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Introduction
A new study item was proposed in RAN #86 [1] and updated in RAN1 #88e [2] with a goal to:
· Study the required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study the applicable numerology including subcarrier spacing, channel BW (inc. maximum), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments.
· Identify potential critical problems to physical signal/channels, if any.

In RAN1 #101-e and #102-e, agreements on evaluation  assumptions and parameters were made to facilitate the study [3][4]. In addition, agreements were made on possible changes to signals and channels arising from possible changes in numerology. In this contribution, we present our simulation results and propose specific bandwidths, SCSs and CPs for operation of NR in the desired frequency range. We also identify  some solutions to critical problems in signals, channels and procedures arising from the proposed numerology changes. 
Overview of Issues 
The  frequencies above 52.6 GHz  have the following characteristics and may require the following design decisions:
· Larger spectrum allocations and larger available bandwidths: The large amount of spectrum available at these frequencies results in large channel allocation bandwidths of 2.16 GHz for existing Radio Access Technologies (RATs) in the unlicensed bands in these frequencies. These RATs  include IEEE 802.15.3c, WirelessHD, IEEE 802.11ad and IEEE 802.11ay. Utilizing the available spectrum and enabling coexistence with existing RATs may require an increase in the bandwidths supported to larger than  the 400 MHz for data transmission currently supported by NR Rel-15/Rel-16 in FR2 [12]. 
· Higher phase noise: Phase noise increases with increasing frequency [5]. The higher phase noise experienced at these frequencies causes random jitter in the phase of the received signal. Mitigating the effect of phase noise may require an increase in the subcarrier spacing and/or a modification of the Rel-15/Rel-16 PTRS signal design.
· Channel Delay Spread: The use of beamforming to mitigate the effect of the propagation losses may result in a lower delay spread than the original channel as the narrow beam eliminates some of the taps in the channel [9]. However, although the effective delay spread is reduced,  it still requires a cyclic prefix for both CP-OFDM and DFT-S-OFDM waveforms. Mitigating the  channel delay spread requires careful selection of the size of the cyclic prefix which is dependent on the selects SCSs.
· Modification of signals, channels and procedures: The increase in SCS may require changes to multiple NR Rel-15 and Rel-16 signals, channels and procedures due to the reduction in the symbol duration. Examples include UE processing timelines, PDCCH complexity limits, and scheduling procedures. Note that agreements highlighting some of these issues were made in RAN1 #102-e [4].
In the following, we discuss physical layer design modifications to NR Rel-16 and Rel-17 to address these issues.
Bandwidth  and SCS for operation between 52.6 GHz and 71 GHz

In RAN1 #102-e, the following agreements were made:

	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).

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





In this section, we explore the implications of a UE having a maximum bandwidth of 2.16 GHz on the selection of the SCS. In Table 1, we show BW as a function of SCS and FFT size. The SCS corresponding to the maximum occupied BW of about  2 GHz (1966.08 MHz) is  highlighted in green. As seen in the table, to reach the maximum bandwidth of 2 GHz  without multi-carrier operation requires a SCS of at least 480 kHz with a maximum FFT size of 4096. 


[bookmark: _Ref40197350]Table 1: SCS vs FFT size to achieve 2 GHz Maximum Bandwidth
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In Table 2, we show numerology information for existing SCSs capturing the following parameters:
· # of PRBs, # subcarriers, FFT size, % FFT utilization (Utilization defined as the ratio of the number of subcarriers used to the FFT size or the ratio of the occupied BW to the FFT BW),  occupied BW, % bandwidth utilization (defined as the ratio of the occupied BW to the nominal BW),  symbol length and guard period. 

Note that the actual % FFT utilization in Rel-15/Rel-16 is 77.34%. The relationship of the different BWs is illustrated in Figure 1.


[image: ]
[bookmark: _Ref53750847]Figure 1: FFT BW, Nominal BW and Occupied BW
From Table 2, in frequencies below 52.6GHz, 60 KHz SCS has a maximum BW of 200 MHz while 120kHz SCS has a maximum BW of 400 MHz. In both cases, 77.34% of the 4096 sub-carriers are used  (% FFT Utilization = 77.34%) while about 95.04% of the maximum BW is used (% BW utilization = 95.04%). 

In Table 3, we show a table with identical entries to Table 2 but with the new candidate SCS values ranging from 240 kHz to 960 kHz. As seen from the table, the maximum BWs supported by SCS 240 kHz, 480 kHz and 960 kHz assuming a 77.34% FFT utilization are :
· 240 kHz: 800 MHz
· 480 kHz: 1600 MHz
· 960 kHz: 1600 MHz

while at a  2GHz nominal bandwidth, use of 480 kHz requires a % FFT utilization of 96.68%. However, 960 kHz may be used with a lower %FFT utilization of 48.34%.
[bookmark: _Ref40197675]
[bookmark: _Ref47707500]Table 2: Numerology for Rel-15/Rel-16 FR2
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[bookmark: _Ref47707603]Table 3: Possible Numerology for NR operating between 52.6 GHz and 71 GHz
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We can conclude from this analysis that there is a need for multi-carrier operation (implemented as carrier aggregation) to achieve the high bandwidth that may be required in the unlicensed band between 52.6GHz and 71 GHz especially if using smaller subcarrier spacings. 

Although mandating single carrier operation for 2 GHz transmission may reduce losses due to the additional signaling overhead needed for multi-carrier operations, the motivation of the SID to maximize the leverage of any current FR2-based implementations requires that multi-carrier operation be supported. A UE should be able to inform the gNB that it can only support 2.16 GHz with multi-carrier operations. This could be set as a UE capability. In addition, for easy extension from the FR2 implementations, channel bandwidths can be selected as multiples of about 400 MHz. 

Observation 1: There is a need for multi-carrier operation to achieve the high bandwidth allocations in the unlicensed band between 52.6GHz and 71 GHz.

