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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The study item on supporting NR above 52.6 GHz was concluded at RAN1#103-e and RAN#90. Aspects of the physical layer design were agreed and documented in TR38.808, including the support of 120 kHz SCS for initial access, data/control channels and reference signals as already specified for FR2. The WID was revised in [1], reflecting the decision made at RAN#90 to additionally support two new SCSs, 480 kHz and 960 kHz, for data/control channel and reference signals, and that UEs supporting a band in the range of 52.6-71 GHz are not required to support 480 kHz SCS and 960 kHz SCS. For 120 kHz and the new SCSs, some physical layer designs are unsuitable for frequency above 52.6 GHz, and should be discussed.
[bookmark: _Ref129681832]General discussion
For 120 kHz, as a legacy subcarrier spacing from FR2, the complete framework already available in FR2 can be directly extended to frequencies above 52.6 GHz, except for the PTRS design. The details of PTRS design for all the supported SCSs is discussed in the Section 4.3.2, motivated by the merits of ICI compensation supported by theoretical analysis and evaluations. 
Extending FR2 up to 71 GHz offers a simple solution to support frequencies in the range of 52.6-71 GHz and requires no update in RAN1 specification in relation to 120 kHz SCS (except for PTRS design), whereas only minor changes would be required for 480 and 960 kHz SCS in RAN1 specifications (in addition to the PHY enhancements targeted in [1]).
Proposal 1: Reuse the physical design and framework defined in FR2 for 120 kHz, except PTRS.
· From RAN1 specification perspective, 120 kHz SCS can be supported in 52.6-71 GHz with no specification change by simply extending FR2 up to 71 GHz.

Bandwidth
The number of RBs and carrier bandwidth corresponding to different subcarrier spacings defined for FR2 are shown in Table 1. The minimum number of PRBs is 32, the maximum number of PRBs is 264, and the maximum carrier bandwidth is 400 MHz in Rel-15 and Rel-16 specifications.
Table 1: Transmission bandwidth configuration NRB for FR2
	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



Minimum bandwidth
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. Given the constraints in EU regulations, a 50 MHz bandwidth allows achieving the maximum PSD and EIRP simultaneously. However, setting the minimum bandwidth to be 50 MHz not only results in an inefficient implementation due to a low FFT utilization with a small number of PRBs in case of a large SCS such as 960 kHz, but also leads to a high implementation difficulty of synchronization introduced by many synchronization raster points within the large bands available in this frequency range. On the other hand, setting the minimum bandwidth to be at least 400 MHz, would result in a lower coverage and waste of spectrum in bands whose bandwidth cannot be divided by 400 MHz. Hence, comparatively, setting the minimum bandwidth to be 200 MHz can achieve a good compromise among complexity, coverage and spectrum utilization. 200 MHz can be supported with 32 RBs with 480 kHz SCS but may still result in an inefficient implementation due to a low FFT utilization with 960 kHz SCS. 400 MHz carrier bandwidth can support 32 RBs with 960 kHz SCS. Therefore, 400 MHz can be the smallest bandwidth with 960 kHz SCS.
Proposal 2: For NR operating in 52.6-71 GHz, the supported minimum carrier bandwidth is 200 MHz for 120 kHz and 480 kHz SCS. The minimum carrier bandwidth is 400 MHz with 960 kHz SCS.
Maximum bandwidth
To achieve a high peak data rate with a single carrier, carrier bandwidths larger than 400 MHz with higher SCS have been discussed for several meetings including 1600 MHz with 480 kHz SCS and 3200 MHz with 960 kHz SCS. Not that, an extremely large bandwidth come at the price of high complexity due to a high sampling frequency. For 120 kHz SCS, large bandwidths like 1600 MHz and 3200 MHz would require a number of PRBs larger than the maximum value defined for FR2. Therefore, the maximum carrier bandwidth should depend on the subcarrier spacing. For 960 kHz SCS, while the maximum FFT size of 4096 can still be met with 3200 MHz carrier bandwidth, additional implementation challenges exist for the RF front-end. It should be investigated whether 3200 MHz or a smaller value such as 2000 MHz or 2400 MHz should be supported as the maximum carrier bandwidth with 960 kHz SCS.
Proposal 3: The maximum carrier bandwidth depends on the subcarrier spacing:
· 400 MHz for 120 kHz SCS
· 1600 MHz for 480 kHz SCS
· FFS for 960 kHz SCS, e.g. 3200, 2400 or 2000 MHz (ask RAN4)
Enhancements on timeline
In NR, the timeline related aspects are defined based on the numerology and UE processing capability, for example, BWP switching times, HARQ scheduling, UE processing, preparation and computation times for PDSCH, PUSCH/SRS and CSI and so on, as listed in the Table 2. 
 Table 2 Parameters associated with timelines
	Notation
	Description
	unit
	Details

