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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Various proposals have been discussed and multiple agreements have been made on PHY design for 52.6-71 GHz support in RAN1 101-e and RAN1 102-e. In this contribution, we will provide our views on some aspects of the physical layer design that were discussed in previous meetings.   
[bookmark: _Ref129681832]Considerations on numerology 
In RAN1#102-e, RAN1 agreed to evaluate PDSCH/PUSCH/PRACH/SSB performance including study of phase noise impairment impact, delay spread impact for various numerologies (SCS and CP length) under different channel scenarios. The impact on the coverage and the maximum bandwidth should also be considered when choosing the numerology. The candidate numerologies under investigation are listed in Table 1. The maximum carrier BW illustrated in the table is based on the maximum FFT size of 4096 agreed in RAN1#102-e.
Table 1 Candidate numerologies for above 52.6GHz frequency band
	SCS 
	120 kHz
	240 kHz
	480 kHz
	960 kHz

	Normal CP length
	586 ns
	293 ns
	146 ns
	73 ns

	Extend CP length
	2083 ns
	1042 ns
	521 ns
	260 ns

	Maximum carrier BW
	400 MHz
	800 MHz
	1600 MHz
	3200 MHz



SCS for PDSCH/PUSCH
Phase noise
To analyze the phase noise impact for different SCSs, some evaluation results are presented in Figure 1 to Figure 3. Figure 1 shows the result with only CPE compensation for MCS 7/16/22 with CP-OFDM, Figure 2 illustrates the result with both CPE and ICI compensation for MCS 22 of CP-OFDM, while Figure 3 shows BLER performance of DFT-s-OFDM for different SCSs.
Figures 1 and 2 show the BLER performance results for CP-OFDM. As can be observed from the left sub-figure of Figure 1, all the examined SCSs of 120, 240, 480, and 960 kHz achieve a similar BLER for QPSK and 16-QAM modulations in CDL-D channel. This is because the working SNR region for a low order modulation is low and phase noise is not a key deteriorating factor. In such a case, phase noise can be treated as Common Phase Error (CPE) with compensation or even ignored in QPSK modulation. On the contrary, as shown in the right sub-figure of Figure 1, 64-QAM is more sensitive to the phase noise and larger SCSs (480 and 960 kHz) perform considerably better than smaller SCSs (120 and 240 kHz) when only CPE compensation is carried out. The effect of remaining Inter-Carrier Interference (ICI) is negligible for larger SCSs while it is not the case for smaller SCSs. In turn, if ICI compensation is considered together with an enhanced PTRS (an enhanced Block PTRS as an example is discussed in Section 3.2.4), the performance gap between larger and smaller SCSs can be substantially reduced as shown in the left sub-figure of Figure 2. As can be observed from this figure, the BLER performance of 120 kHz SCS with ICI compensation is within 0.5 dB from that of 960 kHz.  The ICI compensation algorithm used is a simple one that can be found in, e.g., [2]. Note that, as shown in the right sub-figure of Figure 2, CPE compensation is already the best compensation for 960 kHz SCS and an attempt to further compensate for ICI for such a large SCS may even have a detrimental effect on the BLER performance. This is due to the fact that the effect of ICI is much smaller than that of the CPE for an SCS as large as 960 kHz while the density of the used PTRS is independent of the SCS and remains fixed to the average of 1 RE per 4 PRBs. As SCS becomes larger, the ICI effect becomes more negligible in comparison with the CPE effect, and, consequently, its estimation using a fixed-density PTRS becomes less accurate. Therefore, in practice, it is better to ignore the effect of ICI for large SCSs than trying to estimate and compensate for it. 
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Figure 1. BLER performance with different numerology for CP-OFDM MCS 7 (QPSK), MCS 16 (16QAM), and MCS 22 (64QAM) with CPE compensation only (CDL-D DS=30ns)
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Figure 2.  BLER performance for CP-OFDM MCS 22 (64QAM) with ICI or CPE compensation (left: CDL-D DS=30ns; right: CDL-B 20ns)
In Figure 3, BLER performance of PUSCH with DFT-s-OFDM are compared assuming different SCSs and CDL-B channel model. In the simulation, the phase noise is estimated based on averaging per PTRS group and interpolation among PTRS groups within each DFT-s-OFDM symbol and all SCSs except 120 kHz have the same PTRS overhead (*=8*4, 8*4, 4*4, 4*2 are used for 120/240/480/960kHz respectively, as shown in Figure 4). As can be seen in Figure 3, the BLER performance of 240 kHz is the best due to the shortest time span between two nearest PTRS groups for interpolation and good noise reduction by averaging per PTRS group. In turn, the BLER performance of 960 kHz is the worst for low modulation orders (QPSK and 16QAM) with the worst noise reduction per PTRS group in low SNR region. At the same time, the BLER performance of 120 kHz for MCS22 is significantly worse than the BLER performance of other SCSs. The reason is that the time span between two nearest PTRS groups is the longest which leads to the lowest accuracy of the interpolated phase noise. To give a possible solution, an additional evaluation result is displayed in the right sub-figure of Figure 3 for 120 kHz with =16 and  = 2, which shows that the BLER performance substantially improves.
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Figure 3. BLER performance with different numerology for DFT-s-OFDM MCS7(QPSK), MCS16(16QAM) and MCS22(64QAM) (CDL-B DS=20ns)
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Figure 4. PTRS patterns within one DFT-s-OFDM symbol for different numerologies
Observation 1: For CP-OFDM, using SCS of 120 kHz or 240 kHz can achieve a similar PDSCH BLER as using 480 kHz or 960 kHz for QPSK, 16QAM and 64QAM with suitable phase noise compensation method.
Observation 2: For DFT-s-OFDM, when the PTRS pattern defined in R15 for DFT-s-OFDM is used, SCS of 240 kHz can achieve similar PUSCH BLER as 480 kHz or 960 kHz for QPSK, 16QAM and 64QAM. Sample density of 8 PTRS groups and 4 PTRS samples per group is not suitable for 120 kHz SCS with 400 MHz scheduled bandwidth for 64QAM.
In addition to the above discussion that, in our view, strongly justifies the use of smaller SCSs of 120 kHz or 240 kHz, note that the example 2 of BS/UE PN profile defined in TR 38.803 was agreed as the baseline for link level simulation in RAN1#101-e which simply scales the PN model from those used in [28-39GHz]. An LS was sent to RAN4 asking for the accuracy of this model in 60GHz frequency band. New phase noise models for 70 GHz are proposed in [4] and [5] in RAN4. It can be observed from Figure 5 that the agreed PN profile in the evaluation assumption is too conservative and less impact from phase noise to smaller SCSs is expected in practice. 
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Figure 5.  New PN model illustration and influence to BLER performance with only CPE compensation
CP length 
A numerology with a larger SCS has a shorter CP length if NCP is applied which may result in a BLER performance degradation when the channel delay spread increases.
It is shown in our companion t-doc [3] that the CP length is long enough for large SCSs to cover the delay spread of CDL-B channel with DS=20ns. However, when the delay spread increases to 50ns for CDL-B, the CP length of 960 kHz SCSs is insufficient as the BLER performance degrades considerably for high modulation orders when 960 kHz SCS are used.
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Figure 6. BLER performance with different numerology for 400MHz bandwidth (CDL-B DS=50ns)
In fact, delay spread is not the only factor that should be taken into account when choosing the CP length. There are other factors that should also be taken into consideration as follow:
· Time alignment error (TAE): In current specifications, the BS MIMO TAE shall not exceed 65 ns and the UE MIMO TAE shall not exceed 130ns [38.104]. Taking this into consideration, the 73ns NCP of 960 kHz SCS is not long enough to cover TAE or the delay spread. The NCP of 480 kHz SCS is 146ns and cannot cover the combined effect of the UE MIMO TAE and the delay spread while the NCP of 240 and 120 kHz SCSs can work well.
· Analog beam switching: About 100ns analog beam switching time for UE/BS needs to be considered.  If NCP is applied for 960 kHz, then additional symbols will be introduced for analog beam switching; increasing overhead significantly. 
· Multi-TRP delay: Since dense urban environment is a typical deployment scenario and Multi-TRP may be widely used in this scenario, the length of CP should cover the transmission delay from different TRPs. If we further consider this issue, only NCP of 120 kHz SCS and 240 kHz SCS provide a sufficient CP length for the largest Multi-TRP delay spread for a UMi deployment scenario with 70 m maximum cell radius, as shown in Table 2.
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Table 2: Delay spread caused by Multi-TRP
	d1-d2 (m)
	Delay spread (ns)

