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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].[1] 
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].

The related conclusions from RAN1#101-E [5] have been copied in the Appendix 2. 
Applicable numerology
[bookmark: _Hlk46927459]Based on conclusions made in RAN1#101-E [5], companies are encouraged to provide inputs and considerations for the following identified physical layer aspects:
· Candidate numerology (SCS, and CP length) to be supported by RAN1 specification.
· Discussions may include how RAN1 should conclude on determination of the candidate numerologies
· Discussion may also include identification of any coupling with other system parameters, such as bandwidth (number of PRB), FFT size, etc
· Candidate bandwidths (or range of bandwidth) to be supported by RAN1 specification and related considerations (e.g. maximum FFT size)
· Discussions may include how RAN1 should conclude on determination of the candidate bandwidths.

In this section, we provide these inputs and considerations with technical justification. We think that link performance under conditions of phase noise should be used as a key factor when comparing different candidate numerologies. The performance depends not only on the SCS and waveform, but also on the PTRS configuration for data channels. 

Another factor for the numerology selection is the maximum bandwidth supported. There are connections between SCS and other system parameters. For example, the FFT size defines the maximum number of PRBs supported, and with given number of PRBs the SCS defines the maximum achievable BW. When selecting the candidate bandwidths, it makes sense to approach the problem from two angles (see details in Section 2.2):
1. Maximal reuse of existing NR design and implementation: 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.
2. Smooth coexistence between IEEE 802.11ad/ay. 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.
   
In order to proceed with the candidate numerology selection, we propose to decide the maximum FFT size first. Based on the company Tdocs submitted to RAN1#101-E, there seems to be wide consensus not to increase the FFT size. 

In addition to link performance and bandwidth capability, we need to consider also system and implementation complexity when defining the candidate numerologies for above 52.6 GHz. For example, from implementation point of view the highest SCSs can be seen as the most challenging options. Another complexity issue relates to mixed numerology operation. Is it enough to support new numerology options only for shared data channels requiring higher order modulation. This approach will automatically involve operation with multiple numerologies (one for control, another for data)? We touch these issues in Sections 4 and 5.

[bookmark: _Hlk47678599]Proposal 1: In addition to channel BW and link performance aspects, RAN1 should consider also implementation complexity associated with high SCSs when selecting the supported SCSs for above 52.6 GHz.

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 (3300 frequency bins), 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. 
[bookmark: _Hlk47678621]Proposal 2: Extend the numerology scaling framework defined in NR Rel-15 to higher numerologies with an appropriate range of integer values for μ.  
Proposal 3: Maintain the maximum number of RBs supported by NR specification also for NR scenario above 52.6 GHz.
[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
In [6], ITU-R recommends 2.16 GHz channel bandwidth for multiple gigabit wireless systems (MGWS) on the grounds that MGWS standards should employ the same channelization for better coexistence. 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. 
[bookmark: _Hlk47678632]Proposal 4:  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 (FFT utilization is ~53% with 96% BW occupancy). 
· 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 are supported. 
[bookmark: _Hlk47678637]Proposal 5:  Support both channel bonding and CA between 2.16 GHz channels

[image: ]
[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 supported. It will enable operation with a higher power spectral density, which has positive impact to the cell throughput in coverage limited scenarios, as shown e.g. in [7].
A natural starting point for narrowband operation 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 hardware 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.

[image: ]
[bookmark: _Ref31283897]Figure 2. Five subchannels within a 2.16 GHz channel.
 

[bookmark: _Hlk47678645]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.

[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 length 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). Simulation results in Section 2.4 show that delay spread 5 or 10ns does not have big impact on the result, except that 1920kHz SCS suffers some performance loss for 10ns. This indicates that the degradation may be due to the too small CP size. Based on that we think that the ECP needs to be considered only for scenarios with SCSs > 960 kHz. 

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 (See details in Section 3.2).
[bookmark: _Hlk47678658][bookmark: _Hlk47678664]Proposal 8:  Consider ECP only for scenarios with SCSs larger than 960 kHz.
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.
MPR simulations shown in Section 6 indicate that modulation quality (EVM) is often limiting the achievable maximum transmit power for NR from 52.6 GHz to 71 GHz. 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. This will emphasize the role of DFT-S-OFDM in UL, as well as the role of PTRS enhancements for both DL and UL. 
In this section, we investigate the link performance of CP-OFDM and DFT-S-OFDM under conditions of phase noise. We consider the subcarrier spacing values and bandwidths as agreed in [5]. 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 is captured in Figure 27 (TS 38.803), and the simulation parameters are summarized in Table 5 (Appendix 1).