	K0
	Slot offset between DCI and its scheduled PDSCH
	slot
	INTEGER(0..32), default 0
Configured by RRC and DCI
PDSCH-TimeDomainResourceAllocation
[5.1.2.1 of TS38.214] [6.3.2 of TS38.331]

	K1
	Slot offset between PDSCH and corresponding HARQ-ACK
	slot
	INTEGER (0..15)
Configured by RRC and DCI
[bookmark: _Hlk45742881][bookmark: _Hlk500865557][bookmark: _Hlk508187268]dl-DataToUL-ACK
should be larger than the minimum PDSCH processing time


[9.2.3 of TS38.213] [6.3.2 of TS38.331]

	K2
	Slot offset between DCI and its scheduled PUSCH
	slot
	INTEGER(0..32)
Configured by RRC and DCI
PUSCH-TimeDomainResourceAllocation
The default value{1, 1, 2, 3} for SCS {15, 30, 60, 120}kHz respectively. The minimum value is derived as per UE PUSCH preparation time:


[6.1.2.1 of TS38.214] [6.3.2 of TS38.331]

	N1
	UE PDSCH processing time
	symbol
	UE PDSCH processing capability 1 and 2 that are closely related to DM-RS pattern and SCS of PDCCH, PDSCH and UL channel for HARQ-ACK(µPDCCH, µPDSCH, µUL)
[Table 5.3-1 and table 5.3-2 in section 5.3 of TS38.214]

	N2
	PUSCH preparation time scheduled by DCI (symbol)
	symbol
	UE PUSCH timing capability 1 and 2 that are closely related to SCS of PDCCH and PDSCH (µDL, µUL)
[Table 6.4-1 and table 6.4-2 in section 6.4 of TS38.214]

	N3
	Related to the minimum gap between PUCCH multiplexing HARQ-ACK and the second  DCI
	symbol
	Minimum gap between the second detected DCI and the beginning of the first PUCCH resources
If processingType2Enabled = enable, N3 = {3, 4.5, 9, N/A}; otherwise N3={8, 10, 17, 20} for µ= {0, 1, 2, 3} respectively
[9.2.3 of TS38.213]

	Z1, Z2, Z3
	CSI computation time
	symbol
	



where μ=min (µPDCCH, µCSI-RS, µUL)
 [Table 5.4-1 and table 5.4-2 in section 5.4 of TS38.214]

	TBWPswitchDelay
TMultipleBWPswitchDelay
	BWP switching delay on a single CC and multiple CCs
	slot
	It is related to UE capability and the smaller SCS between the SCS before and after BWP switch
[8.6 of TS38.133]

	
	Time between PDCCH order and PRACH transmission
	ms/μs
	 = the time duration of N2 symbols;
 = time duration of TBWPswitchDelay slots;
for FR1, 0.25msec for FR2;
 means UL Tx swiching delay [6.1.6 of TS38.214] [6.3.3 of TS38.331]
[8.1 of TS38.213]

	[image: ]+0.75
	PRACH retransmission
	msec
	 The maximum time duration between PRACH retransmission and the last symbol of window or PDSCH reception
 is a time duration of [image: ] symbols that is related to UE PDSCH processing capability 1
[8.2 and 8.2A of TS38.213]

	

	PUSCH processing capability scheduled by RAR
	slot
	The slot offset between RAR UL grant and corresponding PUSCH transmission, and it should be larger than the minimum duration:

 msec


= the time duration of N1 symbols for UE processing capability 1 with additional PDSCH DM-RS, and = the time duration

	X
	The minimum time gap between DCI 2_6 and the start of drx-onDurationTimer of Long DRX for each SCS 
	slot
	It is related the SCS and licensed/unlicensed bands
[8.2.1.2.7 of TS38.133]

	N
	Gap between DCI 1_1(SPS PDSCH release) and PUCCH providing related HARQ-ACK 
	symbol
	If processingType2Enabled = enable
N={5, 5.5, 11} for μ={0,1,2}, respectively
Otherwise
N={10, 12, 22, 25} for μ={0,1,2,3} respectively
[10.2 of TS38.213]

	timeDurationForQCL (FR2)
	Minimum number of OFDM symbols for UE to apply QCL
	symbol
	One of UE capabilities
The minimum number of OFDM symbols required by the UE to perform PDCCH reception and applying spatial QCL information received in DCI for PDSCH processing per SCS, {7, 14, 28} and {14, 28} for µ= {2, 3} respectively
[6.3.3 of TS38.331][4.1 of TR38.822]

	beamSwitchTiming (FR2)
	The minimum number of OFDM symbols between the DCI triggering of aperiodic CSI-RS and aperiodic CSI-RS transmission per each supported SCS
	symbol
	One of UE capabilities
 [6.3.3 of TS38.331][4.1 of TR38.822]

	d
	Additional beam switching timing delay
	PDCCH symbol
	beamSwitchTiming + d 
d = {8, 8, 14} for µPDCCH = {0, 1, 2, 3} respectively
[5.2.1.5.1a of TS38.214]

