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Introduction
A study item for high-frequency channel modelling was proposed and approved in [1]. For the modelling methodology, the following preferences were shown in the past RAN level discussions: 
· 3GPP 3D channel model [2] as a starting point, due to its popularity in past RAN1 study and its compatibility to modelling methodology below 6GHz;
· Map-based or quasi-deterministic channel model [3][4] as an important modelling candidate, due to the following reasons: 
· Some key features such as spatial consistency are hardly implemented based on the stochastic channel model. 
· The amount of measurement samples from all sources in RAN1 may not be large enough to construct the sufficiently converged statistical model that is supposed to support numerous deployment scenarios and all frequency bands above 6 GHz. 
The deterministic model with appropriate calibration is capable of solving the above problems due to its flexibility and accuracy on high-frequency; however, it could suffer from high computation complexity. 
· The hybrid modelling approach [5] as a trade-off between modelling accuracy and implementation complexity. The hybrid method models the dominant ray components, which reflect the majority of received power, in deterministic method and the large amount of non-dominant rays, whose deterministic modelling is the most computational consuming, in stochastic method.
This contribution gives a brief introduction to the hybrid channel modelling methodology that is proposed in [5], followed by the testing of accuracy and complexity of the proposed approach.
Hybrid channel modeling 
In the hybrid channel modelling framework that aims to balance between accuracy and complexity, some ray components are calculated by deterministic model while the others are implemented by stochastic model. Examples of hybrid model are METIS hybrid model[3], MiWEBA Quasi-Deterministic (Q-D) model[4] and the one proposed in [5] and depicted in Figure 1. In Figure 1, the dominant rays including LoS, reflections, diffractions and penetrations are all modelled in deterministic model part and the diffuse scattering is left inside stochastic model part. In contrast, the METIS hybrid model puts all these channel properties except pathloss into stochastic modelling. The reasons for us to prefer the modelling method in Figure 1 include:
· For the higher frequency, diffuse scattering rays only contribute small portion of total received energy at the receiver, but the modelling of diffuse scattering could consume large portion of total computation complexity if it is modelled with deterministic ray tracing. 
· For the higher frequency, the large portion of total propagation energy is carried on rays of LOS, reflection and diffraction. The accurate modelling of energy distributions, losses and spatial directions on these rays would certainly lead to the accuracy improvement of the overall modelling. In addition, compared to the low frequency modelling in which the MIMO techniques do not care too much on how the dominant rays are modelled, higher-frequency channel modelling may have a completely different requirement coming from massive MIMO, beam-forming and beam-tracking[9]. It is still unclear so far whether the stochastic model of these dominant rays such as reflections and diffractions could provide promising modelling accuracy to support above-mentioned MIMO techniques.  

                                                                                                                                                                                                                                                                                                                                                                   
[bookmark: _Ref440529513]Figure 1 Hybrid channel model approach
Accuracy of hybrid channel modeling
The accuracy of ray-tracing has been evaluated in various scenarios at different frequency bands [6][9][10][11]. Here we briefly show some comparison results in an indoor conference room at 23.5GHz. Figure 2 illustrates the comparison of Power Delay Profile (PDP) between ray-tracing simulation (specular components, composing of up to two-order reflections, one-order diffraction, and 5-order penetrations) and measurements. It is clearly shown that there are three significant components/peaks within time domain, with the dynamic range of 20dB. The three peaks from ray-tracing simulation well match with those from measurement. Figure 3 and Table 1 show the characteristics of the three propagation paths including LOS, single-bounce reflection and double-bounce reflection. The simulated propagation traces are coincident with the measured results, given that the differences of the parameters are less than or comparable to the resolution of measurement equipment. 
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[bookmark: _Ref440552746]Figure 2 PDP comparison between ray-tracing and measurement
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[bookmark: _Ref440553146]Figure 3 Comparisons of LOS ray (left), single-bounce ray (middle) and double-bounce ray (right)
	Rx.13
	Measurement
	RT
	Difference
	Measurement 
Resolution