[bookmark: _Ref32998593]Impact of phase noise on CP-OFDM waveform in downlink
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 PTRS allocation is used, where the PTRSs are inserted in every fourth PRB and every OFDM (PDSCH) symbol. The performance of this configuration for different subcarrier spacings is shown in Figure 3. 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 SCS=960 kHz with reasonable performance. 
Observation 3: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
Observation 4: Delay spread 5 or 10ns does not have big impact on the result, except that 1920kHz SCS suffers some performance loss for 10ns, which may be due to the too small CP size.

[bookmark: _Hlk47603211]The problem with current PTRS in CP-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 4, where a single block of PTRS symbols is used in frequency domain in the middle of the frequency band (having similar PTRS overhead as in the Rel-15 case). It is observed that this method can provide significant performance improvements with efficient PN compensation and even 120kHz SCS can be used for 64-QAM. The gains naturally increase with smaller SCS where the PN is more pronounced. As discussed in Section 4.1, usage of smaller transmission bandwidth (that can be supported with smaller SCS) improves system coverage.
[bookmark: _Hlk47603258]Observation 5: Block-PTRS can enable efficient compensation with similar and lower PTRS overhead and enable using 120kHz SCS for at least up to 64-QAM.
[bookmark: _Hlk47678673]Proposal 10: Support at least 960kHz and 1920kHz SCS for CP-OFDM to enable use of high-order modulations with current PTRS designs.
Proposal 11: Consider block-PTRS for CP-OFDM.  
Proposal 12: Support also SCS of 120kHz for CP-OFDM for better system coverage compared to higher SCS. 


[bookmark: _Ref47682043]Figure 3. CP-OFDM performance under Rel. 15 PTRS configuration in downlink.
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[bookmark: _Hlk47603439][bookmark: _Ref47436355]Figure 4. Comparison of CP-OFDM performance under Rel. 15 PTRS configuration (solid lines) and block-PTRS configuration (dashed lines) in TDL-A downlink.


Impact of phase noise on CP-OFDM waveform in uplink
In TDL-A uplink, the simulation setup differs so that there are no control channels, and the phase noise models are swapped between the TX and RX. The results in uplink TDL-A channel are shown in Figure 5, and the results are almost the same as for downlink case, and thus, the same conclusions can be drawn.


[bookmark: _Ref47436492]Figure 5. OFDM performance under Rel. 15 PTRS configuration in TDL-A uplink.

We also simulated results on CDL channels. In CDL case, the antenna configurations, channels and PN models are swapped compared to downlink case. Figure 6 shows results in CDL-B and CDL-D channels. The observations are quite similar as in TDL channel, i.e., 64-QAM cannot be supported for 120kHz and 240kHz subcarrier spacings. Also 480kHz SCS may be too small for 64-QAM in CDL-B channel, while it may be enough for CDL-D channel. Furthermore, 960kHz SCS seems to be suffering some error floor for 2GHz bandwidth in NLOS channel.


[bookmark: _Ref47436565]Figure 6. CP-OFDM performance under Rel. 15 PTRS configuration in CDL uplink.

Impact of phase noise on DFT-S-OFDM waveform in uplink
[bookmark: _Hlk47603687][bookmark: _Hlk47603888]DFT-s-OFDM is supported in FR2 uplink for coverage-limited cases. DFT-s-OFDM uses pre-DFT PTRS design, where the PTRSs are inserted in time-domain in clusters of 2 or 4 PTRS samples. This enables the receiver to follow and track the time-domain PN variations within each DFT-s-OFDM 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 samples. In the results, the PTRS configuration is chosen to give the same (or the closest) overhead compared to CP-OFDM. The performance under Release 15 configurations is shown in Figure 7. When compared with CP-OFDM results shown in Figure 5, it is observed that DFT-s-OFDM is significantly more robust to PN than Rel-15 OFDM. Note that since the maximum number of PTRS samples in Rel-15 DFT-s-OFDM is 32 per symbol, the overhead for 120kHz SCS is half compared to that of CP-OFDM, and still even 120kHz SCS works for 64-QAM. However, there is some performance loss still when using Rel. 15 PTRS configuration, which may be due to the Doppler effect. To this end, one may need to use another DMRS symbol, or this may require some PTRS improvements.
To further address the performance loss of 120kHz in 64-QAM, Figure 8 compares the performance when either 2 DMRS with Rel-15 PTRS is used, or then the PTRS overhead is increased for smaller subcarrier spacings using 64-QAM. In improved PTRS, we have used 12 blocks of 4 PTRS samples, which results in about 1.5% overhead for 120kHz SCS (compared with 1% in Rel-15 case). We can see both methods provide clear performance improvements, which indicates that either another DMRS symbol should be used, or new PTRS configurations should be considered especially for higher order modulations.
[bookmark: _Hlk47604146]Observation 6: DFT-s-OFDM is more robust under phase noise than CP-OFDM, and can enable use of smaller SCS with significantly smaller PTRS overhead. Even 120kHz can be supported for 64-QAM.
[bookmark: _Hlk47604171]Observation 7: New PTRS configurations for DFT-s-OFDM can provide significant performance improvements for higher-order modulations with smaller SCSs.
[bookmark: _Hlk47678685]Proposal 13:  Support 960kHz SCS for DFT-s-OFDM to robustly enable all MCSs.
Proposal 14:  Consider defining new PTRS configurations for DFT-s-OFDM.
Proposal 15:  Support also current numerologies for DFT-s-OFDM including 120kHz SCS.
[bookmark: _Hlk47603731]
[bookmark: _Ref47436776]Figure 7. DFT-s-OFDM performance under Rel. 15 PTRS in TDL-A uplink.

