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	SUMMARY

	A long and complex activity to measure and model the characteristics of the air-ground aeronautical channel in the L-Band and C-Band portions of spectrum allocated to aeronautical services is nearing completion.  An extensive set of flight tests resulted in propagation measurement data collected in the 960-977 MHz and 5030-5091 MHz bands.   At this point, path loss models and estimation of stationarity distances for all environments have been completed and examples are provided in this paper.  Progress on the development of airframe shadowing models and wideband AG channel models is also reported. 


1. INTRODUCTION

1.1 Many wireless aeronautical communications systems require a very high level of performance, in terms of availability, continuity, integrity and latency, among other parameters.  The performance of these systems is highly dependent upon the characteristics of the physical channel over which the communications link operates.  Therefore, in order to predict the performance of such systems, an accurate model of the channel is required.

1.2 For unmanned aircraft systems (UAS), the control and non-payload communications link (CNPC) is one such system requiring very high performance.  Line-of-sight (LOS) CNPC links between terrestrial ground stations and UA are proposed to operate in two bands: L-band (960-1164 MHz) and a portion of the C-band at 5030-5091 MHz.  However, accurate models of the air-ground propagation channel are not currently available in these frequency bands.

1.3 To enable channel models useful for analysis of UAS LOS CNPC systems, the National Aeronautics and Space Administration (NASA) has conducted an air-ground (AG) channel propagation measurement flight campaign and has partnered with a research team led by Dr. David Matolak (University of South Carolina) to develop air-ground channel models from the resulting measurement data.  Testing was conducted in the frequency bands 960-977 MHz and 5030-5091 MHz during 2013.  Since that time, the resulting test data has been undergoing analysis to provide the components of air-ground channel models. The resulting models will be valid not only within the test bands but more broadly over the greater L-Band and C-Band frequency ranges.
1.4 NASA has informed WG-F of the plans, progress and emerging results of this channel measurement and modeling activity.  Information papers presented at previous WG-F meetings of Working Group F have provided: a description of plans to conduct a series of flight tests to measure the propagation characteristics of the air-ground (AG) channel at 960-977 MHz and 5030-5091 MHz and use the resulting data to enable the development of detailed AG channel models (ACP-WG-F/25 WP 13, ACP-WG-F/26 IP8); the propagation measurement system and channel modelling approach (ACP-WG-F/28 IP3); a description of the first four sets of flight tests (ACP-WG-F/29 IP 5); initial analysis of channel measurement data and channel model elements for over-sea condition (ACP-WG-F/30 IP 8); and examples of extracted channel parameters and statistical analysis for development of accurate AG channel models, further modeling results for over-water channels (ACP-WG-F/31 IP 2).  Most recently, example results of channel parameter extraction and statistical analysis and results for hilly terrain were presented (FSMP WG-F32 IP 1).
1.5 Over the past six months we have completed much additional work on the air-ground (AG) channel measurement and modeling project. Several tasks were continuations of prior work, but some new topics were also addressed. The focus during the past six months was as follows:

· Completion of path loss models for all environments (over sea, over freshwater, desert, hilly, mountainous, suburban, and near-urban settings);

· Completion of estimation of stationarity distances in all environments; this enabled estimation of Ricean K-factors and inter-antenna correlations in all environments;

· Development of airframe shadowing models;

· Development of wideband AG channel models.

In this information paper we provide example results from these tasks. We conclude by summarizing project progress and describing the remaining work.
2. path loss models
2.1 In prior reports we provided initial path loss models for some environments. We have refined these models for the over-water settings, and developed new models for the other ground site (GS) environments. Example results have been presented in prior reports, and in several papers, e.g., [1]-[5]. As noted previously, for over-water settings, the two-ray (2R) models are most appropriate; the simple flat-earth (FE) 2R model can be used for short link ranges, whereas the curved-earth (CE) 2R model is valid for both short and longer ranges, provided its boundaries are not exceeded. The boundary values for FE2R or CE2R model application are functions of aircraft and GS antenna heights and other geometric parameters such as grazing angle. The geometric parameters are accounted for in our path loss models. 