Proposal 1:  NR operation above 52.6 GHz should support multi-carrier operation to achieve 2 GHz bandwidth utilization.  The BW candidates should be in multiples of 400 MHz. 

Proposal 2: A UE should be able to indicate a capability for a component carrier bandwidth/SCS combination to achieve 2 GHz transmission.
[bookmark: _Ref53773288]Effect of Phase Noise on operation between 52.6 GHz and 71 GHz
In this section, we characterize the phase noise (PN) in a system operating between 52.6GHz and 71 GHz. We use a simple AWGN model and use a theoretical analysis [6], [7], [8] to estimate the PN increase from the transmitter and receiver to be expected for various SCSs and maximum BWs. This theoretical analysis captures the effect of PN at these frequencies. Based on this analysis, we show that the SCS selected for operation between 52.6 GHz and 71 GHz can be selected based on Common Phase Error  (CPE) compensation only or on a combination of CPE compensation and Inter-Carrier Interference (ICI) compensation. Our simulation results will show the validity of the approach and we use this conclusion to make additional recommendations on the SCSs to be selected.

PN increases with increasing frequency.  Estimating the magnitude of the PN involves integrating the PN noise under the PN curve over the transmission bandwidth [6]. As such, it also increases with increasing BW. We can conclude that increasing the frequency and possible BW of operation as planned for operation between 52.6GHz and 71 GHz will have a detrimental effect on the performance of the system. 

To study the effect PN, we use the PN model Example 2 based on the agreement in [11] with the assumptions in Table 13 to estimate the total phase noise variance in rad2. Table 4 shows the total PN for different BWs and SCSs. In the following description, we will identify an entry based on three items e.g. 29.55 GHz  carrier frequency with a BW of 400 MHz and an SCS of 120 kHz will be identified as (29.55, 400, 120). In the table, two entries are shown that correspond to Rel-15/Rel-16 numerologies and are shown in green: (29.55, 400, 120) and (45, 400, 120). Two candidate parameters for NR operation between 52.6 GHz and 71 GHz are shown in yellow for  (60, [400,  2000], x).  The results show a significant increase in the total PN in a system operating at 60 GHz with the effects of phase noise increasing as the frequency and bandwidth increase. 

[bookmark: _Ref40217275]Table 4: Total Phase Noise
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The PN can be separated into two components [6]. The first component is a Common Phase Error (CPE) that is added to every subcarrier and is proportional to its value multiplied by a complex number. It affects every subcarrier equally. Typically, the CPE is easily corrected with the assistance of the Phase Tracking Reference Symbol (PTRS) in Rel-15/Rel-16. The second component is an Inter-Carrier-Interference (ICI) error that is the summation of the information of the other  sub-carriers each multiplied by some complex number and has the appearance of Gaussian noise. Typically, the ICI is not corrected although it can be corrected by using additional signal processing at the receiver. 

The SCS selected determines the trade-off between CPE and ICI. At the SCS increases, a larger portion of the total PN is CPE and a smaller portion is ICI.  This behavior is illustrated in the Figure 2. Ideally, selecting a very large SCS results in a large, correctable CPE. 

[image: ]
[bookmark: _Ref40216935]Figure 2: SCS selection based on CPE compensation only
Alternatively, the effect of phase noise can be cancelled by using a combination of a smaller SCS with CPE compensation and a simple ICI compensation filter to cancel additional phase noise [16][17][18]. This allows the mitigation of the same phase noise effect with a smaller SCS as shown in the figure below.
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Figure 3: SCS selection based on CPE and ICI compensation
To study the effect of SCS on CPE and ICI, we use the PN model Example 2 based on the agreement in [11] with the assumptions in Table 13 to estimate the associated CPE and ICI variances for different candidate SCSs and different BWs. In Table 5, we identify the CPE and ICI PN values for different values of SCS and different BWs. The CPE and ICI are estimated for SCSs ranging from 120 kHz, through 960 kHz with the values for existing numerologies in Rel-15/Rel-16 highlighted in green. As an example, with (45, 400, 120), we have a CPE PN variance of 0.0073 rad2 and an associated ICI variance of 0.0060 rad2. 

Assuming no change in the data transmission SCS from Rel-15/Rel16 (i.e. SCS = 120 kHz), for (60, y, 120) we see a CPE PN variance increase to 0.0131. However, we see a marked increase in ICI as the BW increases from 400 MHz to 2000 MHz. 

For CPE compensation only, one design methodology is to choose a level of ICI variance approximately equal to that for Rel-15/Rel-16 i.e. (45, 400, 120) at 0.0060 rad2 on the assumption that the CPE will be cancelled, and the ICI will exist as residual interference. This will allow the residual PN from the ICI to be approximately the same as Rel-15 and prevent the need for a drastic redesign to accommodate a larger ICI.  Based on this methodology we can infer the following:

· At 60 GHz  and 400 MHz, 120 kHz will have a very large ICI. As such, an SCSs > 240 kHz should be selected. 
· At 60 GHz and 2000 MHz, 240 kHz will have a very large ICI. As such, an SCS > 480 kHz should be selected. 
· 960 kHz can be used for all BWs.

This illustrates the effects of SCS and bandwidth on the CPE and ICI PN and shows that the bandwidth and the SCS should not be selected independently. 


[bookmark: _Ref40217852]Table 5: CPE and ICI with CPE compensation only [image: Table
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In Table 6, we show the effect of both CPE and ICI compensation on the selection of the SCS. For (60, 400, 480), if we cancel 0.0013 rad2 of ICI with an ICI compensation filter, we can achieve the residual ICI for a 960 kHz SCS with a 480 kHz SCS. This allows us to use a 480 kHz SCS with the performance of a 960 kHz SCS. Cancelling greater than 0.0013 rad2 of ICI with an ICI compensation filter will result in improvement over a 960 kHz SCS with CPE compensation only.