[image: ]
[bookmark: _Ref47436969][bookmark: _Hlk47604076]Figure 8. Comparison of Rel-15 PTRS with 1 DMRS (solid line), increased PTRS overhead (dashed line), and Rel-15 PTRS with 2 DMRSs (dash-dot line) for DFT-s-OFDM using 64-QAM..

To confirm that the conclusions are similar for CDL channels, Figure 9 shows the results for NLOS (CDL-B) and LOS (CDL-D) CDL channels. Again we can see that all the subcarrier spacings can be supported for all MCSs, although 120kHz SCS provides some performance loss for 64-QAM. However, as already illustrated above, this may be improved with new PTRS configurations. Results shown in Figure 9 show also that Normal CP seems to be sufficient also for CDL-B, 50 ns scenario. 
Observation 8. Normal CP seems to be enough for the considered channels.

[bookmark: _Ref47437026]Figure 9. DFT-s-OFDM performance under Rel. 15 PTRS in CDL uplink NLOS (left) and LOS (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. This has been mentioned also a topic requiring attention in RAN1#101-E discussions (“Supporting rank-2 SU-MIMO for DFT-s-OFDM”).
Figure 10 shows the required SNR to reach 10% BLER target in rank-1 and rank-2 transmission.In this case, we have used the fixed code rate 2/3 for each modulation. . 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.
[bookmark: _Hlk47679842]Observation 9: Rank-2 SU-MIMO for DFT-s-OFDM is significantly better than rank-1 transmission in achieving good throughput with reasonable coverage.
[bookmark: _Hlk47678694]Proposal 16: Consider supporting rank-2 SU-MIMO for DFT-s-OFDM.

[image: ]
[bookmark: _Ref31364124]Figure 10. Comparison of the required SNR to reach 10% BLER target with rank-1 and rank-2 in 60GHz carrier frequency.
Initial access
This section deals with initial access, which is one of the aspects highlighted in the conclusions made in RAN1#101-E [5]:
Companies are encouraged to provide inputs and considerations for the following identified physical layer aspects:
· Identification of potential impacts to PHY due to the candidate numerology and bandwidths 
· Discussion may include how to address the impacts to PHY channels and procedures, such as initial access, UL/DL signal/channel, scheduling/HARQ

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 11. 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 11 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.
[bookmark: _Hlk47679870]Observation 10: PBCH has DMRS in each OFDM symbol where PBCH REs are allocated.
Observation 11: 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. 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 12. 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. 
[image: ]
[bookmark: _Ref31286737]Figure 12 Achievable EIRPs for signals of SSB in CEPT c1, c2 and c3 scenarios.

[bookmark: _Hlk47679885]Observation 12: 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, 2) Possibility to reuse FR2 implementation for the initial access and 3) No need for explicit beam switching gap between consecutive SSBs
[bookmark: _Hlk47679890]Observation 13: Benefits of reusing FR2 numerologies for both SSB and Type0-PDCCH would be:
· No CP length or coverage reduction
· Possibility to reuse FR2 implementation for the initial access
· No need for explicit beam switching gap between consecutive SSBs

[bookmark: _Hlk47678702]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 13 illustrates SSB mapping using 120 or 240 kHz SCS to two slots defined by 120 kHz numerology. 
[image: ][image: ]
[bookmark: _Ref33001176]Figure 13 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. 
[bookmark: _Hlk47679900]Observation 14: 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 CP as assumed in FR2 like discussed in [4]. 
In Rel15 RAN4 made impact analysis of the beam switching in [3GPP 38.817-02, section 9.10]. In general, the study notes that “in order to prevent the DL performance degradation, the switching time should be at least less than cyclic prefix (CP) length”. Regarding the beam switching speed the following was noted: 
“The worst-case beam switching time is hence based on the analogue implementation and is estimated as < 100ns.” Based on that we propose the following assumptions would be taken when considering need for beam switching gap:
· Max 100 ns assumed as beam switching time
· If the CP is longer than 100 ns, no explicit gap is needed for the beam switching

[bookmark: _Hlk47678709]Proposal 18: The following assumptions are taken when considering need for the explicit beam switching gap:
· Max 100 ns assumed as beam switching time
· If the CP is longer than 100 ns, no explicit gap is needed for the beam switching

