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1. Introduction
At the RAN#86 meeting, the new SI for study on supporting NR from 52.6GHz to 71GHz was approved [1]. The objectives of the SI are as follows.
	· 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].

· Study of channel access mechanism, considering potential interference to/from other nodes, assuming beam based operation, in order to comply with the regulatory requirements applicable to unlicensed spectrum for frequencies between 52.6 GHz and 71 GHz [RAN1].
· Note: It is clarified that potential interference impact, if identified, may require interference mitigation solutions as part of channel access mechanism.  



In this contribution, we will firstly discuss the evaluation methodologies for studying required changes to NR for the operation between 52.6 GHz and 71 GHz. After that, some initial evaluation results are shown, based on which we then discuss the required changes to NR system.
2. Evaluation Methodology of NR System from 52.6 GHz to 71GHz
One of the main objectives of this SI is to study the applicable sub-carrier spacing (SCS) with current DL/UL NR waveforms. The numerology is the fundamental point for NR physical layer design, which should be decided based on in-depth performance evaluations, including at least the evaluations of link performance. In this section, we discuss several key issues to be addressed for the effective comparison of different numerology designs.

· General Discussions on Evaluation Methodology

For CP-OFDM, we show the relations between major channel/RF characteristics and the factors in numerology design in Figure 1. As shown in the figure, SCS is a key factor of the numerology design. For RF modules, both non-linear distortion of power amplifier (PA) and phase noise (PN), which will be discussed in details later in this section, are two major RF impairments of the high frequency systems, both of which have potential impacts on the SCS design. Besides, the general channel characteristics including RMS delay spread (DS), which introduces the frequency selectivity (FS), and Doppler spectrum also have impacts on the SCS and other numerology factors.
SCS is also tightly connected with other numerology factors such as channel/carrier bandwidth, CP length, and further introducing its influence on the frame structure and timing design. Therefore, the SCS should be carefully designed with in-depth performance evaluations after considering practical models. The models used during the performance evaluations have essential and direct impacts on the decisions of supported SCS. The models and evaluation methodologies should be aligned to fairly compare the proposals arising during the studies. Otherwise, the evaluation results will be divergent, based on which it is hard to reach consensus among companies. Hence, we highlight the following observation and then draw a proposal.

Observation 1: The numerology design including SCS, CP length, and channel bandwidth requires accurate & unified modelling of RF and channel characteristics, which impacts the conclusions of this SI.

Proposal 1:  At least for a baseline case, use aligned channel & RF models to evaluate the proposed numerologies of NR between 52.6 to 71 GHz.
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[bookmark: _Ref40296156]Figure 1: Relation between major channel/RF characteristics and numerology design.

· Phase noise
High frequency systems suffer from the PN because the PSD of PN increases with carrier frequency. Generally, the PSD of PN is 20 dB higher for each decade of carrier frequency. The PN introduces inter-subcarrier interference. One of the approaches to cope with PN is to introduce large SCS to decrease the inter-subcarrier interference introduced by PN. Therefore, SCS design is closely related to the characteristics of PN. For NR on 52.6 to 71 GHz, the link performance evaluation should consider a practical PN model and evaluate the impact of PN with different SCS configurations.
During the study of NR, several PN models have been proposed and included in [2]. The example shown in Section 6.1.10.1 in [2] provides a reference model of PN on 70 GHz band, which is aligned with the spectrum range under studied in this SI.

Observation 2: It is necessary to introduce PN model for the performance evaluations. PN model in TR38.803 covers 70 GHz band, which can be reused for the evaluations in this SI.

