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ABSTRACT 
 

This paper presents the results of land-based SHF channel modeling experiments. Channel 
modeling data were collected at Edwards AFB, California at S-Band, X-Band and Ku-band. 
Frequency domain analysis techniques were used to evaluate candidate channel models. A 
graphical user interface (GUI) was developed to search for the optimum channel parameters. The 
model parameters corresponding to different frequencies were compared for multipath events 
captured at approximately the same locations. A general trend was observed where the magnitude 
of the first multipath reflection decreased as frequency increased and the delay remained 
relatively unchanged.  
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INTRODUCTION 
 
Multipath channel interference is the dominant cause of signal outages in aeronautical telemetry. 
Multipath interference occurs when reflected replicas of the transmitted signal arrive at the 
receiver. The multiple copies are generated by reflections from the physical environment, most 
notably the terrain, and are a function of the geometry defined by the locations of the transmitter, 
receiver, and reflectors. Previous work on channel modeling at L- and S-bands at Edwards AFB 
[1] showed that a good model for the multipath interference is a linear system with impulse 
response 

( ) ( ) ( ) ( )2211 τδτδδ −Γ+−Γ+= tttth . 
The first term on the right-hand-side corresponds to line-of-sight propagation which has been 
normalized to zero delay and unit amplitude. The second and third terms on the right-hand-side 
correspond to reflections with amplitudes Γ1 and Γ2, and delays τ1 and τ2. The properties of these 
model parameters for L- and S-band are reasonably well understood and are described in [1]. 

                                                        
∗ This work was supported under a grant from the Air Force DOT&E T&E/S&T program (Contract 
F04611-02-C-0020). 
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The focus of this paper is to explore the changes in the channel model when the carrier frequency 
is changed from L/S-band to SHF band. Channel modeling experiments were conducted at 
S-band, X-band, and Ku-band as outlined in Table 1. The S-band channel experiments were used 
to form a baseline against which the X-band and Ku-band channel models were compared. This 
comparison was used to estimate the changes in the channel model associated with the use of 
X/Ku-band carrier frequencies. 
 
The channel modeling procedure was divided into two phases: channel sounding and data 
processing. These phases are described in Sections 2 and 3, respectively. The modeling results 
are summarized in Section 4 and conclusions are stated in Section 5. 
 
 

CHANNEL SOUNDING EXPERIMENTS 
 
The first component of the SHF channel modeling work was to conduct channel sounding 
experiments. The purpose of the channel sounding experiments was to produce signals from 
which the channel model could be estimated. A block diagram of the system is illustrated in 
Figure 1. A signal was transmitted from an airborne transmitter following a predefined trajectory. 
The multipath-corrupted signal was received by a ground station, downconverted to a 70 MHz IF 
signal and sampled by the data acquisition system.  
 
The transmitter system is illustrated in the top portion of Figure 1. A 20 Mbit/sec FQPSK-JR 
signal1 was upconverted to the SHF carrier frequency, amplified by a power amplifier (PA), and 
transmitted from an antenna mounted on the underside of the C-12 Beechcraft aircraft fuselage. 
Two flight paths were used for the channel sounding experiments as illustrated in Figure 2. The 
first was Cords Road which is an approximately east-west flight corridor just north of the main 
telemetry receiving complex at Edwards AFB. The west end of the Cords Road path is located at 
35º 5.22' N, 117º 59.98' W and the east end is located at 35º 4.95' N, 117º 3.89' W. The channel 
sounding flights conducted along the Cords Road corridor were at an altitude of 5,000 feet 
AMSL. The second flight path used was Black Mountain, which is also an east-west flight 
corridor and is north of the Cords Road flight path. The west end of the Black Mountain run is 
located at 35º 12.26' N, 117º 52.17 W and the east end is located at 35º 11.46' N, 116º 53.90' W. 
The channel sounding flights conducted along the Black Mountain corridor were also at 5,000 
feet AMSL. Three channel sounding flights were conducted. The details are outlined in Table 1. 
Experiments were conducted at X-band (8015 MHz), Ku-band (14548 MHz), and S-band 
(2236.5 MHz). The S-band experiment was conducted to provide baseline data for this receive 
location. This data was used as the basis of comparison for the data obtained at X- and Ku-band 
for assessing the how the multipath channel model at the SHF frequencies is the same and 
different from the multipath channel model at S-band. 
 
