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	SUMMARY

	This information paper is intended to provide a summary of the final results of the L-Band and C-Band air-ground channel model development based on data gathered through a propagation flight measurement campaign performed by NASA. 


1. INTRODUCTION

1.1 As part of NASA’s UAS Integration in the National Airspace System (UAS in the NAS) Project, an extensive flight measurement campaign was conducted to characterize and model the air-ground channel in L-Band (960-977 MHz) and C-Band (5031-5090 MHz). In previous contributions various aspects of the channel measurement campaign, processing of results, and model development have been described. ACP-WG-F/26 IP08 presented initial plans for the flight measurement campaign; ACP-WG-F/28 IP03 described the flight test measurement system; ACP-WG-F/29 IP05 described the first four flight tests and presented examples of collected data; ACP-WG-F/30 IP08 presented the first set of L-Band and C-Band channel models for over-sea conditions; ACP-WG-F/31 IP02 added over-fresh-water and hilly terrain model results and small scale fading and diversity effects; ACP-WG-F/32 IP01presented further extensions of the channel model development for hilly terrain including root-mean square delay spread (RMS-DS) vs. distance and introduced a wideband statistical channel model for the over-water conditions; and FSMP-WG/1 IP04 provided example small-scale Ricean fading K-factors and inter-antenna correlations and example statistics for airframe shadowing. 

1.2 The previous contributions have introduced the flight measurement approach, data examples, and the process employed to develop models of the air-ground channel for seven terrain environments, with example results.  This paper provides a final summary of all channel model results.  A thorough description of air-ground channel characteristics and models can be found in RTCA Document DO-362, Command and Control (C2) Data Link Minimum Operational Performance Standards (MOPS) (Terrestrial), Appendix Q.  Additional references given at the end of this paper provide a concise yet comprehensive summary of the work.   The following sections provide a summary of final results.
2. L-Band and C-Band Air-Ground Channel Model Results
2.1 The air-ground channel measurement campaign produced a large amount of data in the form of power delay profiles.  Measurements were made for different terrain types, since terrain type impacts the channel characteristics.

2.2 Measurement sites and terrain types.

2.2.1 Measurements sites were selected to enable power delay profile (PDP) data to be gathered for various terrain types: sea water, near fresh water, in flat, hilly, forested, desert, and mountainous terrain, and near suburban and urban settings.  Table shows the test dates and locations, the number of PDPs measured, the type of terrain environment, and aircraft altitude and relevant surface features.

Table 1 – Air-ground channel flight test environment summary 

(AMSL= above mean sea level, and GS=ground site). 

	Test
	Test Date;

# PDPs (millions)
	GS Location

(elevation, m)
	GS Environment
	Remarks

	
	
	
	
	

	1
	20 Mar 2013;

12.53
	NASA Glenn Research Center, Cleveland OH
(230)
	Urban/suburban, some over-water, flat terrain
	AC altitude 823m AMSL

	2
	15 Apr 2013;

26.46
	Latrobe, PA

(347)
	Orientation 1: mix of rural terrain & urban structures in valley, viewed from airport
	AC altitude 975m AMSL

	
	
	
	Orientation 2: GS antenna beam L to mountain ridge w/natural cover. Ridge extends into LOS between AC & GS
	AC altitude 1.158 km AMSL

Ridge elevation 578 m AMSL

	3
	11 Jun 2013;

67.11
	Oxnard, CA

(4.9)
	Open salt water w/few stationary structures & watercraft
	AC altitude 808m AMSL

	4
	12 Jun 2013
107.85
	Palmdale, CA

(776)
	Orientation 1: Open, flat desert & agricultural terrain. One structure in GS foreground
	AC altitude 1.745 km AMSL

	
	
	
	Orientation 2: Flat, desert, urban residential with low structures in foreground. Dry, hilly terrain with natural cover.
	AC altitude 2.728 km AMSL,

Mtn heights 0.91-1.676 km

	5
	5 Sep 2013
28.36
	Cleveland, OH
(235)
	Suburban, some over-water, flat terrain
	AC altitude 762 m AMSL

	6
	12 Sep 2013;

48.32
	Telluride, CO

(2743)
	Very mountainous terrain
	AC altitude 3.9 km AMSL

	7
	22 Oct 2013;

53.68
	Cleveland, OH

(171)
	Orientation 1: open freshwater
	AC altitude 762 m AMSL

	
	
