplexing of other signal/channels, and transmission window, if supported. For data and control channel transmissions, it is investigated if µ>3 (larger than 120 kHz) is needed and corresponding impacts, if any, on aspects including at least processing timelines, PDCCH monitoring capability (BD/CCE), scheduling enhancements, beam-management, and reference signal design. For investigating the need for higher numerologies, some of the key aspects that are studied are the impact due to phase noise, delay spread, TAE, analog beam switching delay, and impact to coverage, spectral efficiency and peak data rates, and relative delay in intra-cell/inter-cell multi-TRP operations.


Agreement:
· Study whether or not different SSB patterns should be supported for licensed and unlicensed bands.
· For each licensed and unlicensed band, if issues are identified for reuse of existing SSB, consider at least the following aspects for SSB
· Beam switching gap between SSB(s) and between SSB and other signal(s)/channel(s)
· SSB pattern in time domain
· Whether or not it is needed to define a transmission window (such as DRS window), and if needed, number of SSB transmission opportunities within a transmission window
· For each licensed and unlicensed band, if issues are identified for reuse of all or some of the existing SSB and CORESET#0 multiplexing pattern, consider at least the following aspects for SSB, CORESET#0, and other signal/channel design
· Supported multiplexing pattern type(s) (Pattern 1, 2, and/or 3) for SSB and CORESET#0 multiplexing.
· Multiplexing of other signal/channels (e.g. RMSI, paging, CSI-RS) with SSB
· Configuration of Type0-PDCCH search space set 


Agreement:
RAN1 at least considers the following aspects for determination of supported SSB subcarrier spacing
· 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.)


Agreement:
Consider the at least following aspects for PRACH design of NR operating in 52.6 GHz to 71 GHz
· PRACH coverage requirements 
· applicable PRACH Sequence length(s) and subcarrier spacing(s) for PRACH, including any impact on PRACH coverage and capacity from the applicable sequence length(s).
· RACH RO configurations with new SCS (if new SCS is supported)
· LBT gap between RACH occasions (RO)


Agreement:
Consider at least the following aspects of PT-RS design for a given SCS
· Phase noise compensation performance of existing PT-RS design
· Study of need of any modification/changes to existing PT-RS design
· Potential modification to the PT-RS pattern or configuration to aid performance improvement for CP-OFDM and DFT-s-OFDM waveforms (if needed)
· Potential methods to aid ICI compensation at the receiver (if needed)


Agreement:
Consider at least the following aspects of DM-RS design for a given SCS
· Channel estimation performance of existing DM-RS design with existing and new SCSs (if any)
· Study whether there is a need of any modification/changes to existing DM-RS design
· Potential modification or introduction of new DM-RS pattern, configuration or indication to aid performance improvement for CP-OFDM and DFT-S OFDM waveforms (if needed)


Agreement:
Consider at least the following aspects of processing timelines for new SCS (if agreed) that are not currently supported,
· appropriate configuration(s) of k0, k1, k2,
· PDSCH processing time (N1),
· PUSCH preparation time (N2),
· HARQ-ACK multiplexing timeline (N3)
· CSI processing time, Z1, Z2, and Z3, and CSI processing units
· Any potential enhancements to CPU occupation calculation
· Related UE capability(ies) for processing timelines
· minimum guard period between two SRS resources of an SRS resource set for antenna switching


Agreement:
Consider at least the following aspects of PDCCH monitoring for a given SCS
· For new SCS, if agreed, that are not supported in Rel-15/16 NR,
· investigate on the maximum number of BDs/CCEs for PDCCH monitoring per time unit
· e.g. slot as Rel-15, or new scheduling/monitoring unit
· any potential limitation to PDCCH monitoring configurations (e.g. search spaces, DCI formats, overbooking/dropping, etc) to help with UE processing, if needed
· e.g. increased minimum PDCCH monitoring unit
· potential enhancements for CORESET, if needed
· related UE capability(ies) for PDCCH processing


Agreement:
Consider at least the following aspects of scheduling for BWP with a given SCS
· Study of frequency domain scheduling enhancements/optimization for PDSCH/PUSCH, if needed
· e.g. potential impact to UL scheduling if frequency domain resource allocation with different granularity than FR1/2 (e.g. sub-PRB, or more than one PRB) is supported
· Study of time domain scheduling enhancements for PDSCH/PUSCH, if needed
· e.g. increasing the minimum time-domain scheduling unit to be larger than one symbol, supporting multi-PDSCH scheduled by one DCI, supporting one TB mapped to multiple slots (i.e., TTI bundling)
· Study potential enhancements or alternatives to the scheduling request mechanism to reduce scheduling latency due to beam sweeping, if needed


Agreement:
Consider at least the following aspects for uplink transmission
· Study of potential enhancements for PUSCH/PUCCH/PRACH transmissions to achieve higher transmit power (when transmit power spectral density limits apply), if needed
· Study whether uplink interlace needs to be supported for unlicensed operation in 60 GHz band.
· If supported, study uplink PRB and/or sub-PRB based interlace design for PUCCH, PUSCH, and/or SRS.


Agreement:
Study single carrier and multi carrier operations for achieving wide bandwidth utilization, while at least considering aspects such as control signaling overhead, transceiver complexity, spectral efficiency, etc.


Agreement:
Consider at least the following aspects in system operations with beams 
· Study of BFR mechanism enhancements, if supported
· e.g., the use of aperiodic CSI-RS for BFR, increased number of RSs for monitoring/candidates and efficient utilization of the increased number of RSs, enhanced reliability to cope with narrower beamwidth
· Study of UE capabilities on beam switch timing in beam management procedure
· Study of enhancements for beam management and corresponding RS(s) in DL and UL are needed further considering at least the following aspects, if supported:
· beam switching time, beam alignment delay (including initial access), LBT failure, and potential coverage loss (if large SCS is supported)
· Study of beam switching gap handling for signals/channels (e.g. CSI-RS, PDSCH, SRS, PUSCH) for higher subcarriers spacing, if supported


Agreement:
· Consider the study of at least the following aspects, including the justification for the features and their potential benefits, if applicable
· System overhead impact from TDD switching time for larger subcarrier spacing
· Coverage enhancement mechanisms for control channels and SSB, if larger SCS is supported
· Any potential modifications to HARQ processes including number of processes, if supported
· Impact from MAC buffering for larger subcarrier spacing, if any
· NR channelization/sub-channelization and any potential impact from RAN1 perspective
· Additional RF impairments that impact evaluations
· Impact on BWP switching procedure due to new higher SCS, if supported
· Support of rank 2 transmission for DFT-s-OFDM in the uplink
· Other aspects and impacts due to introduction of higher SCS are not precluded.




Candidate Subcarrier Spacings and Frame Structure
As indicated in the SID, existing DL/UL waveform is employed to support operation between 52.6GHz and 71GHz 0. Note that the selection of numerologies can follow design principle as defined in NR Rel-15. More specifically, subcarrier spacing at this frequency range can be equal to kHz, where  is a positive integer number. Further, symbol- and subframe-level boundary alignment across different subcarrier spacings with same CP overhead is defined, which can help in achieving seamless coexistence when mixed numerologies are employed in the same frequency band. 
Selection of the potential subcarrier spacing requires consideration of not only RF impairments such as phase noise, but should factor into account implementation complexity, how wider bandwidths could be supported, and standard specification impact. Compared to FR2 where subcarrier spacings with 60kHz and 120kHz are specified for data and control channel, and 120kHz and 240kHz are specified for SSB transmission, a larger subcarrier spacing is envisioned for carrier frequency between 52.6GHz and 71GHz, to combat more severe phase noise.
Table 1 summarizes the candidate numerologies for carrier frequency between 52.6GHz and 71GHz with normal CP. Note that in the table, slot duration is calculated for the slots other than first slot of 0.5ms duration. For the first slot of 0.5ms duration, additional 0.52µs is needed to align the symbol- and slot boundary as for smaller subcarrier spacing in FR1 and FR2.
[bookmark: _Ref47257008]Table 1. Candidate numerologies and symbol/slot duration
	µ
	4
	5
	6
	7