· Power amplifier
Another major non-ideal factor is about the power amplifier (PA) in the RF module. Given semi-conductor manufactory technology, the power efficiency of PA decreases with the square of the carrier frequency. Hence, the PAPR of the waveform, which decides whether the capacity of PA can be fully explored and the quality of the transmission signals, becomes more important with the increasing of the carrier frequency. Waveforms with larger PAPR suffer more from the non-linearity of PA which leads to lower power efficiency and then affects the already limited coverage of mmWave systems.
Although waveform scheme itself is the dominate factor on PAPR, the numerology design such as SCS and carrier bandwidth also introduces its impacts. For CP-OFDM, the subcarrier number, decided jointly by SCS and carrier bandwidth, has potential influence on the PAPR. The PAPR is expected to be higher when there are more sub-carriers.
Therefore, the performance evaluations for the numerology design should also consider the effects of PA, the non-linear distortion introduced by which should be modeled in the link-level evaluations. PA model has not been well addressed yet in the scope of NR studies, because both Rel. 14 and 15 NR did not consider such high frequency bands. There is no well-defined PA model for the performance evaluations in RAN1 studies.
IEEE 802.11ad/ay is a well-known specification for 60 GHz bands. During the standardization, two PA models are introduced for the performance evaluation purpose [3]. One is GaAs based 60 GHz PA and another is CMoS based. Considering that the IEEE802.11ad/ay works on the same spectrums as studied in this SI, these two PA models can be adopted for this SI. The gNB can use GaAs type PA, which has higher power efficiency, while UE can use the CMoS type, which is easy to be integrated with other UE components. These two models can be served as starting point for NR between 52.6GHz and 71 GHz studies.
However, IEEE802.11 ad/ay is a low-cost system working on unlicensed bands. Compared with mobile systems, the cost and form factors of both AP and MS in IEEE systems are strictly restricted. On the other hand, these two models were proposed more than 10 year ago, which cannot reflect the progress of the PA manufactory technologies over the last decade. For the future deployment of NR on such bands, it can be expected that both gNB and UE mount the PAs made with more advanced semi-conductor technologies, which may have higher power efficiency and less non-linear distortions.

Observation 3: It is necessary to model PA for the performance evaluations. 
· PA models used during IEEE802.11ad/ay standardization can be served as a starting point.
· The PA models should be revisited during this study considering practical used PA in future deployment of NR on 52.6GHz to 71 GHz.
3. Initial Link-level Evaluation Results
We evaluate the performance of different numerologies under the simulation assumption shown in Table 1. The carrier bandwidth is adopted from the maximum value supported by NR FR2. The link performance is evaluated in TDL channel model in [4]. Currently, we use the IEEE802.11ad/ay PA models and the PN model in [2].
[bookmark: _Ref40300226]Table 1: Simulation Assumptions
	Parameter
	Value

	Carrier frequency
	70 GHz

	Carrier bandwidth
	400 MHz

	Channel model
	TR38.901 TDL-A (NLoS), DS = 10 ns / 22 ns / 53 ns
TR 38.901 TDL-D (LoS), DS = 10 ns

	PA model
	DL: IEEE 802.11ad/ay (GaAs)

	PN model
	TR38.803 Section 6.1.10.1 (70GHz model)

	BS TXRU
	1

	UE TXRU
	1

	MCS
	Subject to Table 5.1.3.1-1 TS38.214

	Waveform
	DL: CP-OFDM

	Channel estimation
	MMSE



[bookmark: _Ref40302689]Table 2: Numerologies under Investigated
	
	400 MHz CC Bandwidth

	
	Normal CP
	Extend CP

	Subcarrier spacing (SCS)
	120 kHz
	240 kHz
	480 kHz
	960 kHz
	960 kHz

	Subcarrier number
	3168
(264 RBs)
	1584
(132 RBs)
	792
(66 RBs)
	384
(32 RBs)
	384
(32 RBs)

	FFT size
	4096
	2048
	1024
	512
	512

	Sample rate (fs)
	491.52 MHz

	Sample duration (Ts)
	~ 2.0345 ns

	Slot duration
	125 us
	62.5 us
	31.25 us
	15.625 us
	15.625 us

	Symbol per slot
	14
	12

	CP length
	288 / 320 Ts
(~585 ns)
	144 / 160 Ts
(~292 ns)
	72 / 80 Ts
(~146 ns)
	36 / 40 Ts
(~73 ns)
	128 Ts
(~260 ns)



The numerologies under investigated are shown in Table 2. We consider 5 different numerologies with different SCS and CP length. The 120 kHz SCS with normal CP is adopted from current specifications, and we extend the SCS up to 960 kHz based on the NR extension rule. Because the CP length with 960 kHz SCS is comparable to the RMS delay spread of the channel after the SCS extension, we also consider an extended CP case for 960 kHz SCS, which enlarge the CP length to a similar value as that of 240 kHz SCS.
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[bookmark: _Ref40303852]Figure 2: Performance with MCS 16 in different channel models.
Figure 2 depicts the evaluation results with MCS 16, which serves as a typical case, under different channel models. Following are major observations according to the evaluations,

Observation 4: For normal CP cases,
· When 120 kHz SCS is used, the BLER cannot reach 0.1 level for all cases we evaluated.
· Extended SCSs from 240 kHz to 960 kHz show their advantages when PN is present, but they suffer from the frequency selectivity of the channel. When RMS DS is 10 ns, 22 ns, and 53 ns, the best SCS is 960 kHz, 480 kHz, and 240 kHz, respectively.
· Large SCSs from 240 kHz to 960 kHz are beneficial to the link performance at least in scenarios with short to normal delay profiles (DS = 10-53 ns).
Observation 5: About extended CP length, 
· Compared with 960 kHz SCS with normal CP, ECP with 960 kHz SCS introduces performance gain on BLER for all cases we evaluated.
· When ECP in introduced, 960 kHz SCS is superior to others in channels with short delay profiles (DS = 10-22 ns).
· For normal delay profile case (DS = 53 ns), severe performance degradation with 960 kHz SCS is still observed, after ECP is introduced.

