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Introduction
[bookmark: _GoBack]The deployment scenarios of having NR base stations operating onboard a satellite or a high altitude platform in a non-terrestrial network (NTN) [1] pose a new challenge for NR channel modeling. Unlike the traditional cellular network, the base stations are high above the ground and may be constantly moving if their platform is an earth orbiting satellite. Although the Doppler effect may not be an issue for channel modeling, since Doppler shift due to satellite movement is predictable and the highly directive dish antennas on satellites/HAPS constrict the Doppler spread, the channel characteristics may vary widely for different UE-to-BS elevation angles.
We have presented an analysis of channel characteristics based on ray tracing at 2 GHz frequency using Chicago downtown map [2], where the multipath characteristics such as delay spread and angular spread are found similar to NR’s UMa and UMi-SC models [3] at low elevation angles (< 30°), while multipath power at high elevation angles decreases sharply. In another contribution, we proposed a path loss model derived from the Chicago ray tracing data [4]. In this contribution, we extend the previous ray tracing based analysis to the suburban environment and also look into the issue of frequency selectivity in this setting.
Ray tracing setup and environment
For the suburban environment, we use the map data of Arlington Heights village in the west suburban of Chicago. In the map is a sprawling community of residential houses. Figure 1 shows the map area in the bird’s-eye view. The buildings are of homogeneous height, as can be seen from the zoom-in 3D view in Figure 2. The maximum height is 10m. Users with antenna height 1.5m are randomly dropped outdoors in an area of 500m x 530m, but ray tracing models diffractions and reflections from buildings in a larger encompassing area of 840m x 780m as shown in Figure 1. Simulations are conducted at frequency 2 GHz with HAPS placed at 20Km altitude, west of the map area, at various distances from the center of the map area to create elevation angles 10°, 20°, 30°, 40°, 50°, 70°, and 90° for the dropped users.
In ray tracing, tree scattering cannot be modeled and trees are not included in the map data. We observed that the Line-of-sight (LOS) probability in this environment is rather high even at a low elevation angle, due to the low and outspread houses. Table 1 lists the number of users and LOS probability for different elevation angles. The LOS probability of this environment is compared with that of Chicago downtown urban environment in Figure 3.
[image: ]
[bookmark: _Ref499707818]Figure 1. Map area and simulation area, 2D view from the top.
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[bookmark: _Ref506479274]Figure 2. Zoom-in 3D view of the simulation area buildings 
	HAPS elevation
	Number of users
	Number of LOS users
	LOS probability

	10°
	945
	739
	78.2%

	20°
	1011
	879
	86.9%

	30°
	1010
	928
	91.9%

	40°
	1011
	950
	94.0%

	50°
	912
	877
	96.2%

	70°
	1011
	991
	98.0%

	90°
	1011
	1009
	99.8%


[bookmark: _Ref506485165]Table 1. Line-of-sight probability 
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[bookmark: _Ref506485426]Figure 3. LOS probability observed in Arlington Heights suburban environment (solid blue line) and in Chicago downtown urban street canyon environment (red dashed line)
Path loss model 
Satellite or HAPS can appear at different elevation angles for a ground user. Propagation distance depends on the elevation angle and satellite/HAPS altitude. Ground infrastructures and objects cause more severe attenuation due to reflections and diffractions. This can be clearly seen in the path loss color maps, Figure 4 (elevation 20°) and Figure 5 (elevation 70°). At low elevation angles, shadowing from the buildings is more significant and common; while at high elevation, shadowing is a minor effect and path loss is more uniform. 
In a previous contribution [4], we proposed a path loss model that accounts for terrestrial attenuation in addition to free space propagation loss. The terrestrial attenuation is characterized by two parameters, the attenuation height above the UE antenna  (in meter) and its path loss exponent n. For a satellite/HAPS at altitude , its path loss to a ground user at an elevation angle α is
 ,    (1)
where  is the free space path loss at distance  for carrier frequency .
The suburban ray tracing data is used for model parameter fit, and the result is shown in Figure 6 and Figure 7 for LOS and NLOS users respectively. In these figures, the free space path loss is drawn as a reference. It is clearly seen that the fitted path loss for LOS is almost the same as free path loss. This is expected for an open terrain occupied by sprawling low buildings. The parameter n in the path loss model (1) is very close to 2 for LOS, in that case the second term can be ignored and the equation is reduced to the free space path loss at elevation angle α, 
. 		(2)
For NLOS, on the other hand, the attenuation due to terrestrial objects is significant and the path loss should not be approximated by FSPL. The fitted parameters for the suburban environment are listed in Table 2.
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[bookmark: _Ref506492699][bookmark: _Ref506492690]Figure 4. Path loss color map for 20° elevation angle
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[bookmark: _Ref506492835]Figure 5. Path loss color map for 70° elevation angle
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[bookmark: _Ref506538297][bookmark: _Ref506538280]Figure 6. Path loss fit for line-of-sight links
[image: ]
[bookmark: _Ref506538306]Figure 7. Path loss fit for non-line-of-sight links
	(For frequency 2 GHz, Suburban environment)
	LOS
	NLOS

