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Introduction
[bookmark: _Hlk510705081]The study item on supporting NR from 52.6 GHz to 71 GHz [1] was approved at RAN#86. Before that, 3GPP RAN studied requirements for NR beyond 52.6GHz up to 114.25GHz, potential use cases and deployment scenarios, and NR system design requirements and considerations on top of regulatory requirements [2]. 
This contribution deals with required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz. More specifically, we consider the following objectives of the approved study item [1]: 
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].
· Identify potential critical problems to physical signal/channels, if any [RAN1].

Applicable numerology
Numerology 
Support for multiple numerologies is one of the basic features in NR. Table 4.2-1 captured from TS 38.211 shows the transmission numerologies supported by Rel-15 NR. It is well known that larger subcarrier spacing leads to:
· larger carrier bandwidth for a given FFT size,
· smaller symbol duration and potentially lower latency,
· reduced sensitivity to phase noise, and
· reduced CP length (for a given CP overhead).

Table 4.2-1: Supported transmission numerologies 
	

	

	Cyclic prefix

	0
	15
	Normal

	1
	30
	Normal

	2
	60
	Normal, Extended

	3
	120
	Normal

	4
	240*
	Normal

	* not supported for data and control channels



NR Rel-15 supports BWP size of 275 PRBs, which requires 4k FFT. Based on that the maximum BWP size according to NR Rel-15 is 396 MHz (0.12 MHz*12*275). This is not enough for scenarios above 52.6 GHz where aggregated system bandwidth can be as high as 14 GHz. Increasing number of supported PRBs beyond 275 would result in significant specification impact to RAN1 and RAN2 since many parameters are designed based on this number. Therefore, larger subcarrier spacings needs to be introduced to (i) tackle phase noise, and (ii) to provide larger carrier bandwidth with reasonable FFT size and limited specification impact. As discussed in [2], one possibility to achieve this would be to maintain the NR numerology scaling principle but extend to higher numerologies, i.e. Δf = 2μ × 15 kHz with an appropriate range of possible integer values for μ. Table 1 shows the considered subcarrier spacing options for the 52.6 GHz to 71 GHz scenario. 
Proposal 1: Extend the numerology scaling framework defined in NR Rel-15 to higher numerologies with an appropriate range of integer values for μ.  
Proposal 2: Maintain the maximum number of RBs supported by NR specification also for NR scenario above 52.6 GHz, and support new numerologies (in red) in Table 1 for data and control channels.
 
[bookmark: _Ref31283969]Table 1. Candidate transmission numerologies for >52.6 GHz scenario
	

	

	Cyclic prefix

	3
	120
	Normal

	4
	240
	Normal

	5
	480
	Normal

	6
	960
	Normal

	7
	1920
	Normal

	8
	3840
	Normal


    
Channel bandwidth including maximum bandwidth
As discussed in [2], 802.11ad/ay systems currently support multiple of 2.16 GHz blocks in 52.6 GHz to 71 GHz unlicensed spectrum. In order to maximize the coexistence beween WiGig, it makes sense to consider 2.16 GHz as the baseline channelization for NR above 52.6 GHz. 
Proposal 3:  Support operation with CBW=2.16 GHz 
Increasing the subcarrier spacing will allow an increase in the transmission bandwidth. Further transmission bandwidth increases may be achieved by bonding multiple 2.16 GHz channels. Another solution is to increase the transmission bandwidth with carrier aggregation. We think that both options need to be supported. Figure 1 shows different options for a wide transmission bandwidth based on 4k FFT and CBW of 2.16 GHz. It can be noted that
· 960 kHz SCS can support only one 2.16 GHz channel. 
· 1920 kHz SCS can support up-to 3 channels (CBW of 6.48 GHz)​
· 3840 kHz SCS can support up-to 6 channels (CBW of 12.96 GHz)  
In order to support wideband operation with a reasonably low number of component carriers it is recommended that at least 960 kHz and 1920 kHz subcarrier spacings be supported.
Proposal 4:  Support both channel bonding and CA between 2.16 GHz channels
Proposal 5:  Support at least 960 kHz and 1920 kHz SCS (3840 kHz SCS is FFS).
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[bookmark: _Ref31283938]Figure 1. Possible options for bonding and carrier aggregation, CBW=2.16 GHz.

One of the basic features of NR is variable bandwidth operation. We think that narrowband operation within a 2.16 GHz channel should be enabled. A natural starting point based on NR defined for FR2 would be to support 400 MHz transmission bandwidth as a bandwidth option for 60 GHz scenario (support for BW < 400 MHz is FFS). It can be noted that 400 MHz bandwidth is sufficient to provide a high EIRP under conditions with limited maximum power spectral density (dBm/MHz). In addition to the 400 MHz bandwidth category (supported already by FR2), 800 MHz and 1600 MHz BW categories need to be considered as well. Furthermore, we think that carrier aggregation should be enabled not only between 2.16 GHz channels (discussed above) but also within a 2.16 GHz channel. This would enable maximal reuse of FR2 hardwarde in the 60 GHz scenario. Furthermore, it would provide efficient coexistence among UEs operating according to different bandwidth capabilities. 
Figure 2 shows an example where 2.16 GHz channel is split into five sub-channels of 432 MHz. We think that sub-channelization needs to be considered in order to facilite efficient interference management for narrowband operation (e.g. to avoid partial overlap between transmission from adjacent gNBs). Sub-channels can also reduce the UE complexity related to cell search.
 
