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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN #86, SI to extend NR operation to carrier frequency between 52.6GHz and 71GHz was agreed with following SID [1]: 
· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· 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].
In this contribution, we shall discuss the changes of physical layer design using exiting NR waveform for both licensed and unlicensed band.   
[bookmark: _Ref129681832]Required changes to licensed band 
Numerology
There are several advantages to introduce larger SCS for above 52.6 GHz, which include wider carrier bandwidth and better robustness against phase noise. However, larger SCS will result in some drawbacks, e.g., shorter CP and poorer coverage. To determine the numerology for above 52.6 GHz, all of the aspects should be taken into account.

· Phase Noise
One important motivation of supporting larger SCS for above 52.6 GHz is to resist the severe phase noise. To evaluate the robustness against phase noise, the paper displays BLER performance for different SCSs, for which simulation assumptions and results are given in the Appendix A and B.
By considering different use cases defined in 38.807, two phase noise models are used for BLER evaluation.
· {BS, BS}: for IAB and backhaul use cases.
· {BS, UE}: for access use cases, i.e. I-IoT, High data rate eMBB, Wireless display transfer.
It can be observed from Figure 2, for QPSK and 16-QAM modulation, SCSs larger than 120 kHz do not achieve significantly lower BLER. This is because the working SNR region for low order modulation is low and phase noise is not a key factor. Hence, phase noise can be treated as Common Phase Error (CPE) with compensation or even just ignored in QPSK modulation.
For 64-QAM modulation, results differ with different phase noise models. For {BS, BS} model, phase noise is not that serious, CPE compensation performs well for all SCSs. For {BS, UE} model, as more serious phase noise occurs at UE side, higher SCS would perform much better than lower SCS if only CPE compensation is considered. However, with the help of ICI compensation algorithm [2, eq34] for lower SCS, the BLER can be greatly improved. For example, the BLER performance loss of 240 kHz SCS cut down to 1.3dB compared with 960 kHz SCS.
Observation 1: For QPSK and 16QAM, SCSs larger than 120 kHz do not achieve significantly better BLER. For 64QAM, all SCSs work well with {BS, BS} model; higher SCS performs better with {BS, UE} model, but the performance gap can be significantly cut down with a proper receiver algorithm.

· Bandwidth
In NR Rel-15, considering the complexity and RF requirements, the largest FFT size is assumed to be 4096 and maximum number of PRB is 273. For above 52.6 GHz, these rules should be followed.
In FR2, maximum 200 MHz BW with 60 kHz SCS and 400 MHz BW with 120 kHz SCS are supported. Scaling from FR2, larger CC bandwidth can be supported by introducing larger SCS. 
As is shown in Table 1, 240 kHz, 480 kHz, and 960 kHz SCS can respectively support maximum bandwidth of 800MHz, 1600MHz and 3200MHz for each CC with fixed 4096 FFT size. However, extreme wideband carrier bandwidth is not favored in all use cases, such as that requirement long coverage and dense deployment. The larger SCS is not the only choice for supporting larger BW. Alternatively, carrier aggregation with relatively small SCS, i.e. 120 kHz or 240 kHz can also support the larger BW.
Table 1: Maximum BW and SCS with 4096 FFT size
	SCS(KHz)
	Maximum BW(MHz)

	120
	400

	240
	800

	480
	1600

	960
	3200



Although CA requires inter-carrier guard bands, when small carrier bandwidth is considered, smaller SCS may have higher spectrum utilization within a carrier. For example, Table 2 shows the spectrum utilization in FR2. For example, for 50MHz bandwidth, the spectrum utilization for 60 kHz SCS is about 95.04% while the spectrum utilization for 120 kHz SCS is about 92.16%.
Table 2: 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



Observation 2: Both large and small SCS can support larger bandwidth with carrier aggregation.

· Coverage
Larger SCS results in shorter symbol duration. If the total transmission power is fixed, which is typical for uplink transmission, shorter symbol duration will lead to smaller received energy. Therefore, larger SCS can result in poorer coverage performance especially for the uplink signals with fixed structure, e.g., PRACH, SRS and short duration PUCCH.
Observation 3: Larger SCS has poorer coverage capability for PRACH, SRS and short PUCCH transmission.

