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Introduction
In [1][2], large bandwidth support and large antenna array support for the above 6GHz channel model are under discussion in 3GPP RAN1. In the WF [1], the details of proposal 1 remain unanswered.
· Proposal 1: Large BW and large antenna modeling applies only when either of the following conditions holds:
· Antenna aperture is greater than Xλ in either azimuth or elevation
· BW is greater than Y GHz
· FFS on X, Y
This contribution aims to provide discussions on the remaining details on large bandwidth and antenna array support.
Large antenna array modelling
1 
2 
Plane wave vs. spherical wave modelling 
Plane wave is widely used for channel model, antenna array design and synthesis, and it is an accurate approximation to spherical wave when far field assumption holds. The far field assumption holds if the distance between the antenna array and the radiation source  is much larger than the antenna aperture size  (defined as the longest dimension of the antenna array), or , where  is Rayleigh distance [3] [4]

where  is the wavelength of the frequency interested in. 
Now, we investigate the inaccuracy introduced by using plane wave to approximate spherical wave in the context of channel modelling. In Figure 1, an incident wave is radiated to/from a source that is  distance away from the reference antenna. Consider antenna  that is  distance away from the reference antenna. Based on the plane wave assumption, the phase at antenna  is

On the other hand, using the exact spherical wave, the phase at antenna  is [4]:

where, based on Cosine rule
                                                                      (1)
Therefore, the phase error with plane wave approximation is 
                                        (2)
[image: ]
[bookmark: _Ref447010540]Figure 1 Antenna response under plane wave vs. spherical wave
The phase error can be seen from the difference between  and  in Figure 1. When , using first order Taylor approximation for (1),

and thus , meaning plane approximation is accurate. 
From (2), the phase error is a decreasing function in , that is  will yield the largest error. A plot of phase error with angle of incident waves is shown in Figure 1, where the antenna aperture is assumed to be , e.g., corresponding to 32 antenna per dimension with  spacing. The carrier frequency considered is 30GHz. One can see that the maximum phase error is less than 2°. 
[image: ]
Figure 2 Maximum phase error of plane wave approximation in angle of incident wave
  The relation between the antenna aperture size and the maximum phase error is shown in Figure 3. As antenna aperture size increases, the error also increases as expected. 
[image: ]
[bookmark: _Ref447014739]Figure 3 Maximum phase error of plane wave approximation in aperture size
Phase errors under different antenna configurations and minimum distance are listed in Table 1. In the table, we assume carrier frequency 30GHz,  antenna spacing. Root-mean-square (RMS) error is calculated by assuming uniform power angular spectrum from 0 to 180°. If antenna number is less than 32 per dimension per polarization, which corresponds to 64 antennas per dimension if dual-pol antennas are implemented, the phase error is within 4° and may be acceptable.
[bookmark: _Ref447023607]Table 1 Phase errors from plane wave approximation (carrier frequency = 30GHz)
	Num. of ant. per dim. per pol.*
	Aperture (m)
	Rayleigh distance (m)
	Min. distance (m)
	Max phase err (°)
	rms phase err** (°)

	16
	0.075
	1.1
	20
	0.40
	0.24

	
	
	
	10
	0.81
	0.49

	32
	0.155
	4.8
	20
	1.73
	1.04

	
	
	
	10
	3.44
	2.08

	64
	0.315
	19.8
	20
	7.11
	4.29

	
	
	
	10
	14.21
	8.59



Phase errors under different antenna configurations and minimum distance are listed in Table 2. In the table, we assume carrier frequency 4GHz,  antenna spacing. Root-mean-square (RMS) error is calculated by assuming uniform power angular spectrum from 0 to 180°. If antenna number is less than 16 per dimension per polarization, which corresponds to 32 antennas per dimension if dual-pol antennas are implemented, the phase error is within 6° and may be acceptable.
[bookmark: _Ref447049690]Table 2 Phase errors from plane wave approximation (carrier frequency = 4GHz)
	Num. of ant. per dim. per pol.*
	Aperture (m)
	Rayleigh distance (m)
	Min. distance (m)
	Max phase err (°)
	rms phase err** (°)

	8
	0.263
	1.8
	35
	0.38
	0.23

	
	
	
	10
	1.32
	0.79

	16
	0.563
	8.4
	35
	1.73
	1.04

	
	
	
	10
	6.04
	3.65

	32
	1.163
	36.0
	35
	7.37
	4.45

	
	
	
	10
	25.79
	15.60


[bookmark: _Ref446598642]Array aperture threshold for spherical wave modelling 
Denote X the antenna aperture in terms of wavelength, i.e.,. In order to obtain a practical threshold of X where explicit modelling of spherical wave is needed, we need to estimate typical distances R between first bounces (FB)/last bounces (LB) and antenna arrays. A number of typical values and models for R in below 6 GHz frequencies have been reported in the literature in [5][6] and can serve as reference values, as listed in Table 3. In this contribution, we propose 10m as the typical value for the minimum distance between the LB and the RX or the distance between the FB and the TX. 
[bookmark: _Ref447049211]Table 3 Typical values and models for R
	