	
	Search space set group switching delay 
	symbol
	INTEGER (10..52)
searchSpaceSwitchDelay
Minimum value of  is related to SCS and UE processing capability 1 or 2
[10.4 of TS 38.213][6.3.2 of TS38.331]

	Y
	Minimum guard period between two SRS resources of an SRS resource set for antenna switching
	symbol
	It is related the SCS:  Y = {1, 1, 1, 2} for µ = {0, 1, 2, 3} respectively
[Table 6.2.1.2-1 of TS38.214]



Most of the timelines defined in FR2 are expressed in units of a symbol or a slot and may depend on the SCS. In general, the processing timelines do not scale proportionally to the SCS. In some cases such as N2 (shown in Table2) the value expressed in the unit of symbols increases with increasing SCS, but absolute time durations actually decrease. The absolute durations specified for 120 kHz SCS are already approaching practical limits. When SCSs higher than 120 kHz are considered, the absolute time duration for all of the timelines should not decrease further due to the implementation complexity to support 120 kHz and one or two of {480 kHz, 960 kHz}for a same UE, especially under certain scenarios involving switching, such as BWP switching, beam switching and antenna switching. As per the revised WID [1], some other possible enhancements, such as multi-PDSCH/PUSCH scheduling and HARQ support with a single DCI, enhancement to PDCCH monitoring, PT-RS and DM-RS enhancements, will also affect UE processing, preparation and computation timing. Therefore, the specific absolute timeline should be analyzed case by case. 
Proposal 4: The absolute timelines of existing Rel-15/16 features should not be further reduced than those for 120 kHz SCS. The timeline of potential Rel-17 enhancement should be analyzed case by case as per the SCS.
Enhancements on PDSCH/PUSCH/RS
The new SCSs of 480 and 960 kHz supported for data/control channels and reference signals introduce new problems on physical layer design, such as increased complexity of PDCCH monitoring with shorter slot duration. For the legacy SCS of 120 kHz, the phase noise effect should be handled with enhanced reference signals. Some solutions have been agreed in RAN1#103-e and RAN#90-e, but many details still remain to be discussed. 
[bookmark: _Ref61378594]PDSCH 
The scheduling decisions for a given UE depend on the channel quality and the statistical characteristics of the channel such as coherence time. The duration of 8 consecutive slots with 960 kHz SCS is the same as the duration of one slot with 120 kHz SCS within which the channel state may be stable enough. Therefore, the single FDRA/MCS/beam information indicated by a single DCI can be applied to the whole duration of multi-PDSCH scheduling, regardless of the number of the scheduled TB(s). This would allow decreasing the complexity of PDCCH detection and signaling overhead at the same time.
For multi-PDSCH scheduling, the number of TBs is not defined yet, and both single TB and multiple TBs are discussed in past meetings. Transmitting a single TB with a large transport block size mapped on all the resources of multiple slots, where each slot carries a part of the TB in shown in Figure 1(a). Such a mapping leads to many code blocks and increases the probability of block error. In turn, transmitting the same TB on different slots with different RV index, as shown in Figure 1(b), leads to low a spectral efficiency. Therefore, it is preferable to support transmitting multiple TBs with a configurable number of TBs and configurable repetitions for multi-PDSCH scheduling, as shown in Figure 1(c), to dynamically adjust between coverage and peak data rate.
[image: ]
[bookmark: _Ref61371295]Figure 1. Single or multiple TBs of multi-PDSCH scheduling
Proposal 5: Support multiple TBs with configurable number of TBs and configurable repetitions for multi-PDSCH scheduling with multiple consecutive slots to compromise between coverage and peak data rate flexibly.
In FR2, an offset k0 is indicated by DCI and RRC, defined as the slot offset between slot including DCI and the slot including the scheduled PDSCH. Further, an offset k1 is indicated by DCI and RRC, defined as the slot offset between the scheduled PDSCH and the slot used to feedback HARQ corresponding to the PDSCH. If multi-slot is scheduled with slot aggregation, the first slot of the multi-slot is used to compute the offset k0 and the last slot of the multi-slot is used to compute the offset k1.
For multi-PDSCH scheduling in frequency above 52.6 GHz, the same approach can be applied for definition of k0 and k1, where k0 indicates the gap between the slot that includes DCI and the first slot of the multi-slot corresponding to the scheduled PDSCH, with the resource allocation in time domain defined on the whole multi-slot, and k1 indicates the gap between the last slot of multi-slot scheduled PDSCH and the slot that includes the HARQ information of the corresponding PDSCH, as demonstrated in Figure 2.