A detailed discussion with simulation results on the use of the PTRS in PN compensation can be found in our companion contribution [19]. We investigate the performance of a 3-tap ICI compensation filter with different PTRS patterns and show the improvement predicted by the analysis over CPE compensation only with a modified PTRS pattern.  This leads to the conclusion that RAN1 should consider the use of a new PTRS and/or Phase Noise ICI compensation to improve performance and limit need for specifying higher SCS. The specific pattern can be decided in the work item phase. 


[bookmark: _Ref53772440]Table 6: CPE and ICI with CPE  and ICI compensation
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Observation 2: The total PN increases when compared to below 52.6 GHz operation.

Observation 3: By using  PN  ICI compensation, we can reduce the maximum SCS selected when compared with CPE compensation only.  

Proposal 3: Consider the use of a new PTRS and/or Phase Noise ICI compensation to improve performance to limit need for specifying higher SCS.

Effect of the Cyclic Prefix
In Rel-15/Rel-16, a CP with an overhead of 7% is used except for two symbols in the subframe with a longer cyclic prefix to ensure that the subframe and slot boundaries always coincide. In Table 7, we show the CP lengths of the normal symbols (all symbols except for the 2 symbols equalizing the sub-frame and slot boundaries) for all SCSs from 15 kHz through 960 kHz. The entries for the existing numerologies are highlighted in light green [10].


[bookmark: _Ref40450235]Table 7: CP lengths for various SCS for normal symbols [image: ]

Any SCS selected should be such that its cyclic prefix can be set at 7% and be able to cover the effective delay spread of the resulting channel after beamforming.  Selection of an SCS that results in a CP less than this delay spread will result in intercarrier interference. As such, the delay spread to be supported sets a lower limit on the SCS. In [9], it is shown that the effective delay spread after beamforming could be problematic for the 960 kHz SCS with a duration of 73 nsecs. As such, the maximum SCS selected could be set to 480 kHz or the CP length for an SCS of 960 kHz may have to be adjusted with an attendant increase in overhead. 

Observation 4: the delay spread to be supported sets a lower limit on the SCS.
[bookmark: _Ref53755439]Evaluation Results for PDSCH and PUSCH
In this section, we study the trade-off between SCS and CP length based on evaluation results for the PDSCH and PUSCH. In Table 8 and Table 9, we show the 10% and 1% BLER performance for a CP-OFDM based PDSCH transmission and a DFT-S-OFDM based PUSCH transmission respectively. The performance assumes CPE compensation for 120 kHz, 240 kHz, 480 kHz and 960 kHz and additional ICI compensation for 480 kHz only. Further details of the ICI compensation used can be found in [19]. The simulation results for PDSCH transmission can be found in Section 12. The simulation results for PUSCH transmission can be found in Section 13.

The results illustrate the following:
· there is little or no benefit in increasing the SCS for QPSK or 16 QAM. Significant benefits are only seen at higher order modulations (64 QAM). For 64 QAM, the 120 kHz SCS in Rel-15 and Rel-16 is not usable.
· for smaller delay spread channels (5 nsecs), 960 kHz does show advantages. However, as the delay spread increases, the advantages disappear due to the irreducible error floor from the CP being smaller than the delay spread. 
· With PN ICI compensation, 480 kHz performs as well (or better) than 960 kHz. 
 
In summary, for higher order modulation, an increase in the SCS is needed for PDSCH/PUSCH transmission. The selection of the SCS is as a result of a trade-off between reducing the non-correctable phase noise and reducing irreducible error floor due to the smaller CP seen from increasing the SCS and selecting a bandwidth such that the residual ICI PN does not become unmanageable. The PN is corrected by (a) increasing the SCS with CPE compensation only or (b) a combination of CPE and ICI compensation.


[bookmark: _Ref53752920][bookmark: _Ref48248471]Table 8: SINR in dB achieving PDSCH BLER of 10% /1%

	Tdoc /
Source
	MCS
	Channel
	120KHz
/400MHz
	240KHz
/400MHz
	480KHz
/400MHz
	960KHz
/400MHz
	960KHz
/400MHz (ICI)

	R1-2008457 / Source 1
	7
	TDL-A, 5ns
	0
2
	0
2.25
	0.25
2.75
	0.25
2.75
	

	
	
	TDL-A, 10ns
	0.25
2.25
	0
2
	0.25
2
	0.75
2.75
	

	
	
	TDL-A, 20ns
	0.5
2.25
	0.5
2.25
	0.75
2.5
	1.25
5
	

	
	16
	TDL-A, 5ns
	9.25
12
	8.75
11.25
	8.25
10.5
	8.25
10.75
	

	
	
	TDL-A, 10ns
	9.5
12
	8.75
11.5
	9.25
12
	8.75
11
	

	
	
	TDL-A, 20ns
	9.5
11.5
	9.25
11.25
	9
10.75
	11
17
	

	
	22
	TDL-A, 5ns
	Inf
Inf
	28
Inf
	15.5
22
	14.25
16.75
	14.5
16.75

	
	
	TDL-A, 10ns
	Inf
inf
	Inf
inf
	16.5
22
	17
22
	14.5
17

	
	
	TDL-A, 20ns
	Inf
inf
	23.5
inf
	20
[29]
	Inf
Inf
	17
[24]

	
	Additional report/notes:
1. CP type : Normal
2. antenna configuration for CDL model : N/A
3. waveform in case of PDSCH :  CP-OFDM
4. PTRS configuration : 
a. CPE Estimation: (K = 2, L = 1)
b. ICI Estimation: (K = 2 every 4 RBs, L = 1)
5. DMRS configuration : 2 DMRS symbols at (2,11)
6. the higher layer parameter 
7. Antenna  Configuration : 2 x 2
8. Numbers in brackets are extrapolated estimates



[bookmark: _Ref48300857][bookmark: _Ref53752928]Table 9: SINR in dB achieving PUSCH BLER of 10% /1%
	Tdoc /
Source
	MCS
	Channel
	120KHz
/400MHz
	240KHz
/400MHz
	480KHz
/400MHz
	960KHz
/400MHz
	960KHz
/400MHz (ICI)