· CP length
Ignoring the first symbol of every 0.5ms, CP length of an OFDM symbol for different SCSs can be obtained by substituting different  values in . Table 3 shows the CP lengths for different SCS.
Table 3: CP length for different SCSs
	SCS (kHz)
	CP length (ns)

	120
	584

	240
	292

	480
	146

	960
	73



Larger SCS leads to shorter CP, which is unfavorable for various reasons. Basically, the choice of CP length for above 52.6 GHz should consider the following factors:
· Multi-path channel: At least LOS or near LOS conditions should be considered. Hence, CDL-D channel model with 30ns DS, which means the maximum delay spread about 40ns should be considered[38.901]. The NCP of all SCSs can meet the requirement. 
· Time alignment error (TAE): in current spec, the BS MIMO TAE shall not exceed 65 ns, the UE MIMO TAE shall not exceed 130ns [38.104]. Taking this error into account, the NCP of 960 kHz is not long enough to cover the TAE and delay spread. The NCP of 480 kHz can not cover both the UL MIMO TAE and delay spread, while the NCP of 240 and 120 kHz can work well.
· Analog beam switching: About 100ns analog beam switching time of UE/BS needs to be considered.  Considering the above three factors, the NCP of 480 and 960 kHz is not long enough. The 240 and 120 kHz with NCP are feasible solution.
· Multi-TRP delay: Specifically, considering dense urban 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 TRP. If we further consider this part, only NCP of 120 kHz provides sufficient CP length. For example, considering an UMi deployment scenario with 100m maximum cell radius, the delay spread caused by Multi-TRP is shown in Table 4.
[image: 3]
Table 4: Delay spread caused by Multi-TRP
	d1-d2 (m)
	Delay spread (ns)

	10
	33.3

	30
	66.7

	50
	133

	70
	267



Observation 4: The SCS for NCP configuration should be no larger than 240 kHz to cover the delay spread and TAE for both uplink and downlink.

Impacts to signals and channels
If RAN1 decide to introduce larger SCS for above 52.6GHz band, e.g. 240 kHz, there are two options:
· Option 1: Reusing the FR2 SCSs for initial access, and the new SCSs are introduced by BWP configuration, i.e., similar to 60 kHz SCS in FR1.
· Option 2: Redesigning all the physical channel/signals for the new SCS.
As is observed from subsection 2.1, the most important motivation for larger SCS is the better robustness against phase noise, which can observed for high-order modulation, e.g., 64 QAM. However, the channels for initial access (PBCH, common PDCCH, and common PDSCH, etc.) only utilize QPSK modulation. Therefore, introducing larger SCS during the initial access procedure may not be necessary.
For initial access, larger SCS can leads to performance losses. For example, as aforementioned, larger SCS can reduce the coverage performance of PRACH due to the smaller reception energy. Furthermore, larger SCS may lead to shorter access distance. To be specific, the CP and GP length of preamble determine the maximum access distance of UE, and the larger SCS results in shorter CP and GP length. Table 5 gives the maximum access distance of different SCSs. 
Table 5: Preamble formats for PRACH by scaling to 120/240/480/960 kHz SCS
	Preamble
format
	Maximum Cell radius (meter)

	
	60 kHz  SCS
	120 kHz SCS
	240 kHz SCS
	480 kHz   SCS
	960 kHz  SCS

	C2
	2500
	1250
	625
	313
	156


As given in TR 38.807, the target coverage range is expected to be 500m-3000m [3] for backhaul use cases. SCS lower than 240 kHz can achieve the minimum requirement of coverage. 60 kHz SCS can support as far as 2500m cell radius, which approaches to the maximum coverage demand for backhaul use cases.
Observation 5: The advantage of larger SCSs is not significant during initial access procedure since only low modulation order is used on signals and channels used for initial access.
Observation 6: Increasing the SCS of preamble will reduce the maximum cell radius, 60 kHz SCS approaches to the maximum coverage demand for backhauling use cases. 
Impacts to timeline aspects
In NR, the timeline related aspects are defined based on numerology, for example, BWP switching times, HARQ scheduling, UE processing, preparation and computation times for PDSCH, PUSCH/SRS and CSI. The timeline restriction cannot be simply scaled from NR design just like the numerology scaling. For example, the PUSCH preparation time for PUSCH timing capability 1 given below in 38.214 does not scale with the numerology. The timeline should be designed to meet the real UE capability.
Table 6: PUSCH preparation time for PUSCH timing capability 1 in NR below 52.6GHz
	