 [image: ]
[bookmark: _Ref60767803]Figure 2. Illustration of the offset indicated by k0 and k1 with new unit in multi-slot PDSCH scheduling
Proposal 6: For multi-slot PDSCH scheduling with a single DCI for 480 kHz and 960 kHz:
· k0 indicates the gap between the slot of the scheduling DCI and the first slot of the multi-slot PDSCH scheduled by the DCI
· k1 indicates the gap between the last slot of the multi-slot PDSCH and the slot carrying the HARQ information feedback corresponding to the multi-slot PDSCH
Considering, as defined in [1], that 120 kHz is used for initial access, in order to maximize the resource allocation utilization in the system with mixed SCS between initial access and data/control channel, the TDD configuration of 480 kHz and 960 kHz SCS should be aligned with that of 120 kHz SCS. This, in particular, means that the number of consecutive DL slots and number of consecutive UL slots in a TDD configuration period should be linearly scaled up by the ratio of used SCS to 120 kHz. An example with a typical TDD configuration 8:2 is shown in Figure 3. This TDD configuration with 8 consecutive DL slots allows the transmission of all the SS/PBCH blocks of SSB pattern Case D for 120 kHz SCS.

[image: ]
[bookmark: _Ref61103236]Figure 3. TDD configuration of 480 kHz and 960 kHz that aligns with that of 120 kHz
With the scaled TDD configuration, the maximum value of k0=32 defined in FR2 is too small and doesn’t offer enough flexibility for supporting bUEs with different processing capabilities. Similarly, the maximum value of k1=16 defined in FR2 is too small to feedback the ACK/NACKs of all the scheduled TBs. As an example, let us consider a scenario with TDD DL:UL configuration 32:8 for 480 kHz and 64:16 for 960 kHz as shown in Figure 4, which are aligned with the 8:2 configuration for 120 kHz SCS. In this figure, the DL slots within the range corresponding to the red solid arrows are the slots which can map the PDSCH scheduled by the first PDCCH, while k0 means the number of slots between the slot of DCI and the first slot of the scheduled PDSCH; and the DL slots within the range corresponding to the blue solid arrows are the slots which can have a valid k1 indication for HARQ-ACK feedback of the scheduled PDSCH, while k1 means the number of slots between the last slot of the scheduled PDSCH and the first slot of the multiple uplink slots. This can be easily generalized to the other TDD configurations.
As shown in the figure, we can see that:
A) The valid range of PDSCH scheduled by the first PDCCH are limited to be within one TDD configuration period for 480 kHz and 960 kHz, as shown within the range of red arrows. This requires UE to start decoding PDSCH in a shorter time compared with FR2, including DCI decoding, beam switching, BWP switching, and so on;
B) All the HARQ-ACKs corresponding to the PDSCH scheduled within the range of blue arrows can and should be indicated to feedback in the uplink slot at the same TDD configuration period, while the uplink slot of the next TDD configuration period is at least 40 slots farther than the last slot of the scheduled PDSCH, which is out of range of k1 indication, as shown by the blue dash arrow. 
C) Even within the same TDD configuration period, there can be one multi-slot PDSCH scheduled without an available configuration of k1 to feedback HARQ-ACK for 960 kHz, as shown within the blue dot dash arrow legend as k1=16~23 and k1=24~31, which is larger than the maximum value for k1 defined in FR2.
[bookmark: _Ref61105147]  [image: ] [image: ]Figure 4. k0 and k1 defined in FR2 are not suitable for multi-PDSCH scheduling with scaled TDD configuration
As possible solution to the problems, taking the multi-PDSCH scheduling sharing the same value of k0 and k1 into consideration, the unit of k0 and k1 can be changed to multiple slots, for example, N slots, that means the offset indicated by k0=i is i*N slots,  and the offset indicated by k1=j is N*j slots respectively, based on which, the absolute time duration between DCI and the scheduled PDSCH, or the absolute time duration between the scheduled PDSCH and slot of HARQ-ACK feedback is the same with that of 120 kHz. For example, UE is expected to receive the scheduled PDSCH starting from slot n+k0*N and ending at slot n+k0*N+N-1, where n is the first slot of the multi-slot mapped the corresponding DCI, k0 is the value configured by the DCI and RRC, and N is the number of slots in a multi-slot PDSCH, which can be decided by SCS.