 
                                                        
1A FQPSK-JR signal was selected since the signal was easy to generate using pre-existing transmitter configurations 
and the use of a standard Tier-1 modulation made it possible to assess the effect of using SHF carriers for Tier-1 
modulation while conducting the channel sounding experiments. This eliminated the need for separate experimental 
test flights. 
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Table 1: Channel sounding flight summary 
 
 

 
 

PN 
source

aircraft fuselage

hemispherically
omnidirectional
antenna

FQPSK-JR 
Modulator

X or Ku-Band
up-converter PA

LNA
X or Ku-Band

down-
converter

Deep 
Memory 

Oscilloscope

Data File 
Storage

GPS

20 Mbits/sec

70 MHz IF

100 MSamples/sec

Spectrum 
Analyzer NTSC Video DVD

DVD

 
 
 

Figure 1: Experimental system configuration for the channel sounding experiments. 
 
 

 
The data acquisition process was concentrated in ground-based assets located at Building 4785 
as illustrated in Figure 2. The signal received from the SHF-band antenna feed was amplified, 
downcoverted to a 70 MHz intermediate frequency, and sampled by a deep memory oscilloscope 
(DMO) operating at 100 M samples/sec as illustrated in the lower portion of Figure 1. A segment 
which consists of 8192 samples was stored every 50 msec in data acquisition process. Given the 
memory configuration of the DMO, the stored samples had to be recorded to disk every 200 
segments. This disk transfer required around 40 sec to complete. Thus approximately 10 seconds 
of data were obtained every 50 seconds. The DMO files were recorded on DVD and shipped to 
the BYU Telemetry Laboratory for data processing and modeling. 

Flight Number Carrier Frequency Antenna Diameter Date 

73 8015.0 MHz 2 feet 20 May 2004 

74 14548.0 MHz 2 feet 2 June 2004 

80 2236.5 MHz 4 feet 12 August 2004 
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Black Mountain

Cord’s Road

Black Mountain

Cord’s Road

Building 4785
34°°°° 58.2365’ N 
117°°°° 55.6673’ W 
2631’ AMSL �

 
Figure 2: Map showing the two flight paths and the location of the receiver. 

 

 

DATA PROCESSING 
 
Frequency domain processing was used to obtain the channel model parameters. Let ( )nTx  
represent T-spaced samples of the transmitted signal (at IF) and let ( )nTy  represent T-spaced 
samples of the received IF signal. Welch’s method of periodogram averaging method was used to 

estimate the power spectral densities of the transmitted and received signals, denoted ( )2
kjeX ω  

and ( )2
kjeY ω , respectively, for 899,,1,0 �=k , where 

890
2 k

k
πω = . The estimator used a 

length-890 DFT2, with a rectangular window and 50% data overlap. The multipath channel was 
estimated using 

( ) ( )
( )2

2
2ˆ

k

k

j

j
j

eX

eY
eH

ω

ω
ω =  for Kk ∈                           (1) 

                                                        
2 Since the transmitted signal is periodic, the DFT length should be chosen as multiple of the period (measured in 
samples). The input bit stream is a length-2047 PN sequence. Thus its period is 2047 bit times. Since the modulation 
uses 2 bits/symbol and employs differential encoding, the period of the transmitted signal is 4 × 2047 = 8188 bit 
times. At 20 Mbits/sec, the period is 409.4 µsec. Since the DMO sampled this signal at 100 M samples/sec, the 
period, in samples, is 40940 samples. This is much longer than the 8192 samples/segment available to us using the 
sampling scheme in data acquisition ) Thus, it was decided to use a DFT length that was a divisor of the period. 
Longer DFT lengths provide better resolution, but less noise averaging. 890 was chosen as a compromise since it 
provided decent frequency resolution, and allowed 18 DFTs to be overlapped in each segment. 
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where K is the set of frequencies corresponding to the region of support for ( )2
kjeY ω . 

The assumed channel model is 
 

               ( ) ( ) ( ) ( )2211model τδτδδ −Γ+−Γ+= tttth                      (2) 
for which 

( ) 2

21

2

model
211 ωτωτω jjj eeeH −− Γ+Γ+=                     (3) 

The model parameters Γ1, τ1, Γ2, τ2, are chosen to minimize a modified least squared error 
criterion: 

{ }
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�
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��
	


�
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�
�=ΓΓ KkeHeH kk jj ;)(ˆlog10)(log10minarg,,,

2
2

10

2

model10opt2211
ωωττ      (4) 

The modified error criterion is based on the logarithm of the spectra of the data-based channel 
estimate (1) and the model (3). The motivation for using the logarithm is the familiar decibel 
scale and the attractive feature that modeling errors for small signal values (e.g., in the nulls) are 
weighted equally with modeling errors for large signal values. The search for the optimum 
parameters was based on a Quasi-Newton search starting from well chosen initial conditions. To 
aid in the assessment of the accuracy of the search as a function of different initial conditions and 
calibration levels, a graphical user interface (GUI) was developed. An example of the GUI is 
illustrated in Figure 3. The GUI allows the user to choose the data file segment, set calibration 
and initial conditions, view how well the resulting model matches the data, and the ability to save 
the model parameters after determining the settings that produce the best model parameters. 
 