	R1-2008457 / Source 1
	7
	TDL-A, 5ns
	1.25
3.75
	0.75
2.75
	0.75
2.5
	0.75
2.5
	

	
	
	TDL-A, 10ns
	1.4
3.25
	1
3
	1
2.75
	1.8
3
	

	
	
	TDL-A, 20ns
	1.5
4
	1.25
4
	2
4
	2.5
6
	

	
	16
	TDL-A, 5ns
	9.5
12.5
	8.75
11.5
	8.75
11.5
	8.75
11
	

	
	
	TDL-A, 10ns
	9.75
12.25
	9
11.25
	9.25
10.75
	9.5
12.25
	

	
	
	TDL-A, 20ns
	10
12.5
	9.5
11.5
	10
12.5
	[27]
Inf
	

	
	22
	TDL-A, 5ns
	Inf
Inf
	14.75
18.25
	14.5
17.25
	14
17
	

	
	
	TDL-A, 10ns
	Inf
inf
	15
18.5
	16
18
	20.5
22.5
	

	
	
	TDL-A, 20ns
	23
Inf
	15.5
Inf
	21
Inf
	Inf
Inf
	

	
	Additional report/notes:
1. CP type : Normal
2. antenna configuration for CDL model : N/A
3. waveform in case of PDSCH :  DFT-S-OFDM
4. PTRS configuration : DFT-S-OFDM: (Ng = 8, Ns = 4, L = 1)
5. DMRS configuration : 2 DMRS symbols at (2,11)
6. the higher layer parameter 
7. Antenna  Configuration : 2 x 2
8. Numbers in brackets are extrapolated estimates




Observation 5: As the SCS increases, there is a trade-off between the CP required for the delay spread after beamforming (reducing the cyclic prefix and increasing the irreducible noise floor), the phase noise (reducing the PN inter-carrier interference) and the bandwidth of operation.

Observation 6: for higher order modulation, an increase in the SCS from 120 kHz is needed for PDSCH/PUSCH transmission.

PDSCH/PUSCH Numerology Summary
In this section, we summarize our discussions on the choice of the numerology with the effect of each discussion point on the different SCSs captured in Table 10.  As can be seen, 240, 480 kHz and 960 kHz are viable SCS candidates for NR operation between 52.6 GHz and 71 GHz.
 
[bookmark: _Ref40221889]Table 10: SCS Selection Criteria Summary  [image: Table
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One additional element to consider in the choice of SCS is that in the design of Rel-15, multiple features were selected assuming a frequency of 480 kHz to “future-proof” the specification. Examples include:
· 

In [10], unless otherwise noted, the size of various fields in the time domain are expressed in the basic Time Units for NR. The Time Units  where  Hz (the SCS)  and  (the FFT size).
· In [13], the RRC parameter tdd-UL-DLConfigurationCommon that is broadcast as part of SIB-1, contains multiple fields (e.g. nrofDownlinkSlots, nrofUplinkSlots) that are defined with a current maximum of 80 corresponding to the number of slots in a 10 msec period for the current maximum data transmission SCS of 120 kHz in Rel-15/Rel-16. However, the parameter maxNrofSlots, i.e. the Maximum number of slots in a 10 ms period, is set to 320, corresponding to a SCS of 480 kHz.
From these examples, we see that the use of SCS > 480 kHz needs to be justified to reduce the specification impact on the currently “future-proofed” specification.

Secondly, there has been some discussion on a possible modification to the phase noise model used in the evaluation . From the current discussions, the selected model may result in a very conservative design and RAN1 may need to receive the final LS from RAN4 [15].  


Observation 7: A maximum SCS of 480 kHz has been used for multiple elements of the Rel-15/Rel-16 specification. The use of SCS > 480 kHz should be justified to reduce the specification impact.

Proposal 4: Select 120 kHz, 240 kHz and 480 kHz as SCS candidates for NR operation between 52.6 GHz and 71 GHz. 

Proposal 5: RAN1 to study the need for selecting  960 kHz as an  SCS candidate considering specification impact and possible phase noise model changes from RAN4.

Effect of Numerology Choice on Signals, Channels, and Procedures
In this section, we discuss the effects of operation from 52.6 GHz to 71 GHz,  including a possible increase in SCS, on multiple signals, channels and procedures.

SSB Patterns, Multiplexing and Numerology
In RAN1 #102-e, the following agreements was made:

	Agreement:
· Study whether or not different SSB patterns should be supported for licensed and unlicensed bands.
· For each licensed and unlicensed band, if issues identified for reuse of existing SSB, consider at least the following aspects
· 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 

· 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
· Signalling 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.)



SS/PBCH Performance
For SS/PBCH performance we study (a) the SINR in dB achieving cell ID detection probability of 90% by one-shot detection from PSS+SSS and (b) the PBCH BLER performance. 

To derive the metric, we define the following conditions:
· Condition 1: a residual timing error within a range of , where  is the CP duration (CP/2 in Figures). 
· Condition 2: a residual frequency error within a range of , where  is the SCS (SC/4 in Figures).
· Condition 3: PSS Mis-detection Probability implies the correct PSS sequence index identified (although it may fail the frequency and/or timing error conditions).
· Condition 4: Total PSS Mis-detection Probability satisfies conditions 1, 2 and 3
· Condition 5: Total SSS Mis-detection Probability implies that correct SSS sequence index is identified and conditions 1, 2 and 3 are satisfied.