Observation 1: The ranges of k0 and k1 defined in FR2 are not suitable for multi-PDSCH scheduling if the unit of k0 and k1 is one slot of the scheduled SCS, when the scheduled SCS is 480 kHz or 960 kHz SCS.
Proposal 7: The unit of k0 and k1 should be defined as multiple slots for multi-PDSCH scheduling for 480 kHz and 960 kHz SCS.
PUSCH
Multi-PUSCH scheduling
Multi-PUSCH scheduling is defined in Rel-16 where multiple TBs are introduced with independent resource allocation in time domain, independent new data indicator, and independent RV index indicator based on RRC and a single DCI configuration, and an offset k2 is defined as the slot offset between the first slot of the multi-slot PUSCH transmission and the slot that includes the scheduling DCI. Therefore, the same scheme can be reused directly for multi-PUSCH scheduling defined in extended frequency range, which decreases the complexity of PDCCH detection and signaling overhead at the same time. 
For the offset between the first slot of multi-slot scheduled PUSCH and the slot with the scheduling DCI, a similar example with the same TDD configuration used in Section 4.1 is shown in Figure 5. In this figure, the multi-PUSCH scheduled by the first DCI can only be transmitted at the uplink slot at the same TDD configuration period. The maximum value of k2 is 32, which does not offer sufficient flexibility for scheduling PUSCH from any DL slot within the same TDD period. Therefore, the unit of k2 indication should also be changed to multiple slots for 480 kHz and 960 kHz.
[image: ]
[bookmark: _Ref61378669]Figure 5. k2 defined in FR2 is not suitable for multi-PUSCH scheduling with scaled TDD configuration
Proposal 8: The multi-PUSCH scheduling defined in NR-U Rel-16 can be directly extended to 52.6 GHz to 71 GHz. k2 indicates the gap between the slot of the scheduling DCI and the first slot of the multi-slot scheduled PUSCH corresponding to the DCI; The unit of k2 should be defined as multiple slots for multi-PUSCH scheduling for 480 kHz and 960 kHz.
[bookmark: _Ref47444870]Reference signals 
DMRS
For multi-PDSCH/PUSCH scheduling of SCS 480 kHz or 960 kHz, the DMRS placement in time domain should be reconsidered. If the DMRS pattern in time domain per slot of 120 kHz is reused directly, the front-loaded DMRS (FL-DMRS) will be mapped in one symbol in each slot of the multi-PDSCH allocation, as shown in the Figure 6 (a). The symbol duration of 480 kHz or 960 kHz is too short to provide enough channel estimation accuracy using a single DMRS symbol. Therefore the FL-DMRS symbols in different slots should be combined for channel estimation. This results in a large processing delay for channel estimation, and UE must defer the PDSCH decoding until late period of multi-PDSCH scheduling which can be as late as less than 3 symbols of 120 kHz SCS before the end of the PDSCH.
Observation 2: To provide enough accuracy of channel estimation, DMRS of multiple slots should be combined for channel estimation for multi-PDSCH scheduling, which increases the delay of channel estimation if only one FL-DMRS symbol is used per scheduled slot.
To maintain the channel estimation accuracy and ensure a small delay for FL-DMRS under different subcarrier spacings, the location of DMRS pattern in time domain can be defined per time unit for multi-PDSCH/PUSCH scheduling, such as front-loaded DMRS and additional DMRSs per multi-slot, and the front loaded DMRS can be located from the symbol l0+1 to l0+S*L, where l0 can be set to the last symbol of PDCCH, and L is the DMRS length indicated by RRC and DCI, S is a linearly scaled factor, which can be associated with SCS, as shown in Figure 6 (b). The location of additional DMRS for multi-slot scheduling can be aligned with that of 120 kHz, including the start point and the duration, as demonstrated in Figure 6 (c). Moreover, the number of DMRS symbols per location can be dynamically configured according to different scenarios.
Proposal 9: Support multiple consecutive symbols of FL-DMRS for the multi-slot scheduling, whose absolute time duration is same as that of 120 kHz.

