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1. Introduction
The following objective is included in this study item [1]:
· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· [bookmark: _GoBack]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, candidate numerologies, potential FR2 physical layer design enhancement to cope with practical RF impairments, and potential problems to physical signals/channels are discussed. In addition, the above discussions will involve link level evaluation, where the evaluation assumptions and some key results are provided as well.
2. [bookmark: _Ref498564494]Discussion
1. 
2. 
[bookmark: _Ref521492551]Candidate applicable numerology
[bookmark: PP12]To determine the applicable numerologies for 52.6 GHz - 71 GHz, at least the following requirements should be considered first:
· Maximum supportive carrier bandwidth (e.g. 2/2.16 GHz): since 802.11ad/ay use 2.16 GHz channel in 60 GHz unlicensed, it is preferred for NR to support similar carrier bandwidth for easy coexistence. 
· Maximum affordable FFT size (e.g. no larger than 4096): FFT size is a key factor impacting UE/gNB complexity and 4096 seems an upper limit of current practical implementation.
· Minimum CP length (e.g. no less than 802.11ad/ay in 60 GHz): CP length determines the maximum cell coverage in deployment scenarios. To be competitive, it should be no less than 802.11ad/ay in 60 GHz with the applicable numerology.
· Modulation scheme (e.g. 64QAM) with acceptable performance: there will be higher phase noise in 52.6 GHz - 71 GHz compared to FR2 which will degrade the performance especially for high order modulation. To support high data rate service in 60 GHz, at least 64QAM should work well for the selected numerology.
Thus, different aspects are discussed corresponding to the above requirements in the following sub-sections.
Channel bandwidth and FFT size
Assuming the maximum affordable FFT size is 4096, the maximum supportive carrier bandwidths with different subcarrier spacing are listed in the following table.
Table 1	   List of maximum carrier BW with different SCS
	SCS
	FFT size
	Sampling rate (Max. carrier BW)
	Number of RBs for 2.16 GHz BW