For cell ID detection, condition 5 should be satisfied i.e. both the PSS and SSS must be identified correctly and the resulting residual frequency and timing errors should be within the desired tolerances. The results for cell ID detection  are captured in Table 11 with the simulation results for the 10 nsecs delay spread scenario shown in Section 14 (10 nsecs only due to space limitations).  
From the results in Table 11,  we see that cell ID detection using 240  kHz provides the best performance and there is no need for any modifications to the SCSs. The reason for this can be seen in the Figures in Section 14 where for the 10 nsec channel, we see that for 120 kHz and 240 kHz SCSs, the residual frequency error is the limiting condition due to the smaller SCS while for 480 kHz and 960 kHz, the residual timing error is the limiting condition due to the smaller symbol durations. This trade-off seems to be optimized for the 240 kHz SCS where the improvement in residual frequency  error and degradation in residual timing error compared with the 120 kHz SCS is balanced by the degradation in residual frequency error and improvement in residual timing error compared with the 480 kHz SCS.  
[bookmark: _Ref53755060]Table 11: SINR in dB achieving cell ID detection probability of 90% by one-shot detection from PSS+SSS
	Tdoc /
Source
	Channel
	120KHz
	240KHz
	480KHz
	960KHz

	R1-2008457 / Source 1
	TDL-A, 5ns
	-4
	-5.5
	-5.5
	-1

	
	TDL-A, 10ns
	-5.5
	-5
	-4
	-1

	
	TDL-A, 20ns
	-5.5
	-6.5
	-4
	0

	
	Additional report/notes: 
1. frequency offset : none
2. antenna configuration for CDL model : N/A




For the PBCH channel, as it is a QPSK signal, it is expected that the performance is minimally impacted by phase noise as shown for PDSCH/PUSCH transmission in Section 6. To confirm  this behavior, in Figure 4, we show the BLER performance of a PBCH channel in a TDL-A channel with 10 nsecs delay spread. As expected, the performance difference between 240 kHz, 480 kHz and 960 kHz is less than 0.5 dB.

[image: ]
[bookmark: _Ref53756126]Figure 4: PBCH Performance for TDL-A channel with 10 nsecs delay-spread

Observation 8: As expected, the PBCH BLER performance difference between 240 kHz, 480 kHz and 960 kHz is less than 0.5 dB.

Proposal 6: The use of SCS above 240 kHz should be justified for the signals in the SS/PBCH block including the PSS, SSS and PBCH.

[bookmark: _Ref53760027]DRS Transmission Window and SSB and Type0-PDCCH/RMSI multiplexing

In draft v2.1.20 of EN 302 567 [20], the following rule is proposed “The time synchronization and beam forming frames transmissions shall be less than or equal to 10 % within an observation period of 100 ms”. With 20 msec periodicity and 64 SSBs, we have a 5.7 % overhead assuming none of the SSBs is transmitted in the COT. As such, the need for a transmission window is reduced compared with NR-U. In the case that there are other signals that may need to be transmitted without LBT (e.g. CSI-RS) and result in a load over 10 %, then a DRS window may be used. Additional details are discussed in [21]. Note that  the use of very directional beams and very short transmissions in each direction may result in relatively low interference if the overall duration is kept short.

Observation 9: Introduction of a DRS transmission window introduction will depend on (a) the 10% regulatory rule (b) relative duration of signals that may need to be transmitted without LBT and (c) the overall interference provided by these signals.

Proposal 7: Allow SSB transmission without LBT in an LBT environment provided load of non-LBT transmission is less than 10% within an observation window of 10 ms.
· Define a DRS transmission for scenarios where the control signaling exceeds this threshold.

For SSB and Type0-PDCCH/RMSI multiplexing, there are three different patterns supported in FR2. Because of the high carrier frequency, the beam width of each beam becomes narrower, in some instances may be much narrower than that achieved with lower frequency carriers.  As such, there may be a limited number of UEs per beam due to the narrow beams in this frequency band, and it may be advantageous to support pattern 3 to allow the gNB send all the SSB  information to that specific UE(s) without having to utilize additional symbols. Pattern 1 may be useful as it may be able to support a large RMSI. As such, we should support all three patterns in this band with additional support of 240 kHz for the SSB and 240 kHz for the Type0-PDCCH.

Proposal 8: Support Pattern 1, 2 and 3 with additional support of 240 kHz for the SSB and 240 kHz for the Type0-PDCCH for SSB and Type0-PDCCH/RMSI multiplexing. 
PTRS
In RAN1 #102, the following agreements were made:
	· 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)



From our analysis in Section 4 and study in [19] there may be a need to improve the Rel-15/Rel-16 PTRS design to account for the increase in CPE PN variance at the higher frequencies. Examples of improvements to the design suitable for the increased PN can include: 

· Allowing power boosting with power borrowed from frequency rather than from space as in Rel-15. This may be necessary especially if analog beamforming is used as power boosting from another port is only possible with digital beamforming. 

· Modify the PTRS or the signal processing for PTRS processing to track the time varying PN within each symbol for better performance. For CP-OFDM, this may be by keeping the PTRS overhead the same but changing the PTRS pattern to make it more amenable to ICI cancellation (see Figure 5). A simple example of the benefit of this is shown in the last column of the PDSCH BLER performance in Table 8 and the corresponding improvement in performance can be seen in the Figures in Section 12 below where the PTRS pattern with ICI compensation is seen to outperform a Rel-15 PTRS pattern with a CPE compensation This is discussed in more detail in our companion contribution [19]. 


[image: ]
[bookmark: _Ref53757038]Figure 5: PTRS Pattern for ICI compensation

Proposal 9: Support an update to Rel-15 PTRS to enable improved ICI compensation.


DMRS
In RAN1 #102-e, the following agreement was made:
	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)




The increase in SCS may result in REs that are set at an interval larger than the coherence BW of the channel and as such, the FD-OCC will fail. In these scenarios, we may need to turn-off the FD-OCC for good performance. To facilitate this, RAN1 should change the specific DMRS pattern by enabling adjacent DMRS symbols with an FD-OCC or send having the gNB send an indication the UE to turn on or off the FD-OCC based on the scenario the channel is in. 