Proposal 6:  Consider n x 400 MHz, n=[1, 2, 3] as supported channel BW options for​ operation within a 2.16 GHz channel 
· Support for BW <400 MHz is FFS 
· Support also CA within 2.16 GHz channels.

Proposal 7:  Consider sub-channelization for 2.16 GHz channels to enable narrowband operation.
[image: ]
[bookmark: _Ref31283897]Figure 2. Five subchannels within a 2.16 GHz channel

[bookmark: _Ref31290737]Cyclic prefix & beam switching gap
One of the discussion points for the new numerologies is the need for extended CP length. It’s well known fact that when the subcarrier spacing doubles, the CP lengh reduces by 50%. At the moment, ECP is supported as a configuration option only for 60 kHz SCS. Extended CP has relatively large CP overhead (20%) compared to that of normal CP (6.7%). On the other hand, ECP will increase the CP length considerably (by a factor of 3.6). Based on those aspects, we think that the ECP needs to be considered for 60 GHz scenario. 

Proposal 8:  Study the need for ECP length at least for the highest SCSs

In FR2 beam switching is assumed to take place during CP. This may not be a valid assumption anymore when using the highest SCSs. In these cases, there could be a need to reserve a separate guard time (one or more full symbols) for beam switching at the gNB. In most cases, this can be made by gNB implementation. However, there can be scenarios where beam switching gap need to be taken into account. Those scenarios for example include SSB sweep provided that a high SSB SCS is supported.
Proposal 9:  Study the impacts of beam switching gap on NR physical layer design extended to higher SCSs

Phase noise 
As discussed in [2], carrier frequency offset and phase noise is much higher in spectrum beyond 52.6 GHz because of imperfections in the PA and crystal oscillator are more pronounced than at lower bands. In addition, Doppler shift/spread is larger with increasing carrier frequency. As a result, improving the robustness on frequency offset and phase noise is one of the key requirements for systems operating on bands above 52.6 GHz. Phase noise is an important factor defining which subcarrier spacing should be used in spectrum beyond 52.6 GHz.
In this section, we investigate the link performance of CP-OFDM and DFT-S-OFDM under conditions of phase noise. We consider all subcarrier spacing values shown in Table 2. Phase noise models from Section 6.1.11 of TR 38.803 are used which assume different models for BS and UE. The phase noise model as well as all the simulation parameters are captured in Figure 17 and Table 4 of the Appendix, respectively.

[bookmark: _Ref32998593]Impact of phase noise on CP-OFDM waveform
Rel. 15 OFDM uses distributed PTRS in frequency. This allows the receiver to estimate only the common phase error (CPE) part of the phase noise. To see the PN compensation capability in >52.6 GHz carrier frequency, Rel-15 maximum PTRS allocation is used, where the PTRSs are inserted in every second PRB and every OFDM (PDSCH) symbol. The performance of this configuration for different subcarrier spacings is shown in Figure 3 (left). Based on the results, we make the following observations.
Observation 1: Only QPSK and 16-QAM can be supported with SCS<960 kHz
Observation 2: 64-QAM requires at least 960kHz (or 1920kHz SCS) 
Observation 3: 256-QAM requires 3840kHz SCS 
Observation 4: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
The problem with current PTRS in OFDM is that it enables only CPE compensation, while the inter-carrier interference becomes more important in higher carrier frequencies. Another option for PTRS allocation is to use so called block-PTRS, where PTRSs are allocated in a frequency contiguous block of consecutive PTRSs. This enables the receiver to estimate the ICI components in frequency domain. The performance of this method is shown in Figure 3 (right), where a single block of 48 PTRS symbols is used in frequency domain (thus having significantly less PTRS overhead than in the Rel-15 case). It is observed that this method can enable efficient compensation and even 120kHz SCS can be used for 256-QAM. As discussed in Section 4.1, usage of 120kHz SCS improves system coverage.
Observation 5: Block-PTRS can enable efficient compensation with lower PTRS overhead and enable using 120kHz SCS for up to 256-QAM.
Proposal 10: Support at least 960kHz and 1920kHz SCS for OFDM to enable use of high-order modulations with current PTRS designs.
Proposal 11: Consider block-PTRS for OFDM.  
Proposal 12: Support also SCS of 120kHz for OFDM for better system coverage compared to higher SCS. 


[bookmark: _Ref31283879][bookmark: _Ref31283871]Figure 3. OFDM performance under Rel. 15 PTRS configuration and block-PTRS configuration (right).