	120 KHz
	4096
	0.49152 GHz
	

	240 KHz
	4096
	0.98304 GHz
	

	480 KHz
	2048/4096
	0.98304/1.96608 GHz
	-

	960 KHz
	2048/4096
	1.96608/3.93216 GHz
	187

	1920 KHz
	1024/2048
	1.96608/3.93216 GHz
	93

	3840 KHz
	512/1024
	1.96608/3.93216 GHz
	46


It is clearly observed that only the above combination of SCS and FFT size could satisfy the maximum supportive carrier BW requirement of 2/2.16 GHz: (960 KHz, 4096), (1920 KHz, 2048) and (3840 KHz, 1024). 
[bookmark: _Ref40205010]Observation 1: At least one of [960, 1920, 3840] KHz SCS should be supported to meet the requirement of maximum channel bandwidth of 2.16 GHz with affordable FFT size.
CP length
In NR FR1 and FR2, the time-domain structure is defined with a 10ms radio frame divided into ten 1 ms subframes. A subframe is then divided into slots consisting of 14 OFDM symbols where the duration of a slot depends on the numerology factor . For the 15KHz subcarrier spacing with , an NR slot has a structure that is identical to the structure of an LTE subframe. For NR operation in 52.6 – 71 GHz, reusing the same frame structure as FR1 and FR2 is beneficial from system operation perspective (e.g. carrier aggregation with FR1 and FR2). 
[bookmark: _Ref40204952]Proposal 1: For NR operation in 52.6 – 71 GHz, reuse the same frame structure as NR FR1 and FR2 with new value(s) of numerology factor .
Based on the above proposal, the CP length and symbol length for NR operation in 52.6 – 71 GHz are provided for candidate SCS [480, 960, 1920, 3840] KHz and compared with other technologies or NR in FR2 spectrum in the following table.
Table 2	   Comparison of CP length for different cases
[image: ]
Note 1: Long CP length per half subframe (0.5ms)
Note 2: Symbol length with long CP per half subframe
First, it is clearly observed that normal CP lengths for 480 KHz and 960 KHz SCS are larger than those in 802.11ad and 802.11ay, which could at least guarantee better coverage for NR operation in 60 GHz band compared with 802.11ad/ay.
[bookmark: _Ref40205012]Observation 2: Normal CP lengths for NR with 480 KHz and 960 KHz SCS are larger than those in 802.11ad and 802.11ay.
Second, another side observation is on the long CP part per half subframe especially for higher SCS. With increasing of SCS, the long CP becomes quite large and is similar or even larger than a normal symbol length. Taking 1920 KHz SCS as an example, the long CP length and normal symbol length are the same (i.e. 557.45 ns), which is a waste of the resource.
[bookmark: _Ref40205014]Observation 3: Long CP length per half subframe becomes quite large with increasing of SCS, which is a waste of the resource.
Performance with phase noise
As discussed in NR Rel15, phase noise impact becomes more severe when operation in high frequency and thus PTRS are introduced to compensate the impact in FR2. However, there will be higher phase noise in 52.6 GHz - 71GHz compared to FR2 which will degrade the performance especially for high order modulation. Thus, the performance is evaluated for different SCS with various modulation schemes based on the evaluation assumptions in Appendix.
First, the following evaluation is made to see whether reusing existing NR FR2 design could also work well for 52.6 – 71 GHz, i.e. 120KHz + 400MHz. As shown in Figure 1, it works well for QPSK with phase noise compensation for both 120 and 240 KHz SCS. However, 64QAM couldn’t be used to obtain higher throughput by adopting 120/240 KHz SCS according to the following evaluation result. 
[bookmark: _Ref40205015]Observation 4: Reusing NR FR2 numerology in 52.6 – 71 GHz operation doesn’t work well especially for high order modulation scheme.
[image: ]
[bookmark: _Ref40196634]Figure 1	BLER performance with phase noise compensation for SCS (120, 240) KHz
Second, new candidate SCSs are evaluated to determine the applicable numerology. As shown in Figure 2, the BLER performance without and with phase noise compensation are demonstrated for different SCS with different modulation schemes. From the left figure, it clearly shows that higher order modulation scheme is more sensitive to phase noise impact and the system doesn’t work well without phase noise compensation. From the right figure, higher SCS performs better for higher order modulation, e.g. 1920 KHz SCS performs the best for 64QAM.
[bookmark: _Ref40205017]Observation 5: High order modulation is more sensitive to phase noise impact. Higher SCS benefits more with phase noise compensation than lower SCS, especially for high order modulation such as 64QAM.
[image: ][image: ]
						 a) without compensation														b) with compensation
[bookmark: _Ref40194704]Figure 2	BLER performance with phase noise modeling for SCS (480, 960, 1920) KHz
Third, different carrier bandwidth is evaluated to see the SCS impact as shown in Figure 3. In general, the system with smaller carrier bandwidth has better performance than the larger one due to lower phase noise power aggregated by all the RBs. For example, 960 KHz performs quite well for 500 MHz carrier bandwidth for 64QAM while it has a slight error floor for 2 GHz carrier bandwidth. However, 1920 KHz works well even when the carrier bandwidth is 2 GHz.
[bookmark: _Ref40205018]Observation 6: Higher SCS benefits more with phase noise compensation than lower SCS for larger bandwidth transmission.
[image: ][image: ]
						 a) 500 MHz bandwidth															b) 2 GHz bandwidth
[bookmark: _Ref40198582]Figure 3	BLER performance with phase noise compensation for SCS (480, 960, 1920) KHz
Summary
The above observations are summarized in the following table.
Table 3	   Summary of different SCS on requirements
	SCS (KHz)
	Support of large channel BW (e.g., 2 GHz)
	CP length
	Link level performance for low order modulation (e.g. QPSK)
	Link level performance for high order modulation (e.g. 64QAM)