	10
	33.3

	30
	66.7

	50
	133

	70
	267



Observation 3: In CDL-B with DS=50ns, the NCP length of SCS 960 kHz is not sufficient to cover the delay spread. If 480 kHz or 960 kHz were supported, ECP would be required in order to accommodate the delay spread, time alignment error, analog beam switching time, DL/UL switching time, and Multi-TRP delay; causing a larger overhead. 
SCS for PRACH
Detection performance of PRACH for different SCSs is illustrated in Figure 7, in which, the SNR of the 99% detection probability for all SCSs is the same under CDL-D with 30 ns delay spread and the SNR of the 99% detection probability for 960 kHz SCS is only 1dB lower than that of the 120 kHz SCS under CDL-B with 50ns delay spread.
Considering that the uplink transmission power is typically fixed in practice, the received energy decreases when SCS increases as the symbol duration is shorter for a larger SCS. For example, the received energy increases by 9 dB when 120 kHz SCS is used instead of 960 kHz SCS. This is far larger than the 1 dB performance loss for the 99% detection probability when using 120 kHz SCS instead of 960 kHz SCS. 
Combining both above aspects of the detection performance gap and the receiver energy of different SCSs, it can be concluded that a larger SCS results in a poorer coverage performance for PRACH.
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Figure 7. Detection performance of PRACH with different numerology
Observation 4: A larger SCS has a poorer coverage for PRACH transmission.
SCS for SSB
Assuming 20 PRB for a SSB in frequency domain as in Rel-15, a SSB occupies 28.8 MHz, 57.6 MHz, 11.52 MHz and 23.04 MHz corresponding to 120 kHz, 240 kHz, 480 kHz and 960 kHz respectively.  For SSB of 120 kHz SCS, it can transmit with 37.6dBm EIRP assuming 23dBm/MHz PSD limitation.  For SSB of 240 kHz, 480 kHz and 960 kHz SCS, the maximum transmission EIRP is 40dBm. However, due to shorter symbol duration with larger SCS, the accumulated energy at receiver side is decreased by -0.6dB, -3.6dB and -6.6dB for 240 kHz, 480 kHz and 960 kHz SCS compared with 120 kHz SCS. Thus, adopting SCS of 120 kHz for a SSB provides largest coverage of SSB for unlicensed band operation according to European regulation.
Observation 5: A SCS larger than 240 kHz for SSB is not well-justified. 