As can be seen from Table 2 CP length of 960 kHz SCS is shorter than assumed max beam switching time of 100 ns. Thus, the SSB pattern would need to redesigned at least for 960 kHz SCS. 
[bookmark: _Ref44599615]Table 2 CP lengths for different SCSs
[image: ]
[bookmark: _Hlk47679920]Observation 15: Higher subcarrier spacings applied for the SSB, like 960 kHz, would require new time domain mapping of SSBs since time domain gap would be needed between consecutive SSBs because of reduced CP length. 
In addition to beam switching gap, LBT (like directional LBT before each SSB transmission), if applied, may also require defining gap between SSB transmissions. However, currently channel access methods to be applied are FFS. 
[bookmark: _Hlk47678717][bookmark: _GoBack]Proposal 19: If SSB design is needed for 960 kHz SCS, design new SSB mapping pattern that allows beam switching gap of 100 ns and/or possible LBT gap between consecutive SSBs. 
Two principles could be considered for the new mapping pattern:
1) Take Case D (120 kHz) as a starting point and shift one (e.g. first SSB) one symbol apart from the other SSB in the slot as illustrated in Figure 14.

[image: ]
[bookmark: _Ref44669410]Figure 14 Two SSBs with 960 kHz SCS having one symbol beam switching gap between.
2) Define burst of SSBs with one symbol (as an example) beam switching gap between each where the burst length would correspond to the two SSB allocation using 120 kHz SCS. This is illustrated in Figure 15 in which there would be 13 SSBs within one burst and then 5 bursts would be needed for 64 SSBs. 

[image: ]
[bookmark: _Ref44669521]Figure 15 Burst of SSBs with 960 kHz SCS with one symbol beam switching gap between where the burst length corresponds to two consecutive SSBs with 120 kHz SCS. 

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 16. 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 16 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.

[bookmark: _Hlk47679931]Observation 16: Existing FR2 SSB and Type0-PDCCH multiplexing patterns are a good starting point for above 52.6 GHz operation. 
One possible change that would likely be needed would be to take into account beam switching gap and/or LBT gap when using 960 kHz SCS for the Type0-PDCCH. Currently, e.g. with {SSB, PDCCH/PDSCH} SCS being {120 kHz, 120 kHz} and multiplexing pattern 3, RMSI transmissions corresponding to consecutive SSBs in the slot would be transmitted without any gap as shown in Figure 17.
[image: ]
[bookmark: _Ref44676231][bookmark: _Hlk44674190]Figure 17 SSB and RMSI multiplexing pattern 3 in FR2.
To take into account beam switching gap and/or LBT gap, an example multiplexing pattern 3 type allocation is shown in Figure 18 that considers the SSB pattern from Figure 14.
[image: ]
[bookmark: _Ref44676503]Figure 18 SSB and RMSI multiplexing pattern with {SSB, PDCCH} SCS being {960 kHz, 960 kHz}.
[bookmark: _Hlk47679940]Observation 17: If SSB design is needed for 960 kHz SCS, changes would be needed to SSB and RMSI multiplexing patterns, and more specifically on the CORESET Type0-PDCCH time domain allocation to take into potentially required beam switching and/or LBT gap.
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 19 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. 
[image: ]
[bookmark: _Ref31291003]Figure 19 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 20.
[image: ]
[bookmark: _Ref31356121]Figure 20 Achievable EIRP for PRACH preamble sequence lengths 571 and 1151 with regulated PSD 23 dBm/MHz (CEPT c1 and c2).

[bookmark: _Hlk47679950]Observation 18: 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.
PHY procedures (other than initial access)
This section deals with PHY procedures (other than initial access), highlighted in the conclusions made in RAN1#101-E [5]:
Companies are encouraged to provide inputs and considerations for the following identified physical layer aspects:
· Identification of potential impacts to PHY due to the candidate numerology and bandwidths 
· Discussion may include how to address the impacts to PHY channels and procedures, such as initial access, UL/DL signal/channel, scheduling/HARQ

Coverage
[bookmark: _Hlk47350734]Based on RAN1#101-E discussions “maintaining cell coverage/link budget for high SCSs” has been mentioned as one topic requiring attention. 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. ​
[bookmark: _Hlk47679967]Observation 19: 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. ​

[bookmark: _Hlk47679976]Observation 20: There is a benefit in maintaining the same mmWave sites while coverage of higher SCS reduces significantly.
[bookmark: _Hlk47678730]Proposal 20: Consider coverage enhancements for channels and signals with higher SCS.

Scheduling and PDCCH monitoring
Based on RAN1#101-E discussions “Required processing timelines and scheduling” has been mentioned as one area requiring attention. It covers the following topics:
· “UE minimum processing timelines and PDCCH monitoring capabilities (BD/CCE limits) for high SCS and their potential impact on scheduling and HARQ functionality of NR
· CSI processing timeline and CSI processing unit availability for different SCS
· Handling of beam switching time for control/data channel transmission
· Scheduling operation, including the T/F scheduling granularity and PDCCH monitoring unit for high SCSs”

As said, an 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.