	Scenario
	Model
	Mean (m)
	Standard deviation (m)

	[5]
	Suburban macro
	R=10+Z
	

	


	
	Urban macro
	
	

	

	
	Urban micro
	
	

	

	[6]
	Indoor LOS FB to BS1
	R
	

	


	
	Indoor LOS FB to BS2
	
	

	


	
	Indoor NLOS FB to BS3
	
	

	


	
	Indoor NLOS FB to BS4
	
	

	


	
	Indoor LOS LB to MS1
	
	

	


	
	Indoor LOS LB to MS2
	
	

	


	
	Indoor NLOS LB to MS3
	
	

	


	
	Indoor NLOS LB to MS4
	
	

	


	
Note: is the delay of the nth cluster and N is the total number of clusters.



Proposal 1: For >6GHz, X = 16 and for <6GHz, X = 8. 
Large bandwidth modelling for large antenna array
In current 3GPP channel model, the time resolution is 5ns, which corresponds to a maximum supported bandwidth of 100MHz. The bandwidth in 5G millimeter wave band is expected to reach 500MHz to 2GHz [7]. To support such bandwidth, high time resoultion channel measurement and modelling is needed, ranging from 1ns to 0.25ns. Improved time resolution will lead to more resolvable clusters/paths in channel model. In other words, some irresovable subpaths in current channel model will become resolvable paths. 
For large bandwidth, in addition to high time resolution support, considerations may be needed for large antenna array. In current modeling methodolgy, a cluster is split into multiple subpaths that are irresovable in time. Instead of modeling for delay difference of a subpath to different antennas, a phase difference is captured. Considering plane wave in Figure 1 for example, the phase difference between the reference antenna and antenna i is

for a particular subpath, and is assumed identically at the entire frequency band. Note that  is carrier frequency and c is speed of light. Using this narrow band approximation, the phase error at frequency  is: 

where in the right hand side D is antenna aperture. Given bandwidth , the maximum phase error is

that is, the maximum phase error increases with bandwidth and antenna aperture. When B=100MHz,  GHz and , the maximum phase error is . 

Altertive views can be as follows. The delay difference among antennas range from 0.25ns to 1ns, assuming 0.1m to 0.3m aperture size. Such small delay is comparable to the time resolution of the bandwidth of interest. Therefore, it may be needed to explicitly model delays of a particular subpath to different antenans. However, from complexity perspective, it may not be desirable. 
Note that “antenna delay” is different from the “channel delay”, where “antenna delay” refers to the delay introduced by difference of antenna spacial position, and “channel delay” or “cluster delay” is introduced by channel. On the current 3D channel model, intra-cluster delays (“channel delay”) have been partially considered in the first two strongest clusters to improve accuracy, and no antenna specific delay has been considerred.

If each ray within a cluster for a given u (Rx) and s (Tx) has unique time of arrival (TOA), for drop based modelling related to step 11 method 1, the channel response of ray m in cluster n for a link between Rx antenna u and Tx antenna s at delay  at time t is given by:

;
and the delay (TOA) for ray m in cluster n for a link between Rx antenna u and Tx antenna s is given by:

.
All these coefficients of rays have to be stored and used for computing frequency response, and the complexity is high. To balance the complexity, it is possible to only model TOA for the strongest N clusters, where N = 3.  
With improved time resolution/bandwidth, it is also desireable to model intra-cluster delays. In the current 3D SCM, a typical channel has 20 clusters and 20 subpaths within each cluster. If intra-clusters delays are fully considered in all clusters, 400 complex rays in total are required in the channel simulation, which introduces challenges for large complexity. As a result, the current 3D SCM only considers intra-cluster delays in the first two strongest clusters and each of these two clusters categorizes the 20 subpaths into three midpaths, resulting in 24 complex rays in total. In the millimeter wave band [8], the number of clusters reduces to 6 and the number of subpaths within each cluster reduces to 10 due to the increase of carrier frequency. If the total 60 complex rays are taken into account, the complexity of the new channel model will be approximately tripled compared to the current 3D SCM, which is not preferred. Consequently, to reach a balance between accuracy and complexity, we propose that intra-cluster delays are only considered in the first 3 strongest clusters. In this case, the total number of complex rays is 33.
Proposal 2: Large bandwidth support applies when the bandwidth is larger than 0.1 GHz.
Proposal 3: TOAs are modeled only for the strongest 3 clusters. 
Proposal 4: Intra-cluster are only considered in the first 3 strongest clusters
Conclusions
Proposal 1: For >6GHz, X = 16 and for <6GHz, X = 8. 
Proposal 2: Large bandwidth support applies when the bandwidth is larger than 0.1 GHz.
[bookmark: _GoBack]Proposal 3: TOAs are modeled for the strongest 3 clusters. 
Proposal 4: Intra-cluster are only considered in the first 3 strongest clusters
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