 

 
Figure 3: Illustration of GUI developed to facilitate the channel modeling. 
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EXPERIMENT RESULTS AND COMPARISONS 
 
The focus of the three channel sounding flight was to explore the channel model changes for the 
same locations when carrier frequency is changed from L/S-band to SHF band. It was impossible 
for the aircraft to be in precisely the same location for each of the three flights. However, the 
aircraft was approximately in the same location for the three flights. Comparing the multipath 
channel model results for a given location across the three flights provides insight into how the 
channel model varies as a function of frequency. The channel model result is divided into two 
parts: common locations along the Black Mountain flight path and common locations along the 
Cords Road flight path. 
 
 

A. THE BLACK MOUNTAIN LOCATIONS 
   
Because of the low signal-to-noise ratio available during the three flights, only a limited number 
of locations along the Black Mountain flight path for which reliable multipath events were 
captured. Based on these captured events, there are 8 points where the aircraft was approximately 
in the same location. These locations are labeled 1 through 8. These locations, together with the 
multipath model parameters are summarized in Table 2. The locations are listed in order of 
increasing frequency. The locations are identified on the map shown in Figure 4. The following 
observations should be noted: 
 

• Multipath events for all three frequency bands were only captured at two locations: 3 and 
5. For the remainder of the locations, multipath events were only captured for two of the 
three frequency bands. 

• The first multipath component exhibited the following characteristics as a function of 
frequency: the delays were approximately the same and the magnitudes decreased as 
frequency increased. Two notable exceptions to this trend are observed at locations 2, 4 
and 8. 

• The signal-to-noise ratio was not sufficiently high to provide reliable estimates of the 
model parameters for the second multipath component. In many cases, it appears the 
second parameters were attempting to model fluctuations due to noise (both thermal and 
spectral leakage).  

 

Table 2: Comparison summary for the multipath channel models for the Black Mountain flight 
path as a function of frequency. 

Location 1 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

73 8.015 35.2003 117.5917 CS051101 7 0.77ej4.0 0.009ej4.2 12.3 421.2 

73 8.015 35.2003 117.5917 CS051101 54 0.71ej4.0 0.021ej3.7 12.1 601.3 
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74 14.548 35.2001 117.5939 CS040001. 163 0.76ej4.0 0.016ej0.1 12.3 494.7 

Location 2 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2000 117.5562 CS002601 121 0.57ej4.2 0.011ej2.8 11.0 355.6 

74 14.548 35.2044 117.5671 CS048901 69 0.61ej4.2 0.009ej3.6 11.5 787.7 

Location 3 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1959 117.5191 CS004101 198 0.81ej4.2 0.020ej4.2 11.0 428.2 

73 8.015 35.2012 115.7058 CS050401 5 0.64ej4.2 0.010ej3.9 10.7 500.2 

73 8.015 35.2012 115.7058 CS050401 137 0.60ej4.3 0.013ej5.4 10.2 418.7 

74 14.548 35.2044 117.5164 CS048501 149 0.59ej4.1 0.018ej4.3 10.7 427.6 

Location 4 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2026 117.8218 CS006701 71 0.37ej2.3 0.008ej5.8 19.4 537.8 

74 14.548 35.2022 117.8368 CS050901 84 0.46ej2.6 0.023ej3.9 19.3 508.5 

Location5 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1957 117.7426 CS004501 7 0.76ej3.1 0.018ej1.7 16.8 475.1 

80 2.2365 35.1957 117.7426 CS004501 11 0.72ej3.1 0.025ej1.0 16.6 456.9 

80 2.2365 35.1957 117.7426 CS004501 12 0.75ej3.2 0.037ej5.9 16.4 306.9 

73 8.015 35.2005 117.7494 CS052501 134 0.69ej3.2 0.021ej4.3 16.7 427.2 

73 8.015 35.2005 117.7494 CS052501 159 0.61ej3.1 0.027ej4.3 16.8 353.4 

73 8.015 35.2005 117.7494 CS052501 196 0.72ej3.1 0.019ej2.4 16.6 456.7 

74 14.548 35.2029 117.7375 CS050201 51 0.42ej3.2 0.023ej4.7 16.2 506.1 

Location 6 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1997 117.5426 CS002701 131 0.61ej4.2 0.014ej1.4 11.5 524.8 