Proposal 1: Support 120 kHz or 240 kHz SCS with NCP for physical layer signals, control/data channel, and PRACH, SSB, for both licensed and unlicensed band operations.

Maximum Carrier Bandwidth
In RAN1#102-e, the largest FFT size is agreed to be 4096 points and the maximum number of PRBs is 275. In FR2, the maximum of 200 MHz BW with 60 kHz SCS and 400 MHz BW with 120 kHz SCS are supported. For above 52.6 GHz, a larger CC bandwidth could be supported by introducing a larger SCS. 
With a fixed 4096 FFT size, the maximum bandwidth of each CC for 120 kHz, 240 kHz, 480 kHz, and 960 kHz SCSs are 400 MHz, 800 MHz, 1600 MHz, and 3200 MHz, respectively. However, an extreme wideband carrier bandwidth comes at the price of a larger SCS and a shorter CP length and symbol duration, and, as discussed above, is not practical in many use cases. As an alternative solution, carrier aggregation with a relatively small SCS, i.e. 120 kHz or 240 kHz, can also support a larger BW such as 800 MHz, 1600 MHz, or 2000 MHz using a limited number of CCs with 400 MHz or 800 MHz BW. There is probably little need of supporting aggregated bandwidths beyond 2000 or 2400 MHz for a single device. Therefore, the number of aggregated carriers is already supported by NR since Rel-15 and aspects such as control signaling overhead and spectral efficiency have already been reasonably well optimized and transceiver complexity is manageable, with RAN4 having already defined up to 5 DL CCs in a NR band combination and up to 8 CCs for EN-DC band combinations. We nevertheless take a look at spectrum utilization (which affects spectral efficiency) and signaling overhead in the following.
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Although CA requires inter-carrier guard bands, according to the FR2 bandwidth spectrum utilization in Table 3, 120 kHz SCS already achieves 95% spectrum utilization for 400MHz bandwidth and the overhead caused by inter-carrier guard bands is negligible. Furthermore, when subband LBT is applied on an unlicensed band, intra-carrier guard bands within the single wideband carrier may also be needed. As discussed in NR-U R16, the intra-carrier guard bands for single wideband carrier are defined even larger than the inter-carrier guard bands, which result in a smaller spectrum utilization compared to CA. The inter-carrier guard band and intra-carrier guard band for NR-U are listed in Table 4 and 5 [8]. Taking a 15 kHz SCS as an example, by comparing the 40 MHz single wideband carrier and CA with two 20 MHz aggregated carriers, it can be found that the inter-carrier guard band is 452.5 kHz *2 =905 kHz, while the intra-carrier guard band is 6 RB=1080 kHz which is larger than the inter-carrier guard band for CA.
Table 3: FR2 BW spectrum utilization
	SCS (KHz)
	50 MHz
	100 MHz
	200 MHz
	400 MHz

	
	NRB
	NRB
	NRB
	NRB

	60
	66
	132
	264
	N/A

	120
	32
	66
	132
	264


Table 4: Minimum guardband for each UE channel bandwidth and SCS (kHz)
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	70 MHz
	80 MHz
	90 MHz
	100 MHz

	15
	242.5
	312.5
	382.5
	452.5
	522.5
	592.5
	552.5
	692.5
	N/A
	N/A
	N/A
	N/A
	N/A

	30
	505
	665
	645
	805
	785
	945
	905
	1045
	825
	965
	925
	885
	845

	60
	N/A
	1010
	990
	1330
	1310
	1290
	1610
	1570
	1530
	1490
	1450
	1410
	1370



Table 5: Nominal intra-cell guard bands for wideband operation in NR-U
	SCS
(kHz)
	20 MHz
	40 MHz
	60 MHz
	80 MHz

	15
	106
(106)
	105-6-105
(216)
	N/A
	N/A

	30
	51
(51)
	50-6-50
(106)
	50-6-50-6-50
(162)
	50-6-50-5-50-6-50
(217)

	60
	TBD
	TBD
	TBD
	TBD

	NOTE 1:	The intra-cell guard band is denoted TBW0-GB0-…-GBN_RBset-2-TBWN_RBset-1 for N_RBset > 1 number of RB-sets with TBWr the maximum transmission bandwidth (PRB) of RB-set r and GBr the guard band (PRB) above the upper edge of RB-set r. The RB-set 0 is starting at the first common resource block (CRB) of the carrier as indicated by offsetToCarrier. The total transmission bandwidth configuration (size of resource grid) including guard bands is given in between parentheses.
NOTE 2:	For 20 MHz channel bandwidth, there are no intra-cell guard bands for the carrier, and N_RBset = 1.