	Subcarrier spacing
	240kHz
	480kHz
	960kHz
	1.92MHz

	Symbol duration
	4.17µs
	2.08µs
	1.04µs
	0.52µs

	Slot duration
	62.43µs
	31.22µs
	15.60µs
	7.80µs

	Normal CP length
	292.97ns
	146.48ns
	73.24ns
	36.62ns

	Extended CP length
	1041.67ns
	520.83ns
	260.42ns
	130.21ns



As specified in NR, maximum channel bandwidth is 100MHz and 400MHz for FR1 and FR2, respectively. For carrier frequency between 52.6 GHz and 71 GHz, in order to achieve data rate that cannot be provided by existing bands and deployments, we should consider support of much wider bandwidths such as 8 GHz or larger. The NR technology operating in 52.6 GHz and 71 GHz does somewhat compete for similar use cases with IEEE 802.11ad and 802.11ay, therefore it is important for 3GPP to also provide comparable peak data rates, while providing support for other (smaller bandwidth sizes) to efficiently adapt to use cases listed in [3]. In this case, smaller channel bandwidth defined for NR in 52.6—71 GHz frequencies would make NR less competitive against the existing systems. At the very least, an efficient mechanism to support system bandwidths around 2 GHz is going to be crucial to have easier inter-operability with 802.11ad and 802.11ay system, and to support peak data rate that are difficult to achieve in FR1 and FR2. In this regard, lack of supporting larger bandwidths would reduce a full potential of 52.6—71 GHz frequency range for truly NR-based massive broadband and make it less attractive for emerging applications like AR/VR.
In order to support bandwidths near 2 GHz, there may be few options. Supporting the 2 GHz via using multiple aggregated component carriers or by using a single component carrier. The latter does require higher subcarrier spacing to be utilized as RAN1 has agree to limit the FFT and PRB sizes. Regardless of the two options, the amount of information that is conveyed in normalized time unit is roughly the same (minus guard bands for multiple component carriers). Using smaller subcarrier spacing increases the number of tones to be process in the 2 GHz, but expands the time duration in which these information is sent over, and using larger subcarrier spacing reduces the number of tones to processed and also reduces the time duration in which information is sent over. Therefore, over the normalized unit time, the total amount of information bits that needs to be process is similar.
From the UE perspective, uing relatively lower subcarrier spacing means more modulated information and bits must be block processed (compared to using larger subcarrier spacing) together, as the UE will be expected to process data in unit of slots (with the exception of sub-slot data scheduling, which are not meant to be used for peak data rates). While it is possible for the UE to pipeline the processing of data for each codeblock and therefore break down the slot into smaller segments for processing, UE will need to handle multiple codeblocks from multiple component carriers as well, and efficiently scheduling and managing decoders as multiple codeblocks are being concurrently received is not a trivial task. If tens of components carrier is expected to be used to support wideband operations, the added complexity for the UE to handle of larger amount of information (even though longer time is given) is something that can be brushed aside.
Use of larger subcarrier spacing in the other hand, shortens the duration of the slot. This allows the data to be naturally break apart into smaller processing units, potentially resulting in lower processing latency, and overall lower baseband processing complexity especially when handling wider bandwidths.
Table 2 summarizes the possible channel bandwidth and corresponding FFT size with various candidate subcarrier spacings. As in Rel-15, RAN1 needs to consult RAN4 for candidate values of channel bandwidth for carrier frequency between 52.6GHz and 71GHz. 
[bookmark: _Ref34997889]Table 2. Possible channel bandwidth and corresponding FFT size
	Channel bandwidth
	800MHz
	2GHz

	Subcarrier spacing
	240kHz
	480kHz
	960kHz
	1.92MHz
	240kHz
	480kHz
	960kHz
	1.92MHz

	Sampling rate
	983MHz
	983MHz
	983MHz
	983MHz
	N/A
	N/A 
	3.9GHz
	3.9GHz

	FFT size
	4096
	2048
	1024
	512
	N/A 
	N/A 
	4096
	2048



Therefore, we believe it is critical to discuss how NR plans to support wider bandwidths 2 GHz and beyond when considering supported subcarrier spacing. For example, if we were to support 120 kHz for data transmission, and wanted to support aggregated bandwidth of 8 GHz, the system would need 20 component carriers to be aggregated. Based on discussion above, this would not be an efficient method to operate the system.
Proposal 1
· Consider efficient ways to support aggregated wide bandwidth, such as up to 8 GHz.
· Do not support 120 kHz subcarrier spacing for NR 52.6 GHz to 71 GHz.

CP and Channel Delay Spread Analysis
Discussion on channel delay spread-related factors
Channel propagation conditions are very important from the OFDM numerology selection perspective. One limiting factor for larger subcarrier spacing and correspondingly smaller CP length can be intersymbol interference (ISI). The ISI impact is usually assessed indirectly by comparing a CP length with a channel delay spread statistics at the receiver. It can also be assessed directly by collecting ISI signal-to-interference ratio statistics. In this section, we focus on both approaches and provide system-level channel DS and ISI SIR statistics, which could be a viable data source for the OFDM numerology discussion in the SI.
With large subcarrier spacings considered for NR in 52.6–71GHz, it may be challenging to fit a channel delay spread within a short CP. As discussed below, there are several factors in 52.6–71GHz band that reduces the effective channel delay spread at the receiver.
Line-of-sight channel
The communication in 52.6–71GHz is expected to have a higher reliance on LoS paths due to the use of narrow analog beams, dense deployments and certain mmWave propagation characteristics (e.g. smaller diffraction impact). From the simulation point of view this fact is reflected as a high LoS probability at the distances up to inter-site distance (ISD) for several deployment scenarios selected for system-level evaluations  0 (see Figure 1). Since the reflected rays have much less power comparing to LoS path, the delayed rays will cause less intersymbol interference. The channel delay spread is also expected to be smaller comparing to NLoS case.
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[bookmark: _Ref47258294]Figure 1: Line-of-sight probability in the scenarios used for system-level evaluations (left figure) and Delay spread large-scale parameter mean as a function of carrier frequency (right figure)
According to 3GPP channel models 0, delay spread generally tends to decrease with the carrier frequency (see Figure 1). The exception is Indoor Factory Hall channel model, which was defined without this property. 
Oxygen absorption
Transmissions at the carrier frequencies between 52.6 and 67 GHz are affected by distance-dependent oxygen absorption loss [2] (see Figure 2). Since the delayed channel impulse response (CIR) taps travel longer distance in the air, their attenuation due to oxygen absorption is larger. This fact leads to the channel power concentration in the first CIR taps, which effectively reduces delay spread.
[image: ]
[bookmark: _Ref47258396]Figure 2. Oxygen absorption loss as a function of carrier frequency