[image: ]
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[bookmark: _Ref60767831]Figure 6. DMRS pattern in time domain per time unit, (a) reused DMRS pattern in R15 with only FL DMRS per slot (b) bundling DMRS
[bookmark: _Ref61612297]PTRS 
CP-OFDM
· Necessity of ICI compensation for 480 kHz and 960 kHz
As we know, the effect of phase noise consists of CPE and ICI where ICI performs like Gaussian noise. The effect of ICI compensation depends on both the equivalent power of ICI  and the noise power  . If  is larger than , then an error floor of BLER will appear without ICI compensation. The equivalent power of ICI  is associated with phase noise model and SCS, which can be computed based on equation (1)
                                                    (1)
, where ,  is the PSD of phase noise model,  is the subcarrier index, and  is the SCS. It decreases with increased SCS, as listed in the Table 3, where the phase noise model used are the ones scaled from example 2 (both UE and BS) defined in 38.803. From the table, the equivalent power of ICI of the UE model for 960 kHz is -24.3dB with 400 MHz bandwidth, which is close to the noise power corresponding to the demodulation threshold for high MCS such as MCS28, and cannot be ignored. The equivalent power of the residual ICI for 960 kHz SCS can be reduced to -27.4dB by ideal ICI compensation with 3-order filter, using equation (1) by changing the weight function to be . The simulation results shown in Figure 7 confirm the theoretical analysis.
Table 3: Equivalent power of ICI for different SCS
	SCS
	120 kHz
	480 kHz
	960 kHz

	
	400 MHz
	400 MHz
	1600 MHz
	400 MHz
	2000MHz

	Example 2 BS
	-27.8dB
	-32.5dB
	-30.9dB
	-35.4dB
	-32.0dB

	Example 2 UE
	-19.3dB
	-21.9dB
	-21.7dB
	-24.3dB
	-23.9dB



[image: ] [image: ]
[bookmark: _Ref60824523]Figure 7. BLER performance comparison between CPE and ICI compensation
Observation 3: Both theoretical analysis and simulation results show that ICI compensation for 960 kHz with high MCS is necessary. Based on the theoretical analysis of the relationship between equivalent ICI and SCS, the same observation applies to the SCS smaller than 960 kHz, like 120 kHz and 480 kHz.
· PTRS pattern
In FR2, 120 kHz SCS is supported for both data/control channel.  CPE dominates the negative effect from the phase noise, which can be effectively estimated on the PTRS designed in Rel-15. However for the frequency band above 52.6GHz, the influence caused by phase noise is larger than below 52.6 GHz, and both CPE and ICI deteriorate the demodulation performance of high MCS. 
Enhanced PTRS designs, such as block-based or chunk-based PTRS, can be considered for ICI estimation. A new PTRS sequence can be introduced to increase the performance of ICI estimation, which is composed of a base sequence and a circular sequence, as illustrated in Figure 8. The length of base sequence and circular sequence is decided by the number of significant ICI coefficients. The base sequence  has a constant modulus after IFFT operation to provide a better estimation on ICI coefficients. ZC sequence can be a candidate for the base sequence. The circular sequence includes the head circular part and the tail circular part, wherein the head circular part is composed of the tail of the base sequence, and the tail circular part is composed of the head of the base sequence. 
[image: ]
[bookmark: _Ref60767953]Figure 8. Sequence of block-based PTRS
The BLER performance comparison is shown on left side of Figure 9, where K means the PTRS frequency density (every K-th RB) for Rel-15 PTRS, and CN means chunk number, CS means chunk size for block-based PTRS. Furthermore, for block PTRS, both PTRS sequence defined in Rel-15 for distributed PTRS with the same PTRS overhead, and the proposed new sequence with slightly increased PTRS overhead are used. As the results show in the figure, the block PTRS with the proposed new sequence has the best performance. Taking different PTRS overhead for different methods into consideration, spectral efficiency is compared on the right side figure of Figure 9.
[image: ] [image: ]
[bookmark: _Ref60767965]Figure 9. BLER and spectral efficiency comparison between block PTRS and distributed PTRS
Observation 4: Block PTRS sequence with constant modulus in time domain provides better performance than distributed PTRS.
Power boosting for PTRS is introduced in Rel-15 to increase the accuracy of CPE estimation, but it will not be quite useful if distributed PTRS is used for ICI estimation, based on the algorithm introduced in [2]. The formula for ICI estimation is shown in equation (1), and  is the subcarrier index of  PTRS,  is the received signal on subcarrier j,  is the ICI coefficient, and  is the transmitted signal at subcarrier . For distributed PTRS, only the middle column (with red color) in the left matrix are from PTRS with power boosting, and rest of the received signals are from data without power boosting. The effect of power boost is quite limited.
                                    (1)
The problem of applying power boosting for distributed PTRS can be avoided by block-based PTRS. When the structure of PTRS is block-based, the received signal from consecutive subcarrier  are still PTRS, so all or most of the received signals in each row of matrix r are from PTRS with power boosting, which increases the accuracy of ICI estimation.
Similar as in Figure 9, the BLER and spectral efficiency performance of block PTRS and distributed (Rel-15) PTRS with 3dB power boosting are compared in Figure 10, where “w/ PB” means power boosting is applied, while “w/o PB” means power boosting is not applied. With the help of power boosting, both the BLER and spectral efficiency performance are improved obviously for block PTRS, while no gain is observed for distributed PTRS, when compared with Figure 9. With power boosting, the block PTRS performs a little better than distributed PTRS, even with the sequence defined in Rel-15.
 [image: ][image: ]
[bookmark: _Ref60768057]Figure 10. BLER and spectral efficiency comparison between block PTRS and distributed PTRS with 3dB power boosting
In addition, block-based PTRS allows PTRS sharing among different UEs with a localized pattern. Block-based PTS can therefore be used to guarantee the ICI estimation performance for UE with narrow scheduled bandwidth, while maintaining a low overall PTRS overhead.
Observation 5: Block PTRS has more versatility in different scenarios than distributed PTRS, including power boosting and UE with narrow scheduled bandwidth.
Proposal 10: Support block PTRS with ZC sequence for 120 kHz, 480 kHz and 960 kHz SCS with CP-OFDM.