Proposal 10:  To account for transmission with large SCSs in low coherence BW channels, 
· turn on or off the FD-OCC based on the scenario the channel is in 
· configure the UE with a DMRS pattern robust to frequency selective fading 


Processing Times and HARQ
In RAN1 #102-e, the following agreement was made:
	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 (PDSCH), k1 (HARQ), k2 (PUSCH),
· 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
· Any potential modifications to HARQ processes including number of processes, if supported



In the existing NR specifications, multiple timing parameters are defined based on the number of slots. Examples include any one of the following: 

· Processing delays:
· N1: numbers of OFDM symbols required for UE  processing from the end of PDSCH reception to earliest possible start of ACK/NAK transmission.
· N2: Number of OFDM symbols from PDCCH to earliest possible start of PUSCH
· N3: Number of OFDM symbols between 2nd DCI and first HARQ-ACK to allow for multiplexing 
· Scheduling/HARQ Feedback timing:
· K0: Slot offset between DL allocation and DL data reception. 
· K1: delay between DL data reception and corresponding HARQ-ACK feedback on the UL. This has to be greater than N1
· K2: delay between UL grant reception in the DL and corresponding UL data transmission [38.214, Section 6.1.2.1]. This has to be greater than N2.

The different processing delays and HARQ/scheduling feedback timing are shown below in Figure 6.
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[bookmark: _Ref47718347]Figure 6: Scheduling/HARQ Feedback Timing and UE Processing Delays


As all of these parameters are defined per slot, reducing the symbol duration associated with an increase in SCS implies that the values of the parameters may need to be increased for the same amount of processing time as illustrated in Figure 7.
[image: ]
[bookmark: _Ref47718442]
[bookmark: _Ref53757713]Figure 7: Comparison on the number of slots in a specific time for different SCSs

Unless there is a major increase in UE complexity, an increased number of slots resulting from the increase in SCS will be needed.

We illustrate this with a discussion on the PDSCH processing time (K1). The current values of K1 for PDSCH processing capability 1 are illustrated in Table 12. This increase will impact multiple elements in the specification such as DCI signaling for HARQ delay and UE scheduling. For HARQ ACK feedback, it may result in an increase in the number of HARQ ACK processes that need to be active at a given time and an increase in the overall size of the HARQ ACK codebook. Similar to Rel-16, a group of slots could be aggregated together to form a multi-slot HARQ-ACK group that behaves in a manner similar to the slot or sub-slot in Rel-15 and Rel-16.


[bookmark: _Ref47693992]Table 12: PDSCH Processing Time
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This increase may require an increase in the DCI fields to address the indices K0, K1 and K2. Alternatively, a mapping could reduce the number of symbols that are addressed by the DCI by setting a minimum Kx value or  addressing a sub-set or a group of symbols. 

Proposal 11: To reduce the timing constraints due to increasing the SCS, modify the UE timing parameter values and their associated signaling. 

Proposal 12: To accommodate timeline changes from the increased number of slots due to a possible increase in the SCS , increase the number of HARQ processes and/or increase the number of slots a HARQ codebook is tied to. 

PDCCH Monitoring 
In RAN1 #102-e, the following agreement was made:
	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



In Rel-15, PDCCH monitoring of search spaces is defined per slot with different feature groups defining a monitoring periodicity of once per slot (case-1) or multiple times per slot (case-2). Associated procedures such as overbooking and dropping are performed per slot. Also, the associated UE processing limits such as the maximum number of monitored PDCCH candidates per component carrier and the maximum number of non-overlapped CCEs per component carrier are also defined per slot. In Rel-16, PDCCH monitoring of search spaces for URLLC is defined per span (a sub-set of a slot), allowing multiple spans to be processed within a slot for SCSs of 15 kHz and 30 kHz. The associated procedures and the UE processing limits are defined per span.

With a reduction in the symbol duration associated with an increase in the SCS, the UE may be required an increase in its PDCCH processing capabilities compared with Rel-15/Rel-16 operation. In one simple example, an increase in SCS to 480 kHz may require processing 4 times as many slots as a 120 kHz system in the same amount of time. As such, the PDCCH processing procedure as well as the capability limits may need to be modified. 

As a first step, given that Rel-16 PDCCH monitoring for URLLC is only applicable to 15 kHz and 30 kHz, we may eliminate it from consideration i.e. no sub-slot based PDCCH monitoring as in Rel-15 Case 2. 

To manage the PDCCH monitoring complexity, we may simply use the Rel-15 Case 1 design and modify the UE processing limits accordingly. Alternatively, we may define PDCCH monitoring limits  over a group of slots as opposed to a slot  in Rel-15 or a span in Rel-16. This allows defining PDCCH complexity over multiple slots while scheduling single or multiple PUSCH/PDSCH instances within (same slot-group scheduling) or across slot groups (cross-slot/cross-slot-group scheduling). The PDCCH monitoring procedures such as overbooking and dropping as well as the UE processing limits may be defined over the slot group. A simple illustration is shown in Figure 8 below. This example mirrors FG 3-1 in Rel-15 in which PDCCH monitoring occurs in the first three symbols of the slot. In this case, PDCCH monitoring occurs within the first X symbols of the slot group. Alternatively, a mode that allows for PDCCH MO on any OFDM symbols in a slot group may be used as shown in Figure 9. In this case, unlike FG3-5b where (X, Y) is one of a set of (2,2), (4,3) or (7,3), X, Y and Z are SCS and slot group size dependent
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[bookmark: _Ref47718216]Figure 8: Slot group with X symbols at the beginning of the slot group
[image: A picture containing waterfall chart

Description automatically generated]



[bookmark: _Ref53757813]Figure 9: Slot group with X symbols at the beginning of the slot group



To improve any coverage issues with the PDCCH, potential enhancements to the CORESET such as beam cycling. In this case, for higher SCSs it may be necessary for the gNB to ensure that there is a gap between the CORESETS to allow the UE enough time to switch its beam from one CORESET to the other. 

Proposal 13: To reduce PDCCH monitoring complexity, reduce the limits per slot or define PDCCH monitoring limits  over a group of slots.