Spatial filtering
Another key factor is spatial filtering of a CIR due to narrow Tx and Rx beams usage. All the channel multipath components except the ones which lie in the mainlobe spatial direction are suppressed (see Figure 3). Given a small HPBW and a low sidelobe level, a few (sometimes a single) path(s) are observed at the receiver. This fact significantly reduces the effective delay spread at the receiver. One can expect that the scenarios with larger angular power spread (i.e. Indoor Factory Hall) will be affected more by this factor.
Other consequence of spatial filtering is the increased number of the unusual CIR configurations, such as a CIR with a peak in the middle, not at the beginning.
[image: ] [image: ] [image: ]
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[bookmark: _Ref47258502]Figure 3. Spatial filtering illustration
RMS delay spread evaluation
This section presents the effective channel delay spread statistics we have observed on system-level simulation results. Please note that the delay spread calculation takes Tx and Rx beamforming into account, i.e. it is the actual delay spread the receiver observes, not a general characteristic of a channel model multipath. The details on the delay spread calculation can be found in our companion contribution [2]. We have collected the delay spread statistics assuming large antenna arrays which are expected for 52.6–71GHz.
As can be seen from Figure 4, there is negligible difference between 60 and 70GHz curves. This indicates that the oxygen absorption and the carrier frequency itself are not the dominant factors impacting the delay spread. Figure 5 illustrates delay spread change among different carrier frequencies. In the figure, the “valley” caused by oxygen absorption becomes less notable when number of antenna elements is increased from 16 to 64.
Observation 1
· There is negligible difference between 60GHz and 70GHz RMS delay spread statistics for antenna arrays of 64 elements and larger. 
Conversely, the antenna array beamwidth decrease can reduce the median delay spread by almost an order of magnitude. Figure 6 illustrates the impact of antenna array size on the 90th percentile of the delay spread CDF. In the figure, the antenna configuration has smaller but still a crucial impact on the CDF’s tail. It also shows that Indoor Factory Hall scenario is more affected by spatial filtering, as it was expected.
Observation 2
· RMS delay spread significantly depends on Tx and Rx beamwidth. 
The next observation is the scenarios dominated by LoS propagation (InH, InF-SH) show 1 – 2 orders of magnitude smaller delay spread than the ones dominated by NLoS (InF-DL). UMi scenario which has a mix of LoS and NLoS UEs shows a bi-modal delay spread distribution. If the statistics is collected separately, UMi CDF splits into UMi LoS and UMi NLoS curves, which perfectly follow the trend of other LoS & NLoS scenarios.
Observation 3
· RMS delay spread in LoS links is 1 – 2 orders of magnitude smaller than in NLoS links. 
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[bookmark: _Ref47258799]Figure 4. RMS Delay Spread CDF
Overall, the evaluation shows that the channel delay spread can fit within some of the small CP sizes for NR in 52.6–71GHz. This result is possible mainly because of highly directional communication in mmWave.
Observation 4
· 85% of UEs experience RMS delay spread smaller than SCS 1.92MHz CP length (36.6 ns). 
However, a delay spread analysis is a rough assessment, since it may not quantify the actual intersymbol interference impact on the OFDM system. In order to provide more precise data, we have conducted some evaluations using intersymbol interference signal-to-interference ratio as a metric.
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[bookmark: _Ref47258847]Figure 5. RMS Delay Spread as a function of carrier frequency
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[bookmark: _Ref47258862]Figure 6. RMS Delay Spread as a function of antenna array size
Intersymbol interference SIR evaluation
In this section we present the intersymbol interference signal-to-interference ratio statistics collected at system‑level. As proposed in [2], we assume the acceptable intersymbol interference level criterion has 80% of links with intersymbol interference SIR ≥ 30 dB. It allows NR system to operate in 52.6–71GHz without additional performance degradation from ISI. Therefore, we use 20th percentile of ISI SIR CDF as a metric and 30 dB ISI SIR as a threshold. Since ISI SIR is not widely used in system-level evaluations, we provide the detailed description of how to compute it [2]. We think ISI statistics of several OFDM numerologies accompanied with an ISI threshold will enable RAN1 to select the numerologies for NR in 52.6–71GHz based on the clear data.
As discussed in [2], the ISI SIR depends on the receiver FFT window timing, which is implementation specific. However, based on the simulation data, an FFT window position based on the fixed offset Δt=0.4CP length from the detected peak of the channel impulse response (CIR) could be a fair assumption. The solid curves representing this receiver timing principle are referred to as “offset max tap”. The dashed curves representing an upper bound on the possible ISI SIR for a given CP length are referred to as “perfect”. They correspond to a dynamic Δt adjustment that maximizes ISI SIR for each CIR realization (perfect FFT window position).
According to the previous agreements [6], we use different BS antenna setups for indoor and outdoor scenarios in this section.
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[bookmark: _Ref47259232]Figure 7. Intersymbol interference SIR as a function of normal CP length
The relation between a normal CP length and the corresponding ISI SIR level is shown at Figure 7 for different scenarios we consider. Please note, that similar results for the extended CP as well as the results with other antenna configurations can be found in the Appendix. The full ISI SIR CDFs for all the configurations are also provided there.
Figure 8 provides some insight into the reasons behind ISI SIR function behavior. It shows how the interfering energy from the previous/next OFDM symbols changes with a CP length increase (red curves). FFT window length scales up with the CP length, so the amount of collected energy from the current OFDM symbol also increases (green curves). Both ISI cancellation and useful signal energy collection contribute to the growth of ISI SIR. However, the contribution from the energy collection is linear, while the interference cancellation contribution is non-linear. Thus, keeping as much interfering energy as possible within a CP is crucial. The figure shows that the timing offset Δt selection significantly impacts the ability to cancel interference.
~ISI SIR

[bookmark: _Ref47767123]Figure 8. Useful signal and intersymbol interference received energy as a function of CP length
It can be seen from Figure 7 that the LoS-dominated scenarios (InH, InF-SH) result in much lower intersymbol interference level, thus allowing larger subcarrier spacing. Assuming the acceptable intersymbol interference criteria is the required UE percentage exceeding the ISI SIR threshold, it is possible to determine the maximum subcarrier spacing from Figure 7. For example, one can find the smallest CP length at which ISI SIR is above 30 dB for each deployment scenario.
However, having a low ISI SIR for a particular UE doesn’t necessarily mean the problem. The UE would experience a channel quality reduction due to ISI only if it’s operating SNR is higher than ISI SIR. Therefore, the right metric to assess ISI impact is intersymbol interference-over-noise ratio (INR).

Intersymbol interference-over-noise ratio evaluation
The intersymbol interference-over-noise ratio (INR) can be computed per UE by subtracting ISI SIR from the UE’s operating SNR. This metric can clearly show whether channel conditions are worsened by ISI or the ISI is below the noise level. We assume INR ≤ -3dB is the acceptable level of intersymbol interference.
After collecting INR per UE statistics, the INR CDFs have been computed (the figures can be found in the Appendix). The relation between CP length and the 95th INR CDF percentile is shown at the Figure 9 and 11.
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[bookmark: _Ref47761324]Figure 9. Intersymbol interference-over-noise ratio (INR) as a function of normal CP length
[image: ]
Figure 10. Intersymbol interference-over-noise ratio (INR) as a function of extended CP length
Given the INR statistics, it is possible to find the maximum subcarrier spacing supported for each scenario. The result of process is shown in the Table 3 below.
Observation 5
· Maximal supported subcarrier spacings (from intersymbol interference perspective) are summarized in Table 3. 
[bookmark: _Ref53795297]Table 3. Maximal supported subcarrier spacing (from ISI perspective)
	CP type
	UMi
	InH
	InF-SH
	InF-DL

	Normal CP
	3.84MHz
	3.84MHz
	7.68MHz
	480kHz

	Extended CP
	7.38MHz
	15.36MHz
	15.36MHz
	1.92MHz



Discussion on MIMO TAE impact
The discussion and the data above can help to select a set of subcarrier spacings, which is reasonable from channel propagation perspective. However, another source of the timing dispersion is hardware impairments, in particular MIMO timing alignment error. In order to select the optimal set of supported subcarrier spacings, it also should be taken into account.
Observation 6
· MIMO timing alignment error (TAE) should be considered during the selection of supported subcarrier spacing set for NR in 52.6–71GHz. 

The minimum RAN4 requirements on MIMO TAE can be used as a worst-case assumption when testing different NR numerologies for 52.6–71GHz. There are different requirements defined for a BS [7] and a UE [8]: the TAE shall not exceed 65ns at a BS side and 130ns at a UE side. That means up to 65ns of CP length in DL and up to 130ns in UL are devoted to the TAE compensation, and cannot be used to suppress intersymbol interference. In order to reflect this fact in the evaluations, we shift the INR curves from Figures 10-11 to the right by the worst-case TAE value. It can be seen that the number of subcarrier spacings with intersymbol interference below the noise level is significantly reduced (see Figures 12-13).
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Figure 11. TAE impact on the intersymbol interference-over-noise ratio (normal CP)
[image: ]
Figure 12. TAE impact on the intersymbol interference-over-noise ratio (extended CP)
However, we should note that the current MIMO TAE requirements have a long history. The values were introduced in RAN4 during UMTS development (65ns BS requirement comes from ¼ of the clock period corresponding to UMTS 3.84Mcps chip rate), and there has been no update for decades. It is expected that the hardware implementation technology has improved since then, and it could be possible to update the MIMO TAE requirements to reflect the state-of-the-art. 
In case the requirement for UE and BS (or at least only BS) can be reduced to 50ns, the larger subcarrier spacings would be applicable to FR4 (see Table 4). This can improve the system robustness to the phase noise as well as enable efficient support of large bandwidths.
[bookmark: _Ref47766599]Table 4. Maximal supported subcarrier spacing (from ISI and MIMO TAE perspective)
	Scenario
	Normal CP
	Extended CP

	
	TAE=130ns
	TAE=50ns
	TAE=130ns
	TAE=50ns

	UMi, InH, InF-SH
	480kHz
	960kHz
	960kHz
	1.92MHz

	InF-DL
	240kHz
	480kHz
	480kHz
	960kHz


Observation 7
· Maximal supported subcarrier spacings (from intersymbol interference and MIMO TAE perspectives) are summarized in Table 4.