74 14.548 35.2044 117.5473 CS048701 60 0.58ej4.2 0.013ej2.3 11.0 560.9 
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Location 7 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2006 117.5308 CS004201 5 0.77ej4.2 0.010ej0.3 11.0 380.0 

80 2.2365 35.2006 117.5308 CS004201 73 0.81ej4.3 0.006ej5.8 10.5 379.5 

74 14.548 35.2044 117.5275 CS048601 68 0.59ej4.2 0.011ej3.1 10.8 713.9 

Location 8 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2006 117.6974 CS004901 47 0.58ej3.3 0.024ej4.8 15.6 459.0 

80 2.2365 35.2006 117.6974 CS004901 78 0.66ej3.3 0.013ej1.7 15.5 450.2 

73 8.015 35.2004 117.6715 CS051801 41 0.73ej3.5 0.021ej5.7 14.6 494.4 

73 8.015 35.2004 117.6715 CS051801 89 0.77ej3.6 0.014ej2.2 14.0 323.9 

 

 

Figure 4: Locations for the Black Mountain multipath events compared in the paper. 
 
 

B. THE CORD'S ROAD LOCATIONS 
 
There were limited number of locations along the Cords Road flight path for which reliable 
multipath were captured because of the low signal to noise ratio available during the three flights 
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and there were no channel sounding data were collected from Flight 803. The one location 
common to the multipath events captured in Flights 73 and 74 are summarized in Table 3. It is 
identified on the map shown in Figure 5. As before, observe that the magnitude of the first 
multipath component decreases as frequency increases while the delay does not. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Locations for the Cords Road multipath events compared in the paper. 
 

Table 3: Comparison summary for the multipath channel models for the Cords Road flight path 
as a function of frequency. 

Location 1 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 (ns) τ2 (ns) 

73 8.015 35.0852 117.3857 CS024301 116 0.87ej4.7 0.006ej1.7 8.7 441.6 

73 8.015 35.0852 117.3857 CS024301 135 0.77ej4.7 0.005ej3.3 8.5 440.0 

73 8.015 35.0852 117.3957 CS024401 16 0.891ej4.5 0.006ej4.0 9.44 516.4 

73 8.015 35.0852 117.3957 CS024401 144 0.87ej4.5 0.008ej6.2 9.3 390.2 

73 8.015 35.0852 117.3957 CS024401 147 0.84ej4.6 0.012ej5.3 9.3 459.1 

73 8.015 35.0852 117.3957 CS024401 191 0.88ej4.5 0.006ej4.7 9.3 780.6 

74 14.548 35.0854 117.3882 CS020401 23 0.77ej4.6 0.016ej2.8 9.2 361.3 

74 14.548 35.0854 117.3882 CS020401 92 0.76ej4.6 0.007ej2.2 8.8 594.7 

                                                        
3A combination of antenna tracking problems and thunderstorms were a problem the day Flight 80 was conducted. 
The result of this series of unfortunate events was that no usable channel sounding data was collected for the Cords 
Road flight path.  
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CONCLUSIONS 
 
The multipath channel model was applied to data recorded at S-, X-, and Ku-band at Edwards 
AFB (i.e., a land-based test range). The model parameters corresponding to different frequencies 
were compared for multipath events captured at approximately the same locations. Low 
signal-to-noise ratio data only permitted a reliable comparison for the model parameters 
associated with the first multipath component. A general trend was observed where the 
magnitude of the first multipath reflection decreased as frequency increased while the delay 
remained relatively unchanged. Exceptions to this trend were noted and can be explained by the 
fact that the “same location” assumption was only approximate. The magnitudes of the multipath 
interference are still quite large at all frequencies tested. Thus, multipath interference is 
significant channel impairment at X/Ku-band. 
 
No concrete conclusions about the second multipath component can be inferred from the data 
recorded during the experiments described herein. This was due to the fact that the 
signal-to-noise ratio of the data was not sufficiently high to permit reliable estimates of the 
parameter to be made. The cause was two-fold. First, the available transmit power was not 
adequate for the task of channel modeling. This was a consequence of the limited availability of 
power amplifiers, suitable for use in the channel sounding experiments, at X/Ku-band. Another 
contributing factor was the relatively low-gain receive antennas available for the experiments. 
The second cause was the combination of PN sequence length and segment sample size. Since 
the period of the transmitted signal was longer than a segment, the DFT length could not be 
chosen to as a multiple of the period. This, in turn, produced spectral leakage in the estimate of 
the channel transfer function computed from the received data samples. This spectral leakage, 
together with the relatively high noise floor, produced artifacts in the data that we feel masked 
any potential contributions from a small-amplitude multipath component. 
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