Impact of phase noise on DFT-S-OFDM waveform
SC-FDMA is supported in FR2 uplink for coverage-limited cases. SC-FDMA uses pre-DFT PTRS design, where the PTRSs are inserted in time-domain in clusters of 2 or 4 PTRS symbols. This enables the receiver to follow and track the time-domain PN variations within each SC-FDMA symbol. The compensation method used here is to calculate the mean of each PTRS cluster and then interpolate between the clusters. The maximum PTRS overhead in the specification is to use 8 clusters of 4 PTRS symbols, which is used as a baseline here. The performance of this configuration is shown in Figure 4 (left). When compared with OFDM results shown in Figure 3 (left), it is observed that SC-FDMA is significantly more robust to PN than Rel-15 OFDM.
Although Rel. 15 SC-FDMA performs well, 256-QAM cannot be supported with 120kHz SCS, and there are some performance losses with smaller SCSs. The right side of the Figure 3 shows the performance when the number of PTRS clusters is increased to 12 (which means 48 PTRSs per each symbol as in OFDM block-PTRS case). It is observed that now all the SCSs work well even with 120kHz SCS.
Observation 6:.SC-FDMA is more robust under phase noise than OFDM.
Observation 7: New PTRS configurations for SC-FDMA can enable the use of current numerologies with all MCSs.
Proposal 13:  Consider supporting 960kHz SCS for SC-FDMA to robustly enable all MCSs.
Proposal 14:  Consider defining new PTRS configurations for SC-FDMA.
Proposal 15:  Support also current numerologies for SC-FDMA including 120kHz SCS.


[bookmark: _Ref31186553]Figure 4. SC-FDMA performance under Rel. 15 PTRS (left) and increased PTRS overhead (right).

Support for rank2 for DFT-S-OFDM
In Rel-15 uplink DFT-s-OFDM, only rank-1 transmission is supported. However, single-port transmission is inefficient in providing high throughput with reasonable coverage, while low-PAR transmission mode (i.e., low-order modulations) with spatial multiplexing (SU-MIMO) will likely provide better performance in above 52.6 GHz scenario with DFT-s-OFDM. The reason is that SU-MIMO allows to use lower order modulation for the same rate resulting in improved coverage compared to higher order modulation. This is due to the fact that PA output power back-off increases significantly when increasing modulation order. Furthermore, use of higher modulation order is more limited by phase noise, further reducing the coverage. Thus, the best way to provide larger throughput with reasonable coverage is to increase transmission rank and use SU-MIMO. 
Figure 5 shows the required SNR to reach 10% BLER target in rank-1 and rank-2 transmission. Simulation assumptions are shown in Table 4. It is observed that e.g., rank-2 QPSK requires 3dB lower SNR than rank-1 16-QAM, which achieves the same throughput. As another example, rank-2 16-QAM requires 7-10dB lower SNR than rank-1 256-QAM to achieve the same throughput. Taking into account the difference in required PA output power back-off between the modulations (e.g., 2.5-3dB between QPSK and 16-QAM, and 4-5dB between 16-QAM and 256-QAM), it is evident that rank-2 for lower-PAR modulations will be significantly more efficient communication scheme to achieve good coverage.
Observation 8: Rank-2 SU-MIMO for DFT-s-OFDM is significantly better than rank-1 transmission in achieving good throughput with reasonable coverage.
Proposal 16: Consider supporting rank-2 SU-MIMO for DFT-s-OFDM.
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[bookmark: _Ref31364124]Figure 5. Comparison of the required SNR to reach 10% BLER target with rank-1 and rank-2 in 60GHz carrier frequency.

Initial access
Numerology
In cell search UE tries to detect SSB(s) of an NR cell. SSB consists of PSS, SSS and PBCH as described in Figure 6. PSS and SSS sequences occupy one symbol each while PBCH occupies three symbols of the 4-symbol SSB where in the symbol SSS is allocated PBCH REs are allocated around the SSS. NR defines two subcarrier spacings for the SSB transmission in FR2: 120 kHz (μ = 3) and 240 kHz (μ = 4). 



[bookmark: _Ref31284033]Figure 6 Time-frequency structure of SSB [GPP TS 38.300, Figure 5.2.4-1].

Considering robustness against phase noise it’s noted that PBCH has DMRS in each OFDM symbol where PBCH REs are allocated. Based on that and given the low operating SNR regime it is noted that PBCH using QPSK modulation with the current FR2 numerologies would be robust against phase noise as illustrated in Section 2.4.1.
Observation 9: PBCH has DMRS in each OFDM symbol where PBCH REs are allocated.
Observation 10: PBCH using current FR2 numerologies is robust against phase noise. 
Regarding unlicensed scenario in 60 GHz spectrum and regulated PSD limit in CEPT scenarios c1 and c2 is 23 dBm/MHz and maximum allowed EIRP limit is 40 dBm while in CEPT scenario c3 corresponding values are 38 dBm/MHz and 55 dBm, respectively [3]. On the other hand, in Korea the regulated PSD is 13 dBm/MHz and max EIRP being 43 dBm [3]. Achievable EIRPs for the signals in the SSB according to CEPT scenarios c1, c2, c3 and in Korea are provided in Figure 4. It can be observed that with current FR2 numerologies max allowed EIRP in each scenario cannot be achieved for PSS and SSS, and can be achieved only with 240 kHz for PBCH for CEPT c1, c2 and c3. 
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[bookmark: _Ref31286737]Figure 7 Achievable EIRPs for signals of SSB in CEPT c1, c2 and c3 scenarios.