Another aspect is the signaling overhead. Currently, one DCI can schedule transmission on only one carrier, which results in a larger number of PDCCHs for scheduling over the same bandwidth with CA. However on unlicensed band, PDCCH may be duplicated in several subbands to increase the probability of scheduling when one of the subbands fails to pass LBT. It should also be noted that single DCI scheduling multiple transmissions on different carriers may be introduced in Rel-17.
Regarding the FDRA and TDRA signalling overhead, we note that due to an increased number of RBs per unit of bandwidth, the FDRA signalling overhead of multiple CCs with a smaller SCS is larger than that of a single carrier with a larger SCS. In turn, with a longer slot duration per resource allocation, the TDRA signalling overhead of multiple CCs with a smaller SCS is smaller than that of a single carrier with larger SCS. Therefore, when both FDRA and TDRA signalling overhead are considered, the overall signalling overhead of resource allocation in multiple CCs with a smaller SCS and a single carrier with a larger SCS are similar. 
In addition, CA with a small SCS ensures a finer granularity of scheduling in frequency domain, precoding, CSI feedback unit, and increases the flexibility on frequency resource allocation for highly frequency-selective channel. On the other hand, a larger frequency domain scheduling granularity in a low frequency-selective channel scenario can reduce the FDRA signaling overhead of CA to the level of that of the single carrier. Therefore, to achieve a wide bandwidth utilization, using carrier aggregation with a few component carriers with a smaller SCS is cost effective and practical choice.
Observation 6: There is no significant difference between using multiple component carriers with a smaller SCS or a single carrier with a larger SCS in terms of signalling overhead and spectral efficiency. UE capabilities for aggregating up to 8 component carriers is already specified for NR.
Proposal 2:  400 MHz can be the starting point for the maximum bandwidth of a single carrier in the frequency band between 52.6 GHz and 71 GHz. 
The extension of NR beyond 52.6 GHz should also consider the minimum carrier bandwidth to be supported. Using a small carrier bandwidth has the benefit of maximizing the PSD when the resources are fully utilized, and is also beneficial in spectrum blocks that cannot be exactly divided by relatively large bandwidths such as 400, 800 or 1600 MHz. According to EU regulations, a 50 MHz bandwidth allows maximizing the PSD and EIRP simultaneously. Larger bandwidths will have to tradeoff power for resource utilization. If the minimum channel bandwidth supported by NR above 52.6 GHz is 400 MHz then there is no option for the system to be deployed with maximum coverage with higher resource utilization. It should be noted that relatively small bandwidths like 50, 100 or 200 MHz are not efficiently achieved with large SCS like 960 and 480 kHz. A SCS of 960 kHz would only provide 4, 8 and 16 PRBs for channel bandwidths of 50, 100 and 200 MHz. Such low FFT utilization results in inefficient implementations. Up to Rel-16, NR does not support carrier bandwidth with fewer than 32 RBs.
Proposal 3: For NR system operating in 52.6 GHz to 71 GHz, NR should be designed with minimum 32 RBs per carrier. The supported minimum carrier bandwidth for a cell is 50 MHz. 
We would also like to note that it is beneficial to choose the supported channel bandwidths for achieving efficient spectrum utilization (full usage of all unlicensed spectrum in any regulated range of 57-71 GHz) and better coexistence by maximizing the number of available channels. The choice of very large single carrier bandwidth does not achieve such goals. The minimum number of available channels under the maximum carrier bandwidth should not be lower than 6 in a given regulatory band (licensed or unlicensed), and 12 would be even preferable. In comparison, there are 23 non-overlapping 20 MHz channels in the 5 GHz band. A maximum carrier bandwidth of 400 MHz would provide 35 channels in 57-71 GHz. In the smallest block currently defined for unlicensed operation (59-64 GHz in China), this would provide 12 channels with an additional 200 MHz to be filled with a smaller carrier.
Proposal 4: The choice of supported maximum carrier bandwidth for NR operating in 52.6 GHz to 71 GHz should ensure a minimum of at least 6 channels in any regulated range.

[bookmark: _GoBack]Impact to physical layer design
In FR2, 120 kHz and 240 kHz SCS for SSB transmission are supported while other physical channels/signals such as PUCCH/PDCCH/PUSCH/PDSCH/PRACH are transmitted using 60 kHz or 120 kHz SCS. The standardization efforts would be minimized if the existing FR2 SCSs are also adopted for above 52.6 GHz. In such a case, the physical layer design of FR2 should be reused for the licensed band and used as a baseline for the unlicensed band with possible modifications due to the regulatory requirements such as LBT and OCB.
Proposal 5: If the existing FR2 SCSs are adopted for above 52.6 GHz, the physical layer design of FR2 should be reused for the licensed band and used as a baseline for the unlicensed band with possible modifications due to the regulatory requirements such as LBT and OCB.