Subcarrier Spacing Analysis
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. In this section, some initial link-level evaluation results are presented to assist in the design choice of SCS.
The simulation results are presented in terms of DL-SCH block error rate (BLER) vs. signal to interference plus noise ratio (SINR) in Figure 13 for three modulations: 64QAM, 16QAM and QPSK. Regarding the PN model for evaluations, the 3GPP Example 2 model is used which defines the PN’s PSD for both BS and UE. More details about the link-level simulation parameters used in evaluation can be found in our companion contribution [2]. Here it’s worth noting that for PN estimation and compensation a simple technique based on tracking phase fluctuations and cancelling out the estimated phase values is used for 64QAM and 16QAM (and no DL PT-RS-based PN estimation and compensation is applied for QPSK). In particular, DL-PTRS design from NR Rel-15 is reused to estimate and remove the phase component common for all subcarriers of OFDM symbol (i.e., common phase error or CPE). Obviously, the granularity of CPE compensation in the time domain depends on the selected SCS. Five SCS values are evaluated: 120 kHz, 240 kHz, 480 kHz, 960 kHz, and 1920 kHz.
From the evaluation results, it can be seen that for 64QAM the acceptable BLER=1% across different propagation channel conditions (Figure 13 (a)-(b)) is achievable only with larger SCS than currently supported in NR Rel-15, e.g., SCS=960 kHz. This is expected as a large SCS allows to accurately track rapid phase variations caused by the PN and, thus, minimize their impact onto a high-order modulation such as 64QAM. For 16QAM, relatively smaller SCS values (including those ones currently supported in NR Rel-15) can be used to achieve BLER=1% for different propagation channels (Figure 13 (c)-(d)). Finally, for QPSK (Figure 13 (e)-(f)), all SCS values provide almost identical results. Another important observation from the results is that SCS larger than 1920 kHz does not provide substantial performance gain. Instead, in some scenarios especially with high frequency selectivity it results in BLER performance degradation. This is explained by the small CP length which scales down with SCS increase according to adopted NR Rel-15 numerology scaling principle and, thus, cannot absorb efficiently the ISI in highly frequency selective channels.  
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	(a) MCS22, TDL-A, DS = 5 ns	(b) MCS22, TDL-A, DS = 10 ns 
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[bookmark: _Ref40444523]	(c) MCS16, TDL-A, DS = 5 ns	(d) MCS16, TDL-A, DS = 10 ns
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	(e) MCS7, TDL-A, DS = 5 ns	(f) MCS7, TDL-A, DS = 10 ns
[bookmark: _Ref47259622]Figure 13. Link-level simulation results for 64QAM (a-b), 16QAM (c-d), QPSK (e-f)
Observation 8:
· The support of a high-order modulation, e.g., 64QAM, for systems operating in 52.6—71 GHz frequency range under various propagation channel conditions requires a large SCS, e.g., 960 kHz.
· In some propagation channel conditions, especially with low selectivity, 64QAM modulation can be supported with SCS=1920 kHz and even with SCS=480 kHz.
· Smaller SCS values, including those ones currently supported in NR Rel-15 for FR2, result in BLER performance degradation for 64QAM under various propagation channel conditions but can be used with 16QAM modulation.
· The values of SCS larger than 1920 kHz result in the short CP length which is insufficient to cope with ISI under propagation channels with relatively high frequency selectivity.

As it was shown, the relatively small SCS, i.e., 120 kHz or 240 kHz, limits the highest modulation order available for robust data transmission by 16QAM. Additionally, these SCS values limit the signal bandwidth of the UE because the As opposite, a larger SCS can provide opens  potential for high data rates based on 64QAM modulation in frequency range of 52.6—71 GHz frequency range for truly massive broadband making these frequencies attractive for emerging applications like AR/VR.
Proposal 2:
· Support 480 kHz and 960 kHz SCS for NR operating in 52.6 – 71GHz.

The next set of simulation results, presented in Figure 23, demonstrate the BLER performance of the extended CP (ECP) vs. the normal CP (NCP) for selected SCS values (SCS=960kHz, SCS=1920kHz). Only 64QAM and 16QAM are considered because for QPSK there is no significant difference observed for different CP types.
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	(a) MCS22, TDL-A, DS = 5 ns	(b) MCS22, TDL-A, DS = 10 ns
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	(c) MCS16, TDL-A, DS = 5 ns	(d) MCS16, TDL-A, DS = 10 ns
[bookmark: _Ref47714230]Figure 14. Link-level simulation results to compare ECP vs. NCP for 64QAM (a-b) and 16QAM (c-d)
Observation 9:
· There is marginal performance improvement from the use of ECP observed only for 64QAM and SCS=1920kHz.
· There is almost no difference between ECP and NCP for 16QAM when SCS=960kHz or SCS=1920kHz for the tested delay spread values.

For observation 9, it should be noted that according to our study of delay spread in section 3.2, majority of the UEs in indoor deployment scenarios, and outdoor deployment scenario with LOS has effective delay spread less than 10 ns. For deployment scenarios where larger delay spread can be observed, use of smaller subcarrier spacing such as 480 kHz should provide sufficient CP duration to combat even the severe channel delay spread that were observed for other interested deployment scenarios.
MIMO timing alignment error (TAE) should be considered during the selection of supported subcarrier spacing set for NR in 52.6–71GHz. If same MIMO TAE requirement, i.e., 65ns, is defined for NR operating in 52.6 - 71GHz, it may be difficult to support a larger SCS with normal CP. For instance, for 960kHz SCS, normal CP length is 73.2ns, which is slightly larger than 65ns MIMO TAE requirement. If a relatively smaller MIMO TAE requirement can be defined in RAN4, e.g., in the order of 40ns, normal CP is sufficient even with 960kHz SCS. In addition, based on the observations from the presented simulation results, for most of the cases, performance difference between NCP and ECP is negligible. In our opinion, modern RF technologies allow better timing alignment between MIMO branches, and it is certainly feasible for MIMO TAE which was first derived from WCMDA ¼ chip rate to be updated to something smaller for 52.6 GHz to 71 GHz band. Therefore, we suggest not to consider ECP unless RAN4 requirements dictate otherwise.
Observation 10
· Extended CP may not be needed for NR in 52.6–71GHz if MIMO TAE requirement less than 65ns is defined. 


Additional simulation results are provided in Appendix A.6 and A.7 using the format agreed in the previous RAN1 meeting.

Proposal 3:
· Capture the link level performance provided in Appendix A.6 and A.7 in R1-2007941 to the TR as one of the simulation sources.

Use of advanced de-ICI techniques to combat phase noise
In RAN1 #102-e meeting, few companies have provided suggestions to enhance the PTRS and use more advanced phase noise compensation techniques to combat phase noise. Among them, [4] provided de-ICI method that directly filters out phase noise with use of 3 or 5 tap filters. The advanced de-ICI technique utilizes the PTRS tones and adjacent data tones to statistically construct the interference covariance matrix filter to suppress ICI generated from phase noise. Since the receiver is unaware of the data ones when constructing the covariance matrix, the algorithm relies on statistical averaging of several PTRS tones and adjacent data tones for estimation of the ICI covariance matrix.
It should be noted that de-ICI technique requires the receiver the construct the N by N ICI covariance matrix, compute the inverse, and use it construct a N tap frequency domain convolution filter every OFDM symbol. For systems that are expected to process Gbps of data with short latencies, any addition off filtering and additional calculations could end up to be a significant addition to the receiver complexity. This is more so when small subcarrier spacing are utilizes, where more number of tones is needed to cover wide aggregated system bandwidth.
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[bookmark: _Ref53792838]Figure 15. Performance comparison of CPE and de-ICI phase noise compensation techniques for MCS 22
Figure 15 shows the performance comparison between common phase error (CPE) compensation and de-ICI method explained in [4] for MCS 22 with large system bandwidth and dense PTRS tones in the frequency domain. From the figure, it may seem that the de-ICI methods work quite well even with small tap lengths. However, the de-ICI method has two important flaws that cannot be resolved.
The first issue is inability to perform de-ICI processing when resource allocation sizes are smaller, and number of PTRS tones in the frequency domain shrink. The de-ICI technique depends on statistical averaging of many PTRS and adjacent data tones to construct the ICI covariance matrix. If only few samples are available, even if the SNR of the reception is high such that we are able to cleanly estimate the phase noise on the PTRS tones, it may not be possible to construct the ICI covariance matrix. In the extreme case, if only 1 or 2 PTRS tones are available in the frequency domain, it will not be possible to compute the inverse of the ICI covariance matrix as it will be guaranteed to be rank deficient and therefore inverse does not exist.
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[bookmark: _Ref53793475]Figure 16. Performance comparison of CPE and de-ICI phase noise compensation techniques for MCS 22 with smaller RB allocations
Figure 16 shows the performance comparison between common phase error (CPE) compensation and de-ICI method explained in [4] for MCS 22 with small RB allocations. The RB allocation was chosen such that there is enough PTRS tones to construct the ICI covariance matrix (without resulting in rank deficient matrix). We can clearly see that the de-ICI method do not work when there isn’t sufficient number of PTRS tones in the frequency domain. Therefore, is not suitable for smaller RB allocations. Since the system should be operational for various RB allocations to accommodate for various system loads and traffic loads, inability to support smaller RB allocations seems to be problematic.
The second issue is supporting the peak data rates with de-ICI method. Based on our study, the de-ICI method does work well in configuration with large RB allocation and with dense PTRS allocations to a certain code rate. However, if the system is pushed to higher code rates and to near peak data rate, the technique starts show problems and ultimately fails to achieve sufficient ICI reduction. Figure 17 shows the phase noise compensation performance with MCS 28. While CPE technique work well for these high SNR regions de-ICI technique with smaller subcarrier spacing fails even though there are sufficient number of PTRS tones available for ICI covariance construction.
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[bookmark: _Ref53793944]Figure 17. Performance comparison of CPE and de-ICI phase noise compensation techniques for MCS 28
In summary, we do not believe direct de-ICI phase noise compensation technique is feasible solution to combat phase noise when smaller subcarrier spacing is utilized for system operating in 52.6 GHz to 71 GHz.
Observation 11
· Advanced phase noise compensation methods, such as direct de-ICI compensation method, may not be suitable for NR operating in 52.6 GHz to 71 GHz. 