Observation 11: With current FR2 numerologies max allowed EIRP 40 dBm in CEPT scenarios c1 and c2, 55 dBm in CEPT scenario c3 as well as 43 dBm in Korea cannot be achieved for PSS and SSS but can be achieved only for PBCH with 240 kHz in CEPT c1, c2 and c3 scenarios. 
On the other hand, benefits of reusing FR2 numerologies for both SSB and Type0-PDCCH would be: 1) No CP length reduction and 2) Possibility to reuse FR2 implementation for the initial access.
Observation 12: Benefits of reusing FR2 numerologies for both SSB and Type0-PDCCH would be:
· No CP length reduction
· Possibility to reuse FR2 implementation for the initial access

Proposal 17: Regarding SSB numerologies: 1) Support existing SSB numerologies and 2) study further need for new numerologies for SSB and Type0-PDCCH design.

SSB pattern
3GPP TS 38.213, Section 4.1, defines time domain mapping of SSBs to slots within a 5 ms half-frame. In FR2, up to 64 SSB positions are provided within the half-frame for both 120 and 240 kHz SSB numerologies. Figure 8 illustrates SSB mapping using 120 or 240 kHz SCS to two slots defined by 120 kHz numerology. 
[image: ][image: ]
[bookmark: _Ref33001176]Figure 8 Time domain mapping of SSBs to slots (shown two slots of 120 kHz numerology).
As WID states, up to 64 SSB are considered and thus it can be observed that FR2 SSB time domain mapping pattern of SSBs can be reused also at above 52.6 GHz if the FR2 SSB numerologies are used. 
Observation 13: FR2 SSB time domain mapping pattern of SSBs can be reused above 52.6 GHz if the FR2 SSB numerologies are used.
In case of higher subcarrier spacings applied for the SSB the new patterns may need to studied e.g. due to the reason that beam switching at the transmitter may not be possible within a fraction of CP as assumed in FR2 like discussed in [3]. That would require e.g. a time domain gap between consecutive SSBs. 
Observation 14: Higher subcarrier spacings applied for the SSB would require study for time domain mapping of SSBs since time domain gap might be needed between consecutive SSBs because of reduced CP lengths. 

SSB and Type0-PDCCH/RMSI multiplexing
SSB and CORESET for Type0-PDCCH multiplexing patterns in FR2 are provided in [3GPP TS 38.213, Section 13]. Three different patterns (1, 2, 3) are defined and supported in FR2, principles illustrated in Figure 9. As can be seen both TDM and FDM multiplexing patterns are supported. Further, in TDM multiplexing (pattern 1) Type0-PDCCH can be configured with time offset of 0, 2.5, 5 or 7.5 ms relative to SFN boundary. In multiplexing patterns 2 and 3 Type0-PDCCH monitoring occasion is always in the same or previous slot where associated SSB is located. 
[image: ]
[bookmark: _Ref31289169]Figure 9 SSB and CORESET for Type0-PDCCH multiplexing patterns.

The following subcarrier spacing combinations are supported in FR2 for (SSS, Type0-PDCCH):
· (SSB, Type0-PDCCH): (120, 60) kHz
· Applicable patterns: 1, 2
· (SSB, Type0-PDCCH): (120, 120) kHz
· Applicable patterns: 1, 3
· (SSB, Type0-PDCCH): (240, 60) kHz
· Applicable patterns: 1
· (SSB, Type0-PDCCH): (240, 120) kHz
· Applicable patterns: 1, 2

It’s considered that existing FR2 SSB and Type0-PDCCH multiplexing patterns can be reused above 52.6 GHz as well due to:
· existing support for both TDM and FDM multiplexing for SSB and Type0-PDCCH
· existing support for different numerologies for SSB and Type0-PDCCH, if needed.

Observation 15: Existing FR2 SSB and Type0-PDCCH multiplexing patterns are a good starting point for above 52.6 GHz operation. 

PRACH
Rel. 15 FR2 supports only PRACH preamble sequence length of 139. Supported subcarrier spacings for PRACH are 60 and 120 kHz. As shown in Figure 10 achievable EIRP would be at maximum 35 dBm in unlicensed spectrum assuming a regulated PSD limit of 23 dBm/MHz according to CEPT scenarios c1 and c2. 
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[bookmark: _Ref31291003]Figure 10 Achievable EIRP for PRACH preamble sequence length 139 with regulated PSD 23 dBm/MHz (CEPT c1 and c2).
On the other hand, Rel. 16 NR-U introduced new PRACH preamble lengths 571 and 1151. Using those new sequence lengths 40 dBm EIRP can be achieved as shown in Figure 11.
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[bookmark: _Ref31356121]Figure 11 Achievable EIRP for PRACH preamble sequence lengths 571 and 1151 with regulated PSD 23 dBm/MHz (CEPT c1 and c2).

