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1 Introduction
Communication at frequency bands above 6GHz is considered one of the key avenues to meet 5G demands for higher data rates. In RP-160671[1], utilization of frequency bands above 6GHz in 5G has been agreed:
· Further, the NR system should be able to use any spectrum band ranging at least up to 100 GHz that may be made available for wireless communications even in a more distant future.

In this contribution, the relationship between bands above and below 6GHz, the associated design prerequisites, and the air interface design principles for bands above 6GHz are discussed. 
The following abbreviations are used throughout this paper for the sake of brevity:
· Low-frequency (LF): Frequencies/bands below 6GHz
· High-frequency (HF): Frequencies/bands above 6GHz
2 Considerations for High-Frequency Design
2.1 Relationship with Bands below 6GHz
Due to the high path-loss, high susceptibility to blockage, and narrow-beam transmission commonly used to overcome path-loss, it is quite challenging for HF bands to provide either wide coverage or high mobility support. The large amount of bandwidth available, however, enables HF to provide very high data rate transmission. For example, about 10GHz bandwidth is available around 70GHz [2], which was used to achieve a peak data rate of 70Gbps in a recent trial [3]. For these reasons, HF bands are inherently more suitable for short-range high-volume data transmission.
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Figure 1. Joint deployment of LF and HF bands
Although it is difficult to provide wide coverage and high mobility support through HF bands alone, combined use of LF and HF bands can enable both coverage and mobility support as well as high data rate transmission where applicable in a straightforward and efficient way. One possible solution is to let LF bands take the leading role, e.g., carrying important control signals, and use HF bands as data channels (with only necessary control signals if needed). Here the control signals carried in LF can be used, for example, to accelerate the beam-based link acquisition in HF. This approach of assisting HF transmissions by LF bands is illustrated in Figure 1. 
Proposal 1: Bands above 6GHz should be used to provide complementary solutions to, and be assisted by, bands below 6GHz.
2.2 Essential Design Prerequisites

Before going to the air interface design for HF, several important prerequisites should be discussed and addressed. 
· Channel Model
First of all, channel model is critical to air interface design for HF bands. As discussed in recent proposals in 3GPP [4]
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[8], channel characteristics at HF are evidently different from those at LF, and therefore, new features are required for channel modelling for HF. 
To be specific, due to the application of narrow beamforming and large bandwidth used and high vulnerability to blockage, special attentions should be paid to the modelling of spatial consistency, effective multi-path resolvability, penetration loss and dynamic blockage. As indicated in the following, some new features related to HF have been agreed to be included in 5G channel modelling:
· Spatial Consistency: Figure 2 shows the measurement results on spatial consistency in 73GHz band (From R1-161603 [4]). A strong correlation is observed in both delay and angular domain when moving along the predefined routine. Therefore, spatial consistency has been introduced as an additional feature in 3GPP 3D channel model to describe the spatial correlation characteristics (From R1-161726 [5], accepted as working assumption).
· Large Bandwidth: The possibility to modify the cluster distributions in delay and the sub-path distributions within clusters should be studied in order to support simulations with large bandwidths (From R1-161679 [6], agreed).
· Penetration Loss: A building penetration loss model should be adopted for outdoor-to-indoor path-loss in the UMa and UMi scenarios (From R1-161687 [7], agreed).

· Dynamic Blockage: The blocking model needs to be made spatially and temporally consistent.  (From R1-161739 [8], way forward agreed).
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Figure 2. Measurements on spatial consistency in 73GHz band

Observation 1: An agreed channel model with new features for bands above 6GHz needs to be provided prior to the air interface design for above 6GHz.
· Beam Pattern
Beamforming is a critical technique component for HF bands:
· It is essential for HF bands to apply proper beamforming scheme(s) to combat large path-loss and track users in mobility.

· The beam-width used for transmission would impact the experienced multi-path delay spread, which is one of the most important inputs to the waveform and numerology design. 
The beamforming design requires baseline assumptions on the beam pattern, which is highly related to the array structure. Different array structures have been proposed for HF bands and have been extensively investigated in the literature and even verified in some trials [3]. Two possible solutions (not all of them of course) are depicted in Figure 3. However, the mapping from an array structure to its beam pattern is still unclear. At least, the mapping should consider the link budget, the scanning area and the fabrication method. These issues have not been discussed. 
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(a) Focal Array                                                      (b) Phased Array