Other Physical Layer Changes Required for 60GHz band 
At the RAN1#101-e meeting, it was concluded that potential impacts to physical channels and procedures due to candidate numerology and bandwidths, including initial access, UL/DL signal/channel, scheduling/HARQ, need to be identified for system operating from 52.6GHz to 71GHz carrier frequency [1]. In our view, the following aspects need to be discussed for required physical layer changes for NR in 52.6GHz to 71GHz, especially when a large subcarrier spacing, e.g., 960kHz is defined: 
· SSB pattern and multiplexing of SSB and CORESET0/RMSI
· PRACH configuration related aspects
· Processing time related aspects
· Maximum number of BDs/CCEs for PDCCH monitoring 
· Scheduling related aspects



SSB pattern and multiplexing of SSB and CORESET0/RMSI
In FR2, 120kHz and 240kHz subcarrier spacing can be employed for SSB transmission. For system operating in 52.6GHz to 71GHz, if a large subcarrier spacing, e.g., 960kHz is utilized for SSB transmission, existing SSB pattern as defined in FR2 may need to be updated to accommodate beam switching time for SSB beam sweeping. Figure 18 illustrates the SSB pattern for 120kHz in FR2, where contiguous SSB transmissions are defined within a slot. 
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[bookmark: _Ref47251863]Figure 18. SSB pattern for 120kHz subcarrier spacing
Note that if the beam switching time is larger than CP length or 73.2ns when 960kHz is used for SSB transmission, certain gaps may need to be inserted between SSB transmissions. In this case, multiplexing of SSB and CORESET0/RMSI may also need to be updated accordingly. 
Proposal 4
· When a large subcarrier spacing is defined, SSB pattern and multiplexing of SSB and CORESET0/RMSI need to be updated to accommodate beam switching time.

SSB subcarrier spacing
When detecting primary and secondary synchronization signals (PSS and SSS) of the synchronization signal and physical broadcast channel block (SSB) for initial access, the receiver needs to combat any potential initial carrier frequency offset. Correct estimation of the carrier frequency offset not only impact performance of detection of PSS and SSS, but also impact uplink signal quality as well. Initial carrier frequency offset that UE typically work with are usually 5 to 10 ppm. For 120 kHz SSB, this translate to approximately  2.7 ~ 5.4 subcarriers of offset at 65 GHz carrier frequency. This is about 2 time more than what NR UEs are handling for FR1 and FR2. If the UE is utilizing multiple carrier frequency offset (CFO) hypothesis detection with PSS, it would result in quite a significant jump in receiver complexity. Given that PSS detection is typically 90% of the total cell search complexity, increase in PSS detection complexity would result in significant increase in implementation hardship for NR. If the UE is utilizing some detection algorithms that are robust to CFO, such as accumulative partial cross correlation methods, then having handle a larger CFO would result in some additional performance loss. Both are not quite desirable. Therefore, the smallest subcarrier spacing that should be considered for SSB in the 60 GHz band should be minimum 240 kHz.
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[bookmark: _Ref53961909]Figure 19. PSS/SSS miss-detection for TDL-A channel model with 5ns and 10ns r.m.s. delay spread
Figure 19 show PSS/SSS miss-detection for TDL-A channel model with 5 ns and 10 ns r.m.s. delay spread and tested with initial CFO of 5 ppm at 60 GHz carrier frequency. The larger subcarrier spacing has some performance improvement compared to smaller subcarrier spacing due to the fact that smaller number of initial CFO hypothesis testing need to be performed. This is because larger subcarrier spacing has a higher tolerance to CFO. 
In addition to consideration of detection complexity for SSB, we should also consider specification and implementation complexity for supporting different subcarrier spacing for SSB and CORESET #0. Not only having different subcarrier spacing make it difficult to efficiently multiple SSB and CORESET #0, it adds additional testing that need to be performed for the UEs, while providing no meaningful benefit. By only having same subcarrier spacing for SSB and CORESET #0, we can save information that may need to be signaled in MIB, reduce testing efforts for the UE, enable efficient multiplexing between SSB and CORESET #0, and able to handle beam switching gaps more efficiently. 
Proposal 5
· For SSB, subcarrier spacing no smaller than 240 kHz is considered for NR operating in 52.6 GHz to 71 GHz.
· Only support same subcarrier spacing between SSB and CORESET #0 configuration. 

Frequency domain OCC for DMRS
In NR DMRS utilizes frequency domain OCC to multiple DMRS ports in the same resource elements. Even if the UE is receiving the transmission using Rank 1, the UE needs to de-spread the OCC before channel estimation since the UE is not may aware of whether other UEs are multiplexed in the same resources using a orthogonal DMRS port or not. Therefore, the UE will need to always assume that there may be multiple DMRS ports multiplexed when processing DMRS for channel estimation.
The orthogonality of the OCC only works when there is no channel variation across the two REs with OCC. For smaller subcarrier spacing, this is typically not an issue as even with severe channel delay spreads, the channel is relatively flat and channel estimation can be performed with minimal performance loss. For larger subcarrier spacing, the channel become wide enough that there are some channel selectivity across the OCC REs, and this starts to impact high order modulation reception, where good channel estimation is required.
Figure 19 shows PDSCH performance with and without frequency domain OCC being enabled for DMRS. For higher order modulation such as 64 QAM (MCS 22), we can clearly see the performance drop when OCC is enabled. The performance gap increases when channel delay spread increases. Therefore, it is evident that performance loss is stemming from the dispreading of the OCC when the channel selectivity is relatively higher.
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[bookmark: _Ref53790019]Figure 20. PDSCH BLER comparison with and without frequency domain OCC in DMRS

Therefore, when we consider supporting subcarrier spacing 480 kHz and/or 960 kHz, we suggest to investigate further on use of frequency domain OCC for DMRS as this can potentially impact performance.

Proposal 6
· For subcarrier spacing 480 kHz and 960 kHz, PDSCH (and potentially PUSCH) reception performance is impacted by frequency domain OCC in DMRS, and therefore we suggest that RAN1 further investigate on frequency domain OCC for DMRS.

PRACH configuration related aspects
In FR2, reference PRACH slot based on 60kHz subcarrier spacing was specified in NR Rel-15. Further, when 120kHz is used for PRACH transmission, one or two slots within the reference PRACH slot can be allocated as PRACH slot. For NR in 52.6GHz to 71GHz carrier frequency, when a large subcarrier spacing is used for PRACH transmission, existing PRACH configuration may not be directly applied. 
Note that if existing reference PRACH slot is reused for 52.6GHz to 71GHz carrier frequency, the number of slots within the reference PRACH slot duration is increased substantially. For instance, when 960kHz subcarrier spacing is used for PRACH transmission, 16 slots are allocated within the reference PRACH slots. In this case, which PRACH slot is used for PRACH occasion configuration needs to be determined accordingly if reusing existing PRACH configuration table in FR2. 
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[bookmark: _Ref54197643]Figure 21. PRACH detection performance with sequence length of 139 and using PRACH Format A2, and comparison of PRACH detection performance with sequence length of 139 and with different symbol repetition
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[bookmark: _Ref54197644]Figure 22. PRACH detection performance with sequence length of 571 and 1151 and using PRACH Format A2
From performance perspective, we have not observed any outstanding issues for different subcarrier spacing utilized for PRACH. The required SNR for different subcarrier spacing were similar in range. Figure 21 shows PRACH detection performance with sequence length of 139 and using PRACH Format A2, and comparison of PRACH detection performance with sequence length of 139 and with different symbol repetition. Figure 22 PRACH detection performance with sequence length of 571 and 1151 and using PRACH Format A2. It can be seen that using longer sequence results in improvement in detection performance roughly corresponding to the increase in length. The longer sequences will have lower PSD with the same transmit power, so overall they will have somewhat similar performance. Use of repetition allows detection performance to improve, although the improvement in performance isn’t always 3dB for each 2 times repetition. This is due to the receiver algorithm using non-coherent combining of the repeated signals for detection. Detailed simulation results can be found in Appendix A.7. For smaller subcarrier spacing it may be possible to achieve larger coverage and large maximum coupling loss (MCL) since the transmission energy can be concentrated in smaller bandwidth and higher PSD is possible. However, it should be noted that similar coverage and performance can be achieved with larger repetition of the PRACH symbols. Therefore, performance might not be a bottleneck for selection of the PRACH subcarrier spacing. 
Proposal 7
· When a large subcarrier spacing is defined, PRACH configuration related aspects need to be investigated. 