	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 the scaled numerology, which are mainly the numerology specific configurations/capability in current below 52.6GHz design, including but not limited to:
· PDCCH monitoring capability
· e.g., Maximum number of monitored PDCCH candidates per slot, Maximum number of non-overlapped CCEs per slot
Based on above discussion, we have following observation
Observation 7: While introducing larger SCSs, at least the influence on processing timelines and PDCCH monitoring capability should be considered.
Potential additional changes to unlicensed band
General considerations 
NR-U inherits numerologies and signals/channel designs from NR FR1 in Rel-15 as much as possible, which simplify the standard effort and implementation. Similar philosophy should be adopt on the Study on supporting NR from 52.6GHz to 71 GHz that RAN1 should strive to share similar design between licensed band and unlicensed band as much as possible.  
According to the survey in [3], there is at least 5 GHz of spectrum available globally, between 57 to 64 GHz, for unlicensed operation and in some countries up to 14 GHz of spectrum, between 57 to 71 GHz, for unlicensed operation.  In EN 302 567, there is no requirement on the nominal centre frequencies and nominal channel bandwidth, which is different from the Harmonized Standard for 5GHz [301 893]. Manufacturer can declare the nominal channel bandwidth when the product is tested.  IEEE 802.11ad/ay systems currently support multiple of 2.16 GHz block (i.e., 2.16 GHz, 4.32 GHz, 6.48 GHz and 8.64 GHz). However, the maximum carrier bandwidth in NR FR2 in Rel-15 is 400MHz with 120 kHz SCS. In order to make good use of large available spectrum with less overhead and complexity, it would be beneficial for NR-U-60 to introduce larger bandwidth for a single carrier compared with large number of carrier aggregation with small carrier bandwidth. Moreover, there are 13dBm/MHz PSD limit and 40 dBm total EIRP limit in EN302 567, If a device hope transmit with full power, 500MHz carrier with 240 kHz SCS is a better choice. So NR-U-60 could consider numerology to support larger single carrier bandwidth for operation with unlicensed band compared with those in NR FR2. 
For operation in unlicensed band, the potential changes on the signals, channels and procedures in physical layer depends on channel access mechanisms. According to 302.567 v2.1.1 [4], LBT is mandatory. At the same time, there are two ongoing WI in ETSI BRAN, including specifying the channel access mechanism (additivity) for Fixed Network Radio Equipment[5] and Mobile Network Radio Equipment operating in the 57-71GHz band. The detail will be discussed in our companion papers [71EX02][71EX03] with preliminary system level evaluations. In case LBT is not necessary, the physical layer design in licensed band can be reused directly. In case LBT is necessary, the features introduced in NR-U in Rel-16 could be taken as reference. Therefore, changes for operation in unlicensed band depend on the channel access mechanisms, i.e. whether LBT is necessary. 