	120
	Bad
	Good
	Good
	Quite Bad

	240
	Bad
	Good
	Good
	Quite Bad

	480
	Bad
	Good
	Good
	Bad

	960
	Medium
	Good
	Good
	Medium

	1920
	Good
	Bad
	Medium
	Good


According to the above summary, 960 KHz is a good candidate with balanced consideration to meet various requirements. Besides, 480 KHz could offer good coverage which is beneficial for outdoor scenario while 1920 KHz provides higher throughput since it works well for higher order modulation. Thus, the following proposal is made for selection of numerology for data channel such as PDSCH/PUSCH:
[bookmark: _Ref40204953]Proposal 2: For PDSCH/PUSCH SCS, at least 960 KHz SCS is supported for data channel. One or both of 480 KHz and 1920 KHz SCS can be supported to serve different use cases.
Potential issues to physical signals/channels
In this section, the potential issues to physical signals/channels other than PDSCH/PUSCH are discussed in the following aspects:
Numerology selection for different signals/channels
In section 2.1, the main focus is to select applicable numerologies for PDSCH/PUSCH. For other channels such as SSB, PDCCH/PUCCH and etc., there are different requirements and characters which may lead to different SCS selection result. For example, the synchronization complexity and performance should be considered for SSB SCS selection. With higher frequency band, the larger frequency offset is foreseen for operation in beyond 52.6 GHz which will result more frequency synchronization branches with smaller SCS. This should be considered for SSB SCS selection (see more discussion and evaluation in our companion contribution [2]). Taking PDCCH as another example, it always uses QPSK and thus lower SCS performs better in this case. Thus, it may use different SCS with PDSCH. 
[bookmark: _Ref40204955]Proposal 3: Numerology selection is performed by evaluation of different channels separately considering respective requirements/characters, and study potential required changes to allow mix-numerology operation if needed. 
Link budget for different signals/channels
As we know, the pathloss increases in higher frequency band and the coverage becomes an issue for NR operation in 52.6 GHz – 71 GHz. On one hand, the link budget could be used as one factor to determine the applicable numerology for different channels by comparing different candidate numerology. On the other hand, the link budget should be evaluated for the selected numerology to see if there is any coverage problem. The problem lies in two aspects: one is whether the absolute value could meet the requirement of typical use case (e.g. dense urban) and the other is whether the link budget for different channels has relatively large gap. If this happens, certain coverage enhancement technique needs to be studied for identified channels with coverage problem.
[bookmark: _Ref40204956]Proposal 4: Link budget should be evaluated to check whether there is coverage problem for different channels/signals, and study potential enhancement for the identified channel(s) with coverage problem if needed. 
Potential issues due to RF impairments
In NR Rel15/16, phase noise is an identified RF impairment issue for high frequency band, which is already solved by compensation using PTRS. As discussed in section 2.1, using higher SCS could alleviate the problem for operation in frequency above 52.6 GHz by reusing PTRS in FR2. Besides phase noise, other RF impairments may also affect the performance like the PA linear working range, and I/Q imbalance in TX side and/or RX side.
I/Q imbalance
I/Q imbalance means the gain and phase imbalance between I and Q branches caused by the analog component imperfection in the direct-conversion architecture which is applied in TX side and RX side widely. Below are 2 typical models for I/Q imbalance at RX side.


Figure 4   Model 1 for I/Q imbalance at RX side



Figure 5   Model 2 for I/Q imbalance at RX side
For OFDM based systems, the effect of I/Q imbalance is as below:
                                                   (1)
where
·  is the TX baseband signal on subcarrier k,  is the RX baseband signal on subcarrier k.
·  and  is given below:

For model 1, 
                                                                        (2)
For model 2,
                                                      (3)

