3GPP TSG RAN WG1 Meeting #102-e	R1-2005241
[bookmark: OLE_LINK59]E-meeting, August 17– 28, 2020

Agenda Item:	8.2.1
Source:	Huawei, HiSilicon
Title:	PHY design in 52.6-71 GHz using NR waveform
[bookmark: _GoBack]Document for:	Discussion and Decision 

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN #86, the SI to extend NR operation to carrier frequency between 52.6GHz and 71GHz was agreed with following objectives [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 will discuss the changes of physical layer design using existing NR waveform for both licensed and unlicensed band.   
[bookmark: _Ref129681832]Considerations on numerology 
In RAN1#101-e, RAN1 agreed to evaluate PDSCH/PUSCH performance including study of phase noise impairment impact for various numerology (i.e. SCS, CP length) and possibly for various carrier frequencies. The impact from delay spread, coverage and maximum bandwidth should also be considered when choosing the numerology. The candidate numerologies under investigation are listed in Table 1.
Table 1 Candidate numerologies for above 52.6GHz frequency band
	SCS 
	120 kHz
	240 kHz
	480 kHz
	960 kHz

	CP length
	586 ns
	293 ns
	146 ns
	73 ns

	CP length(ECP)
	2083 ns
	1042 ns
	521 ns
	260 ns

	Maximum carrier BW
	400 MHz
	800 MHz
	1600 MHz
	3200 MHz



Phase Noise
As can be observed from Figure 1, SCSs larger than 120 kHz do not achieve significantly lower BLER for QPSK and 16-QAM modulations in CDL-D channel. 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 ignored in QPSK modulation. On the contrary, as shown in Figure. 2, 64-QAM is more sensitive to phase noise and a larger SCS performs considerably better than a smaller SCS 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 (Section 3.2 discusses an enhanced Block PTRS as an example), the performance gap between larger and smaller SCSs can be substantially reduced as shown in Figure. 3. As can be observed from this figure, the BLER performance of 120 kHz SCS with ICI compensation is within 0.5 dB of 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 Figure. 4, CPE 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 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 such, 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. 
Observation 1: Using SCS of 120/240 kHz can achieve similar PDSCH BLER as using 480/960 kHz for QPSK and 16QAM with CPE compensation only. Similar trend can be observed for 64QAM when ICI compensation is considered. 
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Figure 1. BLER performance with different numerology for QPSK and 16QAM with CPE compensation only (CDL-D DS=30ns)
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Figure 2. BLER performance with different numerology for 64QAM with CPE compensation only (CDL-D DS=30ns)
[image: ]
Figure 3.  BLER performance with ICI compensation (CDL-D DS=30ns)
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Figure 4: BLER performance for 960 kHz with CPE and ICI compensation
In addition to the above discussion that, in our view, strongly justifies the use of smaller SCSs of 120 and 240 kHz, please 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 and an LS was sent to RAN4 asking for the accuracy of this model in 60GHz frequency band. However, based on the real measurement shown in Figure. 5, we observed that the agreed PN profile is too conservative and less impact from phase noise to smaller SCSs is expected. 
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Figure 5.  PN model in TR 38.803 and the real PN profile
CP length 
A numerology with a larger SCS has a shorter CP length which may result in a BLER performance degradation when the channel delay spread is large.
It is shown in our companion tdoc [3] that the CP length is long enough for large SCSs to cover the delay spread of CDL-B channel with DS=20ns. However, this is not the case for a larger delay spread in CDL-B channel. For example, CDL-B channel with DS=50ns is considered for different subcarriers in Figure. 5. The CP lengths of [120, 240] kHz SCSs are enough to cover the channel delay spread. However, when the SCS is larger than 480 kHz, the BLER performance is degraded for all modulation orders. 
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(a) QPSK and 16QAM                                                   (b) 64QAM
Figure 6. BLER performance with different numerology for 400MHz bandwidth (CDL-B DS=50ns)
Observation 2: If CDL-B with DS=50ns channel model is considered, the CP length of SCS larger than 240 kHz is not sufficient to cover the delay spread.
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 error into account, the NCP of 960 kHz SCS is not long enough to cover the TAE and delay spread. The NCP of 480 kHz SCS cannot cover both the UE MIMO TAE and 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.  Considering the above three factors, the NCPs of 480 and 960 kHz SCSs are not long enough and only 240 and 120 kHz SCSs with NCP are feasible choices.
· 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 provides sufficient CP length and NCP of 240 kHz SCS can handle the combined effect of all above detrimental effects only in scenarios with smaller Multi-TRP delay spread. As an example, the delay spread caused by Multi-TRP for a UMi deployment scenario with 100m maximum cell radius is 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: NCP of 120 kHz and 240 kHz SCSs can accommodate the delay spread, time alignment error, analog beam switching time, and Multi-TRP delay. ECP is required for 480/960 kHz SCS to handle above detrimental effects, causing a larger overhead. 
Coverage
A larger SCS results in a shorter symbol duration. If the total transmission power is fixed, which is typically the case for the uplink transmission, a shorter symbol duration leads to a smaller received energy. Therefore, a larger SCS can result in a poorer coverage performance especially for uplink signals with a fixed structure, e.g., PRACH, SRS, and short PUCCH.
Observation 4: A larger SCS has a poorer coverage for PRACH, SRS, and short PUCCH transmission.
Maximum Carrier Bandwidth
In NR Rel-15, considering the complexity and RF requirements, the largest FFT size is assumed to be 4096 points and the maximum number of PRBs is 273. For above 52.6 GHz, the largest FFT size and the maximum number of PRBs should not be increased.
In FR2, maximum 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 can be supported by introducing a larger SCS. 
As shown in Table 1 above, 240 kHz, 480 kHz, and 960 kHz SCSs can respectively support the maximum bandwidth of 800MHz, 1600MHz, and 3200MHz for each CC with a fixed 4096 FFT size. However, an extreme wideband carrier bandwidth comes at the price of a larger SCS and shorter CP length, 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.
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 can be negligible.
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