Figure 3. Two potential array structures for HF bands
Observation 2: Baseline assumptions related to beam pattern should be discussed prior to the air interface design for above 6GHz.
· RF Impairments
The numerology design for HF bands will largely be affected by the significant RF impairments such as phase noise in those frequencies. The RF impairments highly depend on the carrier frequency and the fabrication methods:
· Measured statistics of phase noise in four different bands are given in Table 1, showing significant variations and differences, which are frequency- and material-dependent (the detailed measurement results are relegated to the Appendix). While various models have been proposed in the literature (see, e.g., [9]
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[10]), a large mismatch has also been reported [11]. Therefore, an accurate and agreed model for phase noise is needed for each HF band. 
· In addition to phase noise, the non-linearity in the PA also varies with the carrier frequency and the fabrication materials [9]
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[10]. An agreed model for the PA non-linearity is also needed for evaluating the required power back-off and the respective energy efficiency as well as the spectrum leakage and block error rate in each HF band.
To proceed, a set of baseline models for the RF impairments needs to be discussed in each HF band before any proposal can be evaluated and compared.
Table 1. Measured phase noise in different bands (dBc/Hz)

	Frequency
	Vendor
	Material
	100Hz
	100KHz
	1MHz
	10MHz

	6GHz
	Hittite Microwave
	GaAs
	-67
	-103
	-123
	-124

	30GHz
	Hittite Microwave
	GaAs
	-55
	-83
	-112
	-116

	62GHz
	Silicon Image
	Si CMOS   
	-44
	-68
	-97
	-113

	72.6GHz
	Hittite Microwave
	GaAs
	-34
	-89
	-114
	-128


Observation 3: A set of baseline models for the RF impairments needs to be considered prior to the air interface design for above 6GHz, including but not limited to phase noise and PA non-linearity.
· Regulatory Aspects
The regulation strategy in different HF bands should also be considered:
· Constraints on the transmission power and spectrum masks imposed in different regulatory regions should be clarified, which may affect the experienced channel characteristics as well as the waveform and numerology design. 
· Given the ample opportunity that wide unlicensed HF bands might be made available for cellular service, the air interface design needs to consider potential coexistence of 5G and other systems in those bands, which implies that the license issue across different regulatory regions should be understood. Coexistence mechanism for unlicensed bands may include certain listen-before-talk (LBT) schemes, but not limited to LBT due to the directional essence of HF communication (making sensing-based mechanisms less effective), and the shift of Wi-Fi standards from sensing-based to scheduling-based transmissions.
Observation 4: For above 6GHz, regulatory aspects such as spectrum mask and coexistence in unlicensed bands should be understood and clarified prior to specific protocol design.
Proposal 2: Prior to the air interface design for above 6GHz, baseline assumptions on channel model, beam pattern, models of RF impairments, and related regulation strategies should be discussed.

3 Air Interface Design Principles for above 6GHz
With these prerequisites addressed satisfactorily, we can proceed with the air interface design for HF bands. The air interface design for LF and HF bands in 5G should not be separated. A unified and flexible air interface should be provided to avoid spectrum fragmentation and reduce standard efforts. In the following, some of the important aspects of the air interface design for HF bands are discussed:
· Waveform
A unified and flexible waveform and numerology framework should be considered for both LF and HF with sufficient emphasis on the RF impairments and PAPR issues for HF. OFDM-based orthogonal waveforms and their low-PAPR variants (e.g., DFT-s-OFDM) are still considered the most promising waveform candidates for HF. In addition, symmetry in waveform for both uplink and downlink is highly preferable for possible backhauling and device-to-device communications in HF bands. 
· Numerology
The numerology design for HF is largely affected by the RF impairments and the narrow-beam channel characteristics, which still require further investigation, as indicated in [12]. To reduce standard efforts and facilitate low-complexity implementation, it is beneficial to maintain a scalable relationship between LF and HF numerologies. For example, given a specific subcarrier spacing ∆f used for LF, the subcarrier spacing in any given HF band could be scaled as ∆f × N / M, where N and M are positive integers. 
· Frame Structure
To facilitate the assistance from LF bands, a certain level of alignment on the time-domain granularity between LF and HF bands is worth pursuing. For instance, LF and HF bands may share a common scheduling period. In addition, beamforming strategy should be taken into account when designing the frame structure for HF. To be specific, the minimum TTI/subframe duration should be able to support fast beam tracking for users in mobility.
Proposal 3: A unified and flexible air interface should be designed for both above and below 6GHz, including but not limited to waveform, numerology, and frame structure. 
4 Conclusions
Based on the discussions in this paper, the following proposals are made:
Proposal 1: Bands above 6GHz should be used to provide complementary solutions to, and be assisted by, bands below 6GHz.
Proposal 2: Prior to the air interface design for above 6GHz, baseline assumptions on channel model, beam pattern, models of RF impairments, and related regulation strategies should be discussed.

Proposal 3: A unified and flexible air interface should be designed for both above and below 6GHz, including but not limited to waveform, numerology, and frame structure. 
Appendix
Measured Phase Noise in Different Bands
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(a)  6GHz, Hittite Microwave, GaAs                      (b) 30GHz, Hittite Microwave, GaAs
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 (c) 62GHz, Silicon Image, Si CMOS                      (d) 72.6GHz, Hittite Microwave, GaAs
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