Observation 16: Introducing longer sequence lengths for short time domain PRACH preambles, e.g. the ones supported in Rel-16 NR-U (571 and 1151), would allow transmitting device to achieve 40 dBm EIRP maximum in CEPT scenarios c1 and c2.
Scheduling & HARQ
Coverage
Link budget reduces roughly by 3dB when the subcarrier spacing doubles. The reason behind is that the symbol and slot duration scales down when SCS increases and transport blocks may not be mapped across multiple slots. ​At the same time, the achievable Tx power does not increase when increasing the subcarrier spacing. This means that the power spectral density reduces with increasing subcarrier spacing for the same number of subcarriers. ​
Observation 17: Numerology scaling reduces the cell coverage
Furthermore, there might be a desire to reuse the same sites for mmWave radios operating on different frequency bands. However, the link budget difference between SCS 120 kHz (a typical SCS for FR2) and 960 kHz (a candidate SCS for above 52.6 GHz) is as high as 9 dB (10*log10(960/120)) in addition to the path loss difference between the frequency bands. 
NR Rel. 16 supports semi-static repetition for PDSCH and PUCCH, and both semi-statically and dynamically indicated repetition for PUSCH. However, there is need for additional coverage enhancements e.g. for PDCCH with higher SCS. ​

Observation 18: There is a benefit in maintaining the same mmWave sites while coverage of higher SCS reduces significantly.
Proposal 18: Consider coverage enhancements for channels and signals with higher SCS.

Scheduling and PDCCH monitoring
Another aspect of new SCS introduction is the minimum processing time defined for NR UE, such as PDSCH processing time prior sending ACK (N1), and PUSCH preparation after receiving UL grant (N2) when operating according to a high subcarrier spacing.  ​
Ideally, minimum processing times would be constant in units of symbols for all SCS. However, the numbers seem to increase with SCS, as shown in Table 5.3-1 and Table 6.4-1 (TS 38.213). With this assumption, there is a need to revisit NR scheduling mechanism. Otherwise, for example, UL/DL ratio may become limited due to excessive PUSCH scheduling delay.

Observation 19: Scheduling principle needs to be revisited for the cases with high SCS
Furthermore, PDCCH monitoring becomes too frequent and too complex when using a high SCS with short slot duration and it consumes too much UE power. This is visible already in FR2 specifications: based on NR R15, PDCCH monitoring capability reduces quite significantly with increased subcarrier spacing as shown in Figure 12 below (based on TS 38.213 v.15.8.0). ​Further decrease is expected for higher SCSs relevant to scenarios >52.6 GHz.​ Based on this trend, CCEs less than 16 would not allow even one AL16 candidate per slot. This should be the lowest number we could tolerate for 960kHz slot. There is a question whether 16CCE per 960kHz slot -capability is feasible based on shown extrapolation, and power consumption.
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Figure 12. Maximum number of monitored PDCCH candidates per slot and per serving cell.

Observation 20: For high SCS, such as 960kHz and above, PDCCH monitoring capabilities, and especially channel estimation capability of number of unique CCEs per slot is expected to reduce below tolerable limit.
PDCCH monitoring frequency could be reduced, however assuming baseline (mandatory NR), to achieve continuous reception in DL, the UE must receive PDCCH in each slot (15.6us for 960 kHz SCS). This is due to limitation on the number of received DL assignment per slot as shown in below excerpt. ​
Excerpt from Feature 3-1
	5) Processing one unicast DCI scheduling DL and one unicast DCI scheduling UL per slot per scheduled CC for FDD
6) Processing one unicast DCI scheduling DL and 2 unicast DCI scheduling UL per slot per scheduled CC for TDD



This restriction could be alleviated with optional Feature 3.5b, which supports up to 7 unicast DCI per PDCCH slot in different monitoring spans, however, to provide continuous scheuduling UE must also support another optional feature 5-30(a) of K0>0. In other words, implementation of optional capabilities would be required to reduce PDCCH monitoring. 
The other, already mentioned issue is coverage. While repetitions were introduced for PDSCH, PUSCH and PUCCH in Rel-15, time domain repetition for PDCCH has not been even considered. 

In order to improve the situation, scheduling unit size could be increased to achieve PDCCH monitoring rate comparable with lower subcarrier spacing (120 kHz SCS), as shown in Figure 13. This can be achieved e.g. by defining a monitoring unit as 8x14 (=112) OFDM symbols with 960 kHz SCS (i.e. ~0.125 ms)​, and would require
· support for Multi-PDSCH DCI for reaching peak data-rates – already supported for PUSCH in Rel-16​ or alternatively support of capability similar to 3-5b which enables at most 7 DL assignments per slot.
· restriction to frequent monitoring that could avoid issues with PDCCH monitoring capability & power consumption. ​

[image: ]
Figure 13. Scheduling options for 120 kHz and 960 kHz subcarrier spacings.

Proposal 19: Consider increase of the minimum scheduling/ PDCCH monitoring unit to avoid excessive increase in PDCCH monitoring rate
· Study different options to increase the scheduling/monitoring unit length.

Proposal 20:  Determine BD/CCE limits based on nominal scheduling/monitoring unit​ such as slot of e.g. 120kHz (defined in R15)/240kHz (FFS). 