2.2 For environments other than over-water, the log-distance path loss model form is used—this is one of the most widely used models to quantify large scale attenuation. Our log-distance path loss model (in dB) as a function of link range R is as follows,
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(1)
where A0 denotes the path loss in dB at the minimum link distance Rmin, n is the (dimensionless) path loss exponent, X denotes a zero-mean Gaussian random variable with standard deviation σX dB, variable ζ=-1 denotes that the aircraft is flying toward the GS, ζ=+1 denotes flying away from the GS, and F is the (positive) adjustment factor in dB for different flight directions. The path loss difference recorded for flights in different directions is primarily due to the aircraft pitch angle. Path loss variability is quantified by the Gaussian X.

For the CE2R models we have
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where CE2R(R) denotes the path loss estimated by the CE2R model; B denotes the overall bias between the CE2R model and the measured path loss (typically ~ 1 dB); a(R) is a memoryless (unfiltered) Ricean fading random variable with unit energy, whose K-factors are estimated as described in [6]; and the minimum grazing angle ψmin(mrad) is (2100/fMHz)1/3. Note that the B’s and F’s differ for different GS environments. Another comment regarding the over-sea models is that they pertain to a relatively calm sea. For rough seas, some shadowing of the surface reflection may occur; this can be incorporated if needed by multiplying the surface reflection amplitude by a shadowing coefficient; see [7]. The details of the CE2R model appear in [8], and also in a NASA report [9]. Path loss model parameters are shown in Table 1, at the end of this document. Table 1 also includes values for variables we term Xmin and Xmax. These variables quantify the minimum and maximum deviations between measured data and the linear fits represented by the first three terms of (1), and thus serve as empirical bounds on X. Worth noting is that for the log-distance models of (1), the Gaussian standard deviation X—which quantifies the model’s goodness of fit—is generally quite small: over all settings, the maximum value is 4.2 dB, the minimum value 2.2 dB, and the mean value is slightly less than 3.1 dB. These values are much smaller than those often found in terrestrial settings, where X can range from 12 to 15 dB [10], thus illustrating the accuracy of these AG path loss models.
3. Small-Scale Fading Parameters
3.1 In our prior report [11], we described two methods by which we estimated the AG channel’s stationarity distance (SD), the spatial extent over which the channel’s statistics may be assumed constant. The two methods compute 

1. the temporal power delay profile correlation coefficient (TPCC), which quantifies the similarity of the channel’s impulse response as a function of spatial separation; and

2. the spatial correlation matrix collinearity (which we previously termed the complementary correlation matrix distance, CCMD), which quantifies the similarity of the channel’s gain on (our two) receiver antennas as a function of spatial separation.

The “spatial separation” in these two methods is the spacing between points at which the channel is measured, not to be confused with the spatial antenna separation (which is fixed for our measurements). For travel directly to or from the GS, spatial separation is the difference between two link distances.
3.2 The TPCC is inherently a wideband measure that can be applied to a single-input/single-output (SISO) channel (although application to single-input/multiple-output, SIMO, or multiple-input/multiple-output, MIMO) channels are possible with some restrictions). The collinearity is a narrowband measure that can be applied to SIMO or MIMO channels (or MISO as well). Given these distinctions, we do not expect exact agreement between the two methods for SD estimates. As noted in [11]-[13], SD is a random variable in general, hence it must be characterized via statistics.
3.3 For confidence in our SD, we use a correlation threshold of 0.9 for both TPCC and collinearity. This means that the correlation of the PDP or channel gain is at least 0.9. Both methods also require averaging to smooth effects of small scale fading and equipment variation. Based upon characteristics of our measurement equipment (from laboratory testing), averaging window lengths of 200 for C-band, and 30 for L-band, were used (=wavelength). Given the different channel features the two SD estimate methods use, results based on the TPCC and collinearity are not expected to be identical; the SDs estimated by the two methods are generally within a factor of 1.5-4 of each other, and essentially always within an order of magnitude of each other. Detailed SD statistics will be reported in the future; here we simply provide example results for the suburban hilly environment, in Tables 2 and 3. It was found that for all GS environments, the SD is well-modeled as a lognormal random variable. The lognormal distribution parameters are also provided in Tables 1 and 2.
Table 1. Example TPCC SD results for the suburban hilly environment.
	Latrobe, PA
15 April 2013
Suburban, hilly
	FT1 straight toward GS
	FT2 straight away from GS