From equation (1),  is the desired signal while  is the undesired signal, i.e. image signal.
The degree of I/Q imbalance is expressed by ‘sideband suppression’:
                                                       (4)
or 
                                            (5)
The figure below is an example about the sideband suppression.
[image: ]
Figure 6  Example about sideband suppression
We ran some simulations to evaluate the effect of I/Q imbalance with different sideband suppressions, SCS and PDSCH allocation in frequency. The simulation parameters are listed in in Table 5 of Appendix. From these simulation results, we can find that
· When the sideband suppression is -30.44 dBc or -25.98 dBc, the effect of I/Q imbalance is small, while the effect of I/Q imbalance is severe for sideband suppression of -16.88 dBc.
· The effect of I/Q imbalance on high modulation order is more severe than low modulation order.
[image: ]
Figure 7  I/Q imbalance effect (SCS = 480 kHz, PDSCH BW = 2GHz)
[image: ]
Figure 8  I/Q imbalance effect (SCS = 480 kHz, PDSCH BW = 500MHz)
[image: ]
[bookmark: OLE_LINK5]Figure 9  I/Q imbalance effect (SCS = 960 kHz, PDSCH BW = 2GHz)
[image: ]
Figure 10  I/Q imbalance effect (SCS = 960 kHz, PDSCH BW = 500MHz)
[image: ]
Figure 11  I/Q imbalance effect (SCS = 1920 kHz, PDSCH BW = 2GHz)
[image: ]
Figure 12  I/Q imbalance effect (SCS = 1920 kHz, PDSCH BW = 500MHz)
For good performance in frequencies above 52.6 GHz, the severity of RF impairments, like I/Q imbalance, need to be evaluated so that we can decide whether it is necessary to consider additional design on standard to mitigate the side effect.
[bookmark: _Ref40204958]Proposal 5: Perform modeling of the I-Q imbalance in link level evaluation with reasonable sideband suppression value, and study potential enhancement if problem is identified. 
PA linear working range
Increased power capability and increased frequency capability are conflicting requirements as observed from the so-called Johnson limit [3]. In short, higher operational frequencies require smaller geometries, which subsequently result in lower operational power in order to prevent dielectric breakdown from the increased field strengths. To uphold Moore’s law, the gate geometries are constantly shrunk and hence the intrinsic power capability is reduced [4]. 
We ran some simulations about EVM VS OBO (Output Back Off) with PA model of CMOS for 60 GHz. CP-OFDM waveform and DFT-s-OFDM waveform are considered, and the simulation parameters are listed in Table 6 in Appendix. From simulation result about 64QAM in Figure 15, we can find that OBO needs to be 10 dB and 8 dB for CP-OFDM waveform and DFT-s-OFDM waveform respectively to achieve the EVM requirements defined in Table 7, and the these OBO seems too high for realistic implementation.
Therefore, we can expect that the PA linear working range is smaller for high frequencies, and PAPR will be more critical for beyond 52.6 GHz than low frequencies.
[image: ]
Figure 13  OBO VS EVM for QPSK signal on PA model of CMOS and 60GHz
[image: ]
Figure 14  OBO VS EVM for 16QAM signal on PA model of CMOS and 60GHz

[image: ]
[bookmark: _Ref40283693]Figure 15  OBO VS EVM for 64QAM signal on PA model of CMOS and 60GHz
[bookmark: _Ref40204959]Proposal 6: Perform PAPR evaluation for different channels/signals, and study potential PAPR reduction technique if problem is identified. 
3. Conclusion
In this contribution, we focus on the required changes to NR using existing NR waveform, and have the following proposals:
Proposal 1: For NR operation in 52.6 – 71 GHz, reuse the same frame structure as NR FR1 and FR2 with new value(s) of numerology factor .
Observation 1: At least one of [960, 1920, 3840] KHz SCS should be supported to meet the requirement of maximum channel bandwidth of 2.16 GHz with affordable FFT size.
Observation 2: Normal CP lengths for NR with 480 KHz and 960 KHz SCS are larger than those in 802.11ad and 802.11ay.
Observation 3: Long CP length per half subframe becomes quite large with increasing of SCS, which is a waste of the resource.
Observation 4: Reusing NR FR2 numerology in 52.6 – 71 GHz operation doesn’t work well especially for high order modulation scheme.
Observation 5: High order modulation is more sensitive to phase noise impact. Higher SCS benefits more with phase noise compensation than lower SCS, especially for high order modulation such as 64QAM.
Observation 6: Higher SCS benefits more with phase noise compensation than lower SCS for larger bandwidth transmission.
Proposal 2: For PDSCH/PUSCH SCS, at least 960 KHz SCS is supported for data channel. One or both of 480 KHz and 1920 KHz SCS can be supported to serve different use cases.
Proposal 3: Numerology selection is performed by evaluation of different channels separately considering respective requirements/characters, and study potential required changes to allow mix-numerology operation if needed.
Proposal 4: Link budget should be evaluated to check whether there is coverage problem for different channels/signals, and study potential enhancement for the identified channel(s) with coverage problem if needed.
Proposal 5: Perform modeling of the I-Q imbalance in link level evaluation with reasonable sideband suppression value, and study potential enhancement if problem is identified.
Proposal 6: Perform PAPR evaluation for different channels/signals, and study potential PAPR reduction technique if problem is identified.
Appendix : Link level evaluation assumptions
The simulation assumption of link level part for PDSCH channel is listed in Table 4.
[bookmark: _Ref40463709]Table 4	   Simulation assumptions in LLS for PDSCH channel
	Parameters
	Value