PUCCH 
Semi-static PUCCH repetition is supported already in Rel. 15 NR and may be used, when necessary, to compensate for the coverage loss due to larger SCS and short symbol duration. When considering phase noise, it can be noted that PUCCH uses QPSK and is designed to perform well with low operating SNR. Hence, PUCCH is robust against phase noise.
On other hand, the regulatory limits for maximum PSD needs to be considered for operation on the 60 GHz unlicensed band. For example, PSD limit of 23 dBm/MHz is required in Europe while significantly lower limit is of 13 dBm/MHz is required in Korea. In Rel.15, PUCCH formats 0,1, and 4 are limited to 1 PRB allocation. The maximum EIRP values for 1 PRB allocation is tabulated in Table 2 for different SCS values with 23 dBm/MHz and 13 dBm/MHz PSD limits. As can be seen, the maximum allowed EIRP should be increased by allocating more PRBs for PUCCH, especially in the case of lower SCS values.   
In Rel.16 NR-U, interlaced allocation is introduced for NR. However, as the PRB is wider than 1 MHz for SCS of 120 kHz and above, interlaced allocation is not a resource efficient way to increase max. EIRP at 60 GHz band. Instead, the use of interlaced allocation would just result in a fragmented allocation in frequency without any benefits. We prefer that PUCCH PRBs are allocated contiguously in frequency on 60 GHz band.
The number of used PRBs can be controlled by configuration for PUCCH formats 2 and 3. However, the number of supported PRBs should be increased at least for PUCCH formats 0 and 1, or the use of PUCCH formats 2 and 3 should be supported for SR only transmission and during initial access, before dedicated PUCCH configuration.  
Proposal 21: Consider support for contiguous multi-PRB allocation for PUCCH format 0 and format 1 or use of PUCCH format 2 and format 3 for SR and before dedicated PUCCH configuration. 
    
[bookmark: _Ref33693478]Table 2. Maximum EIRP for 1 PRB allocation for 23 dBm/MHz and 13 dBm/MHz PSD limits
[image: ]

MIMO & Beam Management
In certain unlicensed scenario regulated maximum allowed EIRP limits (e.g. CEPT scenarios c1 and c2 with 40 dBm max EIRP) are such that larger arrays compared to FR2 may not be needed. Thus, beam dimensioning based on FR2 would be enough, e.g. in terms of maximum number of supported SSBs, and beam management procedures developed in Rel. 15 and Rel. 16 are expected to provide a good baseline for unlicensed operation above 52.6 GHz. On the other hand, channel access mechanism(s) may have impact on the beam management. Depending on the co-existence scheme, use of periodic reference signals in beam management (e.g. in beam failure detection) may need to be reconsidered. However, as there are no agreed rules for the channel access in place it’s premature to evaluate the impacts. A similar observation can be made for the CSI measurement and reporting framework developed in FR1 and FR2.
Observation 21: Beam management procedures developed in Rel15 and Rel16 provide a good baseline for unlicensed operation above 52.6 GHz. 
Observation 22: Applied coexistence mechanism(s) should be clarified before impact on beam management and the CSI measurement and reporting framework can be fully evaluated.
In licensed scenario, larger arrays would be needed above 52.6 GHz in order to maintain the same coverage footprint as an FR2 deployment with the same overall transmit power. For instance, the path loss difference at 28 GHz and 73 assuming Urban Micro (LOS and NLOS) is around 9 dB. Upon that, typically achievable PA transmit power tends to decrease as a function of carrier frequency. To compensate for the increased path loss and reduced PA transmit power capability, larger arrays in terms of number of antenna elements and number of PAs would be needed above 52.6 GHz. Exploiting the full array gain with a larger number of antenna elements results in narrower beamwidths thus increasing the sensitivity to blockage and beam mis-alignment between the gNB and the UE . Techniques like multi-TRP connectivity and fast beam recovery/beam re-alignment would be needed. It’s to be noted that connectivity and robustness improvements are being developed for FR2 in the MIMO WID under the multi-beam enhancements and multi-TRP agenda items, and those improvements are also expected to be valid solutions for above 52.6 GHz operation. 
Observation 23: As the UE moves in a cell, the likelihood of blockage and beam mis-alignment increases with decreasing beamwidths used by the gNB. 
Observation 24: Connectivity and robustness improvements are being developed for FR2 in the MIMO WID under multi-beam enhancements and multi-TRP agenda items, and those improvements are also expected to be valid solutions above 52.6 GHz operation.
Achievable Transmit Power
Practically achievable maximum transmit power for NR on 52.6-71 GHz depends on the number of practical implementation imperfections while also ensuring that number of different requirements like out of band spectrum emission mask (SEM), occupied bandwith (OBW), modulation quality measured in terms of EVM (Error Vector Magnitude) and in-band emissions (IBE). We have performed RAN4 type of MPR (Maximum Power Reduction) simulations for a Power class 3 UE (max. 23 dBm transmission power) using practical PA model to analyse how much the maximum UE Tx power may need to be reduced for meeting these different requirements and which of the requirement is the limiting factor for the achievable UE Tx power.  
As NR on 52.6 – 71 GHz may operate either on unlicensed and licensed bands, the simulations are conducted for both using the unlicensed and licensed band spectrum emission masks. For the unlicensed band simulations the out of band emission mask requirements in [4] are used. For the licensed band simulations we have utilized the FR2 SEM and ACLR requirements in TS38.101-2. In all the simulations the FR2 UE in-band emission, OBW and EVM requirements in TS38.101-2 are used. Also we have used similar IQ-Image and LO leakage impairments as currently allowed for FR2 UEs in TS38.101-2. 
In Figure 14 spectrum emission masks for the unlicensed and licensed band (based on FR2) are compared. With red solid line, spectrum emission mask for licensed operation is shown. In addition, the black lines illustrate the spectrum emission masks for unlicensed operation, according to [4], in two different scenarios. The solid lines (blue for the TX output spectrum and black for the mask) show one RB edge scenario and the dashed lines (again blue for the TX output spectrum and black for the mask) show the full allocation scenario in the channel. Based on this comparison, it can be seen that the unlicensed spectrum can be either more or less limiting than the licensed operation spectrum emission mask, depending on the power spectral density of the transmitted allocation.
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[bookmark: _Ref40103013]Figure 14: Comparison of spectrum emission requirements for the unlicensed band [4] and licensed band using FR2 assumptions.
In the simulations we have analysed what is limiting factor for the achievable transmit power; SEM, EVM, IBE or EVM for the achievable Tx power i.e. which one of the requirements defines how much MPR (Maximum Power Reduction) is needed. The actual needed MPR values are also evaluated for the each simulation case. In our simulations the results for the unlicensed and licensed band are very similar both for the required MPR and what is the limiting (gating) factor for the MPR performances. As an example, in Figure 15 of similar performance we have presented the MPR simulation results for the unlicensed and licensed band operations using the CP-OFDM and DFT-s-OFDM waveforms with 64QAM modulation and 400 MHz bandwidth and 120 kHz SCS. In the figures LCRB indicates the allocation width in the number of resources blocks and the RBstart indicates the lowest RB index of transmitted resource blocks.
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[bookmark: _Ref40104880]Figure 15: MPR performance comparison for the unlicensed and licensed band for CP-OFDM and DFT-s-OFDM waveforms with 64QAM modulation and 400 MHz BW and 120 kHz SCS