	
	C-band
	L-band
	C-band
	L-band

	
	Rx1
	Rx2
	Rx1
	Rx2
	Rx1
	Rx2
	Rx1
	Rx2

	Min
	(m)
	0.35
	0.22
	0.17
	0.23
	0.25
	0.22
	0.09
	0.03

	
	(λ’s)
	5.86
	3.66
	0.56
	0.76
	4.29
	3.73
	0.28
	0.11

	Mean
	(m)
	18.83
	19.86
	14.68
	14.97
	20.08
	20.72
	13.85
	12.68

	
	(λ’s)
	317.67
	334.94
	47.37
	48.31
	338.61
	349.49
	44.68
	40.90

	Median
	(m)
	13.74
	14.39
	9.44
	10.05
	12.79
	13.06
	6.19
	5.73

	
	(λ’s)
	231.71
	242.77
	30.47
	32.42
	215.70
	220.24
	19.96
	18.49

	10th percentile
	(m)
	4.31
	4.11
	2.10
	2.30
	3.21
	3.19
	1.49
	1.46

	
	(λ’s)
	72.75
	69.28
	6.79
	7.42
	54.14
	53.73
	4.81
	4.73

	Lognormal Fit Parameters
	µ
	2.61
	2.63
	2.18
	2.24
	2.53
	2.55
	1.92
	1.84

	
	σ
	0.85
	0.89
	1.07
	1.04
	1.05
	1.05
	1.23
	1.20


Table 2. Example Collinearity SD results for the suburban hilly environment.
	Latrobe, PA 15 April 2013
Suburban, hilly
	FT1 straight toward GS
	FT2 straight away from GS

	
	C-band
	L-band
	C-band
	L-band

	Min
	(m)
	2.15
	0.00
	0.20
	0.01

	
	(λ’s)
	36.30
	0.01
	3.38
	0.05

	Mean
	(m)
	5.26
	46.61
	9.80
	40.72

	
	(λ’s)
	88.75
	150.40
	165.35
	131.38


	Median
	(m)
	3.60
	24.57
	4.50
	16.30

	
	(λ’s)
	60.75
	79.28
	75.86
	52.59

	10th percentile
	(m)
	3.14
	4.41
	3.87
	1.92

	
	(λ’s)
	53.03
	14.23
	65.25
	6.18

	Lognormal Fit Parameters
	µ
	1.51
	3.06
	1.75
	2.55

	
	σ
	0.50
	1.57
	0.90
	2.04


3.4 As noted in [11], based on the empirical results, we selected an SD of 15 m for our AG channels. Using this, small-scale fading statistics were computed. This includes the Ricean K-factor, and inter-antenna correlations. Example Ricean K-factors for the suburban hilly terrain were shown in [11]. It was found that these K-factor statistics do not vary substantially over the various GS environments. This is illustrated by Tables 3 and 4, which present maximum-likelihood (ML) K-factor statistics and linear fit parameters to K (dB) vs. distance
 for two distinct settings. Results for other settings will be published in the future. To illustrate the rate of variation of K, Figure 1 shows a plot of K-factor vs. distance for a 1-km segment of an over-sea flight. The K-factors in this figure pertain to the ML method and to a moment-based (MB) method. These methods yielded essentially identical results.
Table 3. Statistics and linear fit parameters for Ricean K-factor, over sea setting (Oxnard, CA).
	
	Statistics (dB)
	Linear Fit Parameters

	Band
	Min
	Max
	Median
	Mean
	Std Dev
	K0 (dB)
	nK
	Y (dB)
	dmin (km)
	dmax (km)

	C
	11.1
	35.6
	31
	31.3
	1.8
	29.9
	0.08
	1.7
	2.6
	24.1

	L
	9.4
	20.7
	12.7
	12.5
	1.2
	11.7
	0.08
	1.1
	2.2
	24.1


Table 4. Statistics and linear fit parameters for Ricean K-factor, suburban flat setting (Cleveland, OH).
	