[bookmark: _Hlk47679986]Observation 21: 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 21 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.
[image: ]
Figure 21. Maximum number of monitored PDCCH candidates per slot and per serving cell.

[bookmark: _Hlk47679992]Observation 22: 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. 
In order to improve the situation, scheduling unit size should be increased to achieve PDCCH monitoring rate comparable with lower subcarrier spacing (120 kHz SCS), as shown in Figure 22. 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:
· Monitoring restriction: restriction to frequent monitoring that could avoid issues with PDCCH monitoring capability & power consumption and;
· Multi-slot scheduling: 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,

Monitoring restriction as such can be supported already with the existing PDCCH configuration. However, there is a need to determine the BD/CCE limits based on nominal scheduling/monitoring unit (such as slot according to 120 kHz SCS). And discuss potential restrictions on where within the scheduling unit PDCCH may be present. For multi-slot scheduling, we think that Multi-PDSCH DCI is the preferred option for reaching peak data-rates with reasonable PDCCH monitoring burden. One problem of multiple DCIs/slot is that it will increase the DCI overhead quite much (compared to Multi-PDSCH DCI). This will also increase the number of CCEs consumed, which will turn into the increased UE complexity. Moreover, Multi-PUSCH DCI 0_1 design during NR has been fairly straightforward and smooth process. ​
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. However, as shown in Figure 22, with repetition (slot aggregation), the PDCCH coverage can become the bottleneck (higher aggregation level alone does not improve the link budget/coverage). There are two basic solution to balance the PDCCH coverage with the repeated PDSCH. 
· Increased number of symbols available for PDCCH (the 3rd row in Figure 22): This can be done either by defining CORESET with increase length, or by means CORESET repetition (of existing length).
· Mixed numerology between PDCCH and PDSCH (the 4th row in Figure 22): use a lower SCS, such as 120 kHz, for PDCCH. This should be feasible from phase noise point of view and whould minimize changed to PDCCH. On the other hand, this is not allowed in Rel-15/16 NR.
We think that these two solutions need to be studied, and at least one solution for improved PDCCH coverage needs to be supported. 

[image: ]
Figure 22. Scheduling options for 120 kHz and 960 kHz subcarrier spacings.

[bookmark: _Hlk47678740]Proposal 21: Increase of the minimum scheduling/ PDCCH monitoring unit to avoid excessive increase in PDCCH monitoring rate
· Support Multi-PDSCH DCI for reaching peak data-rates for the cases of high SCSs 

Proposal 22:  Determine BD/CCE limits based on nominal scheduling/monitoring unit​ such as slot of e.g. 120kHz (defined in R15)/240kHz (FFS). 
Proposal 23: Support improved PDCCH coverage for the cases of high SCS