Proposal 14: Use beam cycling to improve the coverage of PDCCH with gaps between CORESETs to account for any beam-switching times.


Scheduling
In RAN1 #102-e,the following agreement was made:

	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



Frequency Domain Enhancements
As there may be a limited number of UEs per beam due to the narrow beams in this frequency band, there may be a need to increase the FDRA granularity to allow larger frequency allocations to each UE. for DL/UL Resource Allocation Type 0, this can be done by increasing the RBG sizes above the current limit of 16. For Resource Allocation Type 1, this can be done by modifying the Resource Indicator Value to use a minimum number of allocated RBs and conceptually change the resolution. In addition, the FDRA bit may be disabled to allow allocation to a single UE especially in the downlink. For UL scheduling, UEs that are stationary and near the cell center may also benefit from this. UEs near the cell edge may need to reduce their frequency allocation to enable them concentrate power in a smaller BW subject to PSD constraints and as such may need smaller allocations.

Time domain Enhancements
For the time domain, RAN1 should consider increasing the minimum time domain scheduling unit and support multi-PDSCH/PUSCH scheduling with one DCI to reduce the overhead of scheduling multiple PDSCH/PUSCH transmissions within the new scheduling unit. This differs from Rel-16 multi-TTI scheduling by (a) allowing both uplink and downlink multi-TTI scheduling (b) allowing for non-continuous transmission of PDSCH/PUSCH and (c) allowing for multiple TCI states to be signaled in case a UE may be scheduled with another beam or with another UE. The TCI state update may also be applied to Repetition Type-A or Repetition Type-B.

Scheduling Request
For the scheduling request, it may it may be desirable for a gNB to perform a dynamic polling of all the UEs to identify which UEs have data and modify its resource allocation accordingly otherwise a UE may be able to send an SR dynamically only when its beam pair is active. In addition, if there is a dynamic change in the beam pair or failure due to LBT, UE be unable to send SRs and request for resources.

Proposal 15: Support frequency domain scheduling enhancements, time domain scheduling enhancements and updates to the Scheduling request for NR operation above 52.6 GHz.  
Beam Management
In RAN1 #102-e, the following agreements were made:
	Agreement:
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
· Impact on BWP switching procedure due to new higher SCS, if supported
· System overhead impact from TDD switching time for larger subcarrier spacing



Propagation losses and penetration losses increase with increasing frequency. These losses are mitigated by  the use of analog or digital beam forming at the transmitter, the receiver or both. The small wavelengths at these frequencies facilitate the use of antennas with a large number of elements and result in a large number of beams with small beam widths. Enabling beam pair connectivity may require enhanced beam management procedures compared with Rel-15/Rel16 for both beam acquisition, beam tracking, beam-switching, beam failure detection (BFD) and beam failure recovery (BFR).
BFR mechanism enhancements
BFR in Rel-15 mandates the use of periodic CSI-RS with BFD and an associated PRACH for BFR. This requires that both gNB and UE are transmitting/receiving with the optimal beams when the CSI-RS for a candidate beam is sent or when the PRACH is to be sent. With LBT and/or with the possibility of flexible scheduling of beams by the gNB, it may become difficult to ensure that both gNB and UE either have the correct beams transmitting or the gNB is able to send the CSI-RS.  As an example, the possibility of LBT failure during a CSI-RS transmission for beam failure detection would require either the use of aperiodic CSI-RS for BFR or mechanisms to enable variation of the arrival times of the CSI-RS to accommodate any LBT failures. The aperiodic CSI-RS may schedule multiple, non-periodic CSI-RS transmissions with a single DCI. Alternatively, the solution proposed in Section 8.1.2 which utilizes a 10% overhead limit to allow transmission of short control channels could be used. In addition to missing possible CSI-RSs, the UE may have to modify its hypothetical PDCCH estimation to account for the fact that there may be failures due to LBT or due to the gNB not scheduling a beam in the required direction at the right time. This modification may be estimated autonomously by the UE or signalled by an indication from the gNB. The UE could decrement its BFI_counter on receiving an indication from the gNB that there was no CSI transmitted.  

Proposal 16: Support multiple non-periodic A-CSI-RS to mitigate the problem of LBT failure or allow for gNB scheduling flexibility in BFD. 

Proposal 17: Support modification of the hypothetical PDCCH used in BFD in the case that the RS for BFD is not sent by the gNB.
UE capabilities on beam switch timing and TTD switching
There are a variety of UE capabilities that need to be modified to account for a possible increase in SCS.  In cases where the CP of a symbol is too short, and a UE may not be able to switch its beams transparently within the CP, the capabilities may also need to be modified to account for an extra symbol to allow for symbol-based beam switching. These capabilities include the following:

	
	Channel
	Definition

	BeamSwitchTiming
	CSI-RS
	Minimum number of OFDM symbols between DCI triggering aperiodic CSI-RS and aperiodic CSI RS transmission

	BeamReportTiming
	CSI-RS
	Number of OFDM symbols between last symbol of SSB/CSI-RS and first symbol of transmission channel containing beam report

	TimeDurationforQCL
	PDSCH
	Minimum number of OFDM symbols required by UE to perform PDCCH and apply spatial QCL information received in DCI for PDSCH processing



NOTE that there may be a  need for a new dual parameter for PUSCH i.e. TimeDurationforQCL_PUSCH in case the beam that the UE receives the DCI on is not the beam it is to receive information on. 
To take into account the system overhead impact from TDD switching time for larger subcarrier spacing, the following parameters need to be modified
	Parameter/Concept
	Definition

	maxNumberRxTxBeamSwitchDL
	Maximum number of Tx + Rx beam changes a UE can conduct during a slot

	tdd-MultiDL-UL-SwitchPerSlot
	Support more than one switch point within a slot

	SFI Pattern
	Minimum number of OFDM symbols required by UE to perform PDCCH and apply spatial QCL information received in DCI for PDSCH processing



These parameters also need to take into account the reduced symbol duration due to an increase in SCS and possibility of a need for symbol level beam switching. For example, the parameters may be defined over a group of slots as opposed to a single slot. 
Proposal 18: Support modification of the following capabilities/concepts based on the SCSs selected and the need for symbol level beam switching:
· BeamSwitchTiming, BeamReportTiming, TimeDurationforQCL, maxNumberRxTxBeamSwitchDL, tdd-MultiDL-UL-SwitchPerSlot,  SFI Pattern

Conclusion
In this contribution, we have discussed the issues raised in the SID goal with a focus on the  feasibility of using existing waveforms for frequencies between 52.6 GHz and 71 GHz and have the following observations:
Observation 1: There is a need for multi-carrier operation to achieve the high bandwidth allocations in the unlicensed band between 52.6GHz and 71 GHz.