	
	Orientation 2: Cityscape view w/many tall buildings on flat terrain, adjoining open freshwater
	


2.3 Air-Ground Channel Models – Path Loss
2.3.1 The path loss models are applicable for link budget analyses, and for estimation of the AG channel’s effect upon narrowband signals. Several models have been developed and can be applied depending upon accuracy and complexity considerations.
2.3.2 All data was divided into large elevation angle (small distance) and small elevation angle (large distance) segments. Path loss models are provided in three forms, with increasing complexity and accuracy: a single log-distance model for the entire distance range; a two-segment log-distance model; and a two-segment two-ray model that incorporates small-scale fading. Model parameters were obtained from least-squares fits to the measured data.  Table 2 provides the model parameters for six terrain types for L-Band and C-Band.
Single Log-distance Model
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Two-segment Log-distance Model
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Two-Ray Model
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2.3.3 In these models, R is link range, the A0’s are constants at the minimum valid link distances; subscripts A in (1) and S and L in (2) denote all, short, and long distance segments, respectively; the n’s are the path loss exponents; threshold elevation angle t is 5 degrees (corresponding to threshold range Rt); variable =  -1 for travel toward the GS and +1 for travel away from the GS, and the F’s are small (positive) adjustment factors for direction of travel; the X’s are zero-mean Gaussian random variables with standard deviation X; BL is the average difference between the measured path loss and the curved earth 2-ray (CE2R) model; grazing angle  is computed in the two-ray model with min(mrad)=(2100/fMHz)1/3; and a(R) is the Ricean fading variable. An unfiltered (memoryless) Ricean fading process represents the measured data well; this physically results from the rough surface scattering from the environment surfaces. In Table 2, also provided for the log-distance models are values denoted Xmax (dB), which quantify the maximum deviation between the deterministic portions of the log-distance models and the measurement data (analogously, Xmin). These values generally represent the peak two-ray attenuation values, and may be of interest for link budget computations. Finally, note that for the urban and suburban Cleveland, hilly Latrobe, and mountainous settings, the earth surface obstacles were generally dense enough or the surface rough enough to invalidate the CE2R (see Ref. [1]), and flat earth 2-ray (FE2R) models, except for some small segments of range, hence for these settings, the log-distance models should be used. The CE2R path loss parameters for these exception cases are shaded in Table 2.
Table 2 – Parameters for path loss models.
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2.4 Air-Ground Channel Models – Ricean K-factor Models
2.4.1 With a dominant line of sight (LOS) path loss component, the small-scale fading is most commonly modeled as having Ricean statistics. The Ricean distribution is characterized by the “Rice factor” or K-factor, where k represents the ratio of the power in the LOS (or, dominant) component to the power in all other components. Significant variations about the free-space loss result from the surface reflection, and from multi-path components (MPCs). The rapid variations, quantified by the Ricean K-factor, are attributable to multiple relatively weak MPCs.
2.4.1.1 Equation (4) describes the linear fit of K-factor in dB to distance in km. This linear equation also has a zero-mean Gaussian error term (Y) that describes the variation about this linear fit.
Table 3 presents the parameters of the Ricean K-factor models for the various GS environments, along with measured statistics of the K-factor. 
K(R) = K0 + nK(R-Rmin) + Y







(4)
Table 3. Parameters and statistics for Ricean K-factor models.
	
	Oxnard, CA 

11 Jun 2013 

Over Sea
	Cleveland, OH 22 Oct 2013 Over Lake Erie
	Cleveland, OH 22 Oct 2013 Near urban
	Latrobe, PA 15 Apr 2013 Suburban
	Cleveland, OH 5 Sep 2013 Suburban
	Palmdale, CA 12 Jun 2013 Suburban

	Band
	C
	L
	C
	L
	C
	L
	C
	L
	C
	L
	C
	L

	K factor Linear Fit
	K0 (dB)
	29.9
	11.7
	25.5
	12.8
	26.0
	13.0
	27.6
	12.5
	26.7
	13.2
	29.7
	11.9

	
	nK
	0.08
	0.08
	0.10
	0.01
	0.12
	-0.10
	0.09
	0.10
	0.04
	0.07
	-0.01
	0.05

	
	σY (dB)
	1.7
	1.1
	1.7
	1.5
	1.6
	2.3
	2.3
	1.1
	2.0
	0.7
	1.8
	1.4

	
	Rmax (km)
	2.6
	2.2
	2.5
	2.0
	1.9
	1.7
	1.7
	0.9
	1.4
	0.7
	2.6
	1.3

	
	Rmin (km)
	24.1
	24.1
	28.1
	28.1
	19.0
	19.0
	41.4
	41.4
	46.0
	46.0
	54.3
	54.4