UL resource allocation and PUCCH 
Based on RAN1#101-E discussions “Investigation of UL interlace transmissions” has been mentioned as one area requiring attention. In Rel.16 NR-U, interlaced UL transmission is introduced for NR to provide resource efficient allocation for relatively small data transmission while 1) supporting high UL transmission powers under PSD constraint and 2) fulfilling the occupied bandwidth requirement of 5GHz band.
However, neither of these motivations is valid on 60 GHz unlicensed band: 
· At 5 GHz, transmission bandwidth of 10 MHz is needed to reach e.g. 20 dBm Tx power under 10 dBm/MHz PSD limitation. At 5 GHz, interlaced PUSCH or PUCCH provides resource efficient allocation for high power transmissions under the PSD constraint by comprising multiple clusters of less than 1 MHz BW and at least 1 MHz apart. At 60 GHz unlicensed band, PSD constraint of 23 dBm/MHz can be used in most regions. This means that EIRP of 24.6 dBm and 33.6 dBm is allowed already for single PRB allocation for 120 kHz and 960 kHz SCS, respectively. Hence, 60 GHz band PSD constraint does not require introduction of interlaced allocation. Further, as the PRB is wider than 1 MHz for SCS of 120 kHz and above, interlaced allocation with PRB clusters would not even improve the resource allocation efficiency for high power transmissions under the PSD constraint.  
· Requirement on Occupied Channel Bandwidth (OCB) can be found in ETSI harmonized standard EN 302 567. The requirement as intended, applies in at least one transmission configuration, for which the device shall fulfil the minimum requirement. OFDMA type partial resource configuration is not limited by this requirement, as long as the device supports full allocation spanning at least the minimum 70% of the nominal channel bandwidth (e.g. gNB configure UEs with BWP spanning 70% of the NCB). Hence, interlaced allocation is not needed for fulfilling OCB requirement in 60GHz channel spectrum.
The use of interlaced allocation would just result in a fragmented allocation in frequency without any benefits and would require further standardization and implementation efforts with the design of interlaced allocation for new, higher SCS values. Hence, we don’t see any need to support interlaced allocation on 60 GHz band.
[bookmark: _Hlk47680017]Observation 23: OCB requirement or PSD limitation does not require interlaced UL allocation on 60 GHz unlicenced band.
[bookmark: _Hlk47678746]Proposal 24: No interlaced transmission is defined for 60 GHz unlicenced band.
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 3 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.   
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.  
[bookmark: _Hlk47678750]Proposal 25: 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 3. 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. 
[bookmark: _Hlk47680028]Observation 24: Beam management procedures developed in Rel15 and Rel16 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. Beam management relies heavily on periodic signals, more specifically on periodic TRS (P-TRS) as QCL source for DL signals and channels. Furthermore, beam failure detection RS and candidate RSs for new beam identification in defined beam failure recovery procedure need to be periodic, and typically failure detection RSs are P-TRSs as being active QCL sources for the PDCCH monitoring in CORESETs. Based on QCL source(s) RS UE prepares channel estimation filters (time and frequency domain estimates like delay spread, doppler spread) and sets its RX beam for coming signals. It can also be noted that in typical deployment the same periodic RSs are used as spatial source for uplink signals and channels, i.e. DL reference signals based on which the UE forms the transmit beam(s) for uplink transmissions. Typical QCL configuration for the downlink signals and channels is provided in Figure 23 (where the RS in the start of the arrow represents the source and the signal in the end of the arrow represents the target).
[image: ]
[bookmark: _Ref44935099]Figure 23 Typical QCL source configuration for the target signals (signals in the end of the arrows).
One problem is that considered channel access mechanism, e.g. LBT, may prevent transmission of P-TRS that is the main QCL source for different signals and channels. Thus, UE may not have up to date QCL source for coming signals/channels to be received (or to be transmitted) and that would impact negatively on the downlink performance but as well the uplink performance. Furthermore, P-TRS must be validated by gNB in sub-7 NR-U, which is inefficient. Thus, it would be beneficial to have a mechanism to be able to transmit P-TRSs dropped due to LBT failure within a period. That could be achieved e.g. by defining a P-TRS burst structure that has multiple opportunities within a certain period. 
[bookmark: _Hlk47680035]Observation 25: For P-TRS transmissions in the cell, it would be beneficial to have a mechanism to be able to transmit P-TRSs dropped due to LBT failure.
On the other hand, 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.
[bookmark: _Hlk47680043]Observation 26: 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. 
[bookmark: _Hlk47680052]Observation 27: As the UE moves in a cell, the likelihood of blockage and beam mis-alignment increases with decreasing beamwidths used by the gNB. 
Observation 28: 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 24 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.
[image: ]
[bookmark: _Ref40103013]Figure 24: 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 25 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 25: 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.
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Figure 26: Evalutions of limiting factors for the achievable maximum transmit power with different modulations with 800 MHz and 960 kHz SCS

[bookmark: _Hlk47680065]Observation 29: 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 SCS=960 kHz with reasonable performance. 
Observation 3: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
Observation 4: Delay spread 5 or 10ns does not have big impact on the result, except that 1920kHz SCS suffers some performance loss for 10ns, which may be due to the too small CP size.
Observation 5: Block-PTRS can enable efficient compensation with similar and lower PTRS overhead and enable using 120kHz SCS for at least up to 64-QAM.
Observation 6: DFT-s-OFDM is more robust under phase noise than CP-OFDM, and can enable use of smaller SCS with significantly smaller PTRS overhead. Even 120kHz can be supported for 64-QAM.
Observation 7: New PTRS configurations for DFT-s-OFDM can provide significant performance improvements for higher-order modulations with smaller SCSs.
Observation 8. Normal CP seems to be enough for the considered channels.
Observation 9: Rank-2 SU-MIMO for DFT-s-OFDM is significantly better than rank-1 transmission in achieving good throughput with reasonable coverage.
Observation 10: PBCH has DMRS in each OFDM symbol where PBCH REs are allocated.
Observation 11: PBCH using current FR2 numerologies is robust against phase noise. 
Observation 12: 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 13: Benefits of reusing FR2 numerologies for both SSB and Type0-PDCCH would be:
· No CP length or coverage reduction
· Possibility to reuse FR2 implementation for the initial access
· No need for explicit beam switching gap between consecutive SSBs.