Next we present examples for the simulation results evaluating which requirement is the limiting factor for QPSK, 16QAM and 64QAM using 800 MHz bandwidth and 960 kHz subcarrier spacing, which is more robust SCS against phase noise than 120 kHz SCS used in the first results. Also other bandwidths and SCSs were simulated and also in the simulation results similar tendencies for the limiting requirement were observed.  Both CP-OFDM and DFT-s-OFDM are evaluated using the licensed band SEM limits. From these results we can see that for CP-OFDM EVM is the limiting factor for MPR performance in most cases. For DFT-s-OFDM in-band emission and occupied bandwidth is limiting the maximum output power with lower order modulations like QPSK but with higher order modulations also for DFT-s-OFDM EVM is mostly limiting the achievable maximum transmit power. In some cases also in-band emission limits are limiting the performance.
	[image: ]
	[image: ]

	[image: ]
	[image: ]

	[image: ]
	[image: ]


Figure 16: Evalutions of limiting factors for the achievable maximum transmit power with different modulations with 800 MHz and 960 kHz SCS

Observation 25: Based on our MPR (Maximum power reduction) simulations modulation quality (EVM) is often the limiting for the achievable maximum transmit for NR from 52.6 GHz to 71 GHz 
As discussed in the earlier sections, phase noise is limiting link performance especially with higher order modulations. These MPR simulation results show that the achievable maximum transmit power is often limited by the EVM performance especially with the higher order modulations. Also, phase noise is a significant contributor to EVM. In order to avoid further coverage reductions due to poor phase noise performance and large MPR for meeting the EVM requirements, it would be important to design NR from 52.6 GHz to 71 GHz so that phase noise degradations in link performance can be minimized.

Conclusion
In this contribution we have discussed the required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz. Based on the discussion and the simulation results we make the following observations and proposals:
Observations:
Observation 1: Only QPSK and 16-QAM can be supported with SCS<960 kHz
Observation 2: 64-QAM requires at least 960kHz (or 1920kHz SCS) 
Observation 3: 256-QAM requires 3840kHz SCS 
Observation 4: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
Observation 5: Block-PTRS can enable efficient compensation with lower PTRS overhead and enable using 120kHz SCS for up to 256-QAM.
Observation 6:.SC-FDMA is more robust under phase noise than OFDM.
Observation 7: New PTRS configurations for SC-FDMA can enable the use of current numerologies with all MCSs.
Observation 8: Rank-2 SU-MIMO for DFT-s-OFDM is significantly better than rank-1 transmission in achieving good throughput with reasonable coverage.
Observation 9: PBCH has DMRS in each OFDM symbol where PBCH REs are allocated.
Observation 10: PBCH using current FR2 numerologies is robust against phase noise. 
Observation 11: With current FR2 numerologies max allowed EIRP 40 dBm in CEPT scenarios c1 and c2, 55 dBm in CEPT scenario c3 as well as 43 dBm in Korea cannot be achieved for PSS and SSS but can be achieved only for PBCH with 240 kHz in CEPT c1, c2 and c3 scenarios. 
Observation 12: Benefits of reusing FR2 numerologies for both SSB and Type0-PDCCH would be:
· No CP length reduction
· Possibility to reuse FR2 implementation for the initial access