Proposal 1:  The numerologies of {120 kHz, 240 kHz} SCSs with NCP can be the starting point for NR operation in the frequency band between 52.6GHz and 71GHz. 
Impact to physical layer design
Assuming that 120 kHz or 240 kHz SCS is supported for licensed band, the design of FR2 can be reused to minimize the standardization effort.  For unlicensed band, in addition to the numerology, the regulatory requirements such as OCB and LBT should also be taken into account. Similar to the approach adopted in NRU in Rel-16, RAN1 should strive to have a common design for licensed and unlicensed bands as much as possible in the frequency bands above 52.6GHz.  
Proposal 2: The design of FR2 should be reused if the numerologies of 120/240 kHz SCSs are adopted. RAN1 should strive to have a common design between licensed band and unlicensed band. 
Initial access signals 
The most important motivation to introduce larger SCS than 120 kHz/240kHz is a better robustness against phase noise, which is critical only for a high-order modulation such as 64 QAM. However, the channels for initial access (such as PBCH, common PDCCH, and common PDSCH) only utilize QPSK modulation. Therefore, introducing a larger SCS during the initial access procedure may not be necessary.
Observation 5: The numerology of 120 kHz/240 kHz SCS with NCP is sufficient for initial access.
· SSB transmission
In FR2, 64 candidate SSB positions are supported to transmit up to 64 beams. In the WID, 52.6 GHz also expects to support 64 beams. The existing SSB pattern or SSB transmission procedure can be reused in licensed band since there is no LBT to be introduced. In unlicensed band, if LBT is used, more than 64 (e.g., 128) candidate SSB positions in a discovery reference signal (DRS) window need to be available. The concept of DRS with the window of {0.5 1, 2, 3, 4, 5} ms is defined in NR-U Rel-16. However, there are no additional bits in PBCH payload to indicate the candidate SSB index. Furthermore, if Case D, i.e., SSB with numerology of 120 kHz SCS, is supported in NR-U-60, there is no additional candidate SSB positions to place the SSBs within the DRS window.
[bookmark: OLE_LINK49]Observation 6: SSB with 120 kHz or 240 kHz SCS in FR2 is suitable for licensed band and SSB with 240 kHz SCS is suitable for NR-U-60.
· SSB and CORESET for Type0-PDCCH multiplexing
There is an OCB requirement (70% of the claimed nominal channel bandwidth) in the Harmonized Standard for 60GHz. If CORESET for Type0-PDCCH and PDSCH carrying SIB1 are multiplexed with SSB in the frequency domain, there would be more RBs occupied on the frequency domain, and, hence, the OCB problem may be less severe than the case that the Type0-PDCCH and PDSCH carrying SIB1 are multiplexed with SSB in the time domain. Note that, frequency multiplexing of CORESET for Type0-PDCCH and PDSCH carrying SIB1 with SSB is also attractive to reduce the cell search latency. NR-U-60 system should redesign the number of RBs of CORESET for Type0-PDCCH and PDSCH carrying SIB1 and the RB offset between SSB and CORESET for Type0-PDCCH (see table 13-1 to table 13-10 in TS 38.213) to meet the 70% OCB requirement. For instance, if the bandwidth of initial BWP is larger than 400MHz, the size of CORESET for Type0-PDCCH should be enlarged beyond 96RBs.
Observation 7: Multiplexing patterns 2 and 3 for SSB and CORESET for Type0-PDCCH better facilitate meeting the OCB requirement in NR-U-60.
· PRACH
The CP and the guard period (GP) length of the preamble determine the maximum access distance of the UE and a larger SCS results in a shorter CP and GP length. Table 4 shows the maximum access distance of different SCSs for Preamble C2 that has the largest coverage in FR2. 
Table 4: Maximum cell radius for Preamble Format C2 and 120/240/480/960 kHz SCSs
	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 [4] for backhaul use cases. A SCS lower than or equal to 240 kHz can achieve the minimum coverage requirement. Furthermore, 60 kHz SCS can support as far as 2500m cell radius, which is close to the maximum expected coverage for the backhaul use cases.
Observation 8: 60 kHz SCS can support a coverage close to the maximum expected coverage for the backhauling use cases while increasing the SCS of preamble will reduce the coverage and the maximum cell radius. 
[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 allowed transmitted power and satisfy the OCB requirement. Considering the work from NR-U, new PRACH ZC sequence lengths could be similarly defined for NR-U-60, if needed. 
Proposal 3: For unlicensed band, new ZC lengths should be considered.