It is shown in the results that even with ECP, the 960 kHz SCS still has poor performance. Therefore, the CP length is not the only reason which affects the result. Following in Figure 3 we show the relation between channel coherent bandwidth and RMS DS of the channel. It is shown that the extended SCS is comparable to the channel coherent bandwidth within the RMS DS range defined in [4]. It introduces challenges for the channel estimation at receiver side. It is not enough only to extend the CP length. Other system design issues should be addressed as well. One of the issues under such circumstance is the frequency domain density of DMRS. The current DMRS pattern should be enhanced to cope with the severe sub-carrier level frequency selectivity.
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[bookmark: _Ref40306166][bookmark: _Ref40306162]Figure 3: SCS and channel coherent bandwidth.
Observation 6: Extended SCS is comparable with coherent bandwidth for typical scenarios on 70 GHz band, which causes performance loss for DMRS based channel estimation with current DMRS density.
· FDM (incl. comb) and FD-OCC may introduce severe performance loss in such conditions
4. Discussions on Required Changes
Below are our views on potential critical problems to PHY signal/channels to support operation between 52.6 GHz and 71 GHz:
· SCS & corresponding issues
Based on the simulation result we shared in Section 3, to support NR-based operation between 52.6 GHz and 71 GHz, it is necessary to extend the SCS to larger values than 120 kHz. Without the SCS extension, NR operation in 52.6 – 71 GHz would suffer from the impact of PN. SCS up to at least 960 kHz should be studied, each of which is superior to others in specific scenarios. Also, for such larger SCS, we observed that some corresponding enhancement, such as CP length, and DMRS enhancement, should be considered jointly.
The large SCS will also make it feasible to support large carrier bandwidth of the system. From Table 1, the FFT size is 4096 when SCS is 120 kHz and carrier bandwidth is 400 MHz. If we still use 120 kHz SCS, 8192 or even larger FFT size will be used to support large carrier bandwidth such as 800 MHz to several GHz, which increases the complexity of both UE and gNB. In this mean, large SCS should be considered to support large bandwidth access.

Proposal 2: Study introducing larger SCS than 120 kHz for NR on 52.6-71 GHz.
· As the study the corresponding system design issues after introducing large SCS, below can be considered:
· Introducing extended CP for large SCS from 480 kHz.
· Enhancement of DMRS.

· Slot duration with larger SCS
In Rel-15 NR, slot duration is scalable based on SCS. For example, slot duration is 1 ms for 15 kHz SCS, 0.5 ms for 30 kHz SCS and so on. If this definition of slot duration is reused for the operation in above 52.6 GHz, the slot duration than Rel-15 NR and such shorter slot duration may have some issues like below:

1) Poor coverage
As the resource allocation for a TB is basically slot basis from Rel-15 NR, time domain resource for a TB would be shorter if shorter slot duration is used. Such smaller resource allocation in time domain results in less coverage of the TB.
2) Small granularity on timing indication
In Rel-15 NR, several timing indications are slot-basis (i.e. number of slots), while there are some corresponding timing restrictions on an absolute time basis. For example, PDSCH-to-HARQ_feedback timing indicator in DCI Format 1_1 indicates the timing to transmit HARQ-ACK feedback on a slot basis. On the other hand, to prepare HARQ-ACK feedback, UE requires minimum timing interval between the reception of corresponding PDSCH and the HARQ-ACK feedback. This restriction would be absolute time manner due to hardware restriction. Then if this mechanism is reused for the operation in above 52.6 GHz, large number of slots may need to be indicated to UE. Such slot-basis indication may be inefficient.

Based on above, whether such smaller slot duration is problematic or not and how to cope with this if problematic should be studied together with the introduction of larger SCS to NR.

Proposal 3: Study the influence of smaller slot duration to NR system and how to cope with it if necessary.

· UE complexity and power consumption
Basically higher frequency system using wide bandwidth would have higher complexity and power consumption due to its high sampling rate. Assuming that there are some use-cases where UE utilizes both existing frequencies and higher frequencies, it would be good if the increase of complexity and power consumption to support higher frequency is reduced. Therefore, some simplification and/or limitation may be considered for NR 52.6-71GHz system.  For example, supporting only same numerology between SSB and other channels/signals on a carrier can be considered.