	Statistics (dB)
	Linear Fit Parameters

	Band
	Min
	Max
	Median
	Mean
	Std Dev
	K0 (dB)
	nK
	Y (dB)
	dmin (km)
	dmax (km)

	C
	12.7
	34.1
	27.5
	27.5
	2.1
	26.7
	0.04
	2.0
	1.4
	46.0

	L
	7.8
	17.5
	14.7
	14.9
	1.2
	13.2
	0.07
	0.7
	0.7
	46.0
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Figure 1. Ricean K factor vs. link distance for over sea environment FT1, C-band Rx1,                       from 10 to 11 km.
3.5 
Our final set of small-scale fading statistics pertains to inter-antenna correlations. Here we have results for two types of correlation coefficients: intra-band, and inter-band. All results pertain to our specific antenna arrangement, which had the four receiver antennas (2 C-band, and 2 L-band) mounted on the bottom of the aircraft in a rectangular pattern. Same-band antennas were on diagonally opposite corners of this rectangle, of side lengths 1.24 by 1.33 m. The correlations for all cases are those between the strongest components of the PDPs on each antenna.

As expected, for all GS environments, inter-band correlations are essentially zero, and are well modeled as Gaussian random variables with zero mean, and standard deviation approximately 0.2-0.3. Thus, small-scale channel effects on the L- and C-bands are essentially uncorrelated. Intra-band correlations between the two spatially-separated antennas within each band vary considerably. In over-sea and several other settings in which the earth surface reflection is strong, two-ray effects yield interesting patterns to the intra-band correlations. This is shown in Figures 2 and 3, which plot the C-band correlation coefficient vs. distance for our antenna separation (~1.24 m), computed analytically assuming an ideal two-ray condition. Curves for three different values of SD (correlation coefficient computation window lengths) are shown. When Ricean fading is included, the results change as shown in Figure 4: the correlations vary much more. This two-ray plus small-scale fading result agrees in form with the measured results, shown in Figure 5.
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Figure 2. Analytical correlation coefficient between two C-band receivers vs. horizontal distance (dmin to 5 km) for over freshwater case, based on CE2R without fading.
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Figure 3. Analytical correlation coefficient between two L-band receivers vs. horizontal distance (dmin to 30 km) for over freshwater case, based on CE2R without fading.
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Figure 4. Analytical correlation coefficient between two C-band receivers vs. horizontal distance (dmin to 30 km) for over freshwater case, based on CE2R plus Ricean fading.
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Figure 5. C-band empirical spatial correlation vs. link distance for over freshwater flight track 2.
3.6 Results for L-band are similar in form to those presented in Figures 2-5 for C-band. Although the intra-band spatial correlation coefficient varies considerably, over short durations, and statistically, the intra-band correlations are large, as expected in this dominant LOS channel. (Their distribution can be approximated via the asymmetric Generalized Pareto distribution
, which resembles a growing exponential from minus one to one—most of the probability mass is near one.) The correlation coefficient mean values are generally above 0.5, with median values much larger, e.g., approximately 0.9. Example intra-band correlation statistics for the over-freshwater setting appear in Table 5. Detailed results for other environments will be published in the near future.
Table 5. Intra-band spatial correlation coefficient statistics, over freshwater flight track 2,           Cleveland, OH, 2013.
	