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	0.48/0.96/1.92 MHz

	Phase noise model
	TR38.803 Example 2

	MCS
	NR Rel15 MCS Table

	MIMO reception algorithm
	MMSE

	Channel model
	TDL-A

	Pre-BF RMS delay spread
	5ns

	RB allocation
	2GHz, i.e. 320/160/80 PRB for SCS of 0.48/0.96/1.92 MHz respectively.
500MHz, i.e. 80/40/20 PRB for SCS of 0.48/0.96/1.92 MHz respectively.

	FFT size
	4096/2048/1024

	PDSCH symbol indexes
	4-12

	DMRS symbol index
	3

	DMRS bundling size
	4

	PTRS symbol indexes
	4-12

	PTRS density 
	One tone per 4/2 RBs

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:1/2; 16QAM: 3/4; 64QAM:3/4


[bookmark: _Ref40348817]
[bookmark: _Ref40463662]Table 5	   Simulation assumption for I/Q imbalance effect
	Parameters
	Value 

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	0.48/0.96/1.92 MHz

	Phase noise model
	TR38.803 Example 2

	MCS
	NR Rel15 MCS Table

	MIMO reception algorithm
	MMSE

	Channel model
	TDL-A

	Pre-BF RMS delay spread
	5ns

	RB allocation
	2GHz, i.e. 320/160/80 PRB for SCS of 0.48/0.96/1.92 MHz respectively.
500MHz, i.e. 80/40/20 PRB for SCS of 0.48/0.96/1.92 MHz respectively.

	FFT size
	4096/2048/1024

	PDSCH symbol indexes
	4-12

	DMRS symbol index
	3

	DMRS bundling size
	4

	PTRS symbol indexes
	4-12

	PTRS density 
	One tone per 2 RBs

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:1/2; 16QAM: 3/4; 64QAM:3/4

	Sideband suppression on I/Q imbalance
	-16.88/-30.44/-25.98 dBc



[bookmark: _Ref40284891]Table 6	   Simulation assumption for EVM VS OBO with PA model of CMOS for 60GHz
	Parameters
	Value 

	Carrier frequency
	60GHz

	Waveform
	CP-OFDM/ DFT-s-OFDM

	Link-level Channel model
	AWGN

	UE speed
	3km/h

	Subcarrier spacing
	120kHz 

	Symbols number per slot
	14

	Antenna configuration at TRxP
	1T

	Antenna configuration at UE
	1R

	Transmission rank
	1

	MIMO reception algorithm
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]MMSE

	Channel estimation
	MMSE

	Number of subcarriers per PRB
	12

	Data allocation
	14 symbol slots, with 30RB allocated

	Channel coding scheme
	Turbo

	Delay Spread
	4ns

	Code rate
	0.5



[bookmark: _Ref40284287]Table 7	   EVM requirement for different modulation orders
	Parameters
	Unit
	Average EVM Level

	QPSK
	%
	17.5

	16 QAM 
	%
	12.5

	64 QAM 
	%
	8
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