	K factor Statistics (dB)
	Max
	35.6
	20.7
	33.0
	16.5
	33.7
	14.7
	40.2
	20.5
	34.1
	17.5
	35.2
	27.5

	
	Min
	11.1
	9.4
	12.4
	8.7
	12.3
	-86.2
	7.9
	6.5
	12.7
	7.8
	12.0
	-87.1

	
	Median
	31.0
	12.7
	27.0
	12.9
	27.4
	12.0
	28.7
	13.8
	27.5
	14.7
	29.6
	13.2

	
	Mean
	31.3
	12.5
	27.3
	12.8
	27.5
	12.4
	28.6
	13.7
	27.5
	14.9
	29.8
	13.2

	
	Std Dev
	1.8
	1.2
	1.8
	1.5
	1.8
	2.3
	2.4
	1.5
	2.1
	1.2
	1.8
	1.6


	
	Palmdale, CA

13 Jun 2013 Suburban
	Latrobe, PA
15 Apr 2013 Hilly
	Palmdale, CA 12 Jun 2013 Hilly
	Palmdale, CA 13 Jun 2013 Hilly
	Telluride, CO 12 Sep 2013 Mountainous

	Band
	C
	L
	C
	L
	C
	L
	C
	L
	C
	L

	K factor Linear Fit
	K0 (dB)
	27.7
	12.6
	27.4
	12.9
	29.6
	11.8
	27.6
	12.2
	29.8
	12.4

	
	nK
	0.03
	0.05
	0.16
	-0.02
	0.00
	0.07
	0.06
	0.05
	-0.02
	0.06

	
	σY (dB)
	1.9
	1.5
	2.1
	0.8
	2.1
	1.3
	1.7
	1.5
	2.3
	1.0

	
	Rmax (km)
	2.8
	1.4
	3.0
	2.8
	5.2
	2.7
	4.6
	2.4
	3.4
	1.9

	
	Rmin (km)
	49.5
	49.5
	13.0
	13.0
	23.8
	23.8
	22.5
	22.5
	47.5
	47.5

	K factor Statistics (dB)
	Max
	36.2
	25.5
	35.3
	16.9
	35.7
	23.2
	35.8
	23.1
	40.5
	16.6

	
	Min
	12.2
	6.3
	12.6
	4.0
	12.3
	9.3
	12.6
	7.4
	12.8
	5.1

	
	Median
	28.5
	13.8
	28.7
	12.7
	29.6
	12.6
	28.3
	12.8
	29.4
	13.8

	
	Mean
	28.6
	13.8
	28.8
	12.8
	29.8
	12.3
	28.4
	12.6
	29.4
	13.8

	
	Std Dev
	1.9
	1.7
	2.1
	0.8
	2.1
	1.3
	1.7
	1.5
	2.3
	1.3


2.5 Air-Ground Channel Models – Correlation Modeling
2.5.1 The results have shown that the L- and C-band small-scale fading can be considered uncorrelated, and should not be dependent on aircraft antenna separation or on specific flight track (FT) parameters.
2.5.2 For the case of the spatial correlation between intra-band signals (assuming the exact same frequency in either L- or C-band), the correlation results show that the LOS component fading is highly correlated. This result is dependent upon the spatial placement and separation of the aircraft antennas. Based upon geometric considerations and upon the stationarity distance results, a large value of correlation for intra-band antennas separated by even larger distances (up to and beyond 15 m) is expected, as long as the two (or more) antennas had similar “visibility” to the GS.
2.5.3 If the frequencies of interest are still “intra-band,” but not identical, e.g., two C-band signals separated in frequency by f Hz, then the correlation between these signals could be estimated from the measured values of RMS delay spread. A typical—but inexact—estimate of the coherence (or, correlation) bandwidth is Bc~1/(6) for correlation value 0.5, so if f > Bc, the two signals may not be highly correlated. For most of the AG channels, the MPCs are intermittent, and hence  and Bc would intermittently take multiple values.

2.6 Air-Ground Channel Models – Wideband Channel Models
2.6.1 The wideband air-ground channel models can be cast into the form of tapped-delay lines (TDLs) that approximate the channel impulse response (CIR).  The different terrain environments have distinct TDL models, all of which are combinations of deterministic components (the LOS and surface reflection) plus stochastic components (additional MPCs). The wideband models are specifically based upon C-band data, and are hence applicable to the C-band air-ground channels (L-band MPC delays and durations are likely to be identical to those of C-band, but the L-band MPC relative amplitudes will be different).

2.6.2 Wideband air-ground channel models have been developed for over-water, hilly/mountainous, and suburban/near-urban terrain. See RTCA Document DO-362, Appendix Q and [1-4] for the complete details of these wideband models.  

2.6.3 A partial description of the wideband air-ground channel for the over-water terrain is as follows: The channel is well modeled by the two-ray model plus an intermittent third MPC termed the intermittent 3rd ray. For the over-water air-ground channels, the CIR is given by
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where [image: image11.png]Ry ray (T )



 is the FE2R or CE2R model CIR, z3(t) is a random process that controls the presence/absence of the 3rd ray (hence z3({0,1}), 3 is the intermittent 3rd ray relative amplitude, 3  is its phase, and 3 denotes its delay. Figure 1 illustrates the tapped-delay line (TDL) model. Since the 3rd ray is intermittent, the statistical models describe its probability of occurrence, duration D3, relative delay 3 and relative amplitude 3, where relative here means with respect to the LOS component values. Statistics for these parameters are easiest to express as functions of distance. Model users can then translate to functions of time as needed by specifying flight paths and velocities.  Parameters for the on probability and duration fits appear in Table 4. Model users can select parameters for mean, median, or maximum durations.
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Figure 1. Tapped-delay line model for over-water air-ground channels.
Table 4. Exponential fit parameters for intermittent 3rd-ray on probability, duration, and “short-delay” excess delays, vs. link distance, for over water AG channels. Fit equation is p(R)=aebR, with R=link distance in km.

	
	a
	b

	Over Sea
Oxnard, CA
	On Probability
	0.1672
	-0.2474

	
	Duration (Exponential)
	Max
	12.49
	-0.0847

	
	
	Mean
	1.141
	-0.0530

	
	
	Median
	0.4294
	-0.0417

	
	Excess Delay (Exponential)
	Max
	940.40
	-0.0759

	
	
	Mean
	237.30
	-0.0315

	
	
	Median
	231.40
	-0.0314

	Over Fresh Water
Cleveland, OH
	On Probability
	0.0345
	-0.1515

	
	Duration (Exponential)
	Max
	15.420
	-0.1568

	
	
	Mean
	1.1220
	-0.0967

	
	
	Median
	0.5382
	-0.0773

	
	Excess Delay (Exponential)
	Max
	228.00
	0.0037

	
	
	Mean
	108.20
	0.0144

	
	
	Median
	98.53
	0.0110


2.7 Air-Ground Channel Models – Airframe Shadowing Model
2.7.1 Flight test conditions were established to declare that airframe shadowing was taking place. To have the LOS component obstructed by the wing, not only must the roll angle be large enough, but also the flight direction (heading) cannot be parallel to the LOS between GS and aircraft. This second condition means that the difference between heading and azimuth angle ∠HA must be large enough. All this pertains to bottom-mounted antennas.
Three criteria are employed to determine the starting and ending positions of an airframe shadowing event]:

(a) roll angle > 5º;

(b) angle ∠HA > 30º;
(c) measured received power Pr at least 5 dB smaller than the received power estimated by the log-distance path loss model.
Worth noting is that in most of the airframe shadowing events, the distribution of shadowing depths is well approximated by a Gaussian distribution. 
2.8 Availability of Flight Test Campaign Data
2.8.1 It is anticipated that, pending approval of new data table formats, propagation data resulting from the air-ground channel measurement campaign will be submitted to the ITU-R Study Group 3 Data Banks, including both narrow-band statistics and wideband statistics.
3. CONCLUSION
3.1 This information paper has summarized the final results for the measurement and modeling campaign conducted by NASA Glenn Research Center for gathering data on the air-ground channel in L-Band and C-Band. Previous information papers have described the measurement campaign, measurement sites, measurement equipment, flight tests, examples of test data results and the development of air-ground channel models. A summary of the final empirical models for the air-ground channel path loss, airframe shadowing, small-scale fading, correlations among signals on the multiple antennas, and high-fidelity wideband models derived from the flight test results was presented.  
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