DFT-s-OFDM
· Parameters of PTRS pattern
For DFT-s-OFDM, as discussed for PTRS pattern in previous contributions [4][5], the interpolation distance is too long for 120 kHz with 400 MHz scheduled bandwidth and high modulation order, with the limited PTRS patterns defined in Rel-15 for DFT-s-OFDM. An example is shown in the Figure 11 , where CN means , CS means . 
To reduce the phase noise impact, more PTRS groups within one DFT-s-OFDM symbol should be considered for 120 kHz, for example, PTRS pattern with PTRS groups. Furthermore, considering the high SNR region of high modulation order, the PTRS samples in each group that is used for noise reduction can be decreased accordingly, e.g. . The BLER performances between pattern (CN, CS) = (8, 4) and (CN, CS) = (16, 2) with the same overhead are compared in Figure 12. As can be observed from Figure 12, based on the PTRS pattern with more PTRS groups, the BLER performance improves significantly for high modulation order, while it is almost the same as that of pattern (CN, CS) = (8, 4) for medium MCS. This is due to the compromised performance of noise reduction with only 2 PTRS samples per PTRS group at medium SNR region. 
[image: ]
[bookmark: _Ref60768068]Figure 11. Interpolation distance of 120 kHz with 400MHz when PTRS pattern is (CN, CS) = (8, 4)
[image: ] [image: ]
[bookmark: _Ref60768075]Figure 12. BLER performance of different PTRS pattern for 120 kHz with 400 MHz
Observation 6: With the PTRS pattern defined in Rel-15 for DFT-s-OFDM, BLER performance of 64QAM with 120 kHz SCS reaches a floor above 10-2 due to the longest interpolation range, and it can be improved by using a new pattern with more PTRS groups.
Proposal 11: A new PTRS pattern with more PTRS groups within one DFT-s-OFDM symbol should be considered to allow scheduling over large bandwidth.
· [bookmark: _Ref497749847]Placement of PTRS groups
In this section, we would like to draw attention to an insofar overlooked problem related to the placement of PTRS groups within an OFDM symbol in the case of . The problem is demonstrated graphically below in Figure 13, which depicts the placement of PTRS groups when  (for =2, 4, 8), from both the transmitter and receiver perspectives. In a practical implementation, receiver typically sets some intentional timing margin for the CP removal and FFT windowing in units of the pre-DFT QAM symbol, called “advance shift” λ, in order to cope with imperfect synchronization and various multipath channel profiles of the UL transmissions from simultaneously FDM-ed UEs. 
The impact of the advance shift depends on the size of λ – as measured in units of the pre-DFT QAM symbol duration – which in turn depends on the allocation (or DFT) size M. The situation depicted in Figure 13 corresponds to the case of λ >  (= 4), which may happen when M is relatively large: the original “tail group” (in the red box) is wrap-around and locates close to the “head group”.  It results in a long interval for extrapolation of the estimated PN at the end of a DFT-S-OFDM symbol. For smaller values of M, namely relatively narrow allocations, the case λ ≤ may arise; leading to the received tail group being split into two sub-groups where one sub-group wraps around to join the head group and the other with  < 4 samples left behind at the tail of the received OFDM symbol. 
[image: ]
[bookmark: _Ref497231382]Figure 13.  The resulting problem due to Rx window timing shift when 
Observation 7: Due to Rx timing shift, (at least part of) a PTRS group placed at the tail of the transmitter’s DFT-s-OFDM symbol, may wrap-around to the head of the symbol from the receiver’s perspective, thus spoiling the original intention of the design and unnecessarily increasing Rx complexity, as well as deteriorating PN compensation performance.
It should be emphasized that the actual value of λ, whether set statically or dynamically, is unknown to the transmitter, and it is tuned or decided by the receiver, based on considerations of imperfect synchronization,  and various multipath channel profiles of multiplexed UL transmission. Thus, the placement of PTRS groups should be robust with respect to the choice of advance shifts within a reasonable range, say, up to Z% of the CP duration (Z FFS, presumably larger than 10). Otherwise, the PNC performance and implementation complexity may both degrade.
Proposal 12: For PTRS with , the mapping of last PTRS group should consider potential Rx timing shift and avoid the last X pre-DFT symbol(s). 
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: Reuse the physical design and framework defined in FR2 for 120 kHz, except PTRS.
· From RAN1 specification perspective, 120 kHz SCS can be supported in 52.6-71 GHz with no specification change by simply extending FR2 up to 71 GHz.
Proposal 2: For NR operating in 52.6-71 GHz, the supported minimum carrier bandwidth is 200 MHz for 120 kHz and 480 kHz SCS. The minimum carrier bandwidth is 400 MHz with 960 kHz SCS.
Proposal 3: The maximum carrier bandwidth depends on the subcarrier spacing:
· 400 MHz for 120 kHz SCS
· 1600 MHz for 480 kHz SCS
· FFS for 960 kHz SCS, e.g. 3200, 2400 or 2000 MHz (ask RAN4)
Proposal 4: The absolute timelines of existing Rel-15/16 features should not be further reduced than those for 120 kHz SCS. The timeline of potential Rel-17 enhancement should be analyzed case by case as per the SCS.
Proposal 5: Support multiple TBs with configurable number of TBs and configurable repetitions for multi-PDSCH scheduling with multiple consecutive slots to compromise between coverage and peak data rate flexibly.
Proposal 6: For multi-slot PDSCH scheduling with a single DCI for 480 kHz and 960 kHz:
· k0 indicates the gap between the slot of the scheduling DCI and the first slot of the multi-slot PDSCH scheduled by the DCI
· k1 indicates the gap between the last slot of the multi-slot PDSCH and the slot carrying the HARQ information feedback corresponding to the multi-slot PDSCH
Proposal 7: The unit of k0 and k1 should be defined as multiple slots for multi-PDSCH scheduling for 480 kHz and 960 kHz SCS.
Proposal 8: The multi-PUSCH scheduling defined in NR-U Rel-16 can be directly extended to 52.6 GHz to 71 GHz. k2 indicates the gap between the slot of the scheduling DCI and the first slot of the multi-slot scheduled PUSCH corresponding to the DCI; The unit of k2 should be defined as multiple slots for multi-PUSCH scheduling for 480 kHz and 960 kHz.
Proposal 9: Support multiple consecutive symbols of FL-DMRS for the multi-slot scheduling, whose absolute time duration is same as that of 120 kHz.
Proposal 10: Support block PTRS with ZC sequence for 120 kHz, 480 kHz and 960 kHz SCS with CP-OFDM.
Proposal 11: A new PTRS pattern with more PTRS groups within one DFT-s-OFDM symbol should be considered to allow scheduling over large bandwidth.
Proposal 12: For PTRS with , the mapping of last PTRS group should consider potential Rx timing shift and avoid the last X pre-DFT symbol(s). 