Observation 14: FR2 SSB time domain mapping pattern of SSBs can be reused above 52.6 GHz if the FR2 SSB numerologies are used.
Observation 15: Higher subcarrier spacings applied for the SSB, like 960 kHz, would require new time domain mapping of SSBs since time domain gap would be needed between consecutive SSBs because of reduced CP length. 
Observation 16: Existing FR2 SSB and Type0-PDCCH multiplexing patterns are a good starting point for above 52.6 GHz operation. 
Observation 17: If SSB design is needed for 960 kHz SCS, changes would be needed to SSB and RMSI multiplexing patterns, and more specifically on the CORESET Type0-PDCCH time domain allocation to take into potentially required beam switching and/or LBT gap.
Observation 18: 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 19: Numerology scaling reduces the cell coverage.
Observation 20: There is a benefit in maintaining the same mmWave sites while coverage of higher SCS reduces significantly.
Observation 21: Scheduling principle needs to be revisited for the cases with high SCS.
Observation 22: 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 23: OCB requirement or PSD limitation does not require interlaced UL allocation on 60 GHz unlicenced band.
Observation 24: Beam management procedures developed in Rel15 and Rel16 provide a good baseline for unlicensed operation above 52.6 GHz. 
Observation 25: For P-TRS transmissions in the cell, it would be beneficial to have a mechanism to be able to transmit P-TRSs dropped due to LBT failure.
Observation 26: Applied coexistence mechanism(s) should be clarified before impact on beam management and the CSI measurement and reporting framework can be fully evaluated.
Observation 27: As the UE moves in a cell, the likelihood of blockage and beam mis-alignment increases with decreasing beamwidths used by the gNB. 
Observation 28: 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 29: 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: In addition to channel BW and link performance aspects, RAN1 should consider also implementation complexity associated with high SCSs when selecting the supported SCSs for above 52.6 GHz.

Proposal 2: Extend the numerology scaling framework defined in NR Rel-15 to higher numerologies with an appropriate range of integer values for μ.  
Proposal 3: Maintain the maximum number of RBs supported by NR specification also for NR scenario above 52.6 GHz.
Proposal 4:  Support operation with CBW=2.16 GHz. 
Proposal 5:  Support both channel bonding and CA between 2.16 GHz channels
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:  Consider ECP only for scenarios with SCSs larger than 960 kHz.
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:  Support 960kHz SCS for DFT-s-OFDM to robustly enable all MCSs.
Proposal 14:  Consider defining new PTRS configurations for DFT-s-OFDM.
Proposal 15:  Support also current numerologies for DFT-s-OFDM 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: The following assumptions are taken when considering need for the explicit beam switching gap:
· Max 100 ns assumed as beam switching time
· If the CP is longer than 100 ns, no explicit gap is needed for the beam switching.

Proposal 19: If SSB design is needed for 960 kHz SCS, design new SSB mapping pattern that allows beam switching gap of 100 ns and/or possible LBT gap between consecutive SSBs. 
Proposal 20: Consider coverage enhancements for channels and signals with higher SCS.
Proposal 21: Increase of the minimum scheduling/ PDCCH monitoring unit to avoid excessive increase in PDCCH monitoring rate
· Support Multi-PDSCH DCI for reaching peak data-rates for the cases of high SCSs 

Proposal 22:  Determine BD/CCE limits based on nominal scheduling/monitoring unit​ such as slot of e.g. 120kHz (defined in R15)/240kHz (FFS). 
Proposal 23: Support improved PDCCH coverage for the cases of high SCS
Proposal 24: No interlaced transmission is defined for 60 GHz unlicenced band.
Proposal 25: 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 1: Simulation assumptions
Simulation parameters shown inare summarized in Table 4.
[bookmark: _Ref47608895]Table 4. Simulation parameters
	Carrier frequency
	60GHz

	Subcarrier spacings
	120/240/480/960/1920 kHz

	Bandwidths
	400 MHz, 2 GHz

	Number of PRBs
	For 400 MHz:
- 256 (120 kHz),
- 128 (240 kHz),
- 64 (480 kHz),
- 32 (960 kHz),
-
For 2000 MHz:
- 160 (960 kHz),
- 80 (1920 kHz),


	Waveforms
	CP-OFDM (downlink and uplink)
DFT-s-OFDM (uplink)

	Cyclic prefix
	Normal

	Channel model
	TDL-A 5ns, 10ns
CDL-B 50ns
CDL-D 30ns, k-factor 10dB

	Antenna configuration
	TDL-A 2x2
For CDL model:
Configuration 1:
- (Mg,Ng,M,N,P) = (1,1,8,16,2) BS with (0.5 dv, 0.5 dH)
- (Mg,Ng,M,N,P) = (1,1,4,4,2) UE with (0.5 dv, 0.5 dH)

	Mobility
	3kmh

	gNB TRP PN Model
	3GPP TR38.803 example 2 BS PN profile

	UE PN model
	3GPP TR38.803 example 2 UE PN profile

	PA model
	No

	EVM
	No

	I/Q imbalance
	No

	Frequency offset
	No

	Channel Estimation	
	Realistic

	Transmission Rank
	Rank 1

wideband precoding (unit precoding)

	PDSCH SLIV
	Downlink (S=2, L=12)
Uplink (S=0, L=14)

Note: Starting symbol, S, (indexed from 0) and length, L.