Proposal 4: Study how to lower UE complexity and power consumption for NR in 52.6 – 71 GHz

· Beam management
To achieve sufficient link budget considering more severe propagation loss in higher frequencies, larger antenna arrays would be assumed. This results in quite narrower beams, e.g. pencil or pin beams. If such narrower beams are used, beam management in Rel-15/-16 NR may have some issues on its robustness and overhead. For example, the UE mobility will lead to fast beam switching and the beam blockage will become more frequent. To cope with these issues and increase the robustness of the links, the beam management procedures in current NR should be revisited.

Proposal 5: Study whether/how to enhance beam management for NR 52.6 – 71 GHz system considering possible narrower beams based on larger antenna arrays those in existing frequencies.

· Granularity of user scheduling

Another issue introduced by both narrower beams and system complexity considerations is restrictions on the user scheduling. Due to the constraint on cost and power consumption, limited number of TXRUs will be mounted on the high frequency equipment, which restricts the MIMO capability on spatial multiplexing. Meanwhile, fewer UE can be covered under one beam due to the narrower beam width. Considering both factors, it is hard for the system to flexible schedule the users on frequency domain. In practical, the frequency domain scheduling granularity may be aligned with the bandwidth of RF modules. Such changes on granularity leads to system design impacts such as scheduling signalling and transmission schemes, which should be studied as necessary enhancements for NR on 52.6 GHz to 71 GHz bands. 

Proposal 6: Study the system design impacts introduced by constrained flexibility of frequency domain user scheduling.
5. Conclusion
In this contribution, we discussed the evaluation methodologies and some initial evaluation results for studying required changes to NR for the operation between 52.6 GHz and 71 GHz, and based on which we then discussed the required changes to NR system. Following are the summary:
Observation 1: The numerology design including SCS, CP length, and channel bandwidth requires accurate & unified modelling of RF and channel characteristics, which impacts the conclusions of this SI.

Proposal 1:  At least for a baseline case, use aligned channel & RF models to evaluate the proposed numerologies of NR between 52.6 to 71 GHz.

Observation 2: It is necessary to introduce PN model for the performance evaluations. PN model in TR38.803 covers 70 GHz band, which can be reused for the evaluations in this SI.

Observation 3: It is necessary to model PA for the performance evaluations. 
· PA models used during IEEE802.11ad/ay standardization can be served as a starting point.
· The PA models should be revisited during this study considering practical used PA in future deployment of NR on 52.6GHz to 71 GHz.

Observation 4: For normal CP cases,
· When 120 kHz SCS is used, the BLER cannot reach 0.1 level for all cases we evaluated.
· Extended SCSs from 240 kHz to 960 kHz show their advantages when PN is present, but they suffer from the frequency selectivity of the channel. When RMS DS is 10 ns, 22 ns, and 53 ns, the best SCS is 960 kHz, 480 kHz, and 240 kHz, respectively.
· Large SCSs from 240 kHz to 960 kHz are beneficial to the link performance at least in scenarios with short to normal delay profiles (DS = 10-53 ns).

Observation 5: About extended CP length, 
· Compared with 960 kHz SCS with normal CP, ECP with 960 kHz SCS introduces performance gain on BLER for all cases we evaluated.
· When ECP in introduced, 960 kHz SCS is superior to others in channels with short delay profiles (DS = 10-22 ns).
· For normal delay profile case (DS = 53 ns), severe performance degradation with 960 kHz SCS is still observed, after ECP is introduced.

Observation 6: Extended SCS is comparable with coherent bandwidth for typical scenarios on 70 GHz band, which causes performance loss for DMRS based channel estimation with current DMRS density.
· FDM (incl. comb) and FD-OCC may introduce severe performance loss in such conditions

Proposal 2: Study introducing larger SCS than 120 kHz for NR on 52.6-71 GHz.
· As the study the corresponding system design issues after introducing large SCS, below can be considered:
· Introducing extended CP for large SCS from 480 kHz.
· Enhancement of DMRS.

Proposal 3: Study the influence of smaller slot duration to NR system and how to cope with it if necessary.

Proposal 4: Study how to lower UE complexity and power consumption for NR in 52.6 – 71 GHz

Proposal 5: Study whether/how to enhance beam management for NR 52.6 – 71 GHz system considering possible narrower beams based on larger antenna arrays those in existing frequencies.

Proposal 6: Study the system design impacts introduced by constrained flexibility of frequency domain user scheduling.
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