[bookmark: _Ref47444870]Physical channels and signals 
· PTRS 
As discussed in Section 2, ICI becomes the bottleneck for supporting a higher order modulation in 52.6GHz 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 7 (a), the Rel-15 PTRS pattern is designed to estimate CPE only, and the PTRS REs are located in a distributed manner to combat the frequency selectivity of channel. In order to support ICI estimation, the Block PTRS pattern is proposed in Figure 7 (b), which is allocated in a localized manner in the frequency domain. By using Block PTRS, ICI components can be easily estimated by the receiver in the frequency domain by using a matrix multiplication, which has very low complexity. The performance of the Block PTRS-based ICI compensation has been shown in Figure 3 where a single block of contiguous PTRS with the same overhead as 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 ICI compensation can be even better than that of 960 kHz SCS with CPE compensation and the loss of 120 kHz SCS reduces to 0.5dB and 1.5dB compared with 960 kHz SCS for CDL-D and CDL-B channels, respectively.
[image: ]
· [image: ]
Fig. 7 PTRS pattern in frequency domain, (a) PTRS pattern in Rel-15 (b) Block PTRS pattern
Observation 9: 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.

· [bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK2]PUCCH/PUSCH
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.
· 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 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 [5]. According to the discussion in [5], 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 4: PRB based interlace resource mapping for PUSCH/PUCCH/SRS should be studied in NR-U-60.
Impacts to timeline aspects
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 be simply scaled from the NR design just like the 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 5: 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 the current below 52.6 GHz design.  This includes, but is 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. Based on the above discussion, we have the following proposal.
Proposal 5: If numerologies higher than 120 kHz are introduced, the processing timelines (BWP switching times, HARQ scheduling, UE processing, preparation and computation times for PDSCH, PUSCH/SRS and CSI) and PDCCH monitoring capability should be studied for the new numerologies. 
 Beam management
In BFR procedure, UE uses periodic CSI-RS and SSB for beam failure detection and candidate beam selection. In NR-U-60, some periodic reference signals may not be transmitted due to LBT. In addition, a new concept of COT is defined in Rel-16 NR-U according to which UE cannot use periodic CSI-RSs outside of the COT for beam evaluation. A simple method is to support aperiodic CSI-RS in NR-U-60 and possibly modify the BFR procedure accordingly.
Proposal 6: Study the use of aperiodic CSI-RS for BFR procedure 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.

Proposal 1:  The numerologies of {120 kHz, 240 kHz} SCSs with NCP can be the starting point for NR operation in the frequency band between 52.6GHz and 71GHz. 
Proposal 2: The design of FR2 should be reused if the numerologies of 120/240 kHz SCSs are adopted. RAN1 should strive to have a common design between licensed band and unlicensed band. 
Proposal 3: For unlicensed band, new ZC lengths should be considered.
Proposal 4: PRB based interlace resource mapping for PUSCH/PUCCH/SRS should be studied in NR-U-60.
Proposal 5: If numerologies higher than 120 kHz are introduced, the processing timelines (BWP switching times, HARQ scheduling, UE processing, preparation and computation times for PDSCH, PUSCH/SRS and CSI) and PDCCH monitoring capability should be studied for the new numerologies. 
Proposal 6: Study the use of aperiodic CSI-RS for BFR procedure in NR-U-60.

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: Using SCS of 120/240 kHz can achieve similar PDSCH BLER as using 480/960 kHz for QPSK and 16QAM with CPE compensation only. Similar trend can be observed for 64QAM when ICI compensation is considered. 
Observation 2: If CDL-B with DS=50ns channel model is considered, the CP length of SCS larger than 240 kHz is not sufficient to cover the delay spread.
Observation 3: NCP of 120 kHz and 240 kHz SCSs can accommodate the delay spread, time alignment error, analog beam switching time, and Multi-TRP delay. ECP is required for 480/960 kHz SCS to handle above detrimental effects, causing a larger overhead. 
Observation 4: A larger SCS has a poorer coverage for PRACH, SRS, and short PUCCH transmission.
Observation 5: The numerology of 120 kHz/240 kHz SCS with NCP is sufficient for initial access.
Observation 6: SSB with 120 kHz or 240 kHz SCS in FR2 is suitable for licensed band and SSB with 240 kHz SCS is suitable for NR-U-60.
Observation 7: Multiplexing patterns 2 and 3 for SSB and CORESET for Type0-PDCCH better facilitate meeting the OCB requirement in NR-U-60.
Observation 8: 60 kHz SCS can support a coverage close to the maximum expected coverage for the backhauling use cases while increasing the SCS of preamble will reduce the coverage and the maximum cell radius. 
Observation 9: 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.
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