Processing time related aspects
As defined in NR Rel-15, Table 5 and Table 6 illustrate PDSCH and PUSCH processing time for processing capability 1, respectively. From the tables, it can be observed that number of symbols for PDSCH and PUSCH processing time is increased substantially when subcarrier spacing is increased from 15kHz to 120kHz. Further, the absolute processing time for PDSCH and PUSCH does not scale down linearly as subcarrier spacing scales up. 
For system operating between 52.6GHz and 71GHz carrier frequency, when a large subcarrier spacing is introduced, the exact PDSCH and PUSCH processing time needs to be investigated. This would also include other processing time related aspects, e.g., CSI computation time, PDSCH preparation time with cross carrier scheduling with different subcarrier spacings for PDCCH and PDSCH, etc.

[bookmark: _Ref47252970]Table 5. PDSCH processing time for PDSCH processing capability 1
	
	PDSCH decoding time N1 [symbols]

	
	dmrs-AdditionalPosition = pos0 in 
DMRS-DownlinkConfig in both of 
dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB
	dmrs-AdditionalPosition ≠ pos0 in 
DMRS-DownlinkConfig in either of 
dmrs-DownlinkForPDSCH-MappingTypeA, dmrs-DownlinkForPDSCH-MappingTypeB 
or if the higher layer parameter is not configured 

	0
	8
	N1,0

	1
	10
	13

	2
	17
	20

	3
	20
	24



[bookmark: _Ref47252972]Table 6. PUSCH preparation time for PUSCH timing capability 1
	
	PUSCH preparation time N2 [symbols]

	0
	10

	1
	12

	2
	23

	3
	36



Proposal 8
· When a large subcarrier spacing is defined, processing time related aspects, including PDSCH/PUSCH processing time, CSI computation time, etc., need to be investigated. 

Maximum number of BDs/CCEs for PDCCH monitoring 
As defined in NR Rel-15, Table 7 and Table 8 illustrate maximum number of BDs and CCEs for PDCCH monitoring, respectively. From the tables, it can be observed that when subcarrier spacing is increased from 15kHz to 120kHz, maximum number of BDs and CCEs for PDCCH monitoring is reduced substantially. This is primarily due to UE processing capability with short symbol and slot duration.  
For system operating between 52.6GHz and 71GHz carrier frequency, when a large subcarrier spacing is introduced, it is envisioned that maximum number of BDs and CCEs for PDCCH monitoring would be further scaled down. For instance, the number of BDs for PDCCH monitoring may be reduced to ~10 or even smaller values when 960kHz subcarrier spacing is employed. 
[bookmark: _Ref47256056]Table 7. Maximum number  of monitored PDCCH candidates per slot for a DL BWP with SCS configuration  for a single serving cell
	
	Maximum number of monitored PDCCH candidates per slot and per serving cell 

	0
	44

	1
	36

	2
	22

	3
	20



[bookmark: _Ref47256059]Table 8. Maximum number  of non-overlapped CCEs per slot for a DL BWP with SCS configuration  for a single serving cell
	
	Maximum number of non-overlapped CCEs per slot and per serving cell 

	0
	56

	1
	56

	2
	48

	3
	32



Proposal 9
· When a large subcarrier spacing is defined, maximum number of BDs/CCEs for PDCCH monitoring needs to be investigated. 

Scheduling related aspects
For system operating between 52.6GHz and 71GHz carrier frequency, when a large subcarrier spacing, e.g., 960kHz is used, symbol and slot duration is very short, which may pose certain constraint for scheduler implementation. To alleviate scheduler constraint and relax higher layer processing burden, it is more desirable to consider a prolonged scheduling unit. More specifically, multi-TTI based scheduling can be employed, where one PDCCH can be used to schedule multiple PDSCHs or PUSCH carrying independent TBs. Figure 20 illustrates the multiple-TTI based scheduling for downlink data transmission. Note that based on this mechanism, scheduler implementation and higher layer processing burdened can be relaxed, while maintaining same peak data rate.
[image: ]
[bookmark: _Ref47008112]Figure 23. Multi-TTI based scheduling
Proposal 10
· When a large subcarrier spacing is defined, multi-TTI based scheduling can be considered to relax scheduler implementation and higher layer processing burden.

Conclusions
In this contribution, we discussed required changes to support NR operation from 52.6GHz to 71GHz carrier frequency. Further, we summarize the observation and proposals as follows:
Observation 1
· There is negligible difference between 60GHz and 70GHz RMS delay spread statistics for antenna arrays of 64 elements and larger. 
Observation 2
· RMS delay spread significantly depends on Tx and Rx beamwidth. 
Observation 3
· RMS delay spread in LoS links is 1 – 2 orders of magnitude smaller than in NLoS links. 
Observation 4
· 85% of UEs experience RMS delay spread smaller than SCS 1.92MHz CP length (36.6 ns). 
Observation 5
· Maximal supported subcarrier spacings (from intersymbol interference perspective) are summarized in Table 3. 
Observation 6
· MIMO timing alignment error (TAE) should be considered during the selection of supported subcarrier spacing set for NR in 52.6–71GHz.
Observation 7
· Maximal supported subcarrier spacings (from intersymbol interference and MIMO TAE perspectives) are summarized in Table 4. 
Observation 8:
· The support of a high-order modulation, e.g., 64QAM, for systems operating in 52.6—71 GHz frequency range under various propagation channel conditions requires a large SCS, e.g., 960 kHz.
· In some propagation channel conditions, especially with low selectivity, 64QAM modulation can be supported with SCS=1920 kHz and even with SCS=480 kHz.
· Smaller SCS values, including those ones currently supported in NR Rel-15 for FR2, result in BLER performance degradation for 64QAM under various propagation channel conditions but can be used with 16QAM modulation.
· The values of SCS larger than 1920 kHz result in the short CP length which is insufficient to cope with ISI under propagation channels with relatively high frequency selectivity.
Observation 9:
· There is marginal performance improvement from the use of ECP observed only for 64QAM and SCS=1920kHz.
· There is almost no difference between ECP and NCP for 16QAM when SCS=960kHz or SCS=1920kHz for the tested delay spread values.
Observation 10
· Extended CP may not be needed for NR in 52.6–71GHz if MIMO TAE requirement less than 65ns is defined. 
Observation 11
· Advanced phase noise compensation methods, such as direct de-ICI compensation method, may not be suitable for NR operating in 52.6 GHz to 71 GHz. 
Proposal 1
· Consider efficient ways to support aggregated wide bandwidth, such as up to 8 GHz.
· Do not support 120 kHz subcarrier spacing for NR 52.6 GHz to 71 GHz.
Proposal 2:
· Support 480 kHz and 960 kHz SCS for NR operating in 52.6 – 71GHz.
Proposal 3:
· Capture the link level performance provided in Appendix A.6 and A.7 in R1-2007941 to the TR as one of the simulation sources.
Proposal 4
· When a large subcarrier spacing is defined, SSB pattern and multiplexing of SSB and CORESET0/RMSI need to be updated to accommodate beam switching time.
Proposal 5
· For SSB, subcarrier spacing no smaller than 240 kHz is considered for NR operating in 52.6 GHz to 71 GHz.
· Only support same subcarrier spacing between SSB and CORESET #0 configuration. 
Proposal 6
· For subcarrier spacing 480 kHz and 960 kHz, PDSCH (and potentially PUSCH) reception performance is impacted by frequency domain OCC in DMRS, and therefore we suggest that RAN1 further investigate on frequency domain OCC for DMRS.
Proposal 7
· When a large subcarrier spacing is defined, PRACH configuration related aspects need to be investigated. 
Proposal 8
· When a large subcarrier spacing is defined, processing time related aspects, including PDSCH/PUSCH processing time, CSI computation time, etc., need to be investigated. 
Proposal 9
· When a large subcarrier spacing is defined, maximum number of BDs/CCEs for PDCCH monitoring needs to be investigated. 
Proposal 10
· When a large subcarrier spacing is defined, multi-TTI based scheduling can be considered to relax scheduler implementation and higher layer processing burden.
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Appendix
A.1 RMS Delay spread CDFs
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Figure 24. RMS Delay Spread CDFs (fc=60GHz, 70GHz)