	DMRS Configuration
	1 DMRS symbol (front loaded), 
or 2 DMRS symbols at (2,11) symbol index (Figure 8)

	PTRS Configuration
	For CP-OFDM:
Rel. 15 (K = 4, L = 1)
Block-PTRS Single frequency contiguous block of PTRS with similar overhead as Rel. 15

Note: PTRS per K number of PRBs, and PTRS every L number of OFDM symbols

For DFT-s-OFDM:
(Ng = 2, Ns = 2, L = 1)
(Ng = 2, Ns = 4, L = 1)
(Ng = 4, Ns = 2, L = 1)
(Ng = 4, Ns = 4, L = 1)
(Ng = 8, Ns = 4, L = 1)

DFT-s-OFDM configuration chosen to have similar overhead with OFDM


	MCS/TBS
	From MCS Table 1 (TS38.214):
- MCS 7 (QPSK),
- MCS 16 (16QAM),
- MCS 22 (64QAM),




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 27 PSD of the PN models in 60GHz carrier frequency.

Appendix 2: Summary of conclusions made for RAN1-E (copied from R1-2005193)
Conclusion:
· RAN1 will continue the study on the objectives of the SI and not stop the study until RAN4 response for the “LS to RAN4 on Phase noise and other RF Impairment modelling”. If RAN4 can provide the information requested with sufficient time to consider the information provided, RAN1 will consider the input from RAN4 as part of the on-going study.

Conclusion: 
· Companies are encouraged to provide inputs and considerations for the following identified physical layer aspects:
· Candidate numerology (SCS, and CP length) to be supported by RAN1 specification.
· Discussions may include how RAN1 should conclude on determination of the candidate numerologies
· Discussion may also include identification of any coupling with other system parameters, such as bandwidth (number of PRB), FFT size, etc
· Candidate bandwidths (or range of bandwidth) to be supported by RAN1 specification and related considerations (e.g. maximum FFT size)
· Discussions may include how RAN1 should conclude on determination of the candidate bandwidths
· Identification of potential impacts to PHY due to the candidate numerology and bandwidths 
· Discussion may include how to address the impacts to PHY channels and procedures, such as initial access, UL/DL signal/channel, scheduling/HARQ
· Identification of regulatory aspects to consider in channel access (and interference mitigation techniques) for 60GHz unlicensed NR operation
· Note: some examples of consideration aspects could be CCA sensitivity levels, time unit for measurement and back-off counters, access categories, channel bandwidth occupancy, LBT bandwidth, maximum output power, ED threshold, etc.
· Supported channel access and interference mitigation techniques
· Discussion may include how RAN1 should conclude on channel access schemes and/or interference mitigation techniques (e.g. omni-directional LBT, directional LBT, receiver-aided LBT, no-LBT, ATPC, etc) and identification of various consideration aspects (in the decision-making process)
· Discussions may also include whether to always mandate LBT operations or not
· In addition to the above considerations, the following physical layer aspects have been additionally mentioned (but not limited to) in RAN1#101-e and can be further studied:
· Initial access signals/channels
· Investigation of transmissions of SS/PBCH blocks (including beam switching time)
· SSB and CORESET#0 multiplexing
· PRACH sequence lengths to achieve max allowed EIRP
· non-consecutive RO within RACH slot to provide LBT gap
· Other DL/UL signals/channels
· Performance verification of existing and improved RS, e.g., DMRS & PTRS
· Coverage requirements for IAB and for short physical channels
· Handling of control/data channel coverage by OFDM symbol shortening
· Investigation of UL interlace transmissions
· Beam management
· Beam determination/refinement during initial access
· Beam failure detection issues
· DL/UL beam correspondence in licensed/unlicensed spectrum
· [bookmark: _Hlk47350765]Required processing timelines and scheduling
· [bookmark: _Hlk47350854]UE minimum processing timelines and PDCCH monitoring capabilities (BD/CCE limits) for high SCS and their potential impact on scheduling and HARQ functionality of NR
· CSI processing timeline and CSI processing unit availability for different SCS
· Handling of beam switching time for control/data channel transmission
· Scheduling operation, including the T/F scheduling granularity and PDCCH monitoring unit for high SCSs
· Channel access
· OCB constraints and related specification impact
· PSD constraints and related specification impact
· FBE operations 
· LBT procedure with respect to {carrier BW, RB set, maximum power, ED threshold}
· Shared COT mechanisms
· Potential enhancements to increase the channel access opportunities
· Others
· Maintaining cell coverage/link budget for high SCSs
· Supporting rank-2 SU-MIMO for DFT-s-OFDM
· Multi-carrier based operation for multi-RAT coexistence in unlicensed band
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