Initial access signals/channel 
The most important motivation to introduce larger SCS than 120 kHz or 240 kHz is a better robustness against phase noise which is critical only for a high-order modulation such as 64 QAM. However, the initial access channels such as PBCH, PDCCH and PDSCH for system information only utilize QPSK modulation. Therefore, introducing a larger SCS during the initial access procedure does not seem necessary.
Observation 7: The numerology of 120 kHz or 240 kHz SCS with NCP is sufficient for initial access.
Discovery burst window
·  Candidate SSB positions
In FR2, 64 candidate positions are defined in CASE D and CASE E for SSB of 120 kHz and 240 kHz SCS. Based on the WID, 52.6 GHz also expects to support 64 beams. Moreover, 120 kHz or 240 kHz SCS is also preferred for SSB in the frequency range above 52.6 GHz according to the discussion in section 2.3. Thus, SSB pattern of Case D and Case E defined in Rel-15 can be directly reused for licensed band operation. 
Proposal 6: The SSB patterns of Case D and Case E can be reused in frequency range above 52.6 GHz for licensed band operation. 
In unlicensed band, a SSB may be dropped due to the LBT failure. The dropping of SSB might defer UE to next SSB burst set period to access the cell and acquire system information. In addition, since SSBs could be the source RSs for the QCL relation, dropping an SSB index may affect the UE to decode target channels or signals. In NR-U Rel-16, additional candidate SSB positions are introduced which allow gNB to retransmit the SSB in the same period if LBT fails at its original position. Similar concept can be introduced in the frequency range of 57-71GHz unlicensed band. As such, to facilitate transmission of all 64 SSB indexes, more than 64 candidate SSB indexes should be introduced in NR-U-60.
Proposal 7: More than 64 candidate SSB indexes should be introduced in NR-U-60.

· SSB and RMSI PDCCH/PDSCH multiplexing
For licensed band operation, the existing SSB and CORESET0 multiplexing patterns designed for FR2 in Rel-15 can be reused if 120 kHz and/or 240 kHz SCS is adopted. 
[bookmark: OLE_LINK25]For unlicensed band operation where LBT is necessary, the concept of discovery burst introduced in NR-U Rel-16 can be used to avoid additional LBT overhead between multiple SSBs and RMSI PDCCH/PDSCHs if they are transmitted separately. gNB should also avoid frequent beam switching back and forth when transmitting SSB and RMSI PDCCH/PDSCH with different QCL assumption.  SSB and CORESET0 multiplexing pattern 2 and 3 defined Table 13-14 to Table 13-15 in TS38.213 can be a good start point, since CORESET for Type0-PDCCH are multiplexed with the associated SSB in the frequency domain. The number of RBs and Offset for CORESET0 given by Table 13-8 and Table 13-10 in TS38.213 can also be revisited in order to provide enough RE to accommodate RMSI PDSCH in the time span of QCLed SSB. Thus, gNB is able to transmit the SSB and associated RMSI PDCCH/PDSCH at same time without beam switching.
Proposal 8: The SSB and CORESET0 multiplexing patterns in Rel-15 can be reused for licensed band operation. 
Proposal 9: The SSB and CORESET0 multiplexing pattern 2 and 3 are preferred for unlicensed band operation in frequency range above 52.6 GHz when LBT is necessary. 
PRACH
In the previous sections, detection performances of PRACH with different SCSs were compared and a 120 kHz SCS for PRACH was recommended from the perspective of the detection performance and the received energy. In this section, some other aspects of PRACH design such as the sequence length and the gap between RACH occasions (ROs) are studied, particularly, by taking LBT for unlicensed band into consideration.
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]In NR-U, PRACH sequences with lengths of 571 and 1151 were introduced in order to make full use of the allowed transmitted power. Considering the work from NR-U, these PRACH ZC sequence lengths could be similarly defined for NR-U-60, if needed. 
Proposal 10: For unlicensed band, ZC lengths such 571 and 1151 can be considered for 120 kHz SCS.
The RO to send a preamble is configured by the parameter prach-ConfigurationIndex in SIB1. If consecutive ROs within a PRACH slot are supported, the CCA for the transmission of PRACH in a RO may fail due to the transmission of PRACH in the preceding RO. In NR-U Rel-16, the issue were discussed and solution to only use odd or even ROs were proposed and no consensus was achieved due to time limit. In NR-U-60, a PRACH interval which accounts for the time for both LBT and RO should be further studied.

Observation 8: Due to the possibility of LBT failure, the support for non-consecutive ROs in the time domain could be beneficial.
[bookmark: _Ref47444870]Physical channels and signals 
TDD configuration
The time gap reserved for DL/UL switching needs to be larger than 7μs and the minimum TA-offset for the UL transmission of a UE is also 7μs, as defined in section 4.3.2 of TS 38.211. Therefore, the time gap reserved in the TDD special slot should be at least set to 14μs as illustrated in Figure 9. The 14μs time duration occupies about 2/4/7/13 OFDM symbols for 120/240/480/960 kHz respectively; leading up to 18.57% overhead of 960 kHz when DL/UL slot configuration is 4:1, as shown in Table 6. The overhead is also large (10%) with 480 kHz SCS.
[image: ]
Figure 9. Illustration of time gap in the special slot

Table 6: Minimum guard symbols for different SCSs 
	SCS (kHz)
	Symbol duration (μs)
	Minimum guard symbols
	Overhead under 4:1 slot configuration