Observation 13: FR2 SSB time domain mapping pattern of SSBs can be reused above 52.6 GHz if the FR2 SSB numerologies are used.
Observation 14: Higher subcarrier spacings applied for the SSB would require study for time domain mapping of SSBs since time domain gap might be needed between consecutive SSBs because of reduced CP lengths. 
Observation 15: Existing FR2 SSB and Type0-PDCCH multiplexing patterns are a good starting point for above 52.6 GHz operation. 
Observation 16: Introducing longer sequence lengths for short time domain PRACH preambles, e.g. the ones supported in Rel-16 NR-U (571 and 1151), would allow transmitting device to achieve 40 dBm EIRP maximum in CEPT scenarios c1 and c2.
Observation 17: Numerology scaling reduces the cell coverage
Observation 18: There is a benefit in maintaining the same mmWave sites while coverage of higher SCS reduces significantly.
Observation 19: Scheduling principle needs to be revisited for the cases with high SCS
Observation 20: For high SCS, such as 960kHz and above, PDCCH monitoring capabilities, and especially channel estimation capability of number of unique CCEs per slot is expected to reduce below tolerable limit.
Observation 21: Beam management procedures developed in Rel15 and Rel16 provide a good baseline for unlicensed operation above 52.6 GHz. 
Observation 22: Applied coexistence mechanism(s) should be clarified before impact on beam management and the CSI measurement and reporting framework can be fully evaluated.
Observation 23: As the UE moves in a cell, the likelihood of blockage and beam mis-alignment increases with decreasing beamwidths used by the gNB. 
Observation 24: Connectivity and robustness improvements are being developed for FR2 in the MIMO WID under multi-beam enhancements and multi-TRP agenda items, and those improvements are also expected to be valid solutions above 52.6 GHz operation.
Observation 25: Based on our MPR (Maximum power reduction) simulations modulation quality (EVM) is often the limiting for the achievable maximum transmit for NR from 52.6 GHz to 71 GHz 
Proposals:
Proposal 1:  Extend the numerology scaling framework defined in NR Rel-15 to higher numerologies with an appropriate range of integer values for μ.  
Proposal 2:  Maintain the maximum number of RBs supported by NR specification also for NR scenario above 52.6 GHz, and support new numerologies (in red) in Table 1 for data and control channels.
Proposal 3:  Support operation with CBW=2.16 GHz 
Proposal 4:  Support both channel bonding and CA between 2.16 GHz channels
Proposal 5:  Support at least 960 kHz and 1920 kHz SCS (3840 kHz SCS is FFS).
Proposal 6:  Consider n x 400 MHz, n=[1, 2, 3] as supported channel BW options for​ operation within a 2.16 GHz channel 
· Support for BW <400 MHz is FFS 
· Support also CA within 2.16 GHz channels.

Proposal 7:  Consider sub-channelization for 2.16 GHz channels to enable narrowband operation.
Proposal 8:  Study the need for ECP length at least for the highest SCSs
Proposal 9:  Study the impacts of beam switching gap on NR physical layer design extended to higher SCSs
Proposal 10: Support at least 960kHz and 1920kHz SCS for OFDM to enable use of high-order modulations with current PTRS designs.
Proposal 11: Consider block-PTRS for OFDM.  
Proposal 12: Support also SCS of 120kHz for OFDM for better system coverage compared to higher SCS 
Proposal 13:  Consider supporting 960kHz SCS for SC-FDMA to robustly enable all MCSs.
Proposal 14:  Consider defining new PTRS configurations for SC-FDMA.
Proposal 15:  Support also current numerologies for SC-FDMA including 120kHz SCS.
Proposal 16: Consider supporting rank-2 SU-MIMO for DFT-s-OFDM.
Proposal 17: Regarding SSB numerologies: 1) Support existing SSB numerologies and 2) study further need for new numerologies for SSB and Type0-PDCCH design.
Proposal 18: Consider coverage enhancements for channels and signals with higher SCS.
Proposal 19: Consider increase of the minimum scheduling/ PDCCH monitoring unit to avoid excessive increase in PDCCH monitoring rate
· Study different options to increase the scheduling/monitoring unit length.

Proposal 20:  Determine BD/CCE limits based on nominal scheduling/monitoring unit​ such as slot of e.g. 120kHz (defined in R15)/240kHz (FFS). 
Proposal 21: Consider support for contiguous multi-PRB allocation for PUCCH format 0 and format 1 or use of PUCCH format 2 and format 3 for SR and before dedicated PUCCH configuration. 
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Appendix: Simulation assumptions
The numerology is chosen to fit maximum bandwidth to 2.16GHz channel as shown in Table 3. This is achieved with 960kHz using 4096 FFT size. For smaller SCSs, we use equal number of PRBs to keep the transmission block size and code rate constant, to see PN impact in a fair manner. Other parameters can be seen in Table 3, and the other simulation parameters can be seen in Table 4.
[bookmark: _Ref31284018]Table 3. Numerology related parameters
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[bookmark: _Ref31284023]Table 4 Simulation parameters for the phase noise evaluations.
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Phase noise models from Section 6.1.11 of TR 38.803 are used, which assume different models for BS and UE. These models support by definition the 20dB per decade scaling of the PSD as a function of carrier frequency. Figure X shows the PSD of the models for 60GHz carrier frequency.
[image: ]
[bookmark: _Ref35324275][bookmark: _Ref35324271]Figure 17 PSD of the PN models in 60GHz carrier frequency.
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