	Terrestrial attenuation PLE 
	2.01
	3.19

	Terrestrial attenuation height  (m)
	0.2
	10.0

	RMS error σ (dB)
	2.52
	9.38


[bookmark: _Ref506538822]Table 2. Pathloss parameters for suburban environment at 2 GHz
Delay spread and coherence bandwidth
Delay spread for each user’s location can be calculated from the ray tracing data, as the power weighted root-mean-square deviation of the delays of all signal paths. Naturally the LOS links tend to have shorter delay spread compared to NLOS links because of the presence of a strong direct path. The elevation angle from the user to the satellite/HAPS is also an important factor. Multipath is stronger at lower elevation angles, so the delay spread tends to increase as the elevation angle decreases. This trend can be observed from the delay spread cumulative probability plot in Figure 8 (a) and Figure 9 (a) for LOS and NLOS respectively. Since antenna gain is not applied in ray tracing, the delay spread pertains to the assumption of an omni-directional antenna at the UE.
Coherence bandwidth () of the channel can be estimated from delay spread () by 
	
	(3)


When compared with the system bandwidth, coherence bandwidth gives us an indication of frequency selectivity due to multipath. In Figure 8 (b) and Figure 9 (b), we plotted 10%-tile, 20%-tile, and 50%-tile (median) coherence bandwidth, based on the delay spread CDF, as a function of elevation angle for LOS and NLOS respectively. We can observe that even at a low elevation angle of 10°, the 10%-tile coherence bandwidth is larger than 5 MHz, the likely system bandwidth for S band (2 GHz), for both LOS and NLOS cases. This result is in contrast to the observation from Chicago downtown data [5], where the delay spread is much longer and the coherence bandwidth is less than 5 MHz half of the time if the elevation angle is no higher than 20°. Based on the ray tracing data here, we can probably assume that multipath follows flat fading in a suburban environment for S band.
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(a) 
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(b)


[bookmark: _Ref506546581]Figure 8. (a) Delay spread cumulative probability, (b) 10%-tile, 20%-tile, and 50%-tile coherence bandwidth at different elevation angles for 2 GHz (S band) LOS links in the suburban environment assuming omni-directional antenna at the UE. 
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(b) 
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(b)


[bookmark: _Ref506546598][bookmark: _Hlk506545520]Figure 9. (a) Delay spread cumulative probability, (b) 10%-tile, 20%-tile, and 50%-tile coherence bandwidth at different elevation angles for 2 GHz (S band) NLOS links in the suburban environment assuming omni-directional antenna at the UE.
Conclusion
By studying the ray tracing data in a suburban environment at 2 GHz frequency, we have come to the following conclusions: 
1. Suburban line-of-sight probability is much higher compared to an urban setting, even at a low elevation angle. The LOS probability as a function of elevation angle can be interpolated from the data provided. 
2. Path loss for LOS links is almost identical to free space path loss. However, path loss for NLOS should include the terrestrial attenuation and the proposed model in [4] seems to be valid with the environment specific parameters in Table 2.
3. Coherent bandwidth for an omni-directional antenna is > 5 MHz even for a low elevation NLOS link. So if the system bandwidth of S band is 5 MHz or larger, we can model the suburban multipath as flat fading.
We recommend that these findings are taken into consideration for NTN channel modeling in the suburban environment.
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