	120
	8.92
	2
	2.86%

	240
	4.46
	4
	5.71%

	480
	2.23
	7
	10%

	960
	1.11
	13
	18.57%



The gap overhead in a special slot is too high for 4:1 slot configuration in a 960 kHz SCS. On the other hand, to maintain a similar overhead of 2.9% as in 120 kHz SCS, the slot configuration should be 31:1. However, the slot configuration 31:1 introduces many new problems on the processing timeline defined in Rel-15. For example, the maximum slot offset for HARQ-ACK (k1) would be too small for the front 15 slots to feedback their ACKs. Moreover, due to the short symbol/slot duration of 960 kHz, the slot offset for the last several slots is too small to decode successfully prior to the UL symbols/slots. Finally, the number of elements in the RRC configuration sets for both slot offset of PDSCH (k0) and k1 will be larger than 8; increasing the DCI payload on detailed processing timeline indication. The problems of 480 kHz are same with that mentioned above, for the slot configuration should be 16:1 to maintain a similar overhead of 2.94%, whose DL slot is also larger than 16. 
[image: ]
Figure 10. Slot offsets of HARQ-ACK (k1) when slot configuration is 14:1
Note that for unlicensed operation, even though there is no fixed DL/UL configuration, such overhead will exist. When operating with LBT and a self-contained COT with DL and UL including HARQ feedback, such gaps will exist in every COT and will consume part of the COT.
Observation 9: Overhead caused by DL/UL switching (14 μs) is large under SCS of 480 kHz (half a slot) and 960 kHz (almost a full slot).

Timeline 
In NR, the timeline related aspects are defined based on the numerology, for example, BWP switching times, HARQ scheduling, UE processing, preparation and computation times for PDSCH, PUSCH/SRS and CSI. The timeline restriction cannot follow the same numerology scaling. For example, the PUSCH preparation time for PUSCH timing capability 1 given below from 38.214 does not scale with the numerology. The timeline should be designed to meet the UE’s actual capability.
Table 7: PUSCH preparation time for PUSCH timing capability 1 in NR below 52.6 GHz
	

	PUSCH preparation time N2 [symbols]

	0
	10

	1
	12

	2
	23

	3
	36


In addition to the above mentioned aspects, some other aspects are also affected by a scaled numerology that are mainly the numerology-specific configurations/capability in the current below 52.6 GHz design.  These include, but are not limited to, the PDCCH monitoring capability, that is, the maximum number of monitored PDCCH candidates per slot and the maximum number of non-overlapped CCEs per slot. 
To minimize the change in specifications, 120 kHz SCS should be supported by reusing all the processing timelines discussed above for FR2. If a new SCS is supported, the processing timeline design of 120 kHz can be reused easily by defining a time unit as the slot duration of 120 kHz. And the defined time unit can be used as the granularity of TDRA of PDSCH/PUSCH, offset for PDSCH/PUSCH/HARQ-ACK directly, which includes multiple slots for the SCS larger than 120 kHz, as shown in the Figure 11. To facilitate the scheduling for the fixed granularity of TDRA, slot bundling can be considered by mapping PDCCH only on the first slot per time unit, and feedback HARQ-ACK for all the slots in the time unit together. 
 [image: ]
Figure 11. Same processing timeline for different SCSs
Proposal 11: Reuse the processing timeline for FR2 for 120 kHz. If a new SCS is supported, reusing processing timeline for FR2 based on a fixed time unit defined as a slot duration of 120 kHz can be considered with slot bundling within the fixed time unit for PDSCH/ PUSCH resource allocation, mapping, and PDCCH monitoring. 

Blind detection of PDCCH
The maximum number of non-overlapped CCEs per slot for 15~120 kHz are listed in Table 8 as defined in Rel-15. As Table 6 shows, the maximum number of non-overlapped CCEs per slot decreases with increasing SCS, which is only 32 for 120 kHz (μ=3). Following the same trend, it further decreases if a larger SCS is supported; possibly even below 16 for 960 kHz. This makes the highest-level CCE aggregation impossible which leads to a deterioration of the detection probability of PDCCH.


Table 8: Maximum number  of non-overlapped CCEs per slot for a DL BWP with SCS configuration  for a single serving cell
	

	
Maximum number of non-overlapped CCEs per slot and per serving cell 

	0
	56

	1
	56

	2
	48

	3
	32



Observation 10: Detection probability of PDCCH may decrease for 960 kHz with the limited maximum number of non-overlapped CCEs per slot which may be lower than 16.
PTRS 
As discussed in Section 2, ICI for CP-OFDM becomes the bottleneck when using a higher order modulation in 52.6 GHz for lower SCSs such as 120 kHz or 240 kHz. Enhanced PTRS designs, such as Block PTRS, can be considered to reduce the ICI effect to support a higher order modulation with a lower SCS. 
As shown in Figure 12 (a), the Rel-15 PTRS pattern is designed to estimate CPE only and the PTRS REs are located in a distributed manner to counter the frequency selectivity of the channel. In order to support the ICI estimation, the Block PTRS pattern is proposed in Figure 12 (b) wherein PTRS REs are mapped in a localized manner in the frequency domain. When using Block PTRS, ICI components can be easily estimated at the receiver in the frequency domain by using a matrix multiplication which has a very low complexity. The performance of the Block PTRS-based ICI compensation has been shown in Figure 2 (a) where a single block of contiguous PTRS with the same overhead as in Rel-15 [K=4,L=1] PTRS is used. It is shown that by compensating the ICI factor, a lower SCS can achieve a much better performance. For example, the BLER performance of 240 kHz SCS with the ICI compensation can even be better than that of 960 kHz SCS with CPE compensation and the loss of 120 kHz SCS reduces to 0.5dB compared with 960 kHz SCS for CDL-D channel.
[image: ]
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Fig. 12 PTRS pattern in frequency domain, (a) PTRS pattern in Rel-15 (b) Block PTRS pattern
For DFT-s-OFDM, as analysis of PTRS pattern in previous section, the interpolation distance is too long for 120 kHz with 400 MHz scheduled bandwidth and high modulation order, and to reduce the influence introduced by phase noise, a new PTRS pattern with more PTRS groups within DFT-s-OFDM symbol should be considered for 120 kHz.
Observation 11: Block PTRS enables low complexity ICI compensation for smaller SCSs such as 120 kHz and 240 kHz and helps the smaller SCS to perform even better than a larger SCS such as 960 kHz. A new PTRS pattern with more PTRS groups within one DFT-s-OFDM symbol should be considered.