Potential Impacts on signal and channel
· SS/PBCH block
There are 64 candidate SSB positions defined in FR2 to support at most 64 beams. In the WID, NR-U-60 also expects to support 64 beams. If LBT is not introduced before SSB, the existing candidate SSB positions defined in FR2 can be reused. If LBT is necessary before SSB transmission, the concept of discovery burst introduced in NR-U can be considered in 60GHz as well. Additional candidate SSB positions in time domain might be necessary if gNB hope to retransmit SSB in a discovery burst with low latency. 
Furthermore, there is OCB requirement (70% of the claimed nominal channel bandwidth) in the Harmonized standard for 60GHz.  Supporting QCLed RMSI CORESET and RMSI PDSCH multiplexing with SSB in frequency domain will be more attractive to reduce cell search latency. Considering the new numerology and channel bandwidth, the existing parameters defined for pattern 2 or pattern 3 in TS 38.213 should be updated. 
· RACH
In NR-U, PRACH sequences with length of 571 and 1151 were introduced in order to make full use of allowed transmitted power and satisfy OCB requirement. Considering the work from NR-U, new PRACH ZC sequence lengths could be similarly be defined for NR-U-60, if needed.
Two step RACH was introduced in NR-U in order to reduce RACH latency. In FR1, the PRACH and PUSCH are multiplexed in TDM manner. Considering wide carrier bandwidth in frequency domain, PRACH and PUSCH multiplex in FDM manner could be considered. 
· PUCCH/PUSCH
PRB based interlaced was introduced in LTE eLAA and NR-U in FR1. It improve scheduling flexibility at gNB to schedule less PRB resource and fulfil OCB requirement as same time. Another motivation is trying to boost transmit power on the allocated PRBs without violate PSD limitation defined per MHz. Similar to the unlicensed band at 5 GHz, the signal transmission over the unlicensed band between 57 to 71 GHz should also satisfy certain constraints on the transmission power and power spectrum density (PSD) imposed by the current regulatory requirements. For example, for the frequency range between 57-66 GHz, the mean EIRP (Equivalent Isotropic Radiated Power) is limited to 40 dBm, and the maximum mean EIRP density is limited to 13 dBm/MHz [3]. On the other side, it is not possible to boost transmit power on interlaced PRB due to increase SCS, because the PSD is still defined in the unit of dBm/MHz. The opportunities to multiplex UE in frequency domain also reduces because reduced number of UE in a specific receiving direction from gNB. Thus, more evaluation is required on introducing PRB based interlace in NR-U-60.
· SRS
So far, the Rel-15 SRS was by default supported for NR-Unlicensed in FR1 and FR2, which is a wideband SRS based on ZC sequences with comb-2 or comb-4 frequency structure and so can obtain high TX power under the PSD constraint. However, such comb-based SRSs cannot be multiplexed with the PRB-based interlaced PUCCH/PUSCH in an FDM manner. Thus from compatibility point of view, it is beneficial to adopt an SRS that is also of a PRB interlace-based structure, which can be constructed as follows.
For a given transmission bandwidth consisting of  subcarriers, we divide it into  subbands each containing  consecutive subcarriers, i.e., , and select a number of  subcarriers with the same distribution in each of the  subbands as the frequency resources for a SRS. To guarantee compatibility, the  subcarriers in each subband can be selected to belong to one or a few interlaces under the same interlace structure as that used by PRB-based interlaced PUCCH/PUSCH. By this means, the rest of the interlaces can be reserved for PUCCH/PUSCH, i.e., the SRS and PUCCH/PUSCH are FDMed under the same interlace structure. An SRS can be constructed by mapping a length- constant envelope sequence onto the selected  subcarriers and inversely Fourier transforming the resultant frequency domain sequence to obtain the time domain SRS waveform. It can be proved that for such an interlaced based SRS constructed from an arbitrary length- constant envelope sequence, there exists a zero-autocorrelation-zone (ZAZ) in its periodic auto-correlation function, and the time span of this ZAZ is at least  where  is the subcarrier spacing. Furthermore, multiple SRSs can be constructed by mapping different length- constant envelope sequences on to the same set of selected  subcarriers. Specifically, the length- sequences can be generated by
   								(1)
where 
 is a length- sequence with constant envelope in an orthogonal sequence set, which we label as “short” sequences. All the short sequences in the sequence set are mutually orthogonal to each other;
 is an arbitrary length  sequence with constant envelope, which we label as “long” sequence. Its purpose is two-fold: to produce a low PAPR for the corresponding SRS when  is carefully selected; and to generate multiple of such SRS sets using different long sequences.
It can be proved that, for two SRSs constructed based on the same long sequence and different short sequences, there exists a zero-cross-correlation-zone (ZCCZ) in their periodic cross-correlation function, and the time span of this ZCCZ is also at least , the same as that of their ZAZ. Figure below shows the periodic auto/cross-correlation functions of such SRSs with  kHz, ,  (and so ), where SRS frequency resources are selected to be every 4th PRB, the short sequences are selected to be columns of a 12x12 DFT matrix, and the long sequence is given by  where ) and  is a permutation over the set  It can be seen that the time span of both the ZAZ and ZCCZ is  ns. When multiple SRSs are concurrently transmitted and arrive at the BS simultaneously via proper timing advance, the channel experienced by each of these SRSs can be estimated at the BS without interference from each other, provided that the maximum delay of the channel experienced by each of such SRSs is no longer than the time span of their ZAZ/ZCCZ. In the meanwhile, it can be shown that these SRSs can achieved 0 dB PAPR.
[image: ]

According to the requirements of unlicensed band regulation, the following changes on the physical layer signals and channels should be further studied:
· Candidate SSB positions and RMSI CORESET/PDSCH multiplexing
· New ZC lengths and RO/PO multiplexing in 2 step RACH
· PRB based interlace resource mapping for PUSCH/PUCCH/SRS