A.2 Error! Reference source not found.Intersymbol interference SIR CDFs 
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Figure 25. Intersymbol interference SIR CDF (Urban Micro)
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[bookmark: _Ref47732467]Figure 26. Intersymbol interference SIR CDF (Indoor Hotspot – open office)
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[bookmark: _Ref47732464]Figure 27. Intersymbol interference SIR CDF (Indoor Factory Hall with Sparse clutter & High BS)
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Figure 28. Intersymbol interference SIR CDF (Indoor Factory Hall with Dense clutter & Low BS)
A.3 Intersymbol interference as a function of CP length
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Figure 20. Intersymbol interference SIR as a function of normal CP length
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Figure 21. Intersymbol interference SIR as a function of extended CP length
A.4 Intersymbol interference-over-noise ratio CDFs
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Figure 29. Intersymbol interference-over-noise ratio CDF (Urban Micro)
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Figure 30. Intersymbol interference-over-noise ratio CDF (Indoor Hotspot – open office)
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Figure 31. Intersymbol interference-over-noise ratio CDF (Indoor Factory Hall with Sparse clutter & High BS)
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Figure 32. Intersymbol interference-over-noise ratio CDF (Indoor Factory Hall with Dense clutter & Low BS)

A.5 Intersymbol INR as a function of CP length
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Figure 27. Intersymbol interference-over-noise ratio as a function of normal CP length
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Figure 28. Intersymbol interference-over-noise ratio as a function of extended CP length


A.6 PDSCH Performance

Table A.6-1: SINR in dB achieving PDSCH BLER of 10% /1%
	Tdoc /
Source
	MCS
	Channel
	120KHz
/400MHz
	240KHz
/400MHz
	480KHz
/400MHz
	960KHz
/400MHz
	960KHz
/2GHz

	R1-2008805 / Source N
	7
	TDL-A, 5ns
	3.13 / 5.37
	2.76 / 5.23
	2.68 / 4.99
	2.80 / 5.20
	2.12 / 3.92

	
	
	TDL-A, 10ns
	2.56 / 4.55
	2.23 / 4.26
	2.20 / 4.24
	2.42 / 4.56
	2.04 / 3.56

	
	
	TDL-A, 20ns
	2.18 / 3.96
	2.05 / 3.83
	2.01 / 3.83
	2.23 / 4.11
	2.01 / 3.42

	
	
	CDL-B, 20ns
	5.48 / 7.58
	5.10 / 7.29
	4.94 / 7.04
	5.13 / 7.25
	4.78 / 6.52

	
	
	CDL-B, 50ns
	5.30 / 7.26
	5.19 / 7.04
	5.11 / 7.15
	5.26 / 7.17
	5.12 / 6.72

	
	
	CDL-D, 20ns
	3.64 / 4.61
	3.57 / 4.52
	3.45 / 4.35
	3.50 / 4.35
	3.64 / 4.59

	
	
	CDL-D, 30ns
	3.63 / 4.60
	3.57 / 4.53
	3.47 / 4.38
	3.51 / 4.36
	3.66 / 4.64

	
	16
	TDL-A, 5ns
	11.79 / 14.38
	11.60 / 14.08
	11.58 / 14.11
	11.88 / 14.66
	10.17 / 12.07

	
	
	TDL-A, 10ns
	11.32 /13.53
	11.07 / 13.20
	11.30 / 13.58
	11.98 /15.24
	10.36 / 12.27

	
	
	TDL-A, 20ns
	11.16 / 13.36
	10.90 / 12.97
	11.36 / 14.03
	13.87 / NA
	12.17 / 16.32

	
	
	CDL-B, 20ns
	
	
	
	
	

	
	
	CDL-B, 50ns
	13.69 / 16.17
	13.48 / 15.79
	13.80 / 16.97
	14.79 / 18.66
	13.04 / 15.69

	
	
	CDL-D, 20ns
	
	
	
	
	

	
	
	CDL-D, 30ns
	
	
	
	
	

	
	22
	TDL-A, 5ns
	NA / NA
	NA / NA
	17.90 / 22.80
	17.49/20.92
	17.20 / 21.28

	
	
	TDL-A, 10ns
	NA / NA
	NA / NA
	18.40 / 23.00
	19.19 / NA
	19.62 / NA

	
	
	TDL-A, 20ns
	NA / NA
	NA / NA
	20.95 / NA
	NA / NA
	NA / NA

	
	
	CDL-B, 20ns
	
	
	
	
	

	
	
	CDL-B, 50ns
	NA / NA
	NA / NA
	NA / NA
	17.20 / NA
	18.76 / NA

	
	
	CDL-D, 20ns
	
	
	
	
	

	
	
	CDL-D, 30ns
	
	
	
	
	

	
	First and second entry corresponds to SNR required to met 10% and 1% BLER.
NA refers to PDSCH performance that were not able to achieve 10% or 1% BLER
Additional report/notes:
1. CP type: Normal CP
1. antenna configuration for CDL model: Antenna configuration 2
1. PTRS configuration: (K=4, L=1) PTRS per K number of PRBs, and PTRS every L number of OFDM symbols
1. DMRS configuration: Type 1 DMRS
1. any optional or other assumption/parameters used not as in the baseline: For the SNR of CDL models, beamforming gain of Tx and Rx was added, where beamforming gain was computed as ‘10·log10( #elements) [dB] + antenna element beam gain [dBi]’




Table A.6-2: SINR in dB achieving PDSCH BLER of 10% /1% (without DMRS OCC)
	Tdoc /
Source
	MCS
	Channel
	120KHz
/400MHz
	240KHz
/400MHz
	480KHz
/400MHz
	960KHz
/400MHz
	960KHz
/2GHz

	R1-2008805 / Source N
	7
	TDL-A, 5ns
	3.13 / 5.37
	2.76 / 5.23
	2.68 / 4.99
	2.80 / 5.20
	2.12 / 3.92

	
	
	TDL-A, 10ns
	2.56 / 4.55
	2.23 / 4.26
	2.20 / 4.24
	2.42 / 4.56
	2.04 / 3.56

	
	
	TDL-A, 20ns
	2.18 / 3.96
	2.05 / 3.83
	2.01 / 3.83
	2.23 / 4.11
	2.01 / 3.42

	
	
	CDL-B, 20ns
	5.48 / 7.58
	5.10 / 7.29
	4.94 / 7.04
	5.13 / 7.25
	4.78 / 6.52

	
	
	CDL-B, 50ns
	5.30 / 7.26
	5.19 / 7.04
	5.11 / 7.15
	5.26 / 7.17
	5.12 / 6.72

	
	
	CDL-D, 20ns
	3.64 / 4.61
	3.57 / 4.52
	3.45 / 4.35
	3.50 / 4.35
	3.64 / 4.59

	
	
	CDL-D, 30ns
	3.63 / 4.60
	3.57 / 4.53
	3.47 / 4.38
	3.51 / 4.36
	3.66 / 4.64

	
	16
	TDL-A, 5ns
	11.79 / 14.38
	11.60 / 14.08
	11.61 / 14.15
	11.87 / 14.58
	 10.08 / 11.87

	
	
	TDL-A, 10ns
	11.32 /13.53
	11.07 / 13.20
	11.17 / 13.20
	11.44 / 14.08
	9.87 / 11.35

	
	
	TDL-A, 20ns
	11.16 / 13.36
	10.90 / 12.97
	10.76 / 12.60
	11.12 / 13.35
	9.79 / 11.32

	
	
	CDL-B, 20ns
	
	
	
	
	

	
	
	CDL-B, 50ns
	13.69 / 16.17
	13.48/ 15.79
	13.80 / 16.87
	14.46 / 18.09
	 12.59 / 14.65

	
	