[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK2]PUCCH/PUSCH/SRS
Interlacing
PRB-based interlacing was introduced in LTE eLAA and NR-U in FR1. It improves the scheduling flexibility at the gNB and facilitates fulfilling the OCB requirement at the same time. Another motivation for PRB-based interlacing is to boost the transmit power on the allocated PRBs without violating the PSD limitation defined per MHz. Similar to the unlicensed band at 5 GHz, signal transmission over the unlicensed band between 57 to 71 GHz should also satisfy certain constraints on the transmission power and PSD imposed by the current regulatory requirements, which may motivate the use of PRB-based interlacing in NR-U-60. However, it is not possible to boost the transmit power on the interlaced PRB due to an increased SCS since the PSD is still defined in the unit of dBm/MHz. The opportunities to multiplex UEs in the frequency domain also reduces because of the reduced number of UEs in a specific receiving direction from gNB. Therefore, more evaluation is required before introducing PRB-based interlacing in NR-U-60 if high SCS is supported.
Resource allocation unit
In NR-U Rel-16, the concept of sub-PRB was proposed for 60 kHz SCS to achieve power boost gain under the PSD limit. However, it is not adopted because the large standard impact for DMRS design and marginal power boosting gain. Furthermore, the benefit is materialized only when few resources are allocated, which is not a general case. For NR-U-60, the PSD is still defined per MHz which corresponds to 8, 4, 2 and 1 subcarrier for 120 kHz, 240 kHz, 480 kHz and 960 kHz respectively. The power boosting gain diminishes with increased SCS. It is difficult to guarantee that the total number of allocated resources in the unit of RB is an integer, which requires a significant standard effort or results in scheduling restrictions. Note that, the channel estimation granularity, including the filtering granularity and the channel covariance estimation granularity, is per scheduling unit. Therefore, a sub-PRB scheduling introduces too much channel estimation complexity for the UE. Besides, the payload of FDRA for sub-PRB scheduling is larger which would have a detrimental effect on the PDCCH coverage.
Observation 12: Sub-PRB based resource allocation for PUSCH is not necessary due to an increased channel estimation complexity and a higher payload for FDRA.
SRS
Rel-15 SRS was by default supported for Rel-16 NR-U. Rel-15 SRS is a wideband signal based on ZC sequences with comb-2 or comb-4 frequency structure and, therefore, can obtain a high transmission power under the PSD constraint. However, such comb-based SRSs cannot be multiplexed with the PRB-based interlaced PUCCH/PUSCH in an FDM manner. Therefore, from the compatibility point of view, it is beneficial to adopt a SRS design that also has a PRB interlace-based structure, where the frequency resources of the PRB interlace-based SRS are selected from only one or a few interlaces under the same interlace structure used by PRB-based interlaced PUCCH/PUSCH. By this means, most of the interlaces can be reserved for PUCCH/PUSCH while SRS and PUCCH/PUSCH are FDMed under the same interlace structure.
To guarantee the desired periodic auto-/cross-correlation properties, the frequency resource of the PRB interlace-based SRS should have a block-repetitive structure: The SRS bandwidth is first divided into multiple subbands of the same size, and then a subset of subcarriers with the same distribution in each subband is selected as the set of frequency resources for the SRS. The corresponding frequency domain modulation sequences can be constructed in a similar way as those in [7]. According to the discussion in [7], zero-autocorrelation-zone (ZAZ)/zero-cross-correlation-zone (ZCCZ) in the periodic auto-/cross-correlation functions of the generated SRSs can be guaranteed for achieving interference-free channel estimation at the BS when these SRSs are concurrently transmitted.
Proposal 12: PRB based interlace resource mapping for PUSCH/PUCCH/SRS should be studied further in NR-U-60.
RRM/RLM
Beam management
In BFR procedure, UE uses periodic CSI-RS and SSB for beam failure detection and candidate beam selection. UE should first report the beam failure instance to its own high layer and then select the best candidate beam according to a pre-defined parameter.  In NR-U-60, some periodic reference signals may not be transmitted due to the LBT failure. A new concept of COT is also defined in Rel-16 NR-U that UE cannot use periodic CSI-RSs outside of the COT for beam evaluation. A simple method to circumvent this problem is to support aperiodic CSI-RS in NR-U-60 and possibly modify the BFR procedure accordingly. For instance, UE could report a beam failure instance to gNB instead of his own higher layer and possibly multiple aperiodic CSI-RSs (one-to-one with beam) triggered by a DCI from gNB could be used for the candidate beam selection. 
Proposal 13: Study the use of aperiodic CSI-RS for BFR procedure in NR-U-60.
RSSI measurement
In LTE-LAA and NR-U Rel-16, the RRM measurement of Received Signal Strength Indicator (RSSI) can be configured to UE to measure the strength of inter-system interference (for hidden node) and channel occupancy. Based on the measurement, gNB can determine whether to serve the UE on this channel. In sub-6 GHz, the measurement assume omni directional reception. For NR-U-60, the RSSI/Channel Occupancy measurement/report should also take directional reception into account. Higher RSSI or lower Channel occupancy only reflect poor environment on a specific reception direction. 
Proposal 14: RSSI measurement with directional reception should be studied in NR-U-60.
Conclusions
We discussed the required changes of physical layer design using exiting NR waveform for both licensed and unlicensed band with the following observations and proposals.
· Numerology for PDSCH and PUSCH
Observation 1: For CP-OFDM, using SCS of 120 kHz or 240 kHz can achieve a similar PDSCH BLER as using 480 kHz or 960 kHz for QPSK, 16QAM and 64QAM with suitable phase noise compensation method.
Observation 2: For DFT-s-OFDM, when the PTRS pattern defined in R15 for DFT-s-OFDM is used, SCS of 240 kHz can achieve similar PUSCH BLER as 480 kHz or 960 kHz for QPSK, 16QAM and 64QAM. Sample density of 8 PTRS groups and 4 PTRS samples per group is not suitable for 120 kHz SCS with 400 MHz scheduled bandwidth for 64QAM.
Observation 11: Block PTRS enables low complexity ICI compensation for smaller SCSs such as 120 kHz and 240 kHz and helps the smaller SCS to perform even better than a larger SCS such as 960 kHz. A new PTRS pattern with more PTRS groups within one DFT-s-OFDM symbol should be considered.
Observation 3: In CDL-B with DS=50ns, the NCP length of SCS 960 kHz is not sufficient to cover the delay spread. If 480 kHz or 960 kHz were supported, ECP would be required in order to accommodate the delay spread, time alignment error, analog beam switching time, DL/UL switching time, and Multi-TRP delay; causing a larger overhead. 
Observation 6: There is no significant difference between using multiple component carriers with a smaller SCS or a single carrier with a larger SCS in terms of signalling overhead and spectral efficiency. UE capabilities for aggregating up to 8 component carriers is already specified for NR.
Observation 9: Overhead caused by DL/UL switching (14 μs) is large under SCS of 480 kHz (half a slot) and 960 kHz (almost a full slot).