Conclusions
We discuss the changes of physical layer design using exiting NR waveform for both licensed and unlicensed band with following observation and proposal, based on evaluation performed using assumptions in Appendix A.
Proposal 1: if link-level evaluations are needed for the study of SCS for NR-U-60, the evaluation parameters in Appendix A are taken as starting point for discussion on evaluation assumptions. 
Our observations on the choice of subcarrier spacing are summarized below.
· For backhaul link (IAB)
· All SCS perform well for QPSK, 16QAM and 64QAM
· According to the current RACH design in FR2, only 60 kHz SCS approaches the maximum coverage demand for backhauling (3 km), while 120 kHz SCS still allows backhauling distance greater than 1 km. 480 and 960 kHz SCS cannot meet the minimum coverage requirement of 500 m for backhauling.
· For access link:
· For QPSK and 16QAM, SCSs larger than 120 kHz do not achieve significantly better BLER. For 64QAM, the BLER performance gap between can be low with proper receiver algorithm to compensate both CPE and ICI.
· Both large and small SCS can support larger bandwidth with carrier aggregation.
· Larger SCS has poorer coverage capability for PRACH, SRS and short PUCCH transmission. Increasing the SCS of preamble reduces the maximum cell radius.
· The SCS for NCP configuration should be no larger than 240 kHz to cover the delay spread and TAE for both uplink and downlink.
· The advantage of larger SCSs is not significant during initial access procedure since only low modulation order is used on signals and channels used for initial access.
Proposal 2: for the selection of SCS for above 52.6 GHz for licensed operation, while striving for a similar design for licensed and unlicensed operation, the following criteria should be considered if SCSs larger than 120 kHz are proposed:
· Impact of coverage (physical channel transmission duration, CP length)
· Impact on BLER (robustness to phase noise)
· Impact on UE processing timelines
· Impact on PDCCH monitoring capability
Proposal 3: For initial access procedure above 52.6GHz, legacy SCS configurations for FR2 can be reused. Whether new SCSs are needed should be further studied. 

Specific considerations for unlicensed operation are provided below:
Proposal 4: NR-U-60 could consider numerology to support larger single carrier bandwidth for operation with unlicensed band compared with those in NR FR2. 
Proposal 5: Changes for operation in unlicensed band depend on the channel access mechanisms, i.e. whether LBT is necessary. 
Proposal 6: According to the requirements of unlicensed band regulations, the following changes on the physical layer signals and channels should be further studied:
· Candidate SSB positions and RMSI CORESET/PDSCH multiplexing
· New ZC lengths and RO/PO multiplexing in 2 step RACH
· PRB based interlace resource mapping for PUSCH/PUCCH/SRS
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Appendix A. Simulation assumptions 
	Assumptions
	Value

	Carrier frequency
	70 GHz 

	Duplexing 
	TDD

	Numerology
	[120 kHz 240 kHz 480 kHz 960 kHz]

	UE antenna model
	(M, N, P, Mg, Ng) = (2, 4, 2, 1, 1) 

	TRP antenna model
	(M, N, P, Mg, Ng) = (8, 16, 2, 1, 1) 

	PN model
	Example 2 phase noise model scaling to 70GHz in 38.803

	EVM
	[3%] at BS and [5%] at UE

	Channel coding
	LDPC code

	frame structure
	2(PDCCH)/1(DMRS)/11(data+PTRS)

	Transmission BW
	96/48/24/12 PRB for 120/240/480/960 KHz

	TTI
	62.5us (240KHz 1 slot base line)

	MCS 
	QPSK (DL table 2 MCS 1) 16QAM (DL table 2 MCS 9) 64QAM (DL table 2 MCS 16)

	DMRS
	1/2 in frequency in each port

	PTRS
	[1/24] in frequency, [1] in time domain for OFDM 

	Receiver 
	CPE, ICI compensation

	ICI compensation method
	Algorithm in reference [3, eq34]

	Channel estimation 
	Realistic

	Channel model
	CDL-{D} in TR 38.901 with {50} ns DS, with 5 degrees AoD spread for TRP, 5 degrees AoA for UE;
Speed  = 3km/h;
FFT Beam forming scheme used for spatial filtering



The PN model comes from Example 2 phase noise model scaling to 70GHz in 38.803, ‘BS’ and ‘UE’ model. The PSD of the proposed phase noise models at both UE and BS side for 70 GHz are depicted in Figure 1:
[image: ]
Figure 1. PSD of proposed phase noise model at both UE and BS side of 70GHz
Furthermore, the pattern of PTRS can be selected with the most density in both frequency and time domain according to 38.211 to achieve the best performance if needed
Appendix B. Simulation results
[image: ][image: ][image: ][image: ]        [image: ] 
                                  (a) QPSK/16QAM                                                        (b) 64QAM
Figure 2. BLER performance with different numerology for {BS, UE} model
[image: ][image: ]
Figure 3. BLER performance with different numerology for {BS, BS} model
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