	LOS
	Delay[ns]
	13.64 
	13.64 
	0.00 
	1.5152

	
	Power[dB]
	-42.30 
	-38.19 
	4.11 
	/

	
	AoD[°]
	45.00 
	44.75 
	0.25 
	15

	
	EoD[°]
	-15.00 
	-16.21 
	1.21 
	10

	
	AoA[°]
	135.00 
	134.75 
	0.25 
	15

	
	EoA[°]
	10.00 
	16.21 
	6.21 
	10

	Single-bounce reflection
	Delay[ns]
	45.45 
	45.53 
	0.08 
	1.5152

	
	Power[dB]
	-56.08 
	-59.80 
	3.73 
	/

	
	AoD[°]
	75.00 
	79.65 
	4.65 
	15

	
	EoD[°]
	-5.00 
	-4.20 
	0.80 
	10

	
	AoA[°]
	0.00 
	10.30 
	10.30 
	15

	
	EoA[°]
	10.00 
	4.20 
	5.80 
	10

	Double-bounce reflection
	Delay[ns]
	66.67 
	65.01 
	1.65 
	1.5152

	
	Power[dB]
	-56.25 
	-52.81 
	3.45 
	/

	
	AoD[°]
	-15.00 
	-12.00 
	3.00 
	10

	
	EoD[°]
	-5.00 
	-2.89 
	2.11 
	15

	
	AoA[°]
	-105.00 
	-102.85 
	2.15 
	10

	
	EoA[°]
	0.00 
	2.89 
	2.89 
	15


[bookmark: _Ref441684021]Table 1 Characteristic comparison of the three dominant specular components
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Complexity of hybrid channel modeling
Comparing to the stochastic model, the modelling complexity of diffuse components in hybrid modelling is more or less the same. The complexity difference comes from the deterministic modelling of specular components. We use the METIS TC2 scenario [12] as a reference to analyze the computation time of the full-3D ray-tracing tool. The digital map is shown in Figure 4, where 135 buildings existed in the area of 1.2x1.6 km2. For simplicity, only the central 1/9 area (marked in red) is considered in simulation, and the Tx is allocated at the area centre, as shown in Figure 4 (right). The simulation parameters relating to complexity are show in Table 2, where the maximum orders of reflection, diffraction and penetration are chosen to control realistic complexity of UMi propagation and are in line with literatures [3][13][14].
	Parameter
	Value

	Maximum order of reflection
	3

	Maximum order of diffraction
	1

	Maximum order of penetration
	5

	Tx number
	1

	Rx number
	8675

	Frequency
	23.5GHz

	Compiled environment
	MATLAB® 2014

	CPU
	Quadcore, 2.13GHz


[bookmark: _Ref441683862]Table 2 Simulation parameter for complexity evaluations
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[bookmark: _Ref440555231]Figure 4 Illustration of METIS TC2 scenario
	
RxNum
	LOS
(s)
	Single-bounce
Reflection (s)
	Double-bounce
Reflection (s)
	Triple-bounce
Reflection (s)
	Diffraction
(s)
	Total time(s)
Up to 3 order
	Total time (s)
Up to 2 order

	1
	0
	0.062
	1.61
	321.547
	0.906
	325.8600
	3.7030

	2
	0
	0.062
	1.594
	320.422
	0.953
	324.1410
	3.6710

	4
	0
	0.079
	1.625
	320.719
	0.9680
	324.4850
	3.7350

	8
	0
	0.078
	1.672
	320.297
	1
	324.1410
	3.8130

	16
	0
	0.078
	1.75
	325.313
	1.047
	329.2510
	3.9370

	32
	0
	0.094
	1.906
	326.906
	1.156
	331.1400
	4.2180

	64
	0.015
	0.203
	3.157
	346.328
	1.765
	352.6090
	6.2650

	128
	0
	0.156
	3.11
	348.234
	1.937
	354.6090
	6.3440


[bookmark: _Ref442250133]Table 3 Simulation time for METIS TC2 scenario
The relationship between simulation time and number of Rx are shown in Table 3. It can be observed that the simulation time increases linearly with the number of Tx and Rx, and exponentially with the number of reflection order. For the ray tracing with up to triple-bounce reflection, 
TotalTime[s] = 0.27* RxNum*TxNum +324.68
If the UEs are distributed in the area with inter-UE distance equal to 3m, there are 8675 UEs/Rx within the area. The simulation time is expected to be around 0.27*8670*1 +324.68=2665.2[s] = 44.42[m]. 
It is shown in section 3 that the ray-tracing with up to two-order reflections and one-order diffraction is sufficient to capture the most dominant specular components. Therefore, if only up to two-order reflections are considered, the computation time can be significantly reduced to:
TotalTime[s] = 0.024* RxNum*TxNum +3.694
Then the time to model the channels for 8670 UEs is given by 0.024*8670*1+3.694=212.76[s] = 3.546[m], which is more than acceptable for the system simulation.
It should be noticed that the above simulations are based on a full-3D RT tool. The complexity showed here could represent an upper bound of computational time. There could be some ways to improve the ray-tracing algorithm in order to reduce the complexity, e.g., the 2D+2D approach [15][16]. Besides, the simulation could be several times faster than what is shown in this paper if complied with the aid of (e.g., GPU-based or distributed computation) parallel computation.
Another potential concern to the complexity of hybrid approach might be about the digitized map. The digitized map itself is quite light-weight for storage, loading and processing. The map input for ray-tracing can be the same as the commercial ones, e.g. in xml, plain text, CAD or similar formats. The most time-consuming part is the generation of digitized map (if by hand). One has to measure the coordinates and the material of all the surfaces and objects existing in the specified scenario. However, this is not expected to be a big problem especially in the coming years, since the environment can be easily acquired by resorting to various tools or methods, such as laser scanner, image processing from pictures, etc. Meanwhile, many other artificial intelligent applications involved in/related to 5G such as self driving, indoor/outdoor positioning, simultaneous localization and mapping for robots or unmanned aerial vehicle all need the specific digital maps. The application of digitized map is expected more popular in future study.
Conclusion
This contribution compares the various channel modelling methodologies, and analyzes both the accuracy and complexity of the hybrid channel modelling. Based on these comparisons and analysis, it is proposed that
Proposal: To include the following hybrid method in RAN1's further study on high-freq channel modelling
· The dominant components are modelled by ray-tracing based deterministic method;
· The non-dominant components are modelled by stochastic method. 
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