Proposal 1: Support 120 kHz or 240 kHz SCS with NCP for physical layer signals, control/data channel, and PRACH, SSB, for both licensed and unlicensed band operations.
Proposal 2:  400 MHz can be the starting point for the maximum bandwidth of a single carrier in the frequency band between 52.6 GHz and 71 GHz. 
Proposal 3: For NR system operating in 52.6 GHz to 71 GHz, NR should be designed with minimum 32 RBs per carrier. The supported minimum carrier bandwidth for a cell is 50 MHz. 
Proposal 4: The choice of supported maximum carrier bandwidth for NR operating in 52.6 GHz to 71 GHz should ensure a minimum of at least 6 channels in any regulated range.

· [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Numerology for initial access and channels
Observation 4: A larger SCS has a poorer coverage for PRACH transmission.
Observation 5: A SCS larger than 240 kHz for SSB is not well-justified. 
Observation 7: The numerology of 120 kHz or 240 kHz SCS with NCP is sufficient for initial access.


· PHY impacts
Observation 8: Due to the possibility of LBT failure, the support for non-consecutive ROs in the time domain could be beneficial.
Observation 10: Detection probability of PDCCH may decrease for 960 kHz with the limited maximum number of non-overlapped CCEs per slot which may be lower than 16.
Observation 12: Sub-PRB based resource allocation for PUSCH is not necessary due to an increased channel estimation complexity and a higher payload for FDRA.

Proposal 5: If the existing FR2 SCSs are adopted for above 52.6 GHz, the physical layer design of FR2 should be reused for the licensed band and used as a baseline for the unlicensed band with possible modifications due to the regulatory requirements such as LBT and OCB.
Proposal 6: The SSB patterns of Case D and Case E can be reused in frequency range above 52.6 GHz for licensed band operation.
Proposal 7: More than 64 candidate SSB indexes should be introduced in NR-U-60.
Proposal 8: The SSB and CORESET0 multiplexing patterns in Rel-15 can be reused for licensed band operation. 
Proposal 9: The SSB and CORESET0 multiplexing pattern 2 and 3 are preferred for unlicensed band operation in frequency range above 52.6 GHz when LBT is necessary. 
Proposal 10: For unlicensed band, ZC lengths such 571 and 1151 can be considered for 120 kHz SCS.
Proposal 11: Reuse the processing timeline for FR2 for 120 kHz. If a new SCS is supported, reusing processing timeline for FR2 based on a fixed time unit defined as a slot duration of 120 kHz can be considered with slot bundling within the fixed time unit for PDSCH/ PUSCH resource allocation, mapping, and PDCCH monitoring. 
Proposal 12: PRB based interlace resource mapping for PUSCH/PUCCH/SRS should be studied further in NR-U-60.
Proposal 13: Study the use of aperiodic CSI-RS for BFR procedure in NR-U-60.
Proposal 14: RSSI measurement with directional reception should be studied in NR-U-60.
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