Observation 2: The total PN increases when compared to below 52.6 GHz operation.

Observation 3: By using  PN  ICI compensation, we can reduce the maximum SCS selected when compared with CPE compensation only.  

Observation 4: the delay spread to be supported sets a lower limit on the SCS.

Observation 5: As the SCS increases, there is a trade-off between the CP required for the delay spread after beamforming (reducing the cyclic prefix and increasing the irreducible noise floor), the phase noise (reducing the PN inter-carrier interference) and the bandwidth of operation.

Observation 6: for higher order modulation, an increase in the SCS from 120 kHz is needed for PDSCH/PUSCH transmission.

Observation 7: A maximum SCS of 480 kHz has been used for multiple elements of the Rel-15/Rel-16 specification. The use of SCS > 480 kHz should be justified to reduce the specification impact.

Observation 8: As expected, the PBCH BLER performance difference between 240 kHz, 480 kHz and 960 kHz is less than 0.5 dB.

Observation 9: Introduction of a DRS transmission window introduction will depend on (a) the 10% regulatory rule (b) relative duration of signals that may need to be transmitted without LBT and (c) the overall interference provided by these signals.


Based on these observations, we make the following proposals: 
Proposal 1:  NR operation above 52.6 GHz should support multi-carrier operation to achieve 2 GHz bandwidth utilization.  The BW candidates should be in multiples of 400 MHz. 

Proposal 2: A UE should be able to indicate a capability for a component carrier bandwidth/SCS combination to achieve 2 GHz transmission.

Proposal 3: Consider the use of a new PTRS and/or Phase Noise ICI compensation to improve performance to limit need for specifying higher SCS.

Proposal 4: Select 120 kHz, 240 kHz and 480 kHz as SCS candidates for NR operation between 52.6 GHz and 71 GHz.  

Proposal 5: RAN1 to study the need for selecting  960 kHz as an  SCS candidate considering specification impact and possible phase noise model changes from RAN4.

Proposal 6: The use of SCS above 240 kHz should be justified for the signals in the SS/PBCH block including the PSS, SSS and PBCH.
Proposal 7: Allow SSB transmission without LBT in an LBT environment provided load of non-LBT transmission is less than 10% within an observation window of 10 ms.
Define a DRS transmission for scenarios where the control signaling exceeds this threshold

Proposal 8: Support Pattern 1, 2 and 3 with additional support of 240 kHz for the SSB and 240 kHz for the Type0-PDCCH for SSB and Type0-PDCCH/RMSI multiplexing. 

Proposal 9: Support an  update to Rel-15 PTRS to enable improved ICI compensation.

Proposal 10:  To account for transmission with large SCSs in low coherence BW channels, 
· turn on or off the FD-OCC based on the scenario the channel is in 
· configure the UE with a DMRS pattern robust to frequency selective fading 

Proposal 11: To reduce the timing constraints due to increasing the SCS, modify the UE timing parameter values and their associated signaling. 

Proposal 12: To accommodate timeline changes from the increased number of slots due to a possible increase in the SCS , increase the number of HARQ processes and/or increase the number of slots a HARQ codebook is tied to. 

Proposal 13: To reduce PDCCH monitoring complexity, reduce the limits per slot or define PDCCH monitoring limits  over a group of slots.

Proposal 14: Use beam cycling to improve the coverage of PDCCH with gaps between CORESETs to account for any beam-switching times.

Proposal 15: Support frequency domain scheduling enhancements, time domain scheduling enhancements and updates to the Scheduling request for NR operation above 52.6 GHz.  

Proposal 16: Support multiple non-periodic A-CSI-RS to mitigate the problem of LBT failure or allow for gNB scheduling flexibility in BFD. 

Proposal 17: Support modification of the hypothetical PDCCH used in BFD in the case that the RS for BFD is not sent by the gNB.

Proposal 18: Support modification of the following capabilities/concepts based on the SCSs selected and the need for symbol level beam switching:
· BeamSwitchTiming, BeamReportTiming, TimeDurationforQCL, maxNumberRxTxBeamSwitchDL, tdd-MultiDL-UL-SwitchPerSlot,  SFI Pattern
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Appendix
[bookmark: _Ref40217125]Table 13: Analysis assumptions for waveform (45 GHz and 70 GHz)
	Assumptions
	Value

	Carrier frequency
	29.55, 45 GHz & 60 GHz 

	Channel 
	AWGN

	System bandwidth 
	45 GHz: 400 MHz, 
70 GHz: 400MHz, 2000 MHz

	Candidate SCSs
	120 kHz, 240 kHz, 480 kHz, 960 kHz

	UE antenna model
	(M, N, P, Mg, Ng) = (1, 1, 1, 1, 1) 

	TRP antenna model
	(M, N, P, Mg, Ng) = (1, 1, 1, 1, 1) 


	Phase noise model
	Follow the agreement in [11]
Uses PN model Example 2 of [14] of PN model 3. This models both a BS and UE PN model. 
Metric is the variance of the PN in rad2

	Phase noise Analysis
	Analysis is based on [6], [7], [8]
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