	C1C2
	L1L2

	Mean
	0.50
	0.66

	Median
	0.88
	0.93

	Generalized Pareto Parameters
	σ
	4.51
	4.68

	
	k
	-2.26
	-2.34


4. Airframe Shadowing
4.1 Airframe shadowing is a large scale attenuation caused by blockage or obstruction of the line-of-sight (LOS) signal by a portion of the aircraft itself. In general this may be any part of the fuselage, tail, or wings, but for most of our measurements, taken with an S-3B Viking aircraft, wing shadowing was predominant. This attenuation was encountered when the aircraft made banking turns, during which the lowered wing obstructed the LOS signal component from the GS. Although our flight tests were made at a fairly low velocity (~90 m/s), hence affecting the shadowing durations, shadowing depth results should not be affected. Such wing shadowing can be effectively and easily mitigated with appropriate antenna placement, e.g., one antenna atop the plane and one antenna on the bottom. Nonetheless, quantitative models for such shadowing are not present in the literature, and this information is useful for link designers.
4.2 Example shadowing results appear in [14], and more comprehensive results and models for this channel effect are being developed. Shadowing is a strong function of roll angle, and also a function of what we term the heading angle—the angle between the straight line connecting the GS and aircraft, and the plane’s heading vector. We omit explanatory details here, but show example results.
4.3 A C-band (wing) shadowing event is depicted in Figure 6, which plots received power on the two C-band receivers vs. time. This shadowing event was recorded in a desert GS environment, but shadowing events are essentially environment-independent. If modeled statistically, shadowing attenuations are well approximated as Gaussian-distributed. Table 6 provides some statistics for a shadowing event from the Palmdale, CA, desert flights.
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Figure 6. C-band airframe shadowing event: received power vs. time, Palmdale, CA 12 June 2013, FT11, C1 & C2 denote C-band Rx1 and Rx2, respectively.
Table 7. Airframe shadowing depth and duration statistics, single shadowing event, Palmdale, CA, FT11. For this event, the maximum roll angle was 26.9, and the elevation angle was approximately 5.2o.
	
	C-band
	L-band

	
	Rx1
	Rx2
	Rx1
	Rx2

	Shadow Duration (s)
	52.4
	48.9
	36.3
	33.2

	Shadowing Loss (dB)
	Max
	33.9
	33.0
	43.3
	25.7

	
	Min
	1.8
	0.0
	0.0
	0.0

	
	Mean
	15.1
	11.6
	12.7
	7.1

	
	Median
	13.2
	9.1
	12.9
	6.6

	
	Standard Deviation
	8.2
	7.9
	5.1
	3.4

	Link Distance (km)
	Max
	22.2
	22.2
	22.2
	22.2

	
	Min
	20.1
	20.5
	21.1
	21.3


5. Wideband Channel Models
5.1 Initial results for wideband statistical modeling of the AG channel were provided in [11]. We have completed the wideband models for the over-water channels, and are currently working on the wideband models for the remaining GS environments.
5.2 For the over-water channels, the C-band models consist of three components: the LOS component, the surface reflection, and an intermittent multipath component (MPC). The first two components are contained within the CE2R model, and the intermittent MPC is termed the 3rd ray. The remainder of the discussion in this section is paraphrased from [8]. The over-water channel impulse response (CIR) is expressed by
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where the first term [image: image15.png]Ry ray s (T 1)



 is the FE2R or CE2R model for frequency band F, z3(t) is a random process that controls the presence/absence of the 3rd ray, and hence z3({0,1}, 3 is the intermittent 3rd ray amplitude, 3 is its phase, and 3 denotes its delay. The notation h(,t) denotes the output of the channel at time t due to an impulse input at time t-, standard form for linear time-varying channels [15]. The CIR of (3) can be implemented by the traditional tapped delay-line linear filter, and here we describe only the C-band model
.

5.3 Given that the 3rd ray is intermittent, we characterize it by several statistical models. Specifically, we model its probability of occurrence, duration D3, and relative delay and relative amplitude with respect to the LOS component. Statistics for these parameters are easiest to express as functions of distance, and users of the model can translate to functions of time if desired by specifying flight paths and velocities. The probability of occurrence of the 3rd MPC has been fit by an exponential distribution
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where R is link range, and a and b are parameters: asea=0.17, bsea=-0.25; afresh=0.03, bfresh=-0.15; for the sea and freshwater cases, respectively. The duration D3 of the 3rd ray is also modeled as exponential in form as in (4), with median parameters asea=0.43, bsea=-0.04; afresh=0.54, bfresh=-0.08, again for the over-sea and freshwater cases, respectively. Variable D3 is in units of meters—this can be converted to time (samples) if needed.