	CDL-D, 20ns
	
	
	
	
	

	
	
	CDL-D, 30ns
	
	
	
	
	

	
	22
	TDL-A, 5ns
	NA / NA
	NA / NA
	17.75 / 21.81
	16.93 / 19.65
	16.54 / 19.66

	
	
	TDL-A, 10ns
	NA / NA
	NA / NA
	17.80 / 20.00
	16.48 / 18.95
	16.45 / 19.71

	
	
	TDL-A, 20ns
	NA / NA
	NA / NA
	17.12 / 21.66
	16.48 / 18.83
	16.74 / 20.72

	
	
	CDL-B, 20ns
	
	
	
	
	

	
	
	CDL-B, 50ns
	NA / NA
	NA / NA
	15.31 / 22.52
	14.3 / 18
	14.35 / 18.07

	
	
	CDL-D, 20ns
	
	
	
	
	

	
	
	CDL-D, 30ns
	
	
	
	
	

	
	First and second entry corresponds to SNR required to met 10% and 1% BLER.
NA refers to PDSCH performance that were not able to achieve 10% or 1% BLER
Additional report/notes:
1. CP type: Normal CP
2. antenna configuration for CDL model: Antenna configuration 2
3. PTRS configuration: (K=4, L=1) PTRS per K number of PRBs, and PTRS every L number of OFDM symbols
4. DMRS configuration: Type 1 DMRS
5. any optional or other assumption/parameters used not as in the baseline: Frequency domain OCC for DMRS was disabled. For the SNR of CDL models, beamforming gain of Tx and Rx was added, where beamforming gain was computed as ‘10·log10( #elements) [dB] + antenna element beam gain [dBi]’.





A.7 PRACH Performance

Table A.7-1: LLS template: SINR in dB achieving PRACH preamble misdetection probability of 1% and corresponding false alarm probability
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008805 / Source 1
	TDL-A, 5ns
	-8.27 dB
/ <0.1% FA
	-8.57 dB
/ <0.1% FA
	-9.12 dB
/ <0.1% FA
	-8.42 dB
/ <0.1% FA

	
	TDL-A, 10ns
	-8.66 dB
/ <0.1% FA
	-9.15 dB
/ <0.1% FA
	-8.66 dB
/ <0.1% FA
	-7.19 dB
/ <0.1% FA

	
	TDL-A, 20ns
	-8.92 dB
/ <0.1% FA
	-8.37 dB
/ <0.1% FA
	-7.25 dB
/ <0.1% FA
	-8.74 dB
/ <0.1% FA

	
	CDL-B, 20ns
	-
	-
	-
	-

	
	CDL-B, 50ns
	-
	-
	-
	-

	
	CDL-D, 20ns
	-
	-
	-
	-

	
	CDL-D, 30ns
	-
	-
	-
	-

	
	Additional report/notes: 
1. PRACH format: A2 with sequence length 139
2. values of : Ncs = {34, 69, 0, 0} for {120, 240, 480, 960 kHz}
3. antenna configuration for CDL model: N/A
4. any optional or other assumption/parameters used not as in the baseline




Table A.7-2: LLS template: SINR in dB achieving PRACH preamble misdetection probability of 1% and corresponding false alarm probability
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008805 / Source 1
	TDL-A, 5ns
	-3.99 dB
/ <0.1% FA
	-6.40 dB
/ <0.1% FA
	-9.17 dB
/ <0.1% FA
	-10.48 dB
/ <0.1% FA

	
	TDL-A, 10ns
	-4.46 dB
/ <0.1% FA
	-7.10 dB
/ <0.1% FA
	-8.73 dB
/ <0.1% FA
	-9.39 dB
/ <0.1% FA

	
	TDL-A, 20ns
	-4.90 dB
/ <0.1% FA
	-6.47 dB
/ <0.1% FA
	-7.55 dB
/ <0.1% FA
	-10.65 dB
/ <0.1% FA

	
	CDL-B, 20ns
	-
	-
	-
	-

	
	CDL-B, 50ns
	-
	-
	-
	-

	
	CDL-D, 20ns
	-
	-
	-
	-

	
	CDL-D, 30ns
	-
	-
	-
	-

	
	Additional report/notes: 
1. PRACH format: sequence length 139, symbol repetition {1,2,4,8} for {120, 240, 480, 960 kHz}, Tested with fixed 1.96 GHz bandwidth.
2. values of : Ncs = {34, 69, 0, 0} for {120, 240, 480, 960 kHz}
3. antenna configuration for CDL model: N/A
4. any optional or other assumption/parameters used not as in the baseline




Table A.7-3: LLS template: SINR in dB achieving PRACH preamble misdetection probability of 1% and corresponding false alarm probability
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008805 / Source 1
	TDL-A, 5ns
	-15.12 / <0.1% FA
	-14.74 / <0.1% FA
	-14.48 / <0.1% FA
	-15.28 / <0.1% FA

	
	TDL-A, 10ns
	-14.80 / <0.1% FA
	-14.59 / <0.1% FA
	-15.30 / <0.1% FA
	-15.25 / <0.1% FA

	
	TDL-A, 20ns
	-14.49 / <0.1% FA
	-15.20 / <0.1% FA
	-15.35 / <0.1% FA
	-15.16 / <0.1% FA

	
	CDL-B, 20ns
	-
	-
	-
	-

	
	CDL-B, 50ns
	-
	-
	-
	-

	
	CDL-D, 20ns
	-
	-
	-
	-

	
	CDL-D, 30ns
	-
	-
	-
	-

	
	Additional report/notes: 
1. PRACH format: A2 with sequence length 571
2. values of : Ncs = {114, 285, 0, 0} for {120, 240, 480, 960 kHz}
3. antenna configuration for CDL model: N/A
4. any optional or other assumption/parameters used not as in the baseline



Table A.7-4: LLS template: SINR in dB achieving PRACH preamble misdetection probability of 1% and corresponding false alarm probability
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008805 / Source 1
	TDL-A, 5ns
	-17.69 / <0.1% FA
	-17.39/ <0.1% FA
	-17.98 / <0.1% FA
	-18.19 / <0.1% FA

	
	TDL-A, 10ns
	-17.56 / <0.1% FA
	-18.14 / <0.1% FA
	-18.03 / <0.1% FA
	-17.58 / <0.1% FA

	
	TDL-A, 20ns
	-18.15 / <0.1% FA 
	-18.24 / <0.1% FA
	-18.69 / <0.1% FA
	-17.97 / <0.1% FA

	
	CDL-B, 20ns
	
	
	
	

	
	CDL-B, 50ns
	
	
	
	

	
	CDL-D, 20ns
	
	
	
	

	
	CDL-D, 30ns
	
	
	
	

	
	Additional report/notes: 
1. PRACH format: A2 with sequence length 1151
2. values of : Ncs = {230, 575, 0, 0} for {120, 240, 480, 960 kHz}
3. antenna configuration for CDL model: N/A
4. any optional or other assumption/parameters used not as in the baseline




A.8 PSS and SSS Performance

[bookmark: _Ref48300857]Table A.8-1: SINR in dB achieving cell ID detection probability of {90% / 99%} by one-shot detection from PSS/SSS
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008805 / Source 1
	TDL-A, 5ns
	-8.98 / -3.62
	-8.97 / -4.00
	-8.97 / -4.77
	-8.76 / -4.88

	
	TDL-A, 10ns
	-8.94 / -3.97
	-8.88 / -4.72
	-8.72 / -4.96
	-8.42 / -4.68

	
	TDL-A, 20ns
	-8.83 / -4.72
	-8.68 / -4.84
	-8.39 / -4.63
	-8.30 / -4.81

	
	CDL-B, 20ns
	-
	-
	-
	-

	
	CDL-B, 50ns
	-
	-
	-
	-

	
	CDL-D, 20ns
	-
	-
	-
	-

	
	CDL-D, 30ns
	-
	-
	-
	-

	
	Values are represented in X / Y, where X and Y corresponds to SNR in dB achieving 90% and 99% detection success, respectively.
Additional report/notes: 
1. frequency offset: initial CFO 5ppm
1. the number and granularity of the frequency locations: initial frequency offset estimation using PSS based on multiple hypothesis testing in units of ¼ subcarriers.
1. antenna configuration for CDL model: N/A
1. any optional or other assumption/parameters used not as in the baseline
1. false alarm rate: < 0.1% for PSS detection, < 0.1% for SSS detection
1. criteria for PSS detection success: If SSS was successfully detected with the PSS ID (NID2) and timing obtained from detected PSS, then PSS is declared successful.
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