Observation 1: The ranges of k0 and k1 defined in FR2 are not suitable for multi-PDSCH scheduling if the unit of k0 and k1 is one slot of the scheduled SCS, when the scheduled SCS is 480 kHz or 960 kHz SCS.
Observation 2: To provide enough accuracy of channel estimation, DMRS of multiple slots should be combined for channel estimation for multi-PDSCH scheduling, which increases the delay of channel estimation if only one FL-DMRS symbol is used per scheduled slot.
Observation 3: Both theoretical analysis and simulation results show that ICI compensation for 960 kHz with high MCS is necessary. Based on the theoretical analysis of the relationship between equivalent ICI and SCS, the same observation applies to the SCS smaller than 960 kHz, like 120 kHz and 480 kHz.
Observation 4: Block PTRS sequence with constant modulus in time domain provides better performance than distributed PTRS.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 5: Block PTRS has more versatility in different scenarios than distributed PTRS, including power boosting and UE with narrow scheduled bandwidth.
Observation 6: With the PTRS pattern defined in Rel-15 for DFT-s-OFDM, BLER performance of 64QAM with 120 kHz SCS reaches a floor above 10-2 due to the longest interpolation range, and it can be improved by using a new pattern with more PTRS groups.
Observation 7: Due to Rx timing shift, (at least part of) a PTRS group placed at the tail of the transmitter’s DFT-s-OFDM symbol, may wrap-around to the head of the symbol from the receiver’s perspective, thus spoiling the original intention of the design and unnecessarily increasing Rx complexity, as well as deteriorating PN compensation performance.
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