5.4 The phase of the intermittent MPC is well modeled as a uniform random variable on [0, 2). The amplitude of this intermittent MPC is very well modeled by a Gaussian distribution, with mean value 3 dB below the LOS component amplitude, and standard deviation 3 dB. Values for the over-sea case are 3=22.6, 3=5.2, and for the over-freshwater case are 3=23.2, 3=3.9.
5.5 The remaining parameter needed to complete the description of the 3rd MPC is its relative delay. We found that the excess delay (relative to the LOS component) of the 3rd ray fit into two sets in the over-sea case: set 1 {0.1s ( 3 (1.1s} and set 2 {6s ( 3 (7s}, with relative probabilities for the two sets given by 0.9923 and 0.0077, respectively (i.e., the large-delay set 2 values are rare). For the over freshwater case, excess delays lie between 0.1 and 0.9 s. Exponential fits were used for the set 1 delays, although the fit is not very good for the over-sea data. Parameters are asea=231.4, bsea=-0.03; afresh=98.5, bfresh=0.014. For the rare over sea delay values in set 2, delay values can be modeled as uniform over the delay range. As a simpler alternative for the over-freshwater 3rd ray excess delays we have also found that an exponential distribution, independent of distance, fits fairly well. This distribution is
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where =17 ns.
5.6 We implement the model as a function of link distance, according to the following algorithm:

1. For a given value of link distance (range), implement the CE2R provided in [8] and [9] (for short distances, the FE2R in [15] can be used).

2. From a distribution specified by (4) with appropriate a and b values, generate random variable z3 for a given link range R. If z3=0, 3rd ray not present, so go to step 1 and increment/change link distance; if z3=1, go to step 3.. 

3. From a distribution specified by (4) with appropriate a and b values, generate the 3rd ray’s duration D3. (Convert D3 in meters to time or symbol units if required.)
4. Draw Gaussian random variable with mean 3, standard deviation 3, to set 3rd ray relative amplitude. Select 3rd ray phase from a uniform distribution on [0, 2).

5. From distribution specified by (4) with appropriate a and b values (or (5) for the simpler over-freshwater option), set 3rd ray relative delay 3.
6. Increment/change distance as desired, update the two-ray model values, and maintain 3rd ray for duration D3. After D3 reached, go to step 1 and continue.

6. SUMMARY

6.1 In this information paper we provided an update on our work on measurements and models for the AG channel. We provided final path loss models for all environments, example small-scale Ricean fading K-factors and inter-antenna correlations, example statistics for airframe shadowing, and our wideband over-water AG channel models. Complete models for all these channel characteristics, for all GS environments will be forthcoming in journal papers and NASA project reports in the next several months.   

7. NEXT STEPS
7.1 To date we have completed data processing of all of the flight test data for development of propagation path loss models, narrowband small-scale (Ricean) fading characterization, inter-antenna correlation quantification, and airframe shadowing quantification and modeling. The main processing that remains is that required to quantify multipath components for the wideband models for the remaining GS environments.
8. REFERENCES

[1] D. W. Matolak, R. Sun, “AG Channel Measurement & Modeling Results for Over-Water and Hilly Terrain Conditions,” (Report #7) NASA Grant #NNX12AR56G, 26 September 2014.

[2] (Invited Paper) D. W. Matolak, “Channel Characterization for Unmanned Aircraft Systems,” European Conf. on Antennas & Propagation (EuCAP), Lisbon, Portugal, 12-17 April 2015.

[3] D. W. Matolak, R. Sun, “Unmanned Aircraft Systems: Air-Ground Channel Characterization for Future Applications,” IEEE Vehicular Tech. Magazine (Special Issue on State of the Art in Propagation and Mobile Channel Modeling), vol. 10, no. 2, pp. 79-85, June 2015.

[4] R. Sun, D. W. Matolak, “Over-Harbor Channel Modeling with Directional Ground Station Antennas for the Air-Ground Channel,” Proc. MILCOM 2014, Baltimore, MD, 6-8 October 2014.
[5] D. W. Matolak, R. Sun, “Air-Ground Channel Characterization for Unmanned Aircraft Systems: the Hilly Suburban Environment,” IEEE Fall Veh. Tech. Conf., Vancouver, BC, Canada, 14-17 Sep. 2014.

[6] D. W. Matolak, K. Shalkhauser, R. Kerczewski, “Recent Progress in the Development of L-Band and C-Band Air-Ground Channel Models,” International Civil Aviation Organization (ICAO), Frequency Spectrum Management Panel, WG-F, Cairo, Egypt, 16 – 24 February 2015.
[7] B. G. Smith, “Geometrical Shadowing of a Random Rough Surface,” IEEE Trans. Antennas & Prop., vol. AP-15, no. 5, pp. 668-671, September 1967.

[8] D. W. Matolak, R. Sun, “Air-Ground Channel Characterization for Unmanned Aircraft Systems—Part I: Methods, Measurements, and Results for Over-water Settings,” in review, IEEE Trans. Veh. Tech., June 2015.

[9] D. W. Matolak, “AG Channel Measurements & Modeling: Initial Analysis & Flight Test Planning,” Report #2 for NASA Glenn Research Center, Grant #NNX12AD53G, 8 June 2012.

[10] C. Phillips, D. Sicker, D. Grunwald, “Bounding the Practical Error of Path Loss Models,” Int. Journal of Antennas and Propagation (Hindawi), vol. 2012, article ID 754148, doi:10.1155/2012/754158.

[11] D. W. Matolak, K. Shalkhauser, R. Kerczewski, “Recent Progress in the Development of L-Band and C-Band Air-Ground Channel Models,” International Civil Aviation Organization (ICAO), Frequency Spectrum Management Panel, WG-F, Cairo, Egypt, 16 – 24 February 2015.
[12] A. Gehring, M. Steinbauer, I. Gaspard, M. Grigat, “Empirical Channel Stationarity in Urban Environments,” 4th European Personal & Mobile Comm. Conf. (EPMCC 2001), Vienna, Austria, 20-22 February 2001.
[13] M. Herdin, N. Czink, H. Ozcelik, E. Bonek, “Correlation Matrix Distance, a Meaningful Measure for Evaluation of Non-stationary MIMO Channels,” Proc. IEEE Vehicular Tech. Conf., Spring, Stockholm, Sweden, 30 May – 1 June 2005.

[14] R. Sun, D. W. Matolak, “Initial Results for Airframe Shadowing in L- and C-Band Air-Ground Channels,” IEEE Integrated Communications, Navigation, & Surveillance Conf., Herndon, VA, 21-23 April 2015.
[15] J. D. Parsons, The Mobile Radio Propagation Channel, 2nd ed., John Wiley & Sons, New York, NY, 2000.

� The linear fit to K in dB vs. link distance d is K(d)=K0+nK(d-dmin)+Y, where K0 is a constant value for the minimum distance dmin, nK is the slope, and Y is a zero-mean Gaussian random variable with standard deviation Y; see Tables 4 and 5.


�The Generalized Pareto distribution is given by p(x)={[1 + (k(x-)/]-1-1/k}/, where  denotes a threshold parameter, here equal to -1,  denotes a scale parameter, and k a shape parameter. Table 6 provides example values of  and k.


� Measured data for the L-band channel has limited delay resolution (200 ns), so empirical wideband models for L-band are not available. Based upon physical arguments, L-band MPCs (3rd ray) would likely occur at essentially the same values of delay as the C-band 3rd ray, but relative L-band 3rd ray amplitudes are not available in our measured data (except for a small number at the larger values of delay). Phases of the L-band 3rd ray would also likely be uniform. Hence L-band wideband models would employ the CE2R for the LOS and surface reflection, but a method to estimate the relative amplitude of the intermittent 3rd ray is required for completion of the wideband models for L-band. A first-order estimate of relative amplitude could use the C-band distribution scaled by the ratio of over-water reflection coefficients in the two